A study of the support effect of carbon dots-derived
graphene-like sheets on the autoreduction of cobalt
nanoparticles for Fischer—Tropsch synthesis

By

Lerato Lydia Mokoloko
(MSc)
Student Number: 562061

A Thesis submitted for the faculty of Science at the University of
Witwatersrand Johannesburg, in the fulfilment for the degree of

Doctor of Philosophy in Chemistry

Supervisor: Prof. Neil J. Coville
Co-Supervisor: Dr. Roy P. Forbes

Johannesburg, 18 October 2022

i|Page



DECLARATION

| declare that this thesis is my own, unaided work under the supervision of Professor Neil J.
Coville and Doctor Roy P. Forbes. It is being submitted for the degree of Doctor of
Philosophy in the University of the Witwatersrand, Johannesburg. It has not been submitted

before for any degree or examination in any other university.

(Signed) Lerato Lydia Mokoloko

On this 18" day of October 2022

i|Page



SYNOPSIS

The aim of this study was to synthesize and characterize carbon dots (CDs) and to use them as
a support material for cobalt (Co) based Fischer-Tropsch synthesis (FTS) reactions. The CDs
were chosen for this study due to their small size (< 10 nm), easy surface functionalization and
synthesis. The small size of the CDs was required for the study of inverse catalyst support
effects. An inverse supported catalyst (in this case, the Co/CDs catalyst) refers to the dispersion
of a support material that has a small size (d <5 nm) onto the surface of a metal catalyst with
a similar small size (d > 8 nm). The synthesis of this proposed catalyst was successful. FTS
studies on the Co ‘supported’ CDs were attempted. Extremely poor FT activity was observed.
Post analysis of the catalyst revealed that the CDs did not retain their quasi-spherical and small
particle size morphology under the FTS reaction conditions (temperature 220 °C, 10 bar P;
H>:CO ratio = 2:1). Instead, upon exposure to a heat treatment, the CDs were transformed into
layered structures with a unique resemblance to graphene-based nanosheets (GNSs). This
transformation impacted on the use of these catalysts in the FTS reaction. However, this result
indicated an unusual transformation of the CDs into another carbon shape. In light of the fas-
cinating transformation phenomenon, annealing studies were then conducted to investigate the

effect of annealing temperatures on the CDs structural changes.

The CDs (average d= ~ 2.5 nm) used in this study were obtained from the microwave-assisted
carbonization of L-ascorbic acid and subjected to a heat treatment (i.e. annealing) at tempera-
tures between 200 and 700 °C in a horizontal CVD apparatus under an inert nitrogen gas. It
was observed that annealing transformed the CDs from 0-D gausi-spherical nanoparticles to 3-
D multi-layered carbons (at 300-600 °C) and finally 2-D layered materials (at 700 °C). Further-
more, annealing at 700 °C yielded a 2-D single-layered material with comparable properties to
traditionally reduced graphene oxide (rGO). A wide range of characterization techniques were
used to gain an insight into the physicochemical properties of these novel CDs-derived allo-
tropes as well as to rationalize their mechanism of formation. After evaluating the properties
of these materials, it was clear that the surface oxygen functional groups, observed from XPS,
13C NMR and other studies, were responsible for the CDs to rGO transformation. It was pro-
posed that the CDs are assembled to form rGO (and other CDs-rGO derivatives) by either the
Ostwald ripening (in which the carbons agglomerated via a gas phase) or a solid phase reaction

(involving reaction of CD edges).

iii|Page



To further investigate the effect of annealing on the evolution of CDs to layered carbon struc-
tures, N-doped CDs (or NCDs) were also studied. The method used to make the pristine CDs
was modified by incorporating urea as a nitrogen source to make the NCDs. Annealing the
NCDs at temperatures between 200 and 700 °C also transformed the quasi-spherical NCDs
(average d = ~ 4.1 nm) to multi-layered carbon sheets at temperature as low as 200 °C. The CD
transformation was also associated with the loss of surface functional groups, with % O and N
contents of ca. 17 and 16 % (pristine NCDs) being reduced to ca. 8 and 7 % for NCDs annealed
at 700 °C. A similar mechanism for the formation of these N-doped layered carbon structures
by annealing was also proposed here. For these samples, it was also observed that the N-bonds,
especially the sp? type nitrogen bonds found on the edges of the NCDs, also took part in the
coalescence of the NCDs to give the layered materials. XPS data suggested that in the process,
these sp® type nitrogen bonds were transformed into sp? pyrrolic-N, pyridinic-N and Graphitic-
N groups.

The annealed CDs products were used to support Co (called Co304/T250, C0304/T400 and
C0304/T700 where T is the temperature at which the CDs were annealed) for use in FT studies.
Studies were conducted to evaluate the effect Co hydrogen reduction temperatures verses au-
toreduction temperature, catalyst thermal stability and performance in the FTS reaction at 220
°C (10 bar P; H2:CO ratio = 2:1). Upon investigation of the reduction behaviour of the Co/CDs
derivative catalysts using in situ PXRD, it was found that these materials can successfully fa-
cilitate autoreduction of Co304to Co face-centered-cubic (fcc) at temperatures > 400 °C by a
reduction pathway similar to that observed using conventional H, reduction conditions. As
expected, the reduction under Ha took place at a lower activation temperature (> 250 °C) than
the autoreduction process. It was also noted that these novel carbon support derived from CDs
gave reduced FTS performance compared to the unsupported Co, especially towards Cs+ yields
(< 30 % for all Co supported catalysts). These novel CDs-derived allotropes were found to

have limited use as supports in Co-based FTS, due to Co agglomeration.

These NCDs-derived allotropes (annealed at 200 °C, 400 °C and 700 °C) were incorporated as
active layers in the fabrication of chemoresistive sensing device detection of volatile organic
compounds (VOCs). These layered showed enhanced chemical vapour sensing properties, es-
pecially for methanol and ethanol detection at room temperature. Therefore, although there are
great limitations for applications of these CDs-derived layered allotropes in FTS reaction, these
materials show a much better potential for applications in facile and cost effective VOC sen-

sors. Further studies on this will be conducted.

iv|Page



DEDICATION

| dedicate this work to the people who supported me in this dream of mine: my mother, Lizzie

Mokoloko, my grandmother, Pulane Nthapo, my siblings, Palesa Mokoloko and Kamohelo

Nthapo. Thank you all for your immerse support, continuous prayers and your pure love.

To my late grandfather, James Rampai Nthapo (04 April 1953- 16 August 2022), whom |
would have loved to celebrate my PhD graduation with.

Blessed is she who has believed that the Lord would fulfil His promises to her. Luke 1:45

v|Page



ACKNOWLEDGEMENTS

Firstly, I would like to send my sincere gratitude to my supervisor Prof Neil Coville for the

privilege to work with him in this research project. His insight, guidance and encouragement
has profoundly inspired me. | am deeply moved by his patience, humility, and generosity to-
wards me and all his students. This research project had a lot of twists and turns, so many
unsuccessful experiments deterred us from the vision we initially had for the project. But from
him I’ve learned that an unsuccessful experiment is just as important as a successful one, they
both present an opportunity to advance our knowledge of materials and their properties, and it
is where great scientific discoveries are made. | am grateful for the invaluable lessons I have
learned from him, and his overall contribution to my scientific knowledge and skills.

| would like to express my appreciation to my co-supervisor Dr Roy Forbes for his helpful
guidance especially in x-ray crystallographic analysis, as well as teaching me the skills neces-
sary to interpret the data. I’m also grateful to him for acknowledging my hard work by giving

me some incentive after every publication. That’s very generous of you Dr Forbes.

I would like to greatly acknowledge the following people for their assistance in characteriza-

tions of the materials produced in this project:

Dr Rudolph Erasmus for the photoluminescence, ultraviolet-visible light spectroscopy as
well as the Raman spectroscopy measurements, from the School of Physics, University of the

Witwatersrand.

Dr Dean Barrett (School of Chemistry. University of the Witwatersrand, Johannesburg, South
Africa and National Research Centre for Energy and Materials (CNPEM), Dr Beatriz Moreno
and Dr Graham King (both from the Canadian Light Source Inc.) for PDF measurements
performed at the Canadian Light Source. I'm truly thankful to Dr Dean Barrett for further
helping us interpret the data.

Prof Alexandra Ziegler from the MMU (University of the Witwatersrand, Johannesburg,
South Africa) for giving us the opportunity to use the microscope and x-ray diffraction facilities
for characterization. Id also like to acknowledge the staff members from the MMU unit: Dr
Manoko Maubane-Nkadimeng, Dr Zikhona Tetana, Dr Cebisa Linganiso and Ms Tu-

tuzwa Xuma for their assistance in operating and analysing our materials.

vi|Page



Ms Rhandzu Rhikhotso from the CSIR (Pretoria, South Africa) for the high magnification
TEM analysis. As well as Ms Petra Dinham from the School of Chemical and Metallurgical
Engineering (CHMT, University of the Witwatersrand, Johannesburg, South Africa) for the
SEM analysis.

Dr Werner Jordaan (CSIR NMISA, Pretoria, South Africa) for XPS analysis.

Dr Memory Zimuwandeyi (School of Chemistry at University of the Witwatersrand, Johan-
nesburg, South Africa) for NMR data collection, as well Mr Mudzuli Maphupha from the
same institution for NMR data processing and some discussions.

Thank you all so much. Your expertise significantly shaped this project.

| wish to also thank Dr Boitumelo Matsoso (University of Chemistry and Technology, Pra-
gue) and Dr Bridget Mutuma (Kirinyaga University in Kenya) for their valuable discus-
sions and mentorship. I’m looking forward to our collaborative work and publications in the

future.
Thank you to the CATMAT research group members for their assistance.

I’d like to thank from the DSI-NRF Centre of Excellence in Catalysis (c*change), the NRF
grant holder funding as well as the University of the Witwatersrand’s postgraduate merit

award for their generous financial support.

I’'m extremely grateful to my friends. These are the people who never helped me analyse or
interpret my PXRD, XPS or TEM data (some don’t even know what they are) but gave me
enough encouragement to believe I could. They believed in me, supported me, inspired me and
made sure | have a life outside the lab. Ida Makhubela, Charity Tseka, Refilwe Moepya,
Khanani Machumele, Jessica Thobejane, Zanele Machimane, Mudzuli Maphupha,
Thapelo Mbhele, Lindelo Mguni, Phati Motake, Kananelo Lekau and Thapelo Ra-

mathetse, thank you all so much.

To my Joburg mom, Dr Motlalepule Nathane, for playing a role of a mother in my life over

the past few years. | will forever cherish your love and words of encouragement.

I’m greatly indebted to my family for their prayers, patience, immersed support and many sac-

rifices.

I’m thankful for so many things in my life, but mostly God, because without Him, | would have

nothing and no one else to be thankful for.

vii|Page



PUBLICATIONS, PRESENTATIONS, AWARDS
AND WORKSHOPS

Publications from this study

The success of the project is shown through the publication of some of the significant findings

in Open Access Journals, whilst other results are yet to be submitted for publication:

1. L.L.Mokoloko, B.J. Matsoso, R. P. Forbes, D. H. Barrett, B. D. Moreno, and N. J. Coville,

“Evolution of large-area reduced graphene oxide nanosheets from carbon dots via thermal
treatment,” Carbon Trends, vol. 4, p. 100074, 2021, doi: 10.1016/j.cartre.2021.100074.
2. L. L. Mokoloko, R. P. Forbes, and N. J. Coville, “The simultaneous synthesis of carbon

dots and carbon spheres with tuneable sizes using a vertical chemical vapour deposition
method”, S Afr J Chem, vol. 76, pp. 25-30, 2022, doi.org/10.17159/0379-
4350/2022/v76a05.

3. L. L. Mokoloko, R. P. Forbes, and N. J. Coville, “The transformation of 0-D Carbon dots

into 1-, 2- and 3-D carbon allotropes: A minireview,” Nanomaterials, vol. 12, p. 2515,
2022, doi.org/10.3390/nan012152515.
4. L. L. Mokoloko, R. P. Forbes, and N. J. Coville, “Use of carbon dots-derived graphene-

like sheets for the autoreduction of cobalt nanoparticles for Fischer—Tropsch synthesis: A
limitation on the use of carbon supports” [To be submitted for publication].

5. L. L.Mokoloko, B. J. Matsoso, N. Antonatos, Z. Sofer, D. H. Barrett, B. D. Moreno, R. P.
Forbes and N. J. Coville, “From 0D to 2D: N-doped carbon sheets for detection of alcohol-
based chemical vapours,” RSC Adv., vol. 12 pp. 21440-21451, 2022, doi:
10.1039/d2ra03931a.

Publications from other studies

1. G. Hutchings, M. Bowker, R. Catlow, T. Nyathi, I. Abdullah, M. Claeys, N. Coville, A.
Roldan, P. van Helden, N. Fischer, E. van Steen, L. Jewell, L. Mokoloko, D. Bahnemann,
M. Neurock, F. Kapteijn, E. Iglesia, P. Gibson, K. Holt, K. Domen, and A. K. Gupta,
“Novel photocatalysts: general discussion,” Faraday Discuss., vol. 197, pp. 533-546,
2017, doi: 10.1039/C7FD90013A.

vii|Page



Presentations

The results from the project were also disseminated at local and/or international conferences

as well as symposia as listed below:

a)

b)

d)

9)

h)

“Functionalized and non-functionalized carbon dots (Cdots) and their application as reduc-
ing and/or stabilizing agents for Fischer-Tropsch catalysts” (Oral Presentation), Syngas
meeting hosted by the DSI centre of excellence in catalysis (c*change), Shangri-La Coun-
try Hotel (Limpopo), November 2018.

“Microwave-assisted synthesis of inverse CosO4/Cdots: A potential catalyst for the Fischer-
Tropsch reaction” (Poster Presentation), Catalysis Society of South Africa (CATSA) An-
nual conference, Legend Golf & Safari Resort, Mookgopong (Limpopo), November 2018.
“The synthesis of carbon dots (Cdots) from a vertical chemical vapour deposition method
for application in catalysis” (Oral Presentation), 10" annual Cross-Faculty Postgraduate
Symposium, Wits University, Johannesburg (Gauteng), September 2019.

“The synthesis of carbon dots (Cdots) from a vertical chemical vapour deposition method
for application in the Fischer-Tropsch synthesis” (Oral Presentation), Syngas meeting
hosted by the DST centre of excellence in catalysis (c*change), Krystal Beach Hotel, Gor-
don’s Bay, Cape Town (Western Cape), October 2019.

“The synthesis of carbon dots (Cdots) from a vertical chemical vapour deposition method
for application in catalysis” (Poster Presentation), Catalysis Society of South Africa
(CATSA) Annual conference, Club Mykonos, Langebaan (Western Cape), November 2019.
“Novel amorphous graphene nanomaterials synthesis and application in synfuel production
by means of cobalt-based Fischer-Tropsch reaction” (Poster Presentation), 11" annual
Cross-Faculty Postgraduate Symposium, Wits University, Johannesburg (Gauteng), Octo-
ber 2020.

“Evolution of large-area reduced graphene oxide nanosheets from carbon dots via thermal
treatment” (Flash Presentation), South African Chemical Institute’s Young Chemists' Sym-
posium (SACI-YCS), Virtual event, July 2021.

“Use of carbon dots-derived graphene-like sheets for the autoreduction of cobalt nanopar-
ticles for Fischer—Tropsch synthesis: A limitation on the use of carbon supports” (Oral
Presentation), Gauteng Catalysis Seminar, Wits University, Johannesburg (Gauteng), July
2022.

ix|Page



Workshops

Attended the X-ray photoelectron spectroscopy (XPS) workshop hosted by the Department
of Physics at the University of Johannesburg, South Africa (January 2018)

Annual summer school and workshop in Calorimetry and Thermal Analysis held in Lyon,
France (June 2018).

Microscopy in material science workshop hosted by Microscopy Society of Southern Af-
rica (MSSA), University of the Witwatersrand, South Africa (December 2018).
SciTinyML.: Scientific Use of Machine Learning on Low-Power Devices workshop hosted
online by the International Centre for Theoretical Physics (ICTP), Trieste, Italy (October
2021).

Awards

A list of awards received during the PhD studies:

3" place for best Oral presentation in the Faculty of Science, Wits Cross-Faculty Postgrad-
uate Symposium (2019).
University of the Witwatersrand’s postgraduate merit award for outstanding academic
merit (from 2019-2021).
Golden Key International Honour Society member award for being part of the University

of the Witwatersrand’s top 15 % of academic achievers (2019).

x|Page



TABLE OF CONTENT

DECLARATION. ..ottt sttt sttt et st e e neabe st e e e benne e eneees ii
SYINOPSIS ..ottt b ettt ettt R e bbb e bt n e b et re et neene s i
DEDICATION . ...ttt sttt sttt b et e e neabe b e e e benne e eneens %
ACKNOWLEDGEMENTS ...ttt Vi
PUBLICATIONS, PRESENTATIONS, AWARDS AND WORKSHOPS..................... viil
Publications from this STUAY .........ccoiiiiiiii e viii
Publications from Other STUIES ..........eoueiiiiiie e viii
PIESENTALIONS. ... eceieieeeiesie sttt se e st e et e e st e s beenbe e st e sbeebeeneenreeteeneenneenns IX
LAY T 1] 110 oL ST POS X
AAWAETS ...ttt bbb bRt Rt Rt R et b e b bbb n e nes X
TABLE OF CONTENT ..ottt sttt ettt nnns Xi
TS o) T U= OSSR Xiv
LIS OF SCREMES ...ttt re e reeaeaneennees Xviii
LIST OF TADIES. ...ttt nre s Xviii
Appendix A: Chapter 4 Supplementary Information ... Xix
Appendix B: Chapter 5 Supplementary Information .............ccccoceviviininiiien e Xix
Appendix C: Chapter 6 Supplementary Information ............cccccovveveiiiciecie e, XX
Appendix D: Chapter 7 Supplementary Information ..............ccccoeeviveiieie e XXi
GLOSSARY OF ACRONYMS ...ttt XXii
CHAPTER 1: INTRODUCTION....coitiiiiiiettie ittt an s 1
J 1Y [ 17 LA o o SO PRRURPPRN 1
1.2 ATIM @NA ODJECTIVES ...ttt bttt n s 3
1.3 OVErVIeW Of the theSIS.....cvi i 5
1.4 RETEIBINCES ...ttt e e e e teeseeare e teaneesneenteeneeaneenteeneenrens 7
CHAPTER 2: LITERATURE REVIEW ...t 11
2.1 Carbon dots HEErature FEVIEW ...........coiieiiiieiieie e et 11
The transformation of 0-D Carbon dots into 1-, 2- and 3-D carbon allotropes: A minireview
.......................................................................................................................................... 11
ADSITACT. ...ttt bbb ne ettt nre s 11

2. 1.1 INEOTUCTION ...ttt ettt ettt b e et et re e b e 12
2.1.2 Synthesis and structure relationship of various CDS..........cccocevireneninenieieeieeen, 15
2.1.3 Synthesis of larger carbon allotropes..........ccoovviiiiiiiice e, 16



2.1.4 Mechanism of formation of larger carbon materials from CDs ..........c.ccccevvveennen. 33

2.1.5 Application of the assembled CDS Products.............cccevivereiieieenesie e 36
2.1.6 Conclusion and reCOMMENUALIONS...........coveiieriereririse e 37
2.1.7 RETEIBINCES ...ttt ettt sttt e s et ebe st e sbeebeeneeeneenee e 40

2.2 Fischer-Tropsch synthesis reactions and catalyst support effects with carbon.............. 57
0 L1 oo 0 Tod o] o USSP 57
2.2.2 The Fischer-Tropsch synthesis (FTS) ProCeSS. ......cuuvvviererienieeniesiesieenie e 60
2.2.3 TNE FTS CAtAlYSES ...vecvieiiieie ettt 62
2.2.4 Designing catalysts: Catalyst support effect..........cccoccevveviiiiiiciice e, 64
2.2.5 CONCIUSION ..ottt ettt bbbt ens 68
2.2.6 RETEIBICES ....viviiiiiiieiiee ettt bbbt e b et nens 69
CHAPTER 3: ANALYSIS TECHNIQUES. ... 79
K T 10T L84 T o SRS PR 79
3.2 Characterization of carbon allotropes ..........coooeiiiiiiiiiis e 80
3.2.1 STrUCTUIAl TETEIBNCES .. .ecvie ettt ee e 80
3.2.2 Basis of carbon allotropes interpretation ............cccceeveiieviccc s 81

3.3 Characterization tEChNIQUES .........ooiiiiiiieieiee e 82
3.3.1 Techniques used to characterize the synthesized carbon allotropes....................... 82
3.3.2 Characterization 0f C0304/TGO .........cceieiiieiiie ittt 87

3.4 RETEIBICES ...ttt et e s te e ee e re e s te et e e seeneeeneeereenreenteaneenreeneennes 89
CHAPTER 4: SYNTHESIS OF POORLY FUNCTIONALIZED CARBON DOTS......95
The simultaneous synthesis of carbon dots and carbon spheres with tuneable sizes using a
vertical chemical vapour deposition Method............cccoeiiiiiiiiiii e 95
N 01 1 - (o) OSSR 95
O I 101 oo [ Tox 1 o o ISR 96
4.2 IMIBENOMS ...ttt b e bbbt r ettt b e ne e e 97
A.2. 1 IMAEEITAIS ..ottt bbbt 97
4.2.2 SYNtNESIS PIrOCEAUIE ......c.viieeeive ettt et te e sre e re e re e e e 97
4.2.3 CharaCteriZatION ........cceeiuiiie ettt enes 100

4.3 ReSUILS aNd dISCUSSION.....c.ueeiveerieiiieiieeriesiee e etesiee e ee e e ste e ssaestaeseesseesteeseesneesreeneennes 101
4.4 CDs and CSs growth mechaniSm ...........ccooiiiiiiiiii e 108
I O] o [1E5] o] OSSR 110

T O (o =T =] 0TSSR 112
CHAPTER 5: REMOVAL OF CARBON DOTS SURFACE FUNCTIONAL GROUPS
BY ANNEALING. ...ttt e et e ae e e e ne e e e neeeenes 118

xii|Page



Evolution of large-area reduced graphene oxide nanosheets from carbon dots via thermal

EMEALIMIEINT. ...ttt e e s R e r e 118
ADSTFACE ...ttt bbb 118
5.1 INEFOTUCTION ..ottt bbb bt b e et eas 119
5.2 EXPErimMental SECTION ........cviiiiiiiiiiieit et 120
5. 2.1 RBAGENTS. ...ttt ettt ettt b etk et e e he e b e bt e b e nrn e beenree s 120
5.2.2 SAMPIE SYNTNESIS. ...t 120
5.2.3 Sample CharaCterization............coouiiiieieieise s 122

5.3 RESUILS AN ISCUSSION.......c.viiiiiiiiiiiiiiiieieeie ettt bbb 123
5.3.1 Morphology eValUALION. ..........ccviieiieie e ane s 123
5.3.2 Changes in the functional group CoNtent. ...........cccovvevveieiic i 126
5.3.3 StrUCtUral CRANGES........eeveiie et 128
5.3.4 OPLICal PrOPEITIES. ..ot 134
5.3.5 Thermal PrOPEITIES. .....c..coiiiiiiiiiie e 134

5.4 MechaniSm OFf CD CONVEISION .......cueiieiiiiieiiesieeiesee e ee e sie e sree e ae e sreenaeeneeseees 135
0 B 0] 0 [od 131 o] o FOS USSR 138
5.0 RETEIBINCES ...ttt ettt et e et e b e be et e s s e steenteeneeene e teeneenrens 140
CHAPTER 6: APPLICATION OF THE CARBON DOTS-DERIVED GRAPHENE-
LIKE SHEETS IN THE FISCHER-TROPSCH SYNTHESIS ........cccooeiiiiiiiciee, 150
Use of carbon dots-derived graphene-like sheets for the autoreduction of cobalt nanoparticles
for Fischer—Tropsch synthesis: A limitation on the use of carbon supports....................... 150
ADSIFACE ...ttt b b re et 150
6.1 INEFOTUCTION ...ttt ettt beaneese e s enee e 151
6.2 EXPEIIMENTAL ....c.oiiiiiiiiieieee ettt 154
6.2.1 PrEPAraION .....cuiiiiiiiiiieee ettt bbb 154

6.3 RESUILS AN QISCUSSION. ......eiueeieeieeiiesieesieeie e sie e siee e et este e sreesreesaeeseesreeneeaneenneas 157
6.3.1 Synthesis and characterization 0f C0O304.........ccccviriiiiiiiiiere e 157
6.3.2 Synthesis and characterization of Co/CD derived graphene ............cc.ccoovvvvvvenne. 158
6.3.3 Fischer-Tropsch synthesis evaluation.............ccccueiiieiiiiiic i 168

0.4 CONCIUSION. ...ttt ettt et re et e e ste e st e sbeebeeneeneeas 169
0.5 RETEIBINCES ... ettt ettt sttt bt sbe et et nneas 170
CHAPTER 7: APPLICATION OF THE CARBON DOTS-DERIVED GRAPHENE-
LIKE SHEETS IN VOLATILE ORGANIC COMPOUNDS SENSING ........c..ccoveunnne. 174
From OD to 2D: N-doped carbon nanosheets for detection of alcohol-based chemical vapours
............................................................................................................................................ 174
N 01 1 - Uod S 174

xiii|Page



8 T 01 (o o [ ]e3 £ o] WUUERRURE TR 175

7.2 EXPEIMENTAL .....ooviiiiieiiieceeee bbb bbb 177
7.2.1 Material synthesis and SENSOr Preparation...........ccccevveveieeresieseeseeee e sie e 177
7.2.2 CharaCteriZaAtION . ......oiuieiiieie ettt sttt e st et ene e beebesneennees 178

7.3 RESUILS AN0 DISCUSSION.......eiitieiiiiiiesieeiestie e eee sttt ettt sseesreeste e e sreeneeaneesneas 179
7.3.1 Temperature-dependent morphological evolution..............ccccociiiiiiiiiicice 179
7.3.2 Physicochemical PrOPerties ..........cccueieieiieieieriesie e 181
7.3.3 COMPOSITION ANAIYSIS......ecuieiieeiicieie e reenbeeneenne s 184
7.3.4 Total scattering measurements (PDF) ......cccooiiieiieiiceceece e 187
7.3.5 SENSING PrOPEILIES. .. ccveeieeeieiteecte et st se et ste e te et e sre et e e be e te s e sbaesteeneesreebesneenres 189

7.4 CONCIUSIONS ...ttt bbbttt ne e bbbt e nes 195

7.5 RETEIBINCES ...ttt e st e b e te e s e sreeteeneeareenteaneenreas 198

CHAPTER 8: CONCLUSION AND RECOMMENDATIONS.......cccooiiiie e, 206

8.1 Synthesis of CarboN dOLS (CDS).....c.ccviiiiiiiiiiiieiee e 206

8.2 ANNEAIING OF the CDS.... .o bbb 207

8.3 Applications of CDs in the Fischer-Tropsch Synthesis reactions...........c.ccccvvvvvieiennn, 209

8.4 Applications of CDs as volatile organic compound SENSOIS..........cocererererenenesiennns 210

8.5 FULUIE WOTK ...t ettt st bbb e s 211

APPENDIX A: CHAPTER 4 SUPPLEMENTARY INFORMATION .....cccoccovvirienne, 212
APPENDIX B: CHAPTER 5 SUPPLEMENTARY INFORMATION ........ccooeeviveenen. 224
APPENDIX C: CHAPTER 6 SUPPLEMENTARY INFORMATION ........cooeeviieenen. 235
APPENDIX D: CHAPTER 7 SUPPLEMENTARY INFORMATION ........cooveviieenen. 243

List of Figures

Figure 1. 1: a) cartoon representation and b) a TEM image of inverse Co/CDs (where the
larger cubic particles are Co and the small quasi-spherical particles are the CDs). .................. 2

Figure 1. 2: a) in situ PXRD pattern of Co304/CDs reduction under a H» atmosphere, with the
broken line square highlighting the typical amorphous carbon PXRD region, and b) TEM
image Of the SPENTt CALAIYST. .......ccviiie e e e 3

Figure 2. 1: The proposed representative structures of graphene quantum dot (GQD), carbon
quantum dot (CQD), carbon nanodot (CND), and carbonized polymer dot (CPD). Adopted with
permission from Wiley-VCH Verlag [12]. ... 13

xiv|Page



Figure 2. 2: lllustrations of the shapes and TEM images of (a,d) hollow carbon dots (HCDs,
adopted with permission from [85], Elsevier BV), (b,e) triangular carbon dots (triangular CDs,
adopted with permission from [87], Springer Nature) and (c,f) single-crystal hexagonal gra-

phene quantum dots (adopted with permission from [88], American Chemical Society)........ 16

Figure 2. 3: Illustrations of the formation of 1-D carbons from 0-D CNTs: (a,b) CNTs (adapted
with permission from [100], copyright 2012, American Chemical Society) and N-CNTs; (c,d)
N-CNTs (reproduced with permission from [101], copyright 2021, Elsevier BV)............... 17

Figure 2. 4: Schematic representation of the synthesis procedure and TEM images of the re-
sulting product formed during the conversion of 0-D CDs to 2-D graphene-like nanosheets
using a (a,b) high-temperature (> 300 °C) treatment without a catalyst (reproduced with per-
mission from [117], copyright 2021, Elsevier BV) and (c,d) lower-temperature (180 °C) treat-
ment in the presence of a metal catalyst (reproduced with permission from [118], copyright
2017, SPrINGET INATUIE) . ...ttt tet et et ettt e e e e et e e e et e et e et e e et e e naeeeneeannas 22

Figure 2. 5: (a) TEM and (b) HR-TEM of graphene-rich petal-like rutile TiO2 from 0-D CDs
and TiO2 precursors (adopted with permission from [119], 2016 WILEY-VCH Verlag GmbH
and Co. KGaA, Welnheim)........o.oiiiiiiiii e 23

Figure 2. 6: Schematic illustrations of the different synthesis methods used to convert 0-D CDs
into 3-D (a,b) PCFs (reproduced with permission from [17], copyright 2015, Wiley-VCH),
(c,d) N- and P-doped PCFs (reproduced with permission from [121], 2017 Elsevier Ltd.) and
(e) N-PCFs (reproduced with permission from [122], copyright 2019, American Chemical So-

Figure 2. 7: Coal-derived CDs used as precursors for the template-assisted synthesis of (a)
PCFs (adopted with permission from [91], 2017 Elsevier Ltd.), (b,c) N-PCFs (reproduced with
permission from [123], 2022 Elsevier B.V.) and (d—g) ultra-microporous carbon (adopted with
permission [124], 2018 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim), as well as
the TEM images of the resulting products..............oovuiiiiiiiiiiii e, 27

Figure 2. 8: A schematic illustration of the template-assisted conversion of CDs into N- and
S-doped (a) 1-D microrods, (b) 2-D carbon sheets and (c) 3-D PCFs (reproduced with permis-
sion from [127], 2021 EISEVIEr B.V)....uiii i 30

xv|Page



Figure 2.9: The proposed FTS according to the a) CO insertion chain growth mechanism, and
b) carbide mechanism [13].... ... 61

Figure 3. 1: Schematic representation of a) graphene as the starting material for (b) fullerene,
c) SWCNTSs and d) graphite (after Nasir et al.[17]). ..ccccceoeriiiniiiiieeeee e, 80

Figure 4. 1: lllustration of the reactor used to make and collect the CDs (and CSs) from C2H>
using the vertical CVD MEtNOM.........c.ooiiiiiiiee s 99

Figure 4. 2: TEM images and particle size distribution histograms of CDs produced at 1000
°C and different argon flow rates a-b) CDseoo/10/2, C-d) CDSss0/1072, €-F) CDS520/10/2. - ... 103

Figure 4. 3: @) PXRD, b) PL, ¢) UV-Vis spectra, and d) TGA, data for CDSe00/10/2, CDSs50/1072
and CD5S520/10/2, CSS400/10/2 AN C S S350/10/2: «vvteenaerreeeeeeeeeeeeeeeeeeeteeeeeeeseeeeereeeseseeeeeeeeeeeeaas 107

Figure 4. 4: CDs and CSs particle sizes as a function of Ar flow rate at 1000 °C. .............. 109

Figure 4. 5: Possible mechanism to show growth of a) CDs and b) CSs from curved and
PIANAE PAHS. ..ottt e et e et e st e et e aaa e saeeteera e te e teaneenre s 109

Figure 5. 1: The TEM images of the a) pCDs, b) T250, ¢) T400 and d) T700 samples. .....125

Figure 5. 2: a) FTIR spectra of samples pCDs, T200-T700 and b) **C NMR spectra

(deconvoluted) of the T200, T400 and T700. ........ccoeiiierieiieeie e 126
Figure 5. 3: Powder XRD patterns samples pCDs and T200-700. .........ccccevevveieeriesieennnn, 129
Figure 5. 4: Raman spectra of samples T250-T700 samples. Inset: Spectra of pCDs and T200
T L0 0] (=TT SRRSO 131
Figure 5. 5: Zoomed region of PDFs of pCDs, T250, T400 and T700. .......c.ccccceevevieireennenn, 132

Figure 5. 6: DTG thermograms of pCDs and samples annealed at a) low and b) high
LEST 0] 01 2 =TRSO 135

Figure 5. 7: A schematic illustration showing a possible mechanism for the formation of rGO
NANOSNEELS TrOM PCDS. ...ttt bbbt 137

xvi|Page



Figure 6. 1: @) TEM image and b) particle size distribution measured from TEM images of
the C0304 NANOPAITICIES. ......oivieiiiieieie et 158

Figure 6. 2: TEM images of samples after autoreduction. Before FTS a) T250, b) T400 and
c) T700, d) Co304/T250, €) Co304/T400, f) Cos04/T700 and after FTS. g) Co304/T250, h)
C0304/T400, and 1) CO304/TT00.......ccueiieieeeeseiee et ere s 159

Figure 6. 3: @) DTG curves of T250, T400 and T700 with and without Co304, and b) Hz-
TPR profiles of C0304/250, C0304/T400 and Co304/T700 (inset: expanded regions below 500
S ©) YOO 161

Figure 6. 4: In-situ PXRD plot of a)-b) Co304/T250, and c)-d) Co304/T700 samples under
H> (left) and N2 (right) analysed at discrete temperatures 200 to 550 °C. The region in the
dotted box shows the contribution of the carbon support to the PXRD pattern and the changes
that occur as a result of an increase N teMPErature. ..........ccocoovririeieienese e 162

Figure 6. 5: The support effect on cobalt phase transformation at different temperatures
under @) Hz and b) N2 atMOSPREre. .....c..oviiiiiiie s 165

Figure 6. 6: A graphical illustration of possible Co oxide autoreduction mechanism when the
released CO act @S redUCING AQENTS. .......oivirviiiiiiieiei ettt 167

Figure 7.1: (a) Low magnification TEM, (b) AFM images and (c) height profile of the
NCDS700 SAMPIE. ..ttt et e e s ae e s re e e e s be e be et e saeesreenseaneenreans 181

Figure 7. 1: Raman spectra of (a) NCDs400 with inset showing that of NCDs200; and (b)
NCDs700 samples, () 1*C NMR spectra for the variously annealed NCDs samples.......... 183

Figure 7.3: (a) XPS survey spectra for NCDs200 (red), NCDs400 (green), and NCDs700 (blue)

samples, as well as (b) elemental composition of the as-synthesized samples.................. 184
Figure 7.4: Peak fitted XPS curves for (a) C1s, (b) N1s, and (c) O1s of NCDs700 sample....185

Figure 7. 5: Zoomed region of the PDFs of pristine NCDs and annealed NCDs at 250, 400 and

Figure 7. 6: Inter and intralayer bond distances between carbon atoms in graphite. The values
in brackets are given for nitrogen-doped graphene. These values correspond to the observed
01 I 0 T 1 ) T 188

Figure 7. 7: Nyquist plots for the sensor devices after exposure to (a) 1200 ppm of MeOH and
(b) 1100 ppm EtOH vapours, (c) representative equivalent Randle circuit...................... 190

xvii| Page



Figure 7. 8: (a) Sensor response as a function of MeOH vapour concentrations for the

NCDs700 sensor devices, (b) ionization of adsorbed O, and (c) detection mechanism of

Figure 7.9: Sensor response as a function of EtOH vapour concentrations for the (a) NCDs400
and (b) NCDs700 sensor devices; (c) detection mechanism of EtOH........................... 194

List of Schemes

Scheme 2.1: Schematic depiction of the conversion of CDs to supra-CDs (a) in toluene
(adopted with permission [128] from WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim,
2015) and (b) in dimethylformamide (reproduced with permission from [130], Springer Nature,
2019), and (c) the covalent conjugation reaction of CDs (adopted with permission from [132],
2020 EISEVIET BV ).ttt 32

Scheme 7.1: Representation of evolution of N-configurations in NCDs with respect to anneal-
NG EBMIPEIALUNE. ...ttt e e e e e e e e e 186

List of Tables

Table 2.1: A summary of methodologies followed for the transformation 0-D CDs into 1-, 2-
and 3-D carbon allOtrOPES. .......ecviiieie et 28

Table 2.2: A summary of the established FTS plants around the world (reproduced from
Gholami €1 Al [13]). ueevieieiieiie ettt naa e re e r e raenne e 59

Table 2.3: The major products obtained from the FTS (reproduced from van Der Laan et al.

Table 2.4: Cartoon illustrations and data on the different catalyst models for Co-support
catalysts (support - inorganic oxides and carbon allotropes). ........cccocvevvrieereiievieseee e, 66

Table 4.1: Parameters used for the syntheses of CDs and CSs at 25 sccm C2H: and the resulting
particle sizes derived from TEM IMAJES. ......oiiiiriiieieie et 100

Table 5.1: The sheet sizes and % yields of T200-T700 SamPpIes. .......ccccceverereninieniiniinnnen 121
Table 5.2: Chemical shift assignment and main peak estimated percentage abundance. .....127

Table 6.1: Phase quantification and structural details of the C0304/T250, C0304/T400 and
Co0304/T700 catalysts obtained via Rietveld Refinement of the data collected in-situ PXRD
EXPEITIMENTS. ..ttt bbbttt b e bbbkt b e bt e st e e et et e b s bbbt e e e 163

xviii |Page



Table 6.2: The FTS performances of the prepared catalysts under different conditions......169
Table 7.1: Circuit parameters of the NCDs for detection of MeOH and EtOH.................... 191

Table 7.2: Comparative MeOH and EtOH detection for EIS-based devices.................... 19195

Appendix A: Chapter 4 Supplementary Information
Figure S4. 1: TEM image of products obtained in SCC#2 before purification..................... 213

Figure S4. 2:a) TEM image with a b) particle size distribution histogram and a normal
diStriDULION CUIVE OF the CSSE00/10/1 «v-vvrrrerrrrrrrrrrersiraiesiersieeiesieesteeseesreestesneesseeseesseesseessesseeseeas 214

Figure S4. 3: a) TEM image with a b) particle size distribution histogram and a normal
dIStriDULION CUIVE OF the CSSEE0/10/1 +xveververreirieiieieiiesie sttt 215

Figure S4. 4: a) TEM image with a b) particle size distribution histogram and a normal
diStribution CUNVE OF the CSS500/10/1 +vveverrirririeieieiie ettt 216

Figure S4. 5: HRTEM of a) CDseoor10/2 Showing their lattice fringes b) CSseoor10/1 ............. 217

Figure S4. 6: a) TEM image and b) particle size distribution histogram and a normal
diStribULION CUNVE OF the CDSE00/0/2. . vt verrerrerreerieieiesie st ste st sie st sttt eneas 218

Figure S4. 7: a) TEM image and b) particle size distribution histogram and a normal
diStribUtION CUNVE OF the CSSa00/8/1 «.vvververrerrerieieieiiesie ettt 219

Figure S4. 8: a) TEM image and b) particle size distribution histogram and a normal
diStribution CUrVE OF the CSSa00/8/2 «..v.ververrirrerieieierie ittt 220

Figure S4. 9: a) Raman spectra and b) FTIR spectra of CDss20/1012, CDSss0/10/2 and CDSeoor1012,

CSS400/10/2 BNT CSSBE0/10/2 -+ v-vervenerereeseetessesietestess et ebe st et ese st sttt st bbbt e st bt b e e st nn e ene e 221
Figure S4. 10: a) CDsso0 and b) CDs from vitamin C in distilled water ..............c.cccoveeeneee. 222
Figure S4. 11: Derivative weight loss thermograms of the samples synthesized at 1000 °C
................................................................................................................................................ 223
Appendix B: Chapter 5 Supplementary Information

Figure S5. 1: TEM image of pCDS bY-Product ...........ccccvevieiiiieiiiiiiic e 225

Figure S5. 2: a) HRTEM and b) particle size distribution histogram and a normal distribution
CUIVE OF TN PCDS. ..ottt e e et e et e s e e e e sa e e teesreeenees 226

Figure S5. 3: a) TEM image and b) Particle size distribution histogram and a normal
distribution curve of T200 SAMPIE. ......ooviiiiieiie e e s 226

Figure S5. 4: High resolution TEM images of the a) T250, b) T400 and c¢) T700 samples.227

xix | Page


file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706475
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706475
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706476
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706476
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706477
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706477
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706478
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706479
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706479
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706480
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706480
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706481
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706481
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706482
file:///F:/Lerato%20Mokoloko/PhD/PhD/Full%20Thesis/PhD_LERATO%20MOKOLOKO_562061.docx%23_Toc98706482

Figure S5. 5: TEM images of sample a) T300 b) T500, c) T600, d) L-ascorbic acid annealed

at 700 °C and e) L-ascorbic acid and pristine CDs annealed at 700 °C...........c.ccccvveiviiennnnn 227
Figure S5. 6: SEM images of a) T250 b) T400 and ¢) T700 samples..........cccccevvevrervennenn. 228
Figure S5. 7: AFM images of a) T250 b) T400 and c) T700 samples. ........cccccevverrerrenenn. 229
Figure S5. 8: Expanded a) C1s and b) O1s survey XPS spectra of T200, T250, T400 and T700
................................................................................................................................................ 229
Figure S5. 9: a) Defect density ratios and b) peak positions for samples T400-T700. ........ 230
Figure S5. 10: PDFs of pCDs, T250, T400 and T700. .......cccoviriierieieneenenie e 230
Figure S5. 11: PDF fitting of the Ni standard to determine fit variables as shown in Table S4
DBIOW. ... bbbt et 231
Figure S5. 12: PL spectra of pCDs and samples T200-T700. .......cccccevererenenenenieieeeeee, 231

Figure S5. 13: TGA profiles of pCDs and samples annealed at a) low and b) high temperatures.

Table S5. 1: (a-d) XPS C1s and O1s peak positions and percentage atomic abundance in

samples T200, T250, T400 and T700. ......ccocoeiieieeie e enes 232
Table S5. 2: Peak positions of the pristine CDs and samples T200-T700..........c..cccceveunenne. 233
Table S5. 3: Defect density ratios of the samples T400-T700..........ccccceevevieieereiieieeinene 234
Table S5. 4: Fit variables determined from PDF fitting of the Ni standard......................... 234

Appendix C: Chapter 6 Supplementary Information

Figure S6. 1: The Rietveld refinement results of the diffraction pattern of Co304/T700 at 550

R T TP OUPPTOUPRRPUPROPR 236
Figure S6. 2: a) PXRD pattern and b) H>-TPR profile of the CosO4 nanoparticles.............. 236
Figure S6. 3: HRTEM image of C0304/T250.........ccciiiiiiiiiiieiieeee e 237
Figure S6. 4: BET isotherms of a) T250 b) T400, ¢) T700, d) Cos04/T250 e) C0304/T400 and
L) O 2T I 40P PRR TR 238
Figure S6. 5: DTG thermograms of T250, T400 and T700 with and without Co30............ 238

xx|Page



Figure S6. 6: In situ XRD plots of a)-b) Co304/T300, c)-d) Coz04/T300, e)-f) Cos04/T400
and g)-h) Coz04/T700 analyse from 30 to 550 °C under H; (left) and N2 (right). ................ 239

Figure S6. 7: TEM image of the unsupported Co spent catalyst. .........ccccceevevieiivciesienenn, 240

Table S6. 1: Surface area, porosity and approximate sheet size results of T250-T700 sample
set before and after Co adaiTION. ........ccooeiiiiiiiii e 241

Table S6.2: Phase quantification and structural details of the of Co304/T300 and C0304/T400
catalysts obtained via Rietveld Refinement of the data collected in-situ PXRD experiments.

Appendix D: Chapter 7 Supplementary Information

Scheme S7. 1: Sensing device preparation and SeNSiNg SEt-UP.. .....ccovvererererieninienieeieeieenes 244

Figure S7. 1: Low magnification TEM micrographs of (a) pristine NCDs, (b) NCDs200, and
(C) NCDSA00 SAMPIES. ..ottt e e e e 244

Figure S7. 2: High resolution TEM micrographs of (a) pristine NCDs and (b) NCDs700
samples, with an inserted line profile. This does not show lines of similar heights or spacing
between the lines indicating that theNCDs700 sample does not have graphitic character....245

Figure S7. 3: AFM images of (a) NCDs200 and (b) NCDs400 samples as well as (c) their
corresponding height Profile. ...........coo oo 246

Figure S7. 4: a) PXRD patterns, (b) DTG profile and (c) PL spectra of the N-doped samples
after annealing from 200 °C t0 700 °C.......oiniiii e 247

Figure S7. 5: Deconvoluted (a) C1s, (b) N1s, and (c) O1s spectra of NCDs200 sample.....248
Figure S7. 6: Deconvoluted (a) C1s, (b) N1s, and (c) O1s spectra of NCDs400 sample.. ..249
Figure S7. 7: (a) Carbon and (b) Nitrogen bonding state distributions for all samples........ 249
Figure S7. 8: PDFs of pristine NCDs and annealed NCDs200, NCDs400 and NCDs700...250

Figure S7. 9: Sensor response as a function of MeOH vapour concentrations for the (a)
NCDs200 and (b) NCDS400 SeNSOr deVICES. ... .ouuereenreete it et eeeane et eereaneaneannnn 250

Table S7. 1: Atomic compositions of the NCDs Samples..........cccovviiiiiniieniniicee 251

Table S7. 2: Sensing parameters of the NCDs devices for detection of MeOH and EtOH,;
sensitivity (S, ppm™) and LOD (PPM) cvviveviviriieieieice ettt 251

xxi|Page



GLOSSARY OF ACRONYMS

C2H2 Acetylene

Al203 Alumina

A Angstrom

~ Approximately

a.u Arbitrary units

AFM Atomic force microscopy

BJH Barrett-Joyner-Halenda

B-C3N4 CDs Beta carbon nitride carbon
dots

BET Brunauer, Emmett and Teller

CB  Carbon black

CO2 Carbon dioxide

CDs Carbon dots

CPDs Carbonized polymer dots

CO Carbon monoxide

CNFs Carbon nanofibers

CNTs Carbon nanotubes

CQDs Carbon quantum dots

CSs Carbon spheres

13C NMR carbon 13 nuclear

CVD chemical vapor deposition

ca. circa (approximately)

Co(fcc) Cobalt face centered cubic
Co(hcp) Cobalt hexagonal closed packing
CsN QDs Cyanoethynyl quantum dots
°C degree Celsius

DTG Derivative outputs of a thermogravi-

Hz Hydrogen gas

Io/lc Intensity ratio of D to G bands

Qmax Maximum total coherent scattering
MSIs Metal to support interactions
MeOH Methanol

pm Micrometer

mL Millileter

Min minutes

MWCNTs Multi walled carbon nanotubes
viz. Namely

nm nanometer

NCDs Nitrogen-doped carbon dots
N-CNTs Nitrogen-doped carbon nanotubes
1-D One dimensional

PDF Pair distribution function

% Percentage

cm® Per centimeter

PL Photoluminescence

PVDF Poly(vinylidene fluoride)

PXRD Powder X-ray diffraction

Qbroad Q-dependent broadening

rGO Reduced graphene oxide

RS resistance

SEM Scanning electron microscopy

SiO2 Silica

STAG000 Simultaneous Thermal Analyzer
6000

metric analyser
D Disorder-induced band

SWCNTs Single-walled carbon nanotubes
sccm Standard cubic centimetres per minute

d-spacing Distance between planes of atoms Syngas Synthesis gas
EIS Electrochemical impedance spectros- TPR Temperature-programmed reduction
copy TiO2 Titania

eV Electron volts

EtOH Ethanol

FTS Fischer-Tropsch synthesis
FT-IR Fourier transform infrared spec-
troscopy

FWHMs Full width at half maximums
GCE Glassy carbon electrode

g Grams

GO Graphene oxide

GQDs Graphene quantum dots

G Graphitic band

HCSs Hollow carbon spheres

H Hour

Q The magnitude of the scattering vector
G(r) The real-space distribution of intera-
tomic distances

3-D Three dimensional

TEM Transmission electron microscopy
2-D Two dimensional

UV-vis Ultra Violet-Visible

VOCs Volatile organic compounds

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy
0-D Zero dimensional

xxii|Page



CHAPTER 1: INTRODUCTION

The discovery of new nanomaterials presents new opportunities for the advancement of nano-
science as well as for nanotechnology applications [1], [2]. Carbon dots (or CDs), which were
discovered in 2004, are such nanomaterials [2]. CDs are defined as quasi-spherical carbona-
ceous materials with nanoparticle sizes less than 10 nm [3], [4]. They have caught the attention
of the scientific community not only because of their small sizes that generate quantum effects
but also their inherent and tuneable fluorescence property - a property that is novel for carbon
nanomaterials [3], [4]. Their various properties have made them nanomaterials of interest in
fields such as biosensing, bioimaging, drug delivery, photocatalysis, electrocatalysis, solar
cells and supercapacitors [5]-[9]. As a result, there has been an exponential increase in the
number of publications on these topics since their discovery [10]. Another interesting fact about
CDs is that their fluorescence properties are comparable with those observed for conventional
metal-based quantum dots, except CDs show less toxicity than their inorganic equivalents [11]-
[14]. Furthermore, they can be produced by various facile and cost-effective synthetic strate-
gies [11]-[14]. Potential replacement of metal-based quantum dots with CDs in diverse appli-

cations has thus been investigated [11]-[14].

Although these nanomaterials show great potential for current and future nanotechnology re-
search, the exploitation and exploration remain mainly limited to their photoluminescent prop-
erties. This begs the following question: are there other opportunities for CDs application out-

side the scope of their photoluminescence properties?

1.1 Motivation

To add to the library of novel CDs applications, herein we explore their potential use in the
well-established heterogeneous catalysis area of Fischer-Tropsch synthesis (FTS). The FTS is
a catalytic chemical reaction where synthesis gas (syngas) containing carbon monoxide
(CO)/carbon dioxide (CO2) and hydrogen (Hz) are converted to a range of fuels and other chem-
ical feedstock [15].

The FTS conversion takes place on the surface of transition metal catalysts such as cobalt (Co),
iron (Fe) and ruthenium (Ru). Co and Fe catalysts are used in industry while Co has some
advantages including its high quality hydrocarbon production and better resistance to deacti-

vation [16]-[18]. Typically, metal catalysts in the FTS reaction are dispersed on a support ma-
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terial [19]. This increases the total area of the metal catalyst surface available for reactant con-
version. Therefore, high syngas conversion is generally related to high metal catalyst dispersion
[19], [20]. A variety of support materials have been used in FTS; this includes inorganic oxides
such as silica (SiO2), alumina (Al203), titania (TiO2) and zeolites. Carbon nanomaterials such
as graphene, carbon nanotubes (CNTs), carbon spheres (CSs) and hollow-carbon spheres
(HCSs) have also been used as supports [21]-[23]. These support materials are known for hav-
ing a high surface area, good chemical and thermal stability as well as providing good metal
catalyst dispersion over their surfaces [19]. However, carbon nanomaterials have not been ex-

ploited as a support in industry.

In a previous study (MSc research project [23]), CDs were used for the synthesis of a uniquely
designed catalyst known as an inverse support catalyst. In this catalyst, the CDs (the ‘support’)
were dispersed on the surface of the Co metal catalysts (see Figure 1.1). The aim was to apply
this catalyst in the FTS reaction. The interest in this type of catalyst model was inspired by
previous studies on Co (and Fe) which were inversely supported on SiO; and Al>Os, and
showed a high catalytic performance in FTS conversion compared to the use of conventional
oxide supports mentioned earlier [24]-[28]. This type of catalyst also allowed for the study and
tuning of the metal to support interactions (MSIs) [24]-[28]. To the best of our knowledge, the
type of supported catalyst system studied in my MSc work was novel for carbon nanomaterials
in FTS applications. This novelty was related to the fact that carbon nanomaterials used as
supports are usually larger than the preferred catalyst nanoparticles (> 8 nm) [29], [30]; CDs

(<10 nm) and this type of arrangement presented an opportunity to study this catalyst type.

a) b)

Inverse method

Figure 1. 1: a) cartoon representation and b) a TEM image of inverse Co/CDs (where the
larger cubic particles are Co and the small quasi-spherical particles are the CDs).
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A variety of interesting results were obtained from the MSc study [23], but of importance to

this PhD research study was the thermal stability of the CDs under typical FTS reaction condi-

tion. The following discoveries were made:

1.

The CDs appeared to undergo structural changes at temperatures above 200 °C. This
was observed during pre-FTS catalysts testing by in situ PXRD (Figure 1.2a)), which
showed changes in the shape of PXRD features at ca. 20 to 35 ° 20 (Co Ko radiation),
a region in the PXRD spectrum where the features of amorphous carbon nanomaterials
are typically observed.

The TEM image of the spent catalyst (Figure 1.2b)), further supports the structural
changes of the CDs into large-area, dimensional materials during the experiments (note
that Figure 1.1b) was observed before heat treatment and Figure 1.2b) after heat treat-
ment). Therefore, the inverse Co/CDs morphology was lost, which made it difficult to
study the ‘inverse’ catalyst effect on the metal to support interactions (MSIs) and the
catalysts performance as intended.

There seemed to be a correlation between structural changes and the removal of surface

functional groups. This was investigated in details in the PhD study.
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Figure 1. 2: a) in situ PXRD pattern of Co304/CDs reduction under a Hz atmosphere, with the

broken

line square highlighting the typical amorphous carbon PXRD region, and b) TEM

image of the spent catalyst.

1.2 Aim and objectives

The initial aim of this study was to advance the previous study from the MSc work by devel-

oping a facile method for the synthesis of non- or poorly-functionalized CDs for inverse
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Co/CDs fabrication and application in the FTS. The shift to non- or poorly-functionalized CDs
was motivated by the need to have CDs that are thermally stable and whose structures are not

compromised under FTS testing, as it was observed in the earlier study.

The following approaches were employed for the synthesis of the non- or poorly-functionalized
CDs:

1. A non-functionalized carbon source was used for the fabrication of the CDs.

2. The readily functionalized CDs were de-functionalized by annealing.

However, these approaches proved unsuccessful. The former approach produced the desired
CDs (thermally stable and poorly functionalized), however, their yields were <5 mg and could
not be scaled up, even after many varied attempts (Chapter 4). This presented a challenge
because the amount of support material needed to complete the FTS study was ~1 g. The latter
method to make the CDs resulted in structural transformation of the CDs at temperatures as
low as 250 °C, even under a nitrogen (N2) atmosphere (Chapter 5). This meant that the struc-
tural transformation observed in earlier studies did not result from the H, atmosphere or the
presence of the Co catalysts (as shown in in situ PXRD in Figure 1.2a) but could be attributed
to the annealing temperature.

Although these results presented major setbacks to the initial aim of this research project, some
interesting discoveries were made in the study. One key discovery was that the CDs self-as-
sembled to form layered nanosheets that resembled the structure of one of carbon’s ‘wonder

nanomaterials’, graphene. Based on this discovery, several questions arose:

1. Could the annealing of the CDs be used as a new and facile synthesis pathway to make
graphene-based sheets?

2. How do these novel sheets compare with the nanosheets produced from the conven-
tional method?

3. Finally, are these sheets suitable for use as support materials for the Co-based FTS

reaction?
These questions then led to the following aims and objectives for this study:

1. To investigate the temperature dependent structure of CDs and to gain insights into the

physical and chemical properties of the resulting materials.
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2. Toundertake a comprehensive literature research on traditionally made graphene-based
nanosheets and to compare and profile the products synthesized in this study with those
in the literature.

3. To use these sheets to fabricate Co/carbon sheet catalysts and test them in the Co-based

FTS reaction for the synthesis of synthetic fuels.

1.3 Overview of the thesis

Based on the results obtained throughout the project, the thesis content is thus structured as

shown by the following detailed breakdown:

Chapter 1: Provides an overview of the scientific motivation, challenges, aims and objectives
of this PhD work.

Chapter 2: The chapter is divided into two parts: the first part discusses the literature review
on the transformation of carbon dots into other dimensional carbon allotropes. This work was
published under the title: “The transformation of 0-D Carbon dots into 1-, 2- and 3-D carbon

allotropes: A minireview”, Nanomaterials, vol. 12, p. 2515, 2022.

The second half of this chapter describes the FTS process, and the use of carbon nanomaterials

as supports in cobalt-based FTS.

Chapter 3: Provides an overview of how the physical and chemical properties of carbon na-
nomaterials are generally characterized, as well as a discussion of various characterization

techniques used in this study.

Chapter 4: Reports the results of a novel synthesis of poorly functionalized CDs from the
vertical chemical vapour deposition (CVD) method. This work has been published under the
title: “The simultaneous synthesis of carbon dots and carbon spheres with tuneable sizes using

a vertical chemical vapour deposition method”, S Afr J Chem, vol. 76, pp. 25-30, 2022.

Chapter 5: Describes work that led to the shift in the initial motivation of this study. In this
chapter, the fabrication and structural transformation of CDs to sheets (identified as reduced
graphene oxide (or rGO)) under horizontal CVD-assisted annealing experiments are reported
and discussed. This work has also been published under the title: “Evolution of large-area
reduced graphene oxide nanosheets from carbon dots via thermal treatment,” Carbon Trends,
vol. 4, p. 100074, 2021.
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Chapter 6: Reports on the synthesis of the novel catalysts consisting of the synthesis of C0304
nanoparticles as well as their dispersion on CDs-derived sheets (made in Chapter 5) for appli-
cation in Co-based FTS. The detailed characterization procedures used to study the catalysts
are also described. The findings in this chapter will also be submitted for publication under the
title: “Use of carbon dots-derived graphene-like sheets on the autoreduction of cobalt nano-

particles for Fischer—Tropsch synthesis: A limitation on the use of carbon supports.”

Chapter 7: To further explore the potential use of these CDs-derived nanosheets, they were
tested as active materials in the fabrication of the room temperature chemoresistive sensing
devices. The results obtained were published under the title: “From 0D to 2D: N-doped carbon
sheets for detection of alcohol-based chemical vapours,” RSC Adv., vol. 12 pp. 21440-21451,
2022.

Chapter 8: The main conclusions resulting from this project are summarized in this chapter.
Possible recommendations for future work related to this study are also included.
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CHAPTER 2: LITERATURE REVIEW

2.1 Carbon dots literature review

The transformation of 0-D Carbon dots into 1-, 2- and 3-D carbon allotropes: A
minireview

Abstract

Carbon dots (CDs) represent a relatively new type of carbon allotrope with a 0-D structure and
with nanoparticle sizes < 10 nm. A large number of research articles have been published on
the synthesis, characteristics, mechanisms and applications of this carbon allotrope. Many of
these articles have also shown that CDs can be synthesized from “bottom-up” and “top-down”
methods. The “top-down” methods are dominated by the breaking down of large carbon struc-
tures such as fullerene, graphene, carbon black and carbon nanotubes into the CDs. What is
less known is that CDs also have the potential to be used as carbon substrates for the synthesis
of larger carbon structures such as 1-D carbon nanotubes, 2-D graphene-based nanosheets and
3-D porous carbon frameworks. Herein, we present a review of the synthesis strategies used to
convert the 0-D carbons into these higher-dimensional carbons. The methods involve the use
of catalysts or thermal procedures to generate the larger structures. The surface functional
groups on the CDs, typically containing nitrogen and oxygen, appear to be important in the
process of creating the larger carbon structures that typically are formed via the generation of
covalent bonds. The CD building blocks can also ‘aggregate’ to form so called supra-CDs. The
mechanism for the formation of the structures made from CDs, the physical properties of the
CDs and their applications (for example in energy devices and as reagents for use in medicinal
fields) will also be discussed. We hope that this review will serve to provide valuable insights

into this area of CD research and a novel viewpoint on the exploration of CDs.
KEYWORDS: carbon allotropes; carbon dots; carbon nanotubes; graphene-based

nanosheets; porous carbon frameworks.
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2.1.1 Introduction

Carbon is one of the most widely exploited elements that have been used in nanotechnology
[1], [2]. This is no surprise, as carbon has many fascinating characteristics, including its most
important ability to bond with itself, which has led to carbon being able to form 0-, 1-, 2- or 3-
D naturally occurring and synthetically made allotropes. These carbon allotropes include
graphite, diamond, graphene, fullerene, carbon nanotubes (CNTSs), carbon nanofibers (CNFs),
carbon black (CB), carbon nano-onions (CNOs), carbon spheres (CSs) and hollow carbon
spheres (HCSs). Due to their remarkable chemical, mechanical, electrical and thermal proper-
ties, these allotropes have been used in drug delivery, electronics, composite materials, sensors,
energy storage and conversion and field emission devices [1]-[4]. In addition, the various car-
bon allotropes can be derived from a range of highly abundant starting materials, including
renewable sources and waste materials, using a wide variety of synthesis strategies. This makes
the use of carbon even more important, especially towards green and sustainable nanoscience

and nanotechnology applications [5]-[7].

Another relatively new carbon allotrope that has been made and studied is the carbon dot (CD).
CDs are a group of carbon nanomaterials that are made of zero-dimensional (0-D) nanoparti-
cles (<10 nm), and because of their small size they show intrinsic fluorescence properties [8]—
[11]. These carbons include graphene quantum dots (GQDs), carbon quantum dots (CQDs),
carbon nanodots (CNDs) and carbonized polymer dots (CPDs) [11]-[14]. The different CDs
are shown in Figure 2.1. All of these CDs show excellent optical properties, water dispersibil-
ity, biocompatibility, resistance to photobleaching and low toxicity, and hence these materials
have been used in bioimaging, catalysis, sensing and drug delivery [6], [15]. The increased
attention given to CDs stems from their potential to replace traditional metal-based quantum
dots (QDs), especially in the aforementioned applications [16]-[18]. This is because their com-
petitive fluorescence properties are not associated with toxicity, environmental concerns and
biohazard issues [19], [20].
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Figure 2. 1: The proposed representative structures of a graphene quantum dot (GQD), carbon
quantum dot (CQD), carbon nanodot (CND) and carbonized polymer dot (CPD). Adopted with
permission from Wiley-VCH Verlag [12].

The CDs were first reported in 2004 after they were serendipitously discovered during the pu-
rification of single-walled carbon nanotubes using gel electrophoresis [21], [22]. Then, in 2006,
CDs were synthesized via the laser ablation of a targeted graphite powder and cement mixture
surface [23]. Since then, CDs have been made via hydrothermal and solvothermal synthesis
[24], electrochemical methods [25], [26] and microwave-assisted synthesis [27]. CDs can also
be made using “top-down” methods using larger-sized carbon allotropes such as carbon nano-
tubes (CNTSs), graphite, carbon nanofibers (CNFs), carbon black and candle soot [28], [29].
This is achieved by breaking down these larger carbon allotropes using strong oxidizing agents
such as nitric acid or sulfuric acid [30]. They can also be made from carbon-containing mole-
cules using a “bottom-up” method. These carbon sources range from carbohydrates such as
sugar, sucrose and starch [31] to polymers (e.g., amino acids), biomass and municipal waste

materials, such as fruits peels, hair and urine [32], [33].

Details on the synthesis methods [15], [19], [32], [34-38], yield [34-36], size [11], [39], phys-
icochemical properties [29], [40-43] and applications [9], [14], [30], [32], [44-52] of the CDs
have been extensively reported. Therefore, details on these topics may be found in other reports

and will only be briefly mentioned in this review.

Of the two synthesis strategies, the “bottom-up” strategies are preferred because they show far
better potential for the facile synthesis of CDs at low cost and large scale [5], [53]. However,
it is important to note that the CDs produced via the “top-down” approach allow for better
structural control and the use of easier purification methods compared to the “bottom-up” ap-

proaches [53]. Additionally, the CDs obtained from a “top-down” method obtain some of the
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physical and chemical properties from the carbon allotropes from which they are derived. For
example, graphene quantum dots (GQDs) derived from breaking down graphene oxide (GO)

can inherit the crystallinity of the graphene oxide [54].

The conversion of one carbon allotrope to another via chemical or mechanical methods is not
specific to the preparation of CDs from dimensional carbon allotropes. It is well-known that
graphene nanolayers can be derived from graphite [55-58], and that graphite can be made from
graphene [59]. Graphene can also be synthesized from fullerene [60-62]. Furthermore, fuller-
ene can be exfoliated to form an atomic-scale 2-D polymeric network [63]. Reports have also
indicated that graphene and graphene nanoribbons can be prepared by unravelling CNTs [64—
70]. Further, CNTs can be grown on a CB substrate [71], [72]. Other examples include the
transformation of CB to graphene-oxide-like nanosheets [73], [74] and HCSs [74]. Graphite
can also be converted to diamonds, and vice versa [75-77]. Thus, the conversion of one allo-
trope to another is a well-known procedure for making high-quality carbon allotropes with size
control [69], [72], [78], [79].

The ability to transform large carbon allotropes to smaller carbon entities suggests that the
reverse should also be possible. Indeed, some recent studies have also shown that CDs can be
used as carbon substrates in a “bottom-up” process to make CNTs, graphene-based nanosheets
(GNSs) and porous carbon frameworks (PCFs). This route from CDs creates an interesting
synthesis route to make novel 1-, 2- and 3-D carbon allotropes. Indeed, Chen et al. have sum-
marized the early work on the synthesis of CDs and composites and reported on their unusual
properties [80]. This conversion route from CDs could potentially be a simpler and more cost
effective option than the alternate routes for the controlled synthesis of many carbon allotropes,
since there is a huge library of CDs that have been made, many from renewable resources [6],
[33]. Further, while some applications of these CD-derived carbon allotropes have been re-
ported, very little detailed work has been done to exploit these materials [20], [81], [82]. In this
review, we describe the methods that have been used to convert CDs to other allotropes and
also provide details on the proposed mechanisms for the evolution of 0-D CDs to larger carbon
allotropes (1-, 2- and 3-D carbon allotropes). A brief discussion of the applications of the final

allotropes made from the CDs is given.
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2.1.2 Synthesis and structure relationship of various CDs

Most CDs are typically made up of ordered or disordered graphitic flakes that constitute a
carbon core, with the end carbon atoms terminated by hydrogen atoms or functional groups
containing oxygen or nitrogen [6], [83]. The final structure and characteristics of the CDs are
dependent on the type of synthesis approach employed in their fabrication. As previously men-
tioned, the CDs can be synthesized using either the “top-down” or the “bottom-up” synthesis
approaches. The “top-down” synthesis approaches typically produce GQDs, which consist of
a graphitic core encompassed by carbons containing oxygen-based functional groups. In con-
trast, “bottom-up” approaches, which involve the building up of small organic molecules and
polymers via carbonization, are commonly used to make CQDs, CNDs and CPDs [14] (Figure
2.1). This approach results in the synthesis of an amorphous core of pure sp3-type carbon or a
core made with carbons with a range of sp®/sp? carbon ratios, with the core terminated by car-
bon atoms with various functional groups. The CPDs are typically synthesized using polymers
containing hydroxyl, carboxyl and amino groups, and possess an amorphous core terminated
by polymer chains [84]. CQDs and CNDs on the other hand are typically built from carbohy-
drates and organic acids (e.g., ascorbic and citric acid). The CQDs and CNDs can be easily
transformed into CPDs via the attachment of polymer moieties to their surfaces [5]. Biomass-
derived precursors are also used in the “bottom-up” and “top-down” syntheses of different CD
products [33].

Other forms of CDs include the hollow carbon dots that contain a functionalized amorphous
shell formed from either a “top-down” or “bottom-up” approach [85], [86]. Highly graphitized
and triangular CDs can also be obtained using a “bottom-up” synthesis approach [87]. Single-
crystal hexagonal graphitic CDs with a controlled morphology can also be obtained via a “bot-
tom-up” synthesis [88]. Figure 2.2 shows these differently structured CDs. More recently, CDs
have been made from carbon nitrides such as cyanoethynyl quantum dots and beta carbon ni-
tride carbon dots [89,90]. Based on these discoveries, it is, therefore, safe to predict that many

other derivatives of CDs will be discovered in the future.
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Figure 2. 2: lllustrations of the shapes and TEM images of (a,d) hollow carbon dots (HCDs,
adopted with permission from [85], Elsevier BV), (b,e) triangular carbon dots (triangular CDs,
adopted with permission from [87], Springer Nature) and (c,f) single-crystal hexagonal gra-

phene quantum dots (adopted with permission from [88], American Chemical Society).

The unique structures of CDs capped with surface functional groups (oxygen- or nitrogen-
based groups) allows for the easy modification of their physical, chemical, optical and elec-
tronic properties [8], [91]. These surface functional groups have also been shown to be im-

portant for the knitting together of CDs to form other carbon allotropes (see below).

2.1.3 Synthesis of larger carbon allotropes

Several different methods have been used to synthesize CNTSs, graphene-based nanosheets
(GNSs) and porous carbon frameworks (PCFs) from CD precursors. These routes, as well as
the physicochemical properties of the resulting products with respect to their CDs precursors,
are described below. Data on these processes are summarized in Table 2.1, and some examples

of these routes are shown in Figure 2.3.

2.1.3.1 CDs used as precursors to make 1-D carbon allotropes

CNTs have been studied in detail since their synthesis and initial study by lijima in 1991 [92].
CNTs are described as 1-D carbon allotropes made with predominantly sp?-type carbon, rolled
into a tubular structure, with typical diameters and lengths in the nano and micro or macro
ranges, respectively [93], [94]. CNTSs are known for their excellent mechanical, electrical and

optical properties, and have been widely explored for use in energy storage, catalysis, sensors
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and air filtration [95], [96]. The traditional synthesis methods used to make CNTSs involve arc
discharge, laser evaporation, catalytic pyrolysis and the flame method, and these methods have
been described in detail elsewhere [96], [97]. While it is well known that CNTs can be cut
down into CDs via chemical oxidation [98], [99], the ability of CNTSs to be built up from CDs

has been less studied.
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Figure 2. 3: lllustrations of the formation of 1-D carbons from 0-D CNTs: (a,b) CNTs (adapted
with permission from [100], copyright 2012, American Chemical Society) and N-CNTs; (c,d)
N-CNTs (reproduced with permission from [101], copyright 2021, Elsevier BV).

Cheng et al. showed that CDs can be transformed into CNTSs via the electrophoresis deposition
of CDs within a nanoporous anodic aluminum oxide template. The CDs were first synthesized
via “top-down” electrochemical oxidation of graphene. The CDs were classified as graphene
quantum dots (GQDs) and contained particles with an average size range of 3-5 nm [100]. The
nanotubes obtained via the electrophoresis-aided transformation of the CDs were named gra-
phene quantum dot nanotubes (GQD-NTSs). A scheme summarizing the synthesis and TEM
images of these GQD-NTs is shown in Figure 2.3a), b). These GQD-NTSs have similar features
to those associated with traditional CNTs, such as having a hollow and tubular morphology.
The average diameter range of these GQD-NTs was found to approximately 200-300 nm. The
size and morphology of these GQD-NTs was highly dependent on the morphology of the AAO
template. Interestingly, the formed GQD-NTs’ structure still showed the individual CDs to be

interconnected with an estimated gap of about 1 nm between the particles. The XPS studies
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revealed the presence of hydroxyl and carboxyl functional groups on the GQDs and GQD-
NTs’ surfaces. They also revealed a decrease in the O/C ratio from 26.4 to 11.6 for the GQDs
and GQD-NTs, respectively. This suggested that the GQD nanoparticles “merged” during the
removal of the oxygen functional groups to form GQD-NTs on the AAO template.

Another study by Niu et al. showed that nitrogen-doped CNTs (N-CNTSs) could be grown from
a mixture of N-CDs and a metal—-organic framework, ZIF-67 [101]. In this study, N-CDs were
synthesized from a “bottom-up” hydrothermal reaction using alanine and histidine as precur-
sors to give highly crystalline CDs with average particles sizes of approximately 10 nm. The
ZIF-67 and N-CDs were mixed and reacted at 600 °C. The influence of the ZIF-67-N-CD
ratios (30:1, 20:1 and 10:1) and reaction times (from 1 to 4 h) on the morphology of the product
were investigated. The optimum reaction conditions for N-CNT formation were found to be a
20:1 (ZIF-67-N-CDs) ratio, pyrolyzed at 600 °C for 4 h (see reaction scheme in Figure 2.3c).
Under these conditions, the N-CNTSs that formed (Figure 2.3d) had an average diameter and
length of about 15 nm and 300 nm, respectively. The N-CDs were responsible for reducing the
cobalt (Co?*®*) ion in the ZIF-67 into metallic Co (Ca®). The N-CNTSs were then grown on the
Co catalyst surface during the carbonization of the organic residue of the ZIF-67 and the N-

CDs under high temperature.

2.1.3.2 CDs used as precursors to make 2-D carbon allotropes

Graphene-based nanosheets (GNSs) are an interesting group of 2-D and 3-D carbon allotropes
consisting of a single or a few layers of sp-type C atoms. These allotropes are known for their
excellent mechanical properties, high surface area and versatile surface chemistry [102]-[104].
These attributes make them suitable for mechanical, optical, electrical and environmental ap-
plications, such as water purification [104]. GNSs can be made from pristine graphene, gra-
phene oxide (GO) and reduced graphene oxide (rGO) starting materials. Pristine graphene con-
sists of polycyclic aromatic rings forming a single layered nanosheet. In GO, the nanosheets
are bonded to oxygen-based moieties, creating defects within the nanosheets. The C/O ratio is
higher in rGO than in GO, and the structure has less defects [105]. GNSs are usually synthe-
sized from “top-down” mechanical, chemical, thermal and electronic routes and via the sol-
vent- or surfactant-based exfoliation of graphite. The “bottom-up” growth from molecular sub-
strates has also been achieved, using the CVD method and via the graphitization of silicon
carbide [106]-[112].
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CDs with different morphologies and properties have been synthesized from graphene [100]
and GO [39], [79]. Other studies have shown that both CDs and GO/rGO can be obtained
simultaneously using the same synthesis method. For example, Dong et al. showed that GQDs
and GO can be made via the “bottom-up” carbonization of citric acid at 200 °C for 30 min and
2 h, respectively [113]. Another study by Muthurasu et al. showed that GQDs and rGO can be
obtained via the electrolysis of a graphite rod at a constant current density of 100 mA cm™ for
3 h [114]. The resulting solution was divided into a supernatant and precipitate, where the
supernatant contained GQDs and the precipitate contained the rGO. Different CDs have also
been used as carbon substrates to make a variety of 2-D sheets with similar properties to those
of GNSs.

Chen et al. showed that CQDs can self-assemble into layered carbon sheets when freeze-dried
[115]. The CQDs with average particle sizes of approximately 7 nm were synthesized by de-
composing fullerene (C60) in potassium hydroxide. The CQDs were then dispersed in water
and the solution was freeze-dried to give layers of interconnected CQDs at the ice—crystal—
water interface. The CQDs were interconnected via oxygen functional group interactions on
the CQDs’ surfaces. However, these layers rapidly dissociated into CQDs upon redispersion in
water. To obtain the permanent layered carbon sheets, the CQDs were annealed at 600 and 800
°C for 30 min. At 800 °C the layered carbon sheets resembled a graphene morphology. How-
ever, there was no evidence of the hexagonal lattice fringes typical of graphene. The results
from the XPS analysis showed an increase in the C/O ratio from 2.15 for CQDs to 3.14 for the
annealed sample, with a significant decrease in the presence of the carbonyl functional groups,
as confirmed by the FT-IR data. The study also showed that the layered carbon sheets contained

a porous surface.

Hou et al. was able to obtain 2-D layered carbon nanosheets through the thermal treatment of
CDs in the presence of metal ions [116]. In this study, CDs were obtained by mixing an acet-
aldehyde solution and NaOH at room temperature and pressure, and then allowing the mixture
to stand for 3 days. The CDs had average particle sizes ranging between 3 and 5 nm. To obtain
the 2-D carbon sheets, the CDs were combined with NaH2PQOg4, and then the mixture was ther-
mally treated at temperatures between 400 and 900 °C. The transformation of the CDs to a 2-
D carbon was observed to depend on both the temperature and the amount of NaH2PO4 used
in generating the structure of the resulting sheets. The NaH2PO4 acted as a P-dopant and a

source of Na*, and the Na" metal ions catalyzed the transformation of CDs to nanosheets. The
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Na* also controlled the sheet thickness. At 400 °C, the CDs transformed into carbon chunks,
then finally at 900 °C they transformed into 2-D ultrathin sheets with lattice fringes of 0.42 nm.
It was also observed that an increase in temperature increased the amount of P incorporated
into the 2-D structures. On the other hand, without the NaH2POj, the CDs only aggregated to
form carbon chunks, and even at 900 °C no 2-D ultrafine nanosheets were observed. There was
no significant difference in the C/O ratios of the samples, but the FT-IR spectra showed a sig-
nificant decrease in the C=0 bond intensity with increasing temperature. The authors proposed
that the Na* ions catalyzed the decomposition of the C-O bonds, thereby increasing the amount
of C species in the system. Under heat treatment, these C species then combined to form C-C

bonds that assembled into the layered carbon nanosheets.

More recently, it was observed that the CDs formed 2-D graphene-like sheets without the need
for a metal ion catalyst. In the study, the CDs were obtained via the microwave-assisted “bot-
tom up” carbonization of L-ascorbic acid in water at 180 °C. These CDs were classified as
CQDs and had average particle sizes ranging between 1 and 4 nm. These CQDs were then
annealed at 200—700 °C for 10 min [117]. Carbon chunks similar to those observed by Hou et
al. [116] were observed at 250 °C. These were further developed into multi-layered sheets at T
> 300 °C. Further heating to 700 °C gave thin layered graphene-like sheets that lacked lattice
fringes. The thin layered graphene-like sheets were found to have similar properties to tradi-
tional rGO and they were, thus, referred to as rGO (Figure 2.4a), b). In the study, the temper-
ature was shown to be the main contributing factor that induced the transformation of CDs to
rGO. Solid-state NMR studies revealed that an increase in temperature resulted in deoxygena-
tion of the CDs, as shown by an increase in the C/O ratio. An increase in C species led to the
generation of C-C bonds and layered sheets.

In contrast, Bharathi et al. reported that a metal catalyst was needed for the formation of gra-
phene sheets from GQDs [118]. In their study, the GQDs were synthesized via “bottom-up”
hydrothermal synthesis using citric acid and urea in water at 180 °C for 3 h. The obtained CD
average particle sizes were between 2 and 5 nm. The graphene sheets were obtained by adding
varying amounts of zinc ZnCl: to the reaction mixture, while the reaction temperature was kept
constant (Figure 2.4c), d). Upon the addition of 0.1 mol ZnCl; to the mixture, the GQDs’
average size increased to ~10 nm. The addition of a larger amount of ZnCl, (0.3 mol) gave

~100 nm particles, while micro-sized graphene-like sheets were formed when 0.5-0.7 mol
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ZnCl, was added. The XPS analysis of the formed sheet materials did not show changes in the
C/O ratio.

In another study, Zhang et al. showed that CDs could be used as so-called “designer additives”
in the synthesis of graphene-rich, petal-like rutile TiO2 [119]. In this study, the CDs were syn-
thesized from acetone mixed with NaOH. The solution was left to react for 5 days at room
temperature [17]. The CDs synthesized using this method were classified as CQDs and con-
tained average particle sizes ranging between 1.5 and 3 nm. The CQDs were then added to-
gether with the TiO> precursor (made from titanium(I11) chloride) and CTAB (dissolved in n-
pentanol and n-hexane) and reacted at 200 °C. The resulting product was further annealed at
800 °C for 2 h to give a graphene-rich, petal-like rutile TiO (Figure 2.5). It was reported that
these CQDs formed petal-like structures that acted as the TiO, template. The concentration of
these CQDs affected the crystallite growth and resulting crystalline phases (rutile/anatase), as
well as particle shapes of the TiO.. The TEM studies revealed irregular TiO2 products in the
absence of CQDs. In the presence of the CQDs, the final annealed product indicated that the
CQDs had been transformed into graphene layers that were wrapped around the TiO: particles.
Other similar studies have shown that CDs can also be assembled on various other porous
materials, including zeolites, carbonaceous porous materials, porous graphitic carbon nitride,

mesoporous SiO2 and metal-organic frameworks [80].
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Figure 2. 4: Schematic representation of the synthesis procedure and TEM images of the re-
sulting product formed during the conversion of 0-D CDs to 2-D graphene-like nanosheets
using a (a,b) high-temperature (> 300 °C) treatment without a catalyst (reproduced with per-
mission from [117], copyright 2021, Elsevier BV) and (c,d) lower-temperature (180 °C) treat-
ment in the presence of a metal catalyst (reproduced with permission from [118], copyright
2017, Springer Nature).
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Figure 2. 5: (a) TEM and (b) HR-TEM of graphene-rich petal-like rutile TiO2 from 0-D CDs
and TiO2 precursors (adopted with permission from [119], 2016 WILEY-VCH Verlag GmbH
and Co. KGaA, Weinheim).

2.1.3.3 CDs used as precursors to make 3-D carbon allotropes

Porous carbon frameworks (PCFs) are an interesting group of materials known for their high
surface area and tunable surface chemistry. These materials have been applied in fields such as
catalysis, separation, gas storage and sensing. The traditional synthesis of these materials in-
cludes “bottom-up” synthesis strategies using organic or bio-molecules and graphene nanorib-
bons, while the “top-down” methods include the use of metal-organic frameworks or carbides
[120]. The use of CDs as carbon precursors provides another alternative synthesis strategy to

make these materials.

Hu et al. synthesized PCFs (Figure 2.6a), b) using CDs as precursors. The CDs were synthe-
sized using a simple “bottom-up” approach that involved mixing acetone and NaOH (5 days at
room temperature). The obtained CDs had average particle sizes ranging between 1.5 and 3
nm, and were classified as CQDs [17]. The XPS results showed that these CDs contained ~83%
Cand ~17% O, with C-OH, C=C, C-H and C=0 as functional groups. The PCFs were obtained
by calcining these CDs at 400, 600 and 800 °C under argon for 2 h at each temperature. During
the transformation of the CDs to PCFs, the authors noted an increase in the C% from ~83%
(for CDs) to ~94% for the calcined samples. Their results also showed that the materials

showed a sharp increase in specific surface area with the increase in calcination temperature.
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The mechanism of PCF formation from CDs was believed to involve a catalyst-assisted trans-

formation.

Jiang et al. performed further modifications to Hu et al.’s method [17] to further alter the sur-
face chemistry of the PCFs by doping them with nitrogen (N) and phosphorus (P) [121]. In this
work, melamine and C3sH12NOgP3 were used to form a supermolecular gel. The CQDs and
supermolecular gel were then heat-treated at 800, 900 and 1000 °C under argon (Ar) for 1 h.
The supermolecular gel acted as an N and P source and was also directly involved in the for-
mation of the 3-D structure of the PCFs (Figure 2.6¢), d). The authors also noted an increase
in specific surface area with the increase in temperature, and noted that the doped PCFs were
highly porous, with the pore volume increasing with the increase in treatment temperature, with
a final pore volume of 0.542 cm® g* obtained at 900 °C. Interestingly, the authors also reported
that annealing the CQDs without a supermolecular gel at 800 °C vyielded 2-D graphene-like

nanosheets.

In another study, nitrogen-doped CDs were used as precursors for the synthesis of fibrous 3-D
PCFs. The CDs were produced via the microwave-assisted irradiation of citric acid and urea in
DMF at 500 W and 160 °C [122]. After purification, the resulting solution was freeze-dried to
obtain CDs with approximate average sizes ranging between 3 and 5 nm. To achieve the 3-D
PCFs, the CDs were subjected to heat treatment at 800 °C under N2 for 2 h (Figure 2.6e). The
3-D PCFs exhibited some graphitic characteristics, such as the lattice d-spacings of 0.12, 0.21,
and 0.34 nm corresponding to the (002), (100) and (110) planes of a graphitic carbon, respec-
tively. Additionally, the 3-D PCFs contained ~19 % nitrogen content, as confirmed by the XPS
analysis. Interestingly, the XPS results also showed that the CDs contained predominantly pyr-
rolic-N, while the 3-D PCFs contained mainly pyridinic-N and graphitic-N. The data suggest
that the transformation of the 0-D CDs to 3-D PCFs is also accompanied by the conversion of

the pyrrolic-N to pyridinic-N and graphitic-N.
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Figure 2. 6: Schematic illustrations of the different synthesis methods used to convert 0-D CDs
into 3-D (a,b) PCFs (reproduced with permission from [17], copyright 2015, Wiley-VCH),
(c,d) N- and P-doped PCFs (reproduced with permission from [121], 2017 Elsevier Ltd.) and
(e) N-PCFs (reproduced with permission from [122], copyright 2019, American Chemical So-
ciety).
Zhang et al. devised a different template-assisted method for the synthesis of PCFs from CDs.
To make their CDs, they used a “top-down” acid treatment (with HNOz and H2SO4) of bitumi-
nous coal [91]. The CDs were classified as GQDs and had average particle sizes in the 2-3 nm
range. The transformation of GQDs to PCFs was done on a Mg(OH)2 template (Figure 2.7a).
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The amount of Mg(OH)2 and the temperature (700-1000 °C) were varied to determine their
effects on the resulting structure. The surface chemistry analysis revealed that these GQDs had
abundant oxygen functional groups (~45%). As expected, increases in the annealing tempera-
ture and Mg(OH). amount decreased the oxygen content to ~7%. The authors showed that the
synthesis of GQDs to PCFs was induced by the Mg(OH). template.

Recently, Lei et al. were able to prepare nitrogen-doped GQDs (~2—-3 nm) by decomposing
bituminous coal fine powder in HNOs and H2SO4. These GQDs were then mixed with the
Mg(OH). template and heat-treated at 800—1000 °C for 1 h under an Ar atmosphere (Figure
2.7b,c) [123]. The optimum results were obtained for a sample prepared at 900 °C. The result-
ing 3-D porous framework contained carbon (87.7%), nitrogen (4.1%) and oxygen (8.2%). As
with the study by Zhang et al., increasing the temperature decreased the oxygen content. When
GQDs were heated at 900 °C without the Mg(OH)2 template, irregular block shapes were ob-
served with a lower % carbon and nitrogen content but a higher oxygen content compared to

the sample prepared with a Mg(OH). template.

In another study, GQDs (made from coal, diameter of ~2.96 nm) and potassium hydroxide at
different ratios (0, 0.5 and 1), gave ultra-microporous carbons (Figure 2.7d—g) [124]. Ata 0.5
ratio, the HRTEM images showed that the GQDs were joined together to form layers, but the
individual GQDs could still be observed (Figure 2.7g). Similar observations were noted in the
formation of supra-CDs (see Section 2.1.3.4). When a reactant ratio of 1 was used, a 3-D struc-
tured carbon with pore sizes of approximately ~20 nm was formed. When the GQDs were
heated alone, 2-D layered materials were formed. As expected, the XPS data showed that the
O/C ratio decreased from 0.51 for the GQDs to 0.11 when the 0.5 ratio was used.

Strauss et al. produced a porous 3-D turbostratic graphene by irradiating N-doped CDs with an
infrared laser [125]. The N-doped CDs were synthesized via “bottom-up” microwave-assisted
irradiation of citric acid and urea in water, which produced nanoparticles with average sizes in
the range of 1-5 nm [126]. To form the porous 3-D turbostratic graphene, the CNDs were first
annealed at 300 °C to give CND aggregates (~50 nm). These CND aggregates were then laser-
irradiated to form a porous 3-D turbostratic graphene. The laser irradiation induced decarbox-
ylation of the CNDs and catalyzed the C-C bond formation between the CND moieties. Gases
such as CO, were released during the laser irradiation, and this gave rise to the formation of

the porous 3-D morphology of the graphene.
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Figure 2. 7: Coal-derived CDs used as precursors for the template-assisted synthesis of (a)
PCFs (adopted with permission from [91], 2017 Elsevier Ltd.), (b,c) N-PCFs (reproduced with
permission from [123], 2022 Elsevier B.V.) and (d—g) ultra-microporous carbon (adopted with
permission [124], 2018 WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim), as well as

the TEM images of the resulting products.
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Table 2.1: A summary of the methodologies followed for the transformation of 0-D CDs into 1-, 2- and 3-D carbon allotropes.

No.

10

11

12

Carbon Dots

Assembly Process

Precursor(s)

Graphene

Alanine and
histidine
fullerene (Ceo)

acetaldehyde
solution and
NaOH
L-ascorbic
acid
citric acid and
urea

acetone and
NaOH

Acetone and
NaOH
Acetone and
NaOH
Citric acid
and urea
Bituminous
coal
Bituminous
coal

Type

GQDs
CQDs

CQDs

CQDs

GQDs

CQDs

CQDs

CQDs

GQDs

GQDs

Average Size
Range
(nm)

3-5
~10

~7
35

1-4

2-5

1.5-3

1.5-3

2-3

2-3

Synthesis

Assembled inside the anodic aluminum
oxide via electrochemical deposition

Pyrolyzed with ZIF-67 powder
Annealed under inert gas atmosphere

Mixed with NaH2PO4 and calcined un-
der Ar gas atmosphere

Annealed under N inert gas atmos-
phere
Hydrothermal synthesis in the presence
of ZnCl
Reaction with TiO2 precursors in an au-
toclave, then annealed under an
Ar atmosphere

Calcination under an Ar gas atmosphere

Pyrolyzed with melamine and
CsH12NOgP3 under Ar atmosphere
Freeze-dried and calcined under
N> atmosphere

carbonized on a Mg(OH), template

carbonized on a Mg(OH), template

Type of Carbon
Allotrope

GQD-NTs
N-CNTs

Layered sheets

carbon sheets

carbon sheets
(rGO)

graphene sheets

graphene

PCFs

N-, P-PCFs

Fibrous N-doped
PCFs

Hierarchical PCFs

N-doped PCFs

Dimensions (D)

1-D
1-D
2-D

2-D

2-D

2-D

3-D

3-D
3-D
3-D
3-D

3-D

Ref.

[100]
[101]

[115]
[116]

[117]

[118]

[119]

[17]
[121]
[122]
[91]

[123]
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Bituminous Ultra-microporous

13 GQDs ~3 Carbonized with potassium hydroxide 2-/13-D -
coal carbons
Citric acid Thermolyzed in a tube furnace and laser turbostratic
14 and urea CNDs 1= irradiation with 40 W COz laser graphene 3D [125]
Citric acid

Pyrolyzed on Fe203, NaCl and SiO: microrods, carbon

15 and aqueous  N-, S-CDs ~4 spheres templates sheets and PCFs

ammonia

1-/2-/3-D  [127]

GQDs: graphene quantum dots; GQD-NTSs: graphene quantum dot nanotubes; CQDs: carbon quantum dots; N-CNTSs: nitrogen nanotubes; 2-D:
two dimensional; rGO: reduced graphene oxide; 3-D: three dimensional; PCFs: porous carbon frameworks; N-, P-PCFs: nitrogen- and phosphorus-

doped porous carbon frameworks; CNDs: carbon nanodots.
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Another interesting study was reported by Cheng et al., who were able to transform 0-D nitro-
gen-doped CDs into 1-, 2- and 3-D carbon structures using different metal templates [127]. In
their study, citric acid and aqueous ammonia were used to synthesize nitrogen-doped CDs with
an average particle size of 4 nm. These nitrogen-doped CDs were then mixed with thiourea and
a template (Fe2Os rods, NaCl and 3-D stacked SiO- spheres) to form nitrogen and sulfur co-
doped structures (Figure 2.8). The mixtures were first freeze-dried, then heated at 300 °C and
finally pyrolyzed at 900 °C for 4 h under a N2 atmosphere. After the removal of the templates,
it was observed that nitrogen and sulfur co-doped 1-D microrods (width ~100 nm), 2-D stacked
carbon nanosheets and 3-D porous carbon frameworks (diameter of the 3-D stacked spheres =
~200 nm) had been made. Interestingly, the nitrogen and sulfur contents (XPS atomic abun-
dance: N =5.58 % and S = 1.64 %) were higher in the 2-D carbon structure when compared to
the other structures, with pyrrolic-N being the dominant nitrogen configuration present. It was
observed that the pyrolysis temperature played a significant role in the transformation of these
nitrogen-doped CDs on differently structured templates, similar to the reports mentioned pre-

viously.

1D N-S-CMR

( ) <§ p\|’0|\S|s / 1D-crosslinked
a & carbon
7 H microrods
&

Pyrolysis
F e———
4§ Deionized water

2D-stacked
carbon
nanosheets

2D N-S-CNS

Pyrolysis 3D-porous
carbon

frameworks

HF

ADN-S-CFW

Figure 2. 8: A schematic illustration of the template-assisted conversion of CDs into N- and
S-doped (@) 1-D microrods, (b) 2-D carbon sheets and (c) 3-D PCFs (reproduced with permis-
sion from [127], 2021 Elsevier B.V).

2.1.3.4 Other CDs assembly products

The other assembled structures produced from the CDs included the supra-CDs. Supra-CDs
are typically non-permanent nanostructures of CDs formed by inter-particle interactions be-

tween CD nanoparticles via strong or weak bonding forces between surface functional groups.
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The formation of supra-CDs has been used for the broadening of the PL absorption spectra of
the CDs [128]-[130]. A variety of CDs have been used to produce these supra-CDs.

Lou et al. prepared CDs from a “bottom-up” synthesis method using citric acid and urea as the
starting precursors. The modification of the CDs with 1-bromododecane gave partially func-
tionalized CDs with average particle sizes ranging between 1 and 5 nm, with an amphipathic
surface. In toluene, these partially functionalized CDs self-assembled through amphipathic in-
teractions to give nanoclusters with sizes of 150-400 nm (see Scheme 2.1a), described as su-
pra-CDs [128]. Li et al. showed that CDs made from citric acid and urea could self-assemble
without attaching alkyl chains onto the CDs’ surfaces. In their study, they also obtained CNDs
with sizes ranging between 1 and 5 nm. When the CNDs were left under 60% humidity for 7
days, supra-CDs were formed. These supra-CDs were smaller when compared to the ones ob-

tained by Lou et al., with sizes ranging between 5 and 25 nm [129]

Another study by Yang et al. showed that supra-CDs could be formed via the self-assembly of
CDs obtained from melamine and dithiosalicylic acid in acetic acid. The CDs had average
particle sizes ranging between 4 and 10 nm. When placed in dimethylformamide, these CDs
interlinked with each other to form supra-CDs (see Scheme 2.1b) with sizes around 56 nm
[130]. Hou et al. also showed that the CDs prepared via the “top-down” method could be used
to make supra-CDs. In this study, CDs were synthesized by breaking down ultrafine coal pitch
with formic acid and hydrogen peroxide. The obtained CDs were then dispersed in the surface
microchannels of balsa wood. After drying at 60 °C, it was observed that the pore sizes of this
wood decreased from 14.7 nm to about 1 nm, signifying that the CDs had self-assembled to
form supra-CDs inside the pores of the wood [131]. It can also be assumed that the intercon-
nected CQDs that were formed at the ice—crystal-water interface in a study by Chen et al. [115]

(described in Section 2.1.3.2) were also another example of supra-CDs.
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Scheme 2.1: Schematic depiction of the conversion of CDs to supra-CDs (a) in toluene
(adopted with permission [128] from WILEY-VCH Verlag GmbH and Co. KGaA, Weinheim,
2015) and (b) in dimethylformamide (reproduced with permission from [130], Springer Nature,

2019), and (c) the covalent conjugation reaction of CDs (adopted with permission from [132],
2020 Elsevier BV).

The conjugation of differently functionalized CDs is another way of building dimensional car-
bon allotropes. In these reactions, chemical linkers are used to react with specific chemical
groups on the CD surface to be conjugated, and these reactions form covalently coupled
nanostructures [132,133]. For example, Zhou et al. performed an amidation reaction between
“black CDs” (B-CDs) and “gel CDs” (G-CDs) [132]. The B-CDs were obtained via the “top-
down” method involving breaking down carbon powder into H2SO4 and HNOg3, while the G-
CDs were made in a “bottom-up” reaction, which involved reacting ethylenediaminetetraacetic
acid with citric acid. The B-CDs were predominantly functionalized with -COOH groups,
which were activated and stabilized using N-ethyl-N’-(3-(dimethylamino)propyl)car-
bodiimide/N-hydroxysuccinimide to form intermediates that were subsequently reacted with —
NH2 groups found on the surfaces of the G-CDs to form a conjugate (see Scheme 2.1c). The
reactions were performed by first dispersing the CDs in phosphate-buffered saline solution (pH
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7.4), then adding them together and allowing them to react overnight while stirring. Different
B-CD-to-G-CD ratios were used in the reaction to produce different nanostructures. For exam-
ple, when the B-CD-to-G-CD ratio was 5:3, the particles appeared to merge to form a figure-
eight shape. When the ratios were changed to 5:100 and 5:300, nanofibers and some nanosheets
were formed [132]. The conjugation reactions produced similar results to the heat-treated sys-
tems. However, in these reactions, higher-dimensional carbon structures were achieved by
changing the ratio of the starting materials. In some instances, the CDs self-conjugated to form
larger CD particles. For example, CDs (~2 nm) with predominantly —-COOH and some —NH>
were able to self-conjugate to form larger particle sizes (68 + 30 nm). Conjugation reactions
were also used to link the CDs with other species such as metal-based quantum dots [134] and

drug molecules [135].

2.1.4 Mechanism of formation of larger carbon materials from CDs

From the discussion above, it is noted that the CD assembly process requires the alteration of
surface functional groups, which leads to the transformation of the physical structure of the
CDs.

2.1.4.1. Chemical Transformation

As mentioned in the introduction, CDs are terminated by functional groups, e.g., O- and N-
based functional groups, depending on the type of synthesis procedure followed to make them.
The CD assembly process appears to be highly dependent on the reduction or removal of sur-
face functional groups, especially in a deoxygenation process. This reduction or removal leads
to an increase in the C species, which then react to form C-C bonds and the larger carbon
allotropes [17,117]. The XPS analysis results are usually used to confirm the functional group’s
removal or transformation. The evidence of this transformation is mostly shown by an increase
in the C atomic %, accompanied by a decrease in the O atomic %. Additionally, there is also
evidence that some of the O-based surface functional groups are transformed from one bonding
configuration to another. For example, Strauss et al. noted that during the transformation of
CNDs to porous 3-D turbostratic graphene, some of the C-O-H groups from the CNDs were

transformed into C-O-C groups when the porous 3-D turbostratic graphene was formed [125].

In the case of the assembly of N-doped CDs to dimensional allotropes, some authors have
shown that there are similar changes in the N-functional groups as with the O-functional

groups. In most of the reported syntheses, the N-doped CDs are synthesized by using urea as a
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nitrogen source. For example, Strauss et al. synthesized N-doped CDs using citric acid and urea
and the authors reported that the N-H functional groups from the CDs were removed when the
CDs were laser-irradiated [125]. In another example where N-doped CDs were also synthesized
from citric acid and urea, Zhang et al. noted that the transformation of the N-doped CDs to
PCFs (at 800 °C) led to a decrease in the N atomic %, as well as the conversion of N-pyrrolic
functional groups in the CDs to graphitic- and pyridinic-N in the PCFs [122]. The transfor-
mation of N-pyrrolic functional groups in the CDs to graphitic- and pyridinic-N after the heat
treatment was also observed in the transformation of N-doped CDs from L-ascorbic acid and
urea to 2-D graphene-like sheets at temperatures ranging between 200 and 700 °C [136]. Inter-
estingly, when the N-doped CDs from citric acid and urea were reacted in the presence of a Zn
catalyst (different concentrations of the catalyst at 180 °C), the resulting 2-D sheets contained
only graphitic-N [118].

Hou et al. synthesized N- and P-incorporated PCFs from CDs and noted a decrease in the O-
based functional groups after heat treatment. The authors also noted an increase in the P atomic
% with the increase in heat treatment from 400 to 900 °C [116]. However, it was not clear
whether or not the P-configuration changed with the temperature or not. Investigations into
how other heteroatoms are affected by the heat treatment or catalyst-induced transformation of
the CDs are needed.

The functional groups are typically removed or transformed using a catalyst or thermal proce-
dures by knitting together the sp?/sp® carbon layers of the CDs to form the 1-, 2- and 3-D carbon
allotropes. Thus, the study by Hou et al. showed that both the temperature and metal catalyst
were needed for the transformation of CDs to larger carbon allotropes [17], [116]. However,
other studies showed that only thermal procedures were needed to convert CDs and N-doped
CDs to graphene nanosheets [117], [136], while Bharathi et al. formed layered sheets by vary-
ing only the catalyst concentration [118]. In contrast, the synthesis of supra-CD studies sug-
gested that the CDs can assemble spontaneously [129] merely by adding them to a solvent

[128], [130]; however, these are not permanent structures.

In the process of CD conjugation, the surface functional groups on the CDs undergo similar
reactions to those of small organic molecules and form covalent bonds, which join together
with CD particles to form different carbon structures [132], [133].
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2.14.2. Physical Transformation

The resulting carbon morphology appears to be dependent on the template used to make the
carbon material from the CDs. If a template is used, the CDs will assemble into the shape of
the template. For example, the transformation of CDs to CNTs requires the use of a tubular-
shaped template to achieve the hollow tube morphology [100], [101]. It is not yet clear what
types of morphologies will result from the transformation of the CDs synthesized in the absence
of a template. However, Jiang et al. showed that the CDs that were heat-treated at 800 °C in
the presence of a supermolecular gel template yielded 3-D PCFs, while without this supermo-

lecular gel template 2-D graphene-like nanosheets were obtained [121].

Also of note is the observation that the material that forms the CDs can influence the final
structure. Thus, when CDs were produced using acetone as one of the precursors, excess ace-
tone molecules were entrapped into the layered sheets. Their presence or removal during high-
temperature annealing precluded the nanolayers from stacking on top of each other, as found
in graphene and graphite [17], [121]. It will be interesting to establish whether the absence of
surface heteroatoms (as in hydrophobic CDs) will still lead to the CDs’ structural transfor-

mation in a solvent (as in supra-CDs), under high temperature and with a catalyst.

It is still not clear whether the CD identity (i.e., GQDs, CQDs, CNDs and CPDs) affects the
structure of the final carbon allotrope that is formed. This arises since the classification of CDs
is based on their synthesis, not on the products they form [14]. For example, only CDs obtained
from the exfoliation of graphitic materials are called GQDs [137]. However, GQDs can also
be obtained from non-graphitic natural starting materials such as durian [138], with crystallin-
ity levels as high as those obtained from graphitic materials. Over the years, the better charac-
terization and interpretation of the CDs properties has led to better-defined categories of CDs
(GQDs, CQDs, CNDs and CPDs), with the classification not only being based on their synthe-
sis but also their physicochemical properties as well [5], [14]. Even so, the current classification
approach is still used inconsistently [5], [14]. Therefore, it is possible that some of the CDs
used in earlier studies for the formation of larger carbon allotropes from CDs were misclassi-
fied. Further studies devoted to understanding the relationship between the identity of CDs and
the type of carbon allotrope formed after their thermal- or catalyst-mediated transformation are
needed. Our suggestion for this would be to take advantage of machine-learning-based tech-

niques.
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Recently, machine-learning-based techniques have been used to further our knowledge base
and understanding of CDs. More importantly, machine learning has been used to gain a further
understanding and build experimental models using data and algorithms to correlate the struc-
ture—property relationship of CDs [139]. Thus, machine-learning-based techniques have been
used to develop strategies that allow the synthesis of CDs with targeted optical properties [140],
[141], optimized quantum yields [142] and high selectivity in gas sensing [143]. Since machine
learning is already shedding some light on the structure—property relationship, it is possible
that this tool can potentially predict the identity of the CDs (i.e., GQDs, CQDs, CNDs and
CPDs) and the type of dimensional carbon formed after heat treatment or catalysis reactions,
and potentially can also help control the amount of dopant (e.g., N-, P-doping) in the final

carbon structure.

2.1.5 Application of the assembled CDs products

A variety of literature reports have shown that carbon nanomaterials including CDs can be
applied in clean and sustainable energy production. Similarly, studies have shown that the new
1-, 2- and 3-D carbon allotropes derived from CDs also show great potential for application in
energy conversion and storage [14], [20]. Thus, these materials have been applied in electrode
materials, separators and electrolytes for the fabrication of a new generation of batteries [14],
[20]. For example, the N-CNTSs derived from N-CDs proved to be useful in the study of metal-
free electrocatalysts for oxygen reduction reactions (ORRs). Thus, N-CNTs derived from N-
CDs showed high electrocatalytic performance, with a high positive potential of 0.80 V and
peak current density of 1.21 mA/cm™2. This high performance was attributed to the highly po-
rous structure, high surface area and enhanced structural features obtained due to the use of N-
CDs. This performance was shown to be better than the commercial Pt/C catalyst used under
the same conditions [101]. Similarly, the 3-D P- and N-functionalized PCFs derived from CDs
showed a high positive potential of 0.93 V and peak current density of 4.49 mA/cm™2 as com-

pared to a commercial Pt/C [121].

The 2-D carbon allotropes derived from CDs have previously been used in supercapacitors.
Chen et al. produced carbon layers that showed a high electrode density (1.23 g cm™3), high
volumetric capacitance (157.4 F cm™2) and good rate capability (0.66 F cm™2) behavior in 6 M
KOH aqueous electrolytes. This high performance was also attributed to the highly porous

nature of the carbon allotropes used in the fabrication of the supercapacitor electrodes [115].
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The 3-D PCFs synthesized from CDs have a high surface area, appropriate pore sizes and allow
the easy incorporation of different dopants to provide good storage sites for sodium or lithium
ions in sodium or lithium ion batteries, with increased conductivity when used as high-density
supercapacitor electrodes. The full scope of these results may be found in other reviews [20],
[144]. Additionally, due to the properties mentioned, these materials have also been success-

fully used as catalysts for oxygen reduction reactions [123], [127].

The supra-CDs have not been extensively explored. However, they are known to cause signif-
icant modifications of the luminescence properties of the CDs and to subsequently expand the
scope of the potential of the CDs in different applications, particularly in the medical fields.
These materials have shown potential for use as fluorescence nanomaterials for biological ap-
plications [128], [129]. The supra-CDs can be used in near-infrared photothermal applications
[129], [131]. Other future potential uses of these supra-CDs include their application in optical

communications [128].

Conjugated CD structures have shown promising applications in nanomedicine and as drug
nanocarriers. Conjugated CDs have been created to be able to deliver drugs through the blood-—
brain barrier to the central nervous system. For example, the B-CD and G-CD conjugates dis-
cussed earlier have properties that make them favorable as drug delivery nanostructures. These
properties include their good aqueous stability and bone-targeting ability (B-CDs) and their
rich -COOH and -NH: surface functional groups, which can assist during diffusion into the
blood-brain barrier (G-CDs) [132]. These conjugated CDs can, thus, be used as drug carriers
for central nervous system-related diseases [132], [133].

2.1.6 Conclusion and recommendations

The conversion of one carbon allotrope into another leads to materials with novel physico-
chemical properties that can be used for numerous applications. The transformation of CDs to
1-, 2-, and 3-D carbon allotropes as discussed here is no exception. Many reports have shown
that these novel CD conversion processes represent facile synthesis strategies to make new and
known dimensional carbon allotropes. Additionally, since CDs can be derived from a variety
of cost-effective and recyclable carbons using simple synthesis strategies, these novel synthe-
ses could potentially be a more cost-effective route for the synthesis of these larger carbon
allotropes.
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The assembly of CDs takes place via the interactions of the functional groups on the CD sur-
face. The oxygen functional groups specifically are the ones driving this process. For the for-
mation of supra-CDs, these interactions can be easily destroyed by redispersion, while in the
1-, 2- and 3-D carbon allotrope the functional groups are chemically removed or reduced, lead-
ing to a permanent merging of the CD nanoparticles into a larger carbon allotrope. The latter
is achieved by using heat treatment or metal catalysts (e.g., Na*, Zn?*). It is important to further
investigate the effect of each parameter separately and in detail. The studies on carbon nano-
materials have shown that they decompose at lower temperatures in the presence of metal cat-
alysts. Therefore, it is possible that the 1-, 2- and 3-D carbon allotropes can be obtained at

milder temperatures.

A current limitation to the formation of the larger structures using CDs relates to the size and
surface chemistry associated with the CDs. The nanosized CDs are readily dispersible in sol-
vents, and this makes their purification and collection using filtration techniques difficult. Fur-
ther, the synthesized CDs have a range of sizes and ‘molecular weights’, and these factors will
impact on their surface chemistry and use.

Thus far, not enough data have been generated to establish the CD identities (GQDs, CQDs,
CNDs and CPDs) and their effect on the formation of the assembled carbon allotropes. Further
studies on this topic still need to be conducted. Machine-learning-based techniques can poten-
tially assist in this regard. The results, however, show that the carbon morphology is affected
by using a template or by the nature of the starting materials. For example, CDs derived from
acetone form 3-D carbon materials under thermal treatment because they contain excess ace-
tone, which is removed under heat treatment, and this gasification alters the shape of the formed
sheets from 2-D to 3-D. Without both gas and heat treatments, the resulting morphology is

most likely to be a 2-D graphene-based sheet structure.

It is worth noting that there is an emergence in the literature of metal-free carbon composites
involving CDs, such as CD—graphene and CD-CNT composites. These composites have
shown that there is great synergy between the two carbon allotropes, which results in materials
with improved properties for applications in energy materials and biological studies. The cur-
rent studies have shown that these composites are, however, made by synthesizing the carbon
allotropes separately and later mixing them to form a final composite product. This review

shows that it is possible to adopt a one-step synthesis approach to make these composites. For
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example, using methods such as the “bottom-up” carbonization of citric acid, researchers were
able to produce 2-D allotropes that still contained some residual CDs within the layers, making
their final products carbon composites. There is potential for other synthesis methods to be
tuned in such a way that other carbon composites can be formed as well. It will also be worth-
while to conduct studies to compare the CD-derived allotropes and allotropes derived from
conversional synthesis methods in terms of their physicochemical properties and performance

in different applications.

These new carbons formed from CDs have already been exploited for use in capacitors and in
nanomedicine. Further uses can be envisaged in these areas, as well as for uses in solar cell
devices and as sensors due to their size and peculiar physical properties (e.g., fluorescence). It
appears that the small differences in the new carbons-determined by their source have an im-
pact on their properties. Thus, future studies could establish (i) the role of the type of CD (see
Figure 2.1) on the final carbon product, (ii) the role of the functional groups in generating the
new larger carbons, (iii) the advantages and disadvantages of these carbons made from CDs
compared with equivalent carbons made using classical ‘top-down’ methods and (iv) whether

they can be used in less traditional arenas such as in dielectrics and heat dissipation systems.
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2.2 Fischer-Tropsch synthesis reactions and catalyst support effects with
carbon

2.2.1 Introduction

Catalysis has played a dominant role in the development of many processes necessary for mod-
ern society, which includes the fields of energy generation and storage, environmental man-
agement, and general life sciences [1]. Furthermore, catalysis is used in over 90 % of all man-
ufacturing processes worldwide, making it vital for the global economy [2]-[5]. Heterogeneous
catalysis, in particular, is at the core of many industrial processes. This is because of its excel-
lent ability to increase reaction Kinetics, selectivity and yield at low process costs and lowered
waste production [3], [4]. Over the past few years, research into high performance heterogene-
ous metal catalysts shifted from the use of macro- and microscale to designing catalysts in the
nanoscale [6]. It has been shown that nanoscale (1-100 nm) metal catalysts present an increased
surface area, multiple surface energies, opportunities for manipulation of the intrinsic proper-
ties and catalyst sites, and superior optimization of the catalyst performance for a more cost

effective process relative to their bulk counterparts [5]-[7].

Heterogeneous metal catalysts are usually comprised of a metallic catalysts that are usually
anchored or supported on the surface of a support material that serves to enhance the catalyti-
cally active metal’s surface area while also improving their stability during various reactions
[3]. Carbon allotropes have shown great potential when used as a catalyst support, and the
carbon can even act as a catalyst in its own right [2], [8]. This is due to the surface area, surface
chemistry and porosity of the carbon [2], [8]. The use of carbon allotropes particularly as a
catalyst support is enhanced by their electron affinity which is influenced by their structure and
high surface area. This promotes a high dispersion of the supported catalyst, and also of surface
defects and this can enhance their capability for gas storage, adsorption and/or separation pro-
cesses [2], [9]. Furthermore, carbon allotropes can be derived from highly abundant starting
materials using a wide variety of synthesis strategies. This makes them cheap materials for use
in catalysis applications [10]. For example, Fischer-Tropsch synthesis (FTS) is amongst the
heterogeneous catalysis reactions where carbon allotropes have been studied as catalyst sup-
ports [10].

2.2.1.1 A short background history of Fischer-Tropsch synthesis (FTS)

The FTS is versatile method used for the conversion of carbon monoxide or carbon dioxide
(CO/CO») and hydrogen (H2) into fuels and fine chemicals [11]. The H2/CO gas mixture is also
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known as syngas. This process was named after Franz Fischer and Hans Tropsch, who in 1923,
conducted several experiments where they reacted CO and H; (made from coal) over base-
promoted iron chips at 100 — 150 atm pressure and temperatures ranging from 400 — 450 °C to
produce synthol (a mixture of oxygenated aliphatic molecules) [12], [13]. This synthol was
then converted to synthine (a mixture of hydrocarbons) and ultimately transportation fuel. The
synthesized transportation fuel was used in a 1922 model NSU motorbike, and it was found
that this FTS fuel showed comparable (and in some instances better) results when compared to

conventional fossil fuel, and a “new” fuel production strategy was born [12].

From this point forward it became obvious that this technology would play a significant role in
fuel production, especially in countries with a lack of, or limited access to, crude oil but with a
high abundance of natural gas and/or coal reserves [14], [15]. Therefore, after great research
effort, the FTS technology was quickly turned into an industrial scale process. This eventually
led to the construction of industrial plants around the world utilizing coal-to-liquid (CTL) and
gas-to-liquid (GTL) fuel conversion processes [13], [16]. The first FTS plant was the Ruhr-
chemie (Germany) CTL plant that was built in 1927; thereafter, CTL plants were built in Japan
in the 1940s [13], [16]-[18]. Other FTS plants, based on either CTL or GTL, were later built
in South Africa, China, Malaysia and Qatar [16]-[18]. Currently, research in the economic
viability of biomass-to-liquid (BTL) FTS, at industrial scale, has also commenced [19]-[21].
Table 2.2 gives a summary of the commercial plants that have been built, their year of com-

mercialization, their capacities, the syngas source, among others.
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Table 2.1: A summary of the established FTS plants around the world (reproduced from

Gholami et al. [13]).

Company/location Feedstock Reactor type Catalyst | Start-
type up
date
Sasol/Sasolburg, South Coal (initially), | HTFT circulating Fused 1955
Africa natural gas fluidized bed Fe/K
(current)
LTFT multitubular Precipi- | 1955
fixed-bed tated
Fe/K
LTFT slurry phase Precipi- | 1993
tated
Fe/K
Sasol/Secunda, South Coal, natural HTFT circulating fluid- | Fused 1980
Africa gas ized bed Fe/K
HTFT SAS reactor Fused 1995
Fe/K
Shell/Bintulu, Malaysia | Natural gas LTFT multitubular ColTiOz, | 1993
fixed-bed Co/SiO;
PetroSA/Mosselbay, Natural gas HTFT circulating Fused 1993
South Africa fluidized bed Fe/K
Sasol-QP (Oryx)/Ras Natural gas LTFT slurry phase Co/Al203 | 2006
Laffan,
Qatar
Synfuels China, Taiyuan, | Coal HTFT slurry-bed Fe 2006
Shanxi, China
NiQUAN GTL/Trinidad | Natural gas LTFT multitubular fixed | Co 2008
(Pointe-a-Pierre) bed (Compression two
fixed-bed reactors with
catalyst filled tubes)
Yitai CTL Plant/Inner Coal MTFT slurry-bed Fe 2009
Mongolia, China
Shenhua ICL/China Coal HTFT slurry-bed Fe 2009
Shanxi Lu’an/Shanxi, Coal HTFT fixed-bed Fe, Co 2010
China
Shell (Pearl)/Ras Laffan, | Natural gas LTFT multitubular Co/TiO, | 2011
Qatar fixed-bed
Sasol-Chevron/Escravos, | Natural gas LTFT slurry-bed Co/Al;03 | 2013

Nigeria
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Synfuels China, Ning- Coal MTFT slurry-bed Fe 2016
dong Energy, Ningxia,
China

HTFT: High Temperature Fischer-Tropsch; LTFT: Low Temperature Fischer-Tropsch;

MTFT: Medium Temperature Fischer-Tropsch; HTFT SAS: High Temperature Fischer-Trop-

sch Sasol advanced synthol

Over the past few decades, the accelerated interest in FTS was not only based on the limited
access to crude oil reverses in some countries, but the depletion of crude oil reserves world-
wide. Also of importance has been the environmental implications of crude oil use, especially
its contribution to greenhouse gas (GHG) emission and climate change [21]. It has been re-
ported that transportation fuel demands will rise by 60 % worldwide by 2035, due to factors
such as population growth [19]. On the other hand, transportation fuel especially from crude
oil produces large amounts of hazardous waste (> 30 %) that is a known contaminant of the
air, water and soil [18]. This has increased the search for transportation fuel-based technologies
that are carbon neutral and can be generated from renewable carbon resources and with reduced
GHG emissions. The FTS technology is a mature process that has been successfully employed
using coal and natural gas as a feedstock but it can also be retooled to become one of the
essential technologies for the production of fuels from renewable resources, and can be pro-

duced with a reduction in GHG emission when compared to crude oil [22]-[24].

2.2.2 The Fischer-Tropsch synthesis (FTS) process

The FTS process starts with the conversion of coal, natural gas, or biomass to syngas (CO and
H>) via a gasification process [21], [25]. The produced syngas then undergoes a metal catalyst-
mediated surface polymerization reaction to form hydrocarbons [13], [26]. The actual mecha-
nism of this process is complicated and is still being debated [13], [27]. However, Figure 2.9
shows a summary of the two mechanism (the CO insertion and the carbide mechanism) pro-
posed for the chain initiation, growth and termination under the FTS [13]. Different hydrocar-
bons can be produced in the process with different chain lengths, as shown in equation 2.2.1.
When n is between 5 and 11 (Cs.11), the product is petrol, when n is between 12 and 22 (C12-22)
the product is diesel, and the hydrocarbon of more than 23 carbon atoms (C23+) the product is
a wax [28], [29]. The resulting fuel products (and water) are then purified and separated by
distillation [28], [29]. For the wax products (Czs+), the hydrocarbons are typically subjected to

hydrocracking to form more petrol, diesel, among others [30].
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Figure 2. 9: The proposed FTS according to the a) CO insertion chain growth mechanism, and

b) carbide mechanism [13].

The FTS reaction equation for fuel production: nCO + (2n+1)H2 — CnhH2n+2 + NH20..eq. 2.2.1
[13]

The catalytic reaction takes place in different types of reactors. These include fixed bed reac-
tors (suitable for low temperatures reactions, 200-240 °C), fluidized bed reactors (suitable for
high temperature reactions, ~340 °C) and slurry phase reactors (also suitable for low tempera-
tures reactions, 200 - 240 °C) [15].

It is important to note that equation 2.2.1 does not show all of the products obtained from the
FTS process. Olefins and alcohols are also made in the reaction, with the quantities that are
produced being determined by the nature of the catalyst used and the reactor type/reactor con-
ditions that are used [31]. In fact, one of the major disadvantages of the FTS is its poor selec-
tivity. Since its first application, further synthesis strategies have been developed for the FTS
process. This has been done in order to tune the selectivity of the process towards desired
products (see Table 2.3). This has been achieved by using different metal catalysts from group
8-10 of the Periodic Table [27], [31], studying catalyst particle sizes [32]-[35], incorporating
support materials like metal oxides and carbon supports [10], [27], [36], addition of promoters
such as alkali metals [37] and nobel metals [38], using different reactor designs [12], [16], [27],

and studying the reaction as a function of temperature and pressure [39].
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Table 2.3 shows the valuable products that can be obtained from the FTS process. Interestingly,
in March of 2020, at the start of the Covid-19 pandemic, the oil industry experienced a shocking
fuel price drop of more than 100 % per barrel [40]. This impacted FTS fuel production nega-
tively, but indirectly led to a surge in demand for other FTS products. For example, Sasol South
Africa, an international leader in FTS technology, reported an approximately 400 % increase
in the demand for alcohol-based products for use in the manufacture of sanitizer and disinfect-
ant products [40]. Though these other valuable products can be synthesized from this technol-

ogy, the utilization of the FTS process for transportation fuel remains its primary use.

Table 2.2: The major products obtained from the FTS (reproduced from van Der Laan et al.

[31]).

Main reactions
1. Paraffins (2n+1)H, +nCO0 - C,H,,., + nH,0
2. Olefins 2nH, +nC0O - C,H,, +nH,0
3. WGS reaction CO+ H,02C0, + H,
Side reactions
4, Alcohols 2nH, +nCO0 - C,Hyp2 0 + (n—1)H,0
5. Catalyst oxida- a) M,.0, + yH, 2 yH,0 + xM
tion/reduction b) M,.0,, + yCO 2 yCO, +xM
6. Bulk carbide for- yC +xM 2 M,C,
mation
7. Boudouard reac- 2C0 - C+CO,
tion

2.2.3 The FTS catalysts

The hydrogenation of CO to hydrocarbons via FTS can only take place in the presence of a
metal catalyst [41]. As mentioned, metal catalysts from group 8-10 of the Periodic Table all
have shown some activity towards the FTS reaction. However, ruthenium (Ru), cobalt (Co),
iron (Fe) and nickel (Ni) are the four catalysts which have shown the greatest activity [38],
[41]. Ru is the most active and selective FTS catalyst especially for the production of long
chain hydrocarbon (Cs+). Additionally, Ru is also very stable under the FTS conditions, and
the presence of water (the primary FTS by-product) does not decrease its activity, unlike other
metal catalysts [15], [42]. However, Ru is a rare metal, and therefore very expensive when

compared to other FTS metal catalysts [15], [42]. Although the use of Ru is not economically
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feasible for industrial application, it is still used for academic research especially as a catalyst
promoter [15]. Ni is highly selective towards methane (C1) production, and therefore not a good

catalyst for fuel production [43].

Fe is an active FTS metal catalyst used for long chain hydrocarbons (Cs+) production. Fe has
high activity under high temperature (~340 °C) FTS synthesis conditions, it is relatively cheap
compared to Co and Ru, but Fe is more susceptible to deactivation by water (FTS by-product)
during the FTS reaction [15]. Co is the second most active metal catalyst (after Ru) for Cs.
chain production, especially under low temperature (200 - 240 °C) FTS conditions. It is less
prone to deactivation by water compared to Fe, and, although more expensive, it is the most
preferred catalysts for FTS both in academic studies and industry because of its relatively high

performance [44].

A few of the most important insights developed from what has been reported in the academic

literature as it pertains to Co-based FTS catalyst are summarized below:

1. Co (like other catalysts) is introduced in its metal oxide form (Cosz04) and readily un-
dergoes a two-step reduction process to form metallic Co (or Co®), which is the active
form of Co for the FTS reaction. The reduction process is an important step in control-
ling the activity of Co-based FTS reaction [37], [45].

2. The reduction process is usually accomplished by using pure hydrogen (99.9 %) at
elevated temperatures (> 300 °C) [46], [47].

3. From these reduction steps, two crystallographic forms of metallic Co are produced,
namely the hexagonal close packed (hcp) and/or the face centred cubic (fcc) phases.
The Co(hcp) phase has proven to be the most desirable form of metallic Co due to its
high activity in FTS compared to the Co(fcc) phase [48], [49]. For example, the
Co(hcp) has a much lower CO dissociation barrier (101 kJ/mol) compared to the
Co(fcc) phase (144 kd/mol). The CO dissociation step is a rate determining step, and
thus determines the overall hydrocarbon formation [49]. Therefore, the presence of
Co(hcp) favours more Cs+ formation.

4. Generally, FTS metal catalysts (including Co) are more cost-effective with lower load-
ing and have a better efficiency when there is higher dispersion.

5. Caoiis thus, usually supported on high surface area support materials. The nature of the
support affects the reduction temperatures, crystallographic phases, and overall perfor-

mance of the catalyst [13].
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6. Co nanoparticles with sizes < 8 nm are prone to deactivation via oxidation of the cata-
Iytically active metal during the FTS process, and in some cases, form strong bonds
with the support materials, especially in alumina- and silica-based catalysts. This re-
duces the amount of Coz0O4 that is converted to metallic Co. Hence, Co particles sizes

> 8 nm but close to this value are preferred [50], [51].

It is clear that the support material influences the performance of the Co catalyst. Some of the

support materials and their influence in the Co-based FTS are described here.

2.2.4 Designing catalysts: Catalyst support effect

Support materials are important for immobilizing and anchoring the active metal catalyst, im-
proving its dispersion and durability, and aiding it in avoiding deactivation during FTS [52]. It
has been reported that FTS catalyst dispersibility is directly proportional to the FTS reaction
rate [51]. Metal to support interactions (MSI) are an important factor to consider when selecting
a catalyst support as they directly influence the dispersibility, sintering, reducibility, and over-
all performance of the catalysts. MSls are the physical and chemical interactions between the
metal catalyst and the support [10], [53], [54]. The stronger the MSI, the more resistant the
catalyst is to deactivation via sintering during FTS. However, high temperatures are required
to overcome strong MSIs during the catalyst reduction process [10], [55]. Different materials
such as inorganic/metal oxides and different carbon allotropes have been studied for use as

support materials in the Co-based FTS processes.

2.2.4.1 Inorganic oxides as FTS supports

Inorganic oxide such as silica (SiO2), alumina (Al2Oz3), titania (TiO2) and zeolite Socony Mobil
(ZSM) are the most used supports in both academic and industrial research studies [56]. These
supports are known to form strong MSIs with Co metals. For example, SiO forms strong MSls,
which helps keep the metal stable and increases their resistance to attrition during the FTS
reaction [57]. However, due to the strong MSiIs, high temperatures (> 500 °C) are required to
reduce CoszO4to Co° [37], [58]. Additionally, non-reducible composites such as dicobalt ortho-
silicates (Co2Si04) are formed, and this reduces the amount of active catalytic species [37],
[58]. Chemical promoters such as Ru have been incorporated during supported catalyst design
to manipulate the MSls and help improve the ease of reduction of metal oxides to active cata-
Iytic species [56].

64| FISCHER-TROPSCH LITERATURE REVIEW



Different supported catalysts designs (see Table 2.4) have also been studied so as to manipulate
these strong MSIs. These include use of a conventional support where the metal nanoparticles
are dispersed on the surface of a support, e.g. see references [37], [58]. Another approach is to
use core-shell structures. The core-shell method can be used to disperse the metal catalysts
nanoparticles on the inside of a hollow support [59]. Another approach is to use the inverse
method where small amounts of the support are dispersed on top of the metal catalyst surface
in such a way that the surface interaction between the metal and the oxide support is minimized

but the metal catalyst dispersibility is not compromised [45], [55].

The inverse method has given an improved understanding of MSIs between Co and porous
inorganic oxides. For example, a group from the University of Cape Town have reported on
the role of MSlIs between FTS catalysts and inorganic oxides using these inverse catalyst mod-
els. Different studies have been conducted on inverse Co/silica [60], [61], Co/alumina [45],
[62], [63], Fe/silica [47] and Fe/titania [64] catalysts to better understand the effect of the sup-
ports’ physicochemical properties on the reducibility and overall performance of a metal cata-
lyst under FTS reaction conditions. For Co catalysts, it was reported that the reduction of the
metal oxide (Co304) to the active metal catalyst takes place at high temperatures similar to the
conventional support reduction. However, an increase in the activity of the catalysts, especially
in CO conversion was noted with these catalysts. It was observed that the as the concentration
of silica increased on the Co catalyst surface, the FTS reaction favoured the formation of long
chain hydrocarbons (Cs-Cio) [60]. When alumina was used as a support, a high CO conversion
was also observed, and this was attributed to the high degree of dispersibility of the Co catalysts
by alumina as well as CO dissociation induced by the acidic alumina chemical sites. It was also
noted that the selectivity to long chain hydrocarbons (Cs+) was also increased with an increase
in alumina concentration on the Co surface [45]. In a nutshell, the selectivity and activity of Co
supported on inorganic oxides via the inverse support model showed better catalyst perfor-

mance compared to the conventional Co on support catalyst.
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Table 2.3: Cartoon illustrations and data on the different catalyst models for Co-support

catalysts (support - inorganic oxides and carbon allotropes).

Nota- Cartoon images | Type of sup- | Description | Literature
tion of different sup- port model examples
port models
Inorganic Carbon al
oxides lotropes
1. Conventional Small metal cat- | [37], | [65],
support alyst particles | [58] [66]
are dispersed on
a large surface
area support
2. Core-shell sup- | Small metal cat- | [59], | [68],
port alyst particles | [67] [69]
are dispersed in-
side a support
3. Inverse support | Small amounts | [45], | ??
of a support ma- | [60]-
. terial are dis- | [62]
.. persed on the
surface of a
. . metal catalyst
(forming “nano
i1slands” around
the metal)
o Co ?7?: No known literature reports for the FTS catalysts yet
@ Support

2.2.4.2 Carbon allotropes as FTS catalysts support

Carbon allotropes have been successfully used as catalysts supports in the FTS process because

of their high surface area, chemical stability, and electron conductivity [10], [70]. Xiong et al.,

wrote an informative review paper that described the different carbon supported catalysts in

syngas conversion reactions, including the FTS. In their review, the properties of carbon nano-

tubes (CNTSs), carbon nanofibers (CNFs), activated carbon (AC), carbon spheres (CSs), carbon

black, ordered mesoporous carbon (OMCs), graphene, and diamond were evaluated [10]. Most
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of the supported catalysts that were evaluated resembled the conventional support model, while
some were of the core-shell type (e.g., Co/CNTS). It was reported that these carbon allotropes
formed weak MSI with the metal catalysts. However, the overall performance of the catalyst
supported on carbon was based on the morphology and chemical properties of the support.
Since most carbon allotropes are inert in nature, the MSI can be improved by means of intro-
ducing oxygenic- and/or nitrogen-containing functional groups on the carbon support using an
acid treatment or doping methods. These create defects in the carbon nanostructure and alter
the electronic properties of carbon allotrope by introducing heteroatoms. These effects increase
the dispersibility of the metal catalyst and decrease sintering during the reduction and the FTS
process [10]. The improved interactions between the metal catalyst and the carbon support is
also important for controlling the selectivity of the catalyst during the actual FTS [10]. For
example, a Co metal catalyst supported on acid treated CNTSs (i.e., oxygen-based surface func-
tionalization of CNTs) showed improved selectivity towards liquid fuel (Cs+ hydrocarbon) for-

mation [69] compared to unfunctionalized CNTSs [71].

For decades, carbon supports have been investigated as FTS supports using conventional cata-
lysts supports and more recently the core-shell catalyst supports. However, to the best of our
knowledge, there have not been any reports on carbon supported catalysts using the inverse
catalyst approach. The reason for this is obvious - most carbon supports used in FTS are larger
in size compared to the desired catalyst nanoparticle sizes (=8 nm). For example, the use of
carbon allotropes such as carbon spheres (CSs) with d > 100 nm to create an inverse support
will require very large sized Co nanoparticles (d in um), and this would defeat the purpose of
studying the inverse effect using such large metal particles. Therefore, to study the properties
of carbon in an inverse catalyst model will require a carbon allotrope with particle size <5 nm
(since Co nanoparticles sizes of interest are > 8 nm). This kind of inverse catalysts model

requires use of the newest member of the carbon family known as carbon dots (CDs).

As mentioned in Chapter 1 and 2.1, the CDs are known for their small sizes (< 10 nm). CDs
can be obtained, even functionalized, from their synthesis and do not require multiple synthesis
steps to functionalize them as compared to the other carbon allotropes. For example, oxygen-
functionalized CDs are obtained by using carbon precursors containing oxygen functional
groups, such as ascorbic acid [73], [74], citric acid [75], [76] and sucrose [77]-[79], while
nitrogen-functionalized CDs are derived from chitosan [80], [81], citric acid and urea [82],
[83], ammonium citrate and triethylenetetramine [84]. These CDs are thus attractive for stud-

ying MSIs using the inverse Co support catalyst model.
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Our early attempts in this study showed that the synthesized CDs are not thermally stable at
temperatures > 200 °C, under inert (N2) or reactive gases (hydrogen). It was found that the
inverse catalyst approach could not be studied as the CDs structure was lost during heating.
This was shown by in-situ PXRD studies contained in Chapter 1 [85]. This implied that the
CDs would also not be thermally stable under the FTS reaction conditions. Therefore, it became
important to search for CDs with a high thermal stability or devise methods to improve the
thermal stabilities of the CDs.

In this study, two different approaches were used to improve the thermal stability of CDs; 1)
poorly functionalized CDs were synthesized via the vertical CVD method, and 2) the function-
alized CDs were annealed to reduce the amount of surface functional groups. The former ap-
proach gave CDs with the desired thermal stability, but the yields were very low (< 5 w%), too
low to use for FTS applications. The latter method led to the transformation of CDs to reduced
graphene oxide (rGO) and CDs-rGO composites. These experimental results of both 1) and 2)
are described in Chapter 4 and Chapter 5, respectively. The transformation of CDs to rGO
was unexpected and led to some changes in the thesis direction. The reaction provides a very
interesting and novel graphene based nanosheets (GNSs) synthesis strategy. Therefore, the
resultant rGO supports were evaluated for the Co-based FTS reactions. Co/rGO catalysts were
synthesized and tested, adding to the literature of Co/rGO conventional supports for the FTS
reactions. The FTS literature review based on graphene and the GNSs, as well as the results of

Co/novel rGO obtained in this study are discussed in Chapter 6.

2.2.5 Conclusion

Support materials have a significant contribution, not only in reducing the amount and cost of
the catalysts, but also in increasing the efficiency of the catalysts during FTS. It is important to
study the properties of the support materials to gain insight so as to manipulate their surface
chemistry such that they elevate the catalytic activity and selectivity of the catalyst. The inverse
support model has added interesting perspectives to the MSI manipulation strategies. The idea
of using CDs in inverse Co-based FTS reactions could advance the scope and understanding
of the carbon to Co MSIs and close a significant gap in the literature, as emphasized by Table
2.4. The CDs used in this project indicated that their physical properties were not compatible
with the FTS reaction conditions. Nonetheless, the products obtained during annealing of the

functionalized CDs provided another avenue to study the FTS reaction. The conventional
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Co/rGO catalysts based on the novel rGO sheets obtained in this project provided information

on the carbon-Co interaction in FTS.
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CHAPTER 3: ANALYSIS TECHNIQUES

3.1 Introduction

A variety of characterization techniques were used to gain insights into the physical, chemical,
and optical properties of the synthesized materials, and are discussed in this chapter. The syn-
thesis, purification and optimization of poorly functionalized carbon dots (CDs) is elaborated
in the manuscript titled: “The simultaneous synthesis of carbon dots and carbon spheres with
tuneable sizes using a vertical chemical vapour deposition method”, S Afr J Chem, vol. 76, pp.
25-30, 2022 [1], and forms part of Chapter 4 of this thesis. The synthesis of functionalized
CDs and their mechanism of evolution to rGO sheets is described in the manuscript titled:
“Evolution of large-area reduced graphene oxide nanosheets from carbon dots via thermal
treatment”, Carbon Trends, vol. 4,100074, 2021 [2], which may be found in Chapter 5. The
synthesis of nitrogen doped carbon dots (NCDs) is detailed in Chapter 7, which was also pub-
lished under the title: “From 0D to 2D: N-doped carbon sheets for detection of alcohol-based
chemical vapours”, RSC Adv., vol. 12, 21440-21451, 2022 [3]. The synthesis of cobalt oxide
(C0304) and the Co304/rGO are described in Chapter 6. Therefore, the various synthesis strat-

egies will be omitted from this section to avoid repetition.

It is important to note that the CDs were synthesized using the “bottom-up” synthesis approach
instead of the “top-down” approach because it is cost effective and produces higher yields of
product compared to the “top-down” approach [4], [5]. For the synthesis of poorly functional-
ized CDs, acetylene (C2H2) was chosen as a carbon source because it is one of the most com-
monly used carbon sources for the synthesis of a wide variety of carbon allotropes via the
chemical vapour deposition method (CVD) [6]. Additionally, carbon allotropes such as carbon
spheres (CSs), carbon nanotubes (CNTs) and carbon nanofibers (CNFs), that have been syn-
thesized via CVD assisted reaction using C2H>as a carbon source, have been shown to be ther-
mally stable under the Fischer-Tropsch synthesis (FTS) reactions [7], [8]. L-ascorbic acid was
used in the synthesis of functionalized CDs because it is a cheap and renewable carbon source
[9]. The Co304 nanoparticles were synthesized using the so called “benzyl alcohol route”. Tra-
ditionally, Co304 nanoparticles are synthesized using methods such as the sol-gel and the re-
verse micelle method. The “benzyl alcohol route” has some benefits over these methods, and
includes offering a more facile synthesis route, better particle size control, highly dispersed
nanoparticles, better yields and no need for surfactants [10]-[13].
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3.2 Characterization of carbon allotropes
3.2.1 Structural references

The characterization of many carbon allotropes is usually done by comparing data collected to
that of the properties of graphene and graphite. Graphene is viewed as the foundation to the
structures of many carbon allotropes [14], [15]. Graphene is a sheet-like carbon allotrope con-
sisting of sp? type carbon ordered in two-dimension (2-D) [14]-[16] and graphite contains mul-
tiple planar layers (=10 layers) of graphene “stacked” on top of each other to form a three-
dimensional (3-D) structure[15]—[17]. Graphene can be “wrapped” to form a zero-dimensional
(0-D) fullerene (buckyball consisting of hexagonal and pentagonal faces) type carbon allotrope
[15], [17]. Carbon nano-onions (CNOs) are multiple graphene layers are “wrapped” around
each other to form concentric fullerene shells [18]. Graphene can be “rolled” to form one-
dimensional (1-D) single walled carbon nanotubes (SWCNTSs) [15]-[17], and consequently,
concentric walls of SWCNTSs form the multi-walled carbon nanotubes (MWCNTSs) [15], [19].
Carbon dots (CDs), specifically graphene quantum dots (GQDs), can be regarded as “pieces”
of graphene, and these can be obtained from breaking down graphene, graphite and CNTs into

smaller nanosheets [20]-[22]. Figure 3.1 summarizes some these graphene transformations.

Figure 3. 1: Schematic representation of a) graphene as the starting material for (b) fullerene,
c) SWCNTs and d) graphite (after Nasir et al.[17]).
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3.2.2 Basis of carbon allotropes interpretation

Highly ordered (or crystalline) carbon allotropes are often classified as “graphitic” materials.
The degree of graphitization depends on the sp?/sp? C ratios within a carbon structure. These
sp?/sp? C ratios also affects the geometric arrangements of carbon allotropes. The lower the
ratio, the less ordered (or less graphitic) the carbon allotrope. For example, CNTs are less gra-
phitic compared to graphene sheets. This is because during CNTs synthesis, the sp? aromatic
C of graphene are “forced” into a cylindrical shape. The edge C that gets knitted into a cylin-
drical shape do not only form aromatic (or hexagonal) rings, but pentagons and heptagons are
formed too. These generate defects within the CNTSs structure and therefore give rise to the sp®
C character [23]. This decrease in the sp?/sp® ratio of CNTs can be observed in the Raman
spectrum of CNTs compared to graphene [24]. More on Raman analysis will be explained later.
Another way of producing the same carbon allotrope with different properties is by incorporat-
ing functional groups on the carbon surface. For example, surface functionalized CNTs give
rise to defects and more sp® C type within the structure compared to the pristine (or non-func-
tionalized) CNTs [25], [26]. Conversely, the sp? C type character of many carbon allotropes
can be increased by thermal treatment [27]. Carbon materials belonging to the same allotrope
can different properties depending on their sp?/sp® C ratios. For example, graphene quantum
dots (GQDs) and carbon quantum dots (CQDs) are both fall under the carbon dots (CDs) group,
however, GQDs are made predominantly of sp? C of graphene and CQDs contain a mixture of
sp?/sp® [28].

It has been proven that the surface defects on different carbon allotropes are highly important
for metal catalysts dispersion, and consequently increasing the catalysts’ performance under
the FTS reactions [26], [29]-[31]. Additionally, the heteroatoms that are integrated into the
carbon structure becomes the anchoring sites for metal catalysts and can influence the elec-
tronic properties of the catalysts via the metal to support interactions (MSIs) [31], [32]. MSIs
are explained further in Chapter 2.2. The MSI phenomena was studied by comparing the effect
oxygen functional groups (found on the surface of the CDs-derived carbon), on the Coz04/CDs-

derived carbons catalytic performance as discussed later in Chapter 6.

In this work, carbon dots (CDs), carbon spheres (CSs, “by-products” in the CVD synthesis of
CDs in Chapter 4), nitrogen-doped CDs (NCDs), reduced graphene oxide (rGO) and its inter-
mediates, cobalt oxide (Co304) and the Co304/rGO were analysed. The chemical and physical

properties of the carbon allotropes obtained in this work were analysed using the traditional
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comparison of graphene and/or graphite structure as explained previously. Each characteristic

technique used as well as information of interest obtained from it are explained in 3.3.

3.3 Characterization techniques
3.3.1 Techniques used to characterize the synthesized carbon allotropes
3.3.1.1 Transmission electron microscopy (TEM):

TEM technique gives information such as morphology (shape and size), crystal structure and
phases as well as elemental composition of different materials. TEM is one of the common
techniques used to distinguish between different carbon allotropes especially through their
morphologies [33], [34]. Here, TEM images of the carbon allotropes were determined using a
FEI G2 TECNAI Spirit T12, operated at 120 kV. The images obtained here were used to eval-
uate particle size distribution and plot the size histogram with curve fitted to the data applying

a Gaussian model from the ImageJ software [35].

High Resolution transmission electron microscopy (HRTEM) analysis was used to detect/de-
termine the lattice spacings (or d-spacings) of the synthesized carbon allotropes. This aided
classify the prepared CDs as there are three types of CDs known. Typically, graphene quantum
dots (GQDs) have a lattice d-spacing of ca. 0.24 nm, corresponding to the (100) lattice plane
of graphite, and carbon quantum dots (CQDs) have a lattice spacing of ca. 0.34 nm, which is
associated with the (002) planes of graphite [36]. Determining these lattice spacings also helped
in gaining some information regarding the structural differences between the CDs and CSs
(explained further in Chapter 4). For these analyses, a JEOL JEM 2100 high resolution TEM
fitted with a LaB6 gun and operated at 200 kV was used. After imaging, the lattice fringes were
obtained using fast Fourier-Transform (FFT) of a single CD. This produced the line profile.
The average distance between the lines of similar heights were then divided by the number of
spacing between them to get the d-spacing. This value was compared with the known lattice d-
spacings of graphene and graphite to determine the chemical and physical nature of the CDs

produced in this work.

Before imaging, the samples were dispersed in different solvent and sonicated for 2 hrs at room
temperature. Toluene was used as a solvent for CDs and CSs in Chapter 4, water was used to
disperse the functionalized CDs and NCDs in Chapter 5 and 7, respectively. Ethanol was used
to disperse the CDs derivatives in Chapter 5, Chapter 7 and the Co304/rGO in Chapter 6.
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Then the dispersed sample was drop casted on a carbon-coated copper grid. The copper grid

was allowed to air dry for several hours before analysis.

3.3.1.2 Scanning electron microscopy (SEM):

SEM was used to study the morphology of the samples, especially their external surfaces. SEM
images were collected using a ZEISS SIGMA 03-39 FESEM operating at 20 kV. Similar to
sample preparation for TEM, the samples were dispersed in different solvents. The dispersed
samples were then drop casted on a carbon tape and allowed to air dry for several hours. There-
after, the samples were coated with two layers of gold and palladium (Au/Pd) before analysis.
Coating was done to inhibit charging from carbon allotropes, and thereby improving imaging

during analysis.
3.3.1.3 Atomic force microscopy (AFM):

AFM was used to study the 3-D topography of the samples. A Veeco Di-3100 operating in a
tapping mode was employed. The samples were first dispersed in a solvent then drop casted on
Indium Tin Oxide (ITO) coated glass and the solvent was allowed to evaporate. Once dry, data
was collected on each sample.

3.3.1.4 Powder x-ray diffraction (PXRD):

Powder X-ray diffraction is used to study the crystallographic features of the samples. Unlike
HR-TEM, PXRD is a bulk characterization technique that produces gives a structural infor-
mation that is obtained from a much larger sample volume. As a result thereof, the data is more

representative of the bulk sample when compared to the data obtained from HR-TEM [34].

As described earlier, carbon allotropes can be ordered, semi-crystalline (possess short-range
order/turbostratic carbon) or can be disordered (or amorphous). Graphene and graphite are the
most ordered carbon allotropes. Natural graphite contains an ABAB type of stacking order,
with weak van der Waals forces between the graphene layers. The PXRD of this graphite ex-
hibit multiple peaks, with the main peak at ca. 26 ° under copper (Cu) radiation corresponding
to the (002) miller plane [37]. For semi-crystalline (possess short-range order/turbostratic car-
bon) or disordered (or amorphous) carbon allotropes, the graphite layers are less ordered,
curved, and defective [37]. This then leads to an increase in the full width at half maximum
(FWHM) as well as a decrease in the diffraction angles of the (002) plane. The extent of these
changes in data are more pronounce with decreasing crystallinity [34], [37]. Changes in the

shapes of the peaks is observed across the entire 20 range. Although many carbon allotropes
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have poor diffraction patterns, some useful information regarding their structure may still be
obtained [34].

For PXRD analysis, a Bruker D2 Phaser X-ray diffractometer equipped with a CuKi,, radia-
tion (Aka= 1.5406 A) source and a Lynxeye detector. Samples were scanned over the 20 range
from 10 - 90 ° 20 using a 0.026 ° step size. The powdered samples were analysed without any

further manipulation.

3.3.1.5 Pair distribution function (PDF):

PDF is a synchrotron-based technique that can be used to provide information on the structure
of semi-crystalline (possess short-range order/turbostratic carbon) or disordered (or amor-
phous) carbon allotropes. Unlike PXRD, PDF measures all X-ray scattering resulting from a
sample (also called total scattering). In the PDF technique, scattering provides information
about the interatomic distances within a given sample [38]. This makes it possible to determine
the local structure of poorly crystalline materials [38], [39], like the carbon allotropes produced
in this work. The PDF technique was used to gain insights on the evolution of CDs to rGO
sheets in Chapter 5 as well as the NCDs-derivatives in Chapter 7. PDF data was collected on
the Brockhouse high energy wiggler beamline at the Canadian Light Source using a wavelength
of A=10.2081 A and a PerkinElmer XRD1621 area detector placed 160 mm after the sample.
The data was processed using GSAS-11[40]. The Qmax used to produce the PDF of the measured
samples was 23.4 AL, The instrumental resolution parameters Qdamp and Qbroad, as defined
in PDFgui software, were determined by fitting a Ni powder standard measurement. Further

data analysis was done using XPDFsuite [41].

3.3.1.6 Raman spectroscopy:

Raman spectroscopy measures the inelastic scattering resulting from the vibrational modes in-
duced when samples interact with light, also called the Stroke Raman shifts. Carbon allotropes
are characterized based on the Stroke Raman shifts of diamond and graphite reference. The
Raman spectrum of diamond (sp® C type) consists of a sharp peak around ca. 1300 cm™, this
peak is called the D peak, and graphite (sp? C type) spectrum consists of a peak at ca. 1600 cm-
1 called the G peak [42]. There are also some minor peaks which appears at ca. ~2700 cm ca.
2900 cm™ corresponding to the 2D and D+G overtones, respectively [43]-[45]. The 2D band
(or second order D band, at ca. 2700 cm™) shape is used to determine the number of graphene
layers within a material, and the D+G bands (at ca. ~2900 cm™) overtones are also an indication
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of the presence of disorders within the samples. Semi-crystalline (possess short-range or-
der/turbostratic carbon) or disordered (or amorphous) carbon allotropes contain both the G and
D bands. The ratio of these two bands (based on their peak area) are used to determine whether
the allotrope was graphitic (more ordered) or amorphous (less ordered). Raman spectroscopy
data were collected using a Horiba LabRAM HR micro-Raman spectrometer (frequency dou-
ble Lexel SHG argon ion laser). Silica was used as a substrate. Raman measurements were
done with a 514.5 nm (green) laser. The samples were analysed by packing a small amount on
a silica substrate. The samples were analysed without any further manipulation.

3.3.1.7 Photoluminescence (PL) spectroscopy:

PL spectroscopy is used to determine the emission peaks resulting from the energy level tran-
sition of valence electron of the samples. The technique gives information regarding the light
intensity that materials can emit for a certain wavelength. PL is one of the routinely used char-
acterizations of various CDs. In fact, it was the PL properties of CDs that made them stand out
during their discovery. These PL properties are amongst the properties that made them ex-
tremely fascinating for different applications. The shape and size of the CDs PL peaks are often
used to differentiate between the CD types and sizes [46]. The PL properties for CDs were not
important for application in this thesis; however, the studies were conducted because it is the
standard technique for CDs characterization. The PL studies were conducted concurrently with
the Raman spectroscopy analysis (described above), and the measurements were done with a
244 nm excitation wavelength.

3.3.1.8 Ultraviolet to visible light (UV-vis) spectroscopy:

Uv-vis spectroscopy is used to determine the absorption peaks resulting from the energy level
transition of valence electron of the samples. The transition takes place between the ¢ bonding
electrons, m bonding electrons and non-bonding (n) electrons, i.e., c—c*, n—oc*, —n* and
n—n* (* symbolizes the excited state). This transition gives insight on the type of chemical
bonding that exists in a sample. Just as with PL spectroscopy, UV-vis analyses are also very
important and routinely used analysis for CDs. Here, the UV-vis measurements were carried
out on a Agilent Technologies Cary (100) Series UV-Vis spectrophotometer, using a tungsten
halogen light source. The samples were excited at 350 nm and the measurements were taken
between 200 and 800 nm. Before the measurements, the samples in Chapter 4 were dispersed

toluene.
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3.3.1.9 Fourier transform infrared spectroscopy (FT-IR) spectroscopy:

FT-IR spectroscopy was used to measure the infrared absorption or transmission of the samples
based on their molecular vibrations which takes place when the molecules in a sample interact
with infrared light. As such, chemical bonds information that exists in the synthesized carbon
allotropes were abstracted. For these measurements, a Brucker TENSOR 27 FT-IR spectrom-
eter, scanning between 4000 and 600 cm™, for 128 scans. The resulting vibrational modes such
as the stretch and bending vibrations were identified and characterized. The powdered samples
were taken for FT-IR analysis without any further modification.

3.3.1.10 Solid state carbon-13 nuclear magnetic resonance (3C NMR) spectroscopy:

13C NMR spectroscopy is used to characterize the structure of samples based on the functional
groups content based on the observed chemical shifts under applied magnetic resonance [39].
For these samples, the interest was on the C hybridization (sp?sp® C) found in the skeleton.
This then gave insights on the possible structure of the carbon allotropes during the transfor-
mation of CDs to graphene-like allotropes discussed in Chapter 5 and Chapter 7. The differ-
ent functional groups found in the samples were deduced from the obtained chemical shift
values. For these measurements, a Bruker-500 MHz NMR spectrometer operating at a spinning
frequency of 62.5 kHz (4.0 us, 115 W) was used.

3.3.1.11 X-ray photoelectron spectroscopy (XPS):

XPS analysis was used to determine the elemental composition as well as the chemical states
of the samples. Chemical information of each sample was characterized based on the binding
energies peaks resulting from the photoelectronic emission of the elements within the samples
when irradiated with X-rays. The binding energy peak heights are directly proportional to the
amount of a specific element found in a sample. Here, XPS measurements were conducted
employing a Physical Electronics Quantum 2000 using a monochromatic AlKo excitation

source operating at 1486.7 eV.

3.3.1.12 Thermogravimetric analysis (TGA):

TGA was used to determine the thermal stability of the samples as a function of temperature
while also under oxidizing atmosphere. The temperature of decomposition and the correspond-
ing (approximate) mass loss (%) were determined. A PerkinElmer STA6000 analyser was used,
and decomposition as a function of temperature were measured from 35 up to 900 °C at a

heating rate of 10 °C/min, using air at 10 sscm and N at 20 sccm flow rate as the purge gas.
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3.3.1.13 Brunauer—-Emmett-Teller (BET) surface analysis:

The specific surface area, pore diameter and pore volume were determined using the BET
method. In these studies, nitrogen gas (N2) at specific pressure was absorbed into the surface
of the samples under cooling conditions until the surface was saturated, then once the surface
was saturated, the samples were then heated up to remove the absorbed N». This then gives the
absorption/desorption isotherms. In this study, the surface area results were obtained from ad-
sorption data measured from the relative pressure range P/Po=0.05-0.30 (P= pressure, Po= par-
tial pressure). Additionally, total pore volumes were calculated at P/Po= 0.995. Finally, the N2
isotherm desorption data were used to calculate the Barrett-Joyner-Halenda (BJH) pore size

distributions.

3.3.2 Characterization of Co0304/rGO

C0304 and Co304/rGO were also characterized by TEM, PXRD, FT-IR, TGA and BET. In
addition, the following characterization techniques were also conducted:

3.3.2.1 In-situ powder X-ray diffraction (PXRD):

In-situ PXRD was used to determine the temperature required to reduce supported Coz04 to
Co0 and Co°. This was performed under different H, and N, atmosphere. Reduction under N2
conditions was employed to evaluate whether the synthesized carbon allotropes can reduce
Co304 to its active catalytic form CoP under inert atmosphere (i.e., the autoreduction effect).
These studies provide some insights regarding the temperature at which the Co® metal catalyst
is produced, as well as the type of Co° formed, i.e., Co hexagonal close-packed (or Co(hcp))
and Co face-centred cubic (or Co(fcc)). In these studies, the in-situ PXRD data was also used
to investigate the effect of the support material on the reduction behaviour of the Co304 due to
suspected MSI. This was performed on a Bruker D8 Advance diffractometer and the samples
were heat treated in an Anton Paar XRK 900 reaction furnace. The measurements were carried
out using CuKo X-ray radiation (1.5406 A) operated at 40 kV and 40 mA. The data was col-
lected from 10 to 80 ° 20 using a 0.028 20 step size for a total of 1 h per scan. The measurements
were collected at 30 °C; and then from 200 — 550 °C every 25 °C. The data was collected under
hydrogen (H2) atmosphere flowing at 50 sccm and 1-2 bar pressure. For autoreduction studies,
N2 gas at flow rate of 50 sccm and 1-2 bar pressure was used to create an inert atmosphere.
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3.3.2.2 Temperature-programmed reduction (TPR):

The TPR measurements, just like the in-situ PXRD, was used to study the thermal reduction of
Co304to Co® under H, environment. However, TPR does not provide information regarding
the phase change. The reduction of Co3z04 as a result of temperature at constant H> was obtained
from the Micromeritics AutoChem Il instrument. Prior to the measurement, ca. 100 mg of the
samples were heated at 150 °C for 30 min under helium (He, flow rate 50 sccm) atmosphere to
degas the samples. The TGA analysis of the samples show that the samples are thermally stable
at temperatures <200 °C, hence the samples were degassed at 150 °C. There TPR measurement
were then recorded for temperatures between 50 and 800 °C at a 10 °C/min heating rate under

5% H> (balanced with Ar gas) gas flowing at 50 sccm.
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CHAPTER 4: SYNTHESIS OF POORLY FUNC-
TIONALIZED CARBON DOTS

The simultaneous synthesis of carbon dots and carbon spheres with
tuneable sizes using a vertical chemical vapour deposition method

Lerato L Mokoloko?, Roy P Forbes? and Neil J Coville?”

Abstract

Herein we report on the direct simultaneous synthesis of solid hydrophobic carbon dots (CDs)
and simultaneously carbon spheres (CSs), using a vertical chemical vapour deposition (CVD)
reactor. The HRTEM data indicated that the CDs and CSs originated from different carbon
building blocks. The CDs were obtained by reacting acetylene (C2H) and Ar mixtures at high
flow rates (>500 sccm) and high temperatures (800—1000 °C). TEM studies indicated that the
CDs produced were graphene-like quantum dots that increased in size from ca. 3 nm to 8 nm
as the Ar flow rate (constant CoH. flow rate) was decreased, while small solid CSs (ca. 100
nm) were also synthesised in the process. The CSs had a typical spherical layered structure
with no graphitic core. A mechanism to rationalise the observation that the CDs and CSs grew
simultaneously by different pathways with no formation of intermediate-sized particles is

given.

KEYWORDS: carbon dots, chemical vapour deposition, nanostructure, spectroscopy.
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4.1 Introduction

Carbon dots (CDs) are described as carbonaceous nanoparticles composed of discrete, quasi-
spherical structures with particle sizes below 10 nm. They have been a subject of interest par-
ticularly due to their extraordinary fluorescence properties - a characteristic that is not very
common for carbon-based nanomaterials [1]-[3]. In addition, their size- and luminescence-
dependent behaviour is similar to the properties known for conventional metal-based quantum
dots. However, unlike the metal-based quantum dots, CDs have a high stability, low production
cost, low toxicity, show good biocompatibility and can also be produced in high abundance
[3]. It is because of these properties that CDs have been used for application in bioimaging [4],
[5], biosensing [5], [6], water purification [7], photocatalysis [8], [9], solar cells [10], and var-

ious other systems.

Many synthesis methods have been developed and optimized to produce CDs with hydrophilic
surface functionalities [11], but only a new methods have been developed for the synthesis of
hydrophobic CDs. The two most commonly used routes to synthesize CDs that contain hydro-
phobic groups usually involve reacting a carbon source with a hydrophobic capping agent [12]—
[15], or post modification of functionalized CDs with an amino dopant [16]. Another method
to produce hydrophobic CDs is by carbonizing a non-functionalized carbon source that con-
tains only C and H atoms such as CoH2[17], [18], toluene [19], [20], natural gas [21], among
others. The hydrophobic properties can also be conferred by the post reaction removal of all

functional groups from the CD surface.

The carbonization of C;H2 in a CVD reactor has been extensively studied for the synthesis of
carbon nanomaterials such as graphite, graphene, fullerene, carbon nanotubes (CNTSs) and car-
bon spheres (CSs) [22]-[26]. These carbon materials show interesting surface chemistry, elec-
tronic properties, degree of graphitization and thermal stabilities that can be varied and made
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suitable for tailored applications [22]-[26]. Surprisingly, to date only a few reports have high-
lighted the synthesis of CDs using the CVD reaction. Yan et al. [17] reported for the first time
the synthesis of CDs using a horizontal CVD method. CDs with an average particle size of ca.

3.5 nm were produced using C2H: as a carbon source and argon (Ar) as a carrier gas [17], [18].

To expand on the CVD approach, we have investigated the use of a vertical CVD method,
using C2H: as carbon source and different Ar flow rates, to synthesize CDs with controlled
particle sizes. Reports have shown that carbon spheres (CSs) with tuneable sizes can be syn-
thesized using this vertical CVD method [24]. This method limits the growth of the carbon,
and consequently should make it possible to obtain CDs with controlled sizes. To the best of
our knowledge, the synthesis of CDs with particle size control using the vertical CVD method
is a novel approach to making CDs. To gain more insight into the properties of these new CDs,
they were characterized using microscopy, spectroscopy and thermal analysis. The properties
of these CDs were compared with those obtained using the horizontal CVD method. Addition-

ally, using this methodology, CSs with a narrow size were also produced and analysed.

4.2 Methods

4.2.1 Materials
Acetylene gas (C2Hz, 99.99 %) and argon gas (Ar, 99.9 %) were supplied by Afrox, South
Africa. Reagent grade toluene (CsHsCHzs, 99.5 %), was purchased from Sigma-Aldrich, South

Africa.

4.2.2 Synthesis procedure
The synthesis procedure followed here is a modification of a procedure reported by Mutuma et
al. [24] for the synthesis of solid CSs using a vertical CVD reactor under atmospheric pressure.
In a typical reaction set up, a vertical CVD reactor fitted with a quartz tube (2.4 cmi.d. x 1.15
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m length), and a 3 L round bottom flask (RBF) was used as a sample collection chamber
(SCC#1) as shown in Figure 4.1. For the collection of CDs, a bubbler containing toluene was
used as a second sample collection chamber (SCC#2). Ar gas was passed through the quartz
tube as the reactor was heated at 10 °C/min. When the desired temperature of reaction was
reached, C>Hz gas from a second delivery line (see Figure 4.1) was introduced to the reactor,
and the reaction allowed to proceed for 2 h. The C2H> gas flow was kept constant at 25 sccm
in all experiments and the temperature was held at 1000 °C in the initial experiments. After 2
h, SCC#2 contained a mixture of carbon products including CDs, while SCC#1 contained
mostly CSs. The mixture from SCC#2 (see Figure S4.1 for the product before any purification)
was sonicated for 1 h, thereafter, centrifuged at 15 000 rpm and subsequently syringe filtered
through a 0.45 um polytetrafluoroethylene (PTFE) filter to further remove larger agglomerates.
The toluene was then removed by rotary evaporator at 80 °C. The product from SCC#1 was
collected and then purified using Soxhlet extraction in 200 mL toluene at 120 °C for 24 h. The

products were then dried in an oven at 80 °C.
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Figure 4. 1: lllustration of the reactor used to make and collect the CDs (and CSs) from C2H>
using the vertical CVD method.

Other syntheses were also conducted at different temperatures and flow rates. Table 4.1 details
the temperature, Ar flow rate used and synthesis % vyield obtained for each synthesis of the
CDs and CSs. The samples obtained were denoted according to their type (CDs or CSs), and
with subscripts that represent the Ar flow rate (in sccm), the temperature (*100, in °C) and the
collector (SCC#) in which the sample was collected, respectively. For example, the CDs were

named CDss2011012, When an Ar flow rate of 520 sccm, T = 1000 °C and collector #2 were used.
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Table 4.1: Parameters used for the syntheses of CDs and CSs at 25 sccm C2H; and the resulting

particle sizes derived from TEM images.

Sample | Temperature | Ar flow | Particle sizes Yield
Notation? (°O) rate (nm) (%)
(sccm)
CSseo0/1011 105 +17 421
CSseo0/102 1000 600 110415 6.0
CDss00r10/2 3+1 2.4
CSsss0/10/1 105 £17 42.4
CSsss0/102 1000 550 109 +£19 9.7
CDsss0/102 6 +2 4.3
CSss20101 107 +18 435
CSss20110/2 1000 520 109 +14 9.2
CDss20110/2 8 +2 5.1
CSs400/101 108 +17 44.0
CSsa00/1012 1000 400 95 +14 14.0
CDs400r10/2 - -
CSsss0101 109 +16 44.7
CSsasor10r2 1000 350 109 +17 17.7
CDs3s0r10/2 - -
CSse00/9/1 110 +15 41.0
CSseo0r972 900 600 111 +27 8.0
CDsgo0/9/2 3+2 2.0
CSse00/8/1 109 +18 345
CSse00/812 800 600 110 +34 3.2
CDseo0/s/2 3+2 0.9
CSS400/8/1 322 +60 31.7
CSsao0/8r2 800 400 220 +23 15.2
CDs400/8/2 - -
No CSs 700 600 - -
No CDs - -
No CSs 700 400 - -
No CDs - -

4The notation used in the table describes the types of products obtained. The subscripts repre-
sents the Ar flow rate (in sccm), the temperature (*100, in °C) and the sample collection cham-
ber (SCC# in Figure 4.1), respectively.

4.2.3 Characterization

The particle size distribution and morphology of the as prepared CDs and CSs were determined

by transmission electron microscopy (TEM) using a FEI G2 TECNAI Spirit T12 instrument
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operated at 120 kV. For high resolution imaging, a JEOL JEM 2100 high resolution transmis-
sion electron microscopy (HRTEM) fitted with a LaB6 gun was used. Powder X-ray diffraction
(PXRD) patterns were collected using a Bruker D2 phaser X-ray diffractometer equipped with
a CuUxq12 X-ray radiation source (A = 1.54060 A). Raman and photoluminescence (PL) spec-
troscopy measurements were conducted using a Horiba LabRAM HR micro-Raman spectrom-
eter coupled with a PL excitation laser of 245 nm (Lexel Model 95 SHG argon ion laser).
Ultraviolet-visible (UV-vis) spectroscopy analyses were carried out on an Agilent Technolo-
gies Cary (100) Series UV-vis spectrophotometer, using a tungsten halogen light source. The
samples were excited at 365 nm. Infrared (IR) spectra were collected using a Brucker TENSOR
27 Fourier transform infrared (FT-IR) spectrometer. The thermal stability of the CDs and CSs
were determined using a Perkin Elmer Pyris STA6000 thermal gravimetric analyser (TGA),
and the samples were subjected to temperatures ranging from 35 to 900 °C, at a ramp rate of
10 °C/min. N2 gas (20 sccm flow rate) was used as a purge gas, and air (10 sccm) as an analysis

gas.

4.3 Results and discussion

CDs with different particle sizes were synthesized using a simple “bottom-up” approach using
a vertical CVD reactor under atmospheric pressure. The reaction involved carbonization of
C2H2, a non-functionalized carbon precursor, at high temperature that directly produced hydro-
phobic CDs. In preliminary studies, many experiments were performed to evaluate the collec-
tion of the CDs. Eventually, through trial and error, a high Ar flow rate (500-600 sccm), a low
C2H> flow rate (25 sccm) and high temperatures (> 800 °C) were chosen for the study. How-
ever, even using these conditions, CSs were still produced with the CDs. For the syntheses
conducted > 800 °C (> 500 sccm Ar), the CSs products were mainly collected in the first col-

lector (SCC#1) at the bottom of the CVD reactor, while the less dense (fluffy) and smaller
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products such as CDs and other carbon agglomerates were collected in SCC#2. Other condi-
tions produced only CSs in SCC#1 and in SCC#2 and no CDs in SCC#2 (Table 4.1). Similar

reactions performed at 700 °C yielded no CDs or CSs products.

The TEM images of the CDs products obtained in SCC#2 at different flow rates (together with
their corresponding particle size distributions) are shown in Figure 4.2. The results show that
the CDs are quasi-spherical in shape, well dispersed and have a narrow particle size distribu-
tion. The average particle sizes recorded for CDseoo/102, CDSss0/1012 and CDSsz0/102 Were 3 + 1
nm, 6 £ 2 nm and 8 + 2 nm, respectively. This shows that as the flow rate of Ar gas was
decreased, the resulting particle size increased. As more C>H: is introduced into the reactor,
the C species produced increased (as C2H2 decomposed) to form aggregates that grew, nucle-
ated and crystallized into larger C nanoparticles [17]. Therefore, the increased carrier gas flow
rate reduced the growth stage of the C aggregates and the formed particles were quickly trans-

ported into the collection chambers, resulting in the collection of smaller particles.

Only CSs were collected in SCC#1 at an Ar flow rate of 600, 550, 520, 400 and 350 sccm and
all the CSs were similar in particle size as shown in Table 4.1. Thus, at 1000 °C (C2H2= 25
sccm; Ar = 350-600 sccm) the CSs collected in SCC#1 show that the CS growth is little affected
by the varying flow rates, and their average particle sizes are ~100-110 nm. At higher C>H>
flow rates much larger CSs are formed [24]. The TEM image of the CSs product (named

CSss20/101, CSsssor10i1 and CSseoor10i1) Obtained at Ar = 600 sccm are shown in Figure S4.2-4).

The HRTEM images of CDseoo102 (Figure S4.5a)) show well-resolved lattice fringes with a
lattice d-spacing of ca. 0.21 nm, which is associated with the (100) facets of a graphitic carbon
[27]. The HRTEM images of the CSssoo1011 (Figure S4.5b)) showed a highly amorphous; with

no lattice fringes observed. This indicates that the nature of these CSs is different to that found
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for the CDs. Particle growth of carbon black (CB) is similar to that of CSs growth and yields

an amorphous core surrounded by concentric layers of short-length graphene-like sheets.
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Figure 4. 2: TEM images and particle size distribution histograms of CDs produced at 1000

°C and different argon flow rates a-b) CDssoor10/2, C-d) CDssso/1072, €-F) CDSs20/1072.
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The effect of temperature on the particle sizes was also investigated. When the temperature
was reduced from 1000 to 900 °C and 800 °C (C2H2= 25 sccm; Ar = 600 sccm) the CDs formed
had d = 3 £ 2 nm (Figure S4.6). At these conditions, the CSs size was also unaffected by the
temperatures used. However, the effect of temperature was only detected at a low Ar flow rate
(400 sccm) and a low temperature (800 °C) where only CSs were collected; with particle sizes
of 322 + 60 nm (SCC#1) and 220 + 23 nm (SCC#2) (Figure S4.7 and S4.8). When the

temperature was further decreased to < 700 °C, no CDs or CSs were formed.

The % yields of the products are recorded in Table 4.1. The CDs were produced in low amounts
(< 5 %) with the highest yields observed at 1000 °C. In contrast, good yields of CSs were
formed (ca. 40 %). The CDs formed are light weight. To enhance the CD yield, a second bub-
bler was placed next to SCC #2 to collect any product that may have been lost by the rapid gas
flow rates. However, for Ar flow rates between 520 - 600 sccm, the CDs yield only increased

by ~ 0.5 %.

The PXRD patterns of the CD and CS products (Figure 4.3a)) show broad feature at ca. 25 °
and ca. 44 ° 260, which are attributed to the (002) plane of a graphitic carbon, respectively [28].
The Raman spectra of the CDs (Figure S4.9a) show the Raman D-band (~1330 cm™), indi-
cating the presence of sp® amorphous type carbon, and the G-band (~1595 cm™1), which arises
due to the presence of sp? graphitic type carbon [29]. The resulting Io/lc ratios of the material
were ~ 0.5, confirming the presence of both amorphous and graphitic components [29]. The
PL spectra (Figure 4.3b)) showed that the CDs and not the CSs have optical properties. The
CDse00r1072, CDsss0/10/2 and CDss20/10/2 all show a broad peak with blue to green emission in the
visible light region [30], [31], with peak maximum at ca. 450 nm and a shoulder at ca. 500 nm.
Previous reports have indicated that the PL peak shifts to higher wavelengths when the particle
sizes of functionalized CDs increase [32]. However, this was not the case with the CDs studied
here. The TEM particle size distribution histograms of the CDs also showed that the nanopar-

ticle ranges overlapped, suggesting an inhomogeneous composition of nanoparticles, leading
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to the broad peaks observed in the PL spectra. The CSs did not show any excitation activity at
this excitation wavelength. The UV-vis spectra for CDseoo/1012, CDSs50/10/2 and CDSs201102 (Fig-
ure 4.3b) show strong absorptions in the UV region, similar to that observed for CDs synthe-
sized using a horizontal CVD [17]. As with the PL spectroscopy analysis, the CSs did not show

any UV optical activity.

FT-IR spectra (Figure S4.9b) of the CDseooi102, CDSss0102, CDSs201012, CSSao0r102 and
CSsssoi02 all had a similar pattern which showed the presence of weak C-H bonds (3000-2850
cm™,1456-1377 cm™), C=C bonds (1668-1271 cm™), and C=0 bonds (~1724 cm™). The C=0
absorption peak indicates that there are some functional groups present on the surface. When
compared to the FT-IR spectra of CDs produced by other routes [33]-[35], it is clear that the
CDs prepared here have fewer functional groups. To further confirm this, the dispersibility of
CDseoor102 in distilled water was investigated and compared with the CDs obtained from car-
bonizing vitamin C in a microwave-assisted hydrothermal reaction following the reaction pro-
cedure reported by Mokoloko [36]. It was found that the CDsesoo102 Were not dispersible in
distilled water even after sonicating for 1 h, while the functionalized CDs (from vitamin C)
dispersed readily in water even without sonication (Figure S4.10). The CDs are known to in-
herit some of the chemical make-up of their precursors, this is also the case with the CDs ob-
tained from vitamin C. Vitamin C contains a significant number of O-functional groups, which
makes it water dispersible. Likewise, the CDs were found to contain O-functional groups on

their surface, and these were responsible for their water dispersibility [36].

The thermograms in Figure 4.3d) show that the materials decompose completely in air. The
derivative weight loss of these thermographs is shown in Figure S4.11. and indicates the in-
significant amount of surface functional group on these CDs. CDs that contain large amounts

of functional groups also show major thermal decomposition peaks between ca. 200-500 °C
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[33], [34], [37]. The graphs show a small weight loss peak at ca. 100 °C, which can be attributed
to the loss of absorbed moisture. The decomposition of the CDs occurred between 701 °C and
711 °C. Typically, the decomposition temperatures of the CDs reported here are comparable
to those reported for amorphous and graphitized carbon nanomaterials such as CSs [24], CNTs

[25], and CNOs [38].

Although the synthesized CDs have different particle size distributions, there was no signifi-
cant difference in their thermal, spectral and structural properties. The results are to be com-
pared to CDs made by alternative procedures where large shifts in spectral properties were
observed as a function of CD size and surface coverage [39]. This implies that the key factor
in the spectral variability of functionalised CDs must reside more with the surface functional

groups rather than with their size.
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Figure 4. 3: a) PXRD, b) PL, ¢) UV-Vis spectra, and d) TGA, data for CDseoo/102, CDSs50/10/2

and CDss20/102, CSSa00/1012 and CSS3sor1072.

The CDs produced in this study were compared those produced by means of the horizontal
CVD method [17], [18]. It appears that the CDs all produce similar TEM, UV-vis and FT-IR
data. The PXRD patterns together with the HRTEM lattice fringes and the Raman spectra
suggested that our CVD method produced graphitic-like quantum dots, similar to those re-
ported from the horizontal CVD method [17]. The advantage in using a vertical reactor relates
to the control of the time that the CDs remain in the reactor. Thus, the method appears to be
effective for the synthesis of (i) small and narrow sized CSs (< 100-320 nm), (ii) producing a

good % vyield of the CSs and (iii) provide a method to produce CDs with controlled size. This
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use of a vertical reactor makes it is possible to produce CDs < 5 nm using controlled temper-
ature and flow rate conditions (from 70/700 sccm CoHa/Ar at 1000 °C [17], [18] to 25/600

C2H2/Ar at 800-1000 °C).

4.4 CDs and CSs growth mechanism
One would expect that the CDs and CSs originate from common building blocks generated
from the C>Ho. Indeed, the Raman spectra, TGA data and PXRD patterns of both CDs and CSs

appear to be similar. However, TEM data suggest otherwise.

)} The HRTEM images indicate graphite-like CDs [40] while the CSs show no core that
is made of graphene layers in a graphite arrangement (Figure S4.5).

i) The CDs made in a horizontal reactor also generate a graphene like structure [17], [18].
Thus, the important issue in making the CDs relates to the rapid removal of the CDs from the
reactor. The use of a vertical CVD reactor allows this to be done in a controlled manner.

iii) The general outline of the mechanism to grow CDs from fragments generated form
C2H2 [17], would apply to the CDs made in the vertical reactor.

iv) The sizes of the CDs and CSs as a function of Ar gas flow show no overlap (Figure
4.4). Indeed, the sizes show only a small change in size within each type, as the Ar flow rate
varies. The observation of only two sizes of products implies two different growth mechanisms

for the CDs and CSs from different building blocks.
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Figure 4. 4: CDs and CSs particle sizes as a function of Ar flow rate at 1000 °C.

V) At high temperature, it is well known that acetylene is transformed into polycyclic ar-
omatic hydrocarbons (PAHSs) which consists of fused hexagonal, pentagonal, heptagonal car-
bon fragments, among others [41]-[43]. In the case of CSs, the presence of pentagonal and
hexagonal carbon fragments pair to form a spiral core, and a spherical structure, which is ter-
minated by graphitic flakes [44], [45]. A cartoon showing the synthesis of the CSs (and CDs)

from PAHSs is given in Figure 4.5.

T b)
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Figure 4. 5: Possible mechanism to show growth of a) CDs and b) CSs from curved and planar
PAH:S.
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Vi) The CDs do not show this effect; they consist of stacked graphene layers. This implies
that the ratio of Ce planar rings to Cs/C7 rings leads to the different structures seen. This is
associated with the different flow rates used which could lead to different carbon growth pat-
terns in the CVD reactor (Figure 4.5).

vii)  Itis possible that a catalytic effect of the quartz tube could also play a role in generating

the two different carbons formed [41].

4.5 Conclusions

This study reports, for the first time, the synthesis of CDs with different particle sizes (below
10 nm) made in a vertical CVD reactor. This method produced hydrophobic CDs, using an in-
situ method. The structural and electronic properties of the CDs were studied and it was con-
firmed that the CDs are similar in their physical and optical properties to those produced by a
horizontal CVD method. This includes their quasi-spherical shape that is made of graphitic
layers, UV-vis absorption properties resulting from n—n* transitions and the presence of a
limited number of functional groups as suggested by their FTIR spectra. The TGA results
showed that these CDs have a thermal stability similar to those reported for well-known carbon
allotropes such as CSs, CNTs and CNOs. The data suggests that these CDs could be used in
high temperature applications. This method also produced small CSs (ca. 100 nm) with a nar-
row particle size distribution and high thermal stability. Most importantly it is clear that the

CDs produces in this study are made by a different mechanism to that used to make CSs.
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CHAPTER 5: REMOVAL OF CARBON DOTS
SURFACE FUNCTIONAL GROUPS BY
ANNEALING

Evolution of large-area reduced graphene oxide nanosheets from carbon
dots via thermal treatment

Lerato L Mokoloko?, Boitumelo J Matsoso ™ ¢, Roy P. Forbes?, Dean H. Barrett * ¢, Beatriz D.

Moreno®, and Neil J Coville?*

Abstract

Herein, we reveal a novel and facile pathway for the synthesis of reduced graphene oxide (rGO)
from annealed carbon dots (CDs). The CDs (~ 2.5 nm) were synthesized from L- ascorbic acid
via microwave synthesis at 180 °C, after which formation of rGO nanosheets (> 40% yield)
was achieved through 10 min annealing of CDs under N2 from 250-700 °C. The TEM images
showed that the CDs are initially transformed into an accreted sphere-like turbostratic carbon
(d=0.3390 nm) after annealing at 250 °C, and finally to a layered ‘graphene-like’ nanomaterial
(length = 0.2-2.6 pm) at thermal treatment temperatures >500 °C. The transformation into rGO
was evidenced by the decrease in the oxygenated functional group content and removal of the
oxygen functional groups facilitated the growth of rGO nanosheets through the interconnection
of the C-C bonds at the defected CD edges. The FTIR, PL, PDF, and * C NMR spectra con-
firmed the loss of functional groups after annealing at 700 °C. Raman, and in particular PDF
data, confirmed and rationalised the growth and evolution of the structured carbon domains
with increasing annealing temperature. A mechanism to rationalize the data is proposed.

Keywords: carbon dots; microwave reaction; thermal treatment; reduced graphene oxide;

chemical vapour deposition
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5.1 Introduction

Carbon dots (CDs), which includes graphene quantum dots (GQDs), carbon nanodots (CNDs),
and polymer dots (PDs), are an interesting new group of fluorescent nanomaterials that can be
derived from many carbon-based precursors [1]-[4]. CDs are described as zero-dimensional
(0-D) carbon nanostructures of < 10 nm in size. Their structural morphology is defined by the
small number of layers of ordered and/or disordered graphene sheets with sp?/sp* carbon ter-
minal sites [4]-[6]. The differently hybridized carbon terminal sites enable modulation of the
properties of CDs through the attachment of a variety of surface functional groups [4]-[8].
Generally, CDs have been found to have interesting properties such as tuneable fluorescence,
good dispersibility, low toxicity, biocompatibility and extensive surface chemistry [4]-[7].
Owing to their diverse properties, CDs are of technological importance in a variety of fields
and have recently become a widely studied carbon allotrope [4], [9]. As such, CDs have been
exploited in a range of applications including biosensing and bioimaging [10]-[12], photoca-
talysis [13]-[15], electrocatalysis [15]-[17] and in optoelectronic devices [18], [19].

Due to the ever-growing demand for the use of CDs for next generation electronics, two generic
synthesis approaches have been developed for the preparation of these carbon nanostructures
[20], [21]. They are the “top-down” and the “bottom-up” approaches. The “top-down” ap-
proach involves breaking down large carbon structures such as carbon nanotubes (CNTS), gra-
phene, carbon fibres and fullerenes to make CDs. The “bottom-up” approach involves building
up small CDs from molecular sources such as ascorbic acid, carbohydrates and citric acid to
large structures [20], [21]. The “bottom-up” methods are preferred since they are environmen-
tally friendly, simple, cost effective and useful for large scale synthesis [3], [22]. Interestingly,
reports have shown that CDs can be used to produce other carbon nanostructures such as gra-
phene-based nanosheets (GNSs) via the modified “bottom up” process, however, these associ-

ated synthetic routes have rarely been described [23]-[26].

Graphene nanosheets (GNSs) that include pristine graphene, graphene oxide (GO) and reduced
graphene oxide (rGO) [27], are well-known for their extraordinary structural, mechanical, ther-
mal, and optical characteristics and have been studied in the electronics [28], [29], biomedicine
[30]-[34] and construction fields [35]. Furthermore, rGO plays a significant role as an inter-
mediate product in the transformation of GO to pristine graphene. It also has properties similar

to those of pristine graphene when compared to other GNSs [36], [37]. As such, rGO has been
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used as an alternative for pristine graphene formation due to the high cost associated with pris-
tine graphene synthesis [36], [37]. Although GNSs have been known for many years, their
synthesis can be challenging. The synthesis of GNSs includes the “top-down” approaches such
as mechanical, chemical, thermal, electronical and solvent-/surfactant-based exfoliation of
graphite, and the “bottom-up” growth from molecular substrates using the CVD method and
graphitization of silicon carbide (SiC) [38]-[44]. Many of these syntheses approaches still suf-
fer from drawbacks such as the use of expensive substrates and equipment as well as the use
of high volumes of toxic solvents and surfactant molecules. There is therefore a need for other
alternative methods for the production of GNSs using simple, cost effective and environmen-
tally friendly methods [40].

In this study, CDs were synthesized by a simple single-step “bottom-up” microwave-assisted
hydrothermal method using L-ascorbic acid as a carbon source. The CDs obtained were highly
hygroscopic, due to the absorption of moisture by the surface functional group [45], [46]. Dur-
ing thermal deoxygenation of CDs, the CDs self-assembled to form rGO. The reaction products
were monitored by a variety of characterization techniques (including microscopy and spec-
troscopy), and the data compared with literature reports detailing the synthesis of rGO from
the chemical reduction of graphene oxide. The CDs to rGO conversion observed in this study
was also compared with the work by Hu et al. who reported the transformation of CDs to 3-D
porous carbon framework (PCF) material after heat treatment of the CDs at elevated tempera-
tures (> 400°C) [26]. Furthermore, a mechanism for the conversion was also proposed for the

rGO produced in this study.

5.2 Experimental section
5.2.1 Reagents

L-ascorbic acid (analytical grade) was purchased from Sigma-Aldrich, South Africa, and used
as received. Distilled water was used as a solvent in the experiments. Ultra-high purity nitrogen
gas (N2, 99.99 %) was supplied by Afrox, South Africa.

5.2.2 Sample synthesis

CDs were prepared using a microwave-assisted hydrothermal reaction method reported by
Gong et al. [47], but with modification. An Anton-Paar Multiwave 3000 SOLV microwave
system with maximum power output of 1400 W and a controlled pressure of 60 bar was used.
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In a typical experimental reaction set- up, L-ascorbic acid (2.4 g) and 240 mL distilled water
were mixed in a 500 mL beaker. Thereafter, 4 x60 mL of this homogeneous reaction mixture
was transferred into 4 X100 mL microwave reaction vessels. The mixture was irradiated for 10
min at 600 W to attain an infrared temperature of 180 °C. During synthesis, the colour of the
solution changed from colourless to dark brown, indicating carbonization. The resulting solu-
tion was treated in a centrifuge at 15000 rpm for 15 min to separate the precipitates (large
carbon agglomerates) from the supernatants. This precipitated material, made of aggregates of
spheroidal carbons, was not further investigated. A TEM image of this product is given in
Figure S5.1. Thereafter, the supernatants were filtered through a 0.22 um polytetrafluoroeth-
ylene (PTFE) filter. The purified CDs solution was placed in a rotary evaporator to remove
water, and subsequently dried in an oven (60 °C) for 3 days to obtain the CDs (28 % yield).
The reaction was repeated multiple times until a desired amount of product was obtained.

For the thermal reaction studies, 0.5 g of the CDs were loaded into a quartz boat and annealed
at different temperatures (200, 250, 300, 400, 500, 600 and 700 °C) in a CVD furnace for 10
min under N2 (100 sccm). After the annealing was completed, the furnace was cooled to room
temperature in N. In each case, the solid products obtained were crushed using a pestle and
mortar to give a powdered layered carbon material. For simplicity, the samples will be referred
to as T200, T250, T300, T400, T500, T600 and T700 for samples annealed at 200, 250, 300,
400, 500, 600 and 700 °C, respectively. The un-annealed CDs will be referred to as pristine
CDs (pCDs). The yields obtained for T200, T250, T300, T400, T500, T600 and T700 are

shown in Table 5.1 below. After annealing, the samples were characterized.

Table 5.1: The sheet sizes and % yields of T200-T700 samples.

Sample name Approx. sheet size (um) % yield*
T200 - 78
T250 - 62
T300 0.352+0.104 x 0.24 + 053 55
T400 1.44£0.199 x0.82+0.13 42
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T500 0.953 £0.070 x0.525+0.017 41

T600 2.597+£0.143 x 1.65 £ 0.131 40

T700 1.71 £0.104 x 0.909 = 0.0577 40

Yield after annealing at different temperatures.

5.2.3 Sample characterization

Morphology studies were conducted using an FEI G2 TECNAI Spirit T12 transmission elec-
tron microscope (TEM), with electrons accelerated at 120 kV, and a JEOL JEM 2100 high
resolution trans- mission electron microscope (HRTEM) fitted with a LaB6 gun for high reso-
lution imaging. A lacy carbon grid was used in the TEM studies. A Veeco Di-3100 atomic
force microscopy (AFM) was used in tapping mode. Scanning electron microscopy (SEM)
analysis was performed using a ZEISS SIGMA 03-39 FESEM at 20 kV. The Fourier trans-
form-infrared (FTIR) spectra of the samples were collected (128 scans) using a Brucker TEN-
SOR 27 FT-IR spectrometer, scanning between 4000 and 600 cm™. 3C solid-state nuclear
magnetic resonance (NMR) spectra were measured using a Bruker-500 MHz NMR spectrom-
eter at a spinning frequency of 62.5 kHz (4.0 us, 115 W). X-ray photoelectron spectroscopy
(XPS) analysis was conducted using a Physical Electronics Quantum 2000 equipped with a
monochromatic Al Ko excitation source operating at 1486.7 eV. Powder X-ray diffraction
(PXRD) patterns were collected on a Bruker D2 Phaser X-ray diffractometer equipped with a
CuKa1/2 radiation (A= 0.15406 nm) source and a Lynxeye detector. Samples were scanned
over the 20 range from 10 - 90 ° 26 using a 0.026 ° step size. Raman spectra and solid-state
photoluminescence spectroscopy (PL) data were collected using a Horiba LabRAM HR micro-
Raman spectrometer (frequency double Lexel SHG argon ion laser). Silica was used as a sub-
strate. Raman measurements were done with a 514.5 nm (green) laser and the PL measurements
were done with a 244 nm excitation wavelength. Total scattering data were collected on the
Brockhouse high-energy wiggler beamline at the Canadian Light Source using a wavelength
of A= 0.2081 A and a PerkinElmer XRD1621 area detector placed 160 mm after the sample.
The data were processed using GSAS-11 [48]. The Qmax used to produce the PDF of the meas-
ured samples was 23.4 A, The instrumental resolution parameters Qdamp and Qbroad, as

defined in PDFgui software, were determined by fitting a Ni powder standard measurement.
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Further data analysis was done using the xPDFsuite [49]. A PerkinElImer STA6000 analyser
was used to monitor the thermal stability of the samples from 35 to 900 °C at a heating rate of

10 °C/min, in air at 10 sscm with N2 as the purge gas.

5.3 Results and discussion
5.3.1 Morphology evaluation.

Carbonization of L-ascorbic acid to CDs using microwave-irradiation is amongst the most com-
mon synthetic methods used to make CDs in the “bottom-up” synthetic approach [22]. This
method possesses environmentally friendly attributes such as direct heating and a relatively
short synthesis time [50]-[52]. Pristine CDs (pCDs) tend to be hygroscopic, due to their hydro-
philic functional groups [45], [46]. Despite the 3-day period used to dry this sample, it was still
obtained as a gel-like solid. The pCDs were then subjected to annealing for 10 mins at temper-
atures between 200- 700 °C to obtain the products, T200-T700. The aim of this treatment was
to remove the moisture and/or surface functional groups and obtain solid CDs. The pCDs be-
fore annealing were analysed using TEM and HRTEM. From Figure 5.1a the TEM images
revealed quasi-spherical CDs with average particle sizes of 2.5 + 0.2 nm, and a very narrow
particle size distribution range between 1 and 4 nm (see Figure 1a and Figure S5.2a) , com-
parable to those previously reported [47]. The HRTEM images in Figure S5.2b also indicated
also indicated that the CDs exhibited lattice fringes with a d-spacing of 0.204 nm, similar to
that of the (101) plane lattice of graphite [53], [54]. The CDs synthesized in this study were
classified under the crystalline quasi-type CDs as defined by Verma et al. [55] due to their size,

d-spacing and low thermal stability.

In order to study the effect of temperature on the CDs, the pCDs were then heated to 200 °C
(T200, Figure S5.3). However, little change was noted in their morphology and the size of the
nanoparticles as the TEM micrographs showed that the T200 samples were similar to the pCDs.
When the pCDs were heated to 250 °C, a drastic change in the morphology of the CDs (T250)
was observed. At this temperature, the pCDs accrete and formed quasi-spherical nanoparticles,
as seen in Figure 5.1b) and S5.4a). The particle sizes of T250 could not be determined because
the material was accreted. The material revealed lattice fringes, with a d-spacing of 0.3390 nm,
corresponding to the lattice spacing of a turbostratic graphite [56]. On further heat treatment of
the CDs from 300 °C to 700 °C, the TEM images of the T300-T700 showed that the pCDs

were transformed into large area layered carbonaceous nanostructures (see Figure 5.1c), 5.1d),

123 | L. L. Mokoloko, B. J. Matsoso, R. P. Forbes, D. H. Barrett, B. D. Moreno, and N. J. Co-ville, “Evo-
lution of large-area reduced graphene oxide nanosheets from carbon dots via thermal treatment,”
Carbon Trends, vol. 4, p. 100074, 2021, doi: 10.1016/j.cartre.2021.100074.



Figures S5.4b, ¢ and S5.5a-c). In particular, the T300-T400 materials appeared to be multi-
layered carbon nanomaterials stacked on top of each other, with some of the accreted quasi-
spherical nanoparticles embedded in between the layers and/or within the layered material
(Figure 5.1c) and Figure S5.5a). Most importantly, the T500-T700 samples revealed that the
quasi-spherical nanoparticles had fully developed into a layered material (Figure 5.1d) and
S5.5b, c). For example, the HRTEM micrographs of the T700 sample showed no separation of
layers and no visible lattice fringes (Figure S5.4c). To determine the possibility that the layer
formation was due to the presence of residual starting L-ascorbic acid precursor, a reaction at
700 °C was performed, either with L-ascorbic acid or with L-ascorbic acid mixed with pCDs
(50/50) under the same reaction condition used to synthesize T700. The TEM images (Figures
S5.5d, e) of the resulting product showed that the morphology was different from the large area
layered carbonaceous nanostructures observed in T700. The results indicated that the L-ascor-
bic acid actually hindered the formation of the layered nanostructures from pCDs. The results
showed that evolution of the layered nanostructured from pCDs was facilitated by the heat
treatment of the pCDs through the removal of functional groups (see below). The sheet sizes
of samples are reported in Table 5.1. The data showed that the nanosheets produced in these
experiments were fairly large, typically with length 0.2-2.6 um, and did not vary significantly

in size for temperatures > 400 °C.
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Figure 5. 1: The TEM images of the a) pCDs, b) T250, ¢) T400 and d) T700 samples.

It is interesting to compare these products with a related study by Hou et al. [26] in which CDs
were produced from acetone/NaOH solutions. The authors also observed a conversion of CDs
to sheet like carbons, but that the carbons did not form layered sheets but 3-D porous carbon

frameworks (PCFs).

The SEM images of T250, T400 and T700 are shown in Figure S5.6. The SEM images showed
that the materials contained layered nanosheets. The T250 image (Figure S5.6a) showed a
layered material with a rougher surface texture as compared to samples T400 and T700. This
may be attributed to the accreted quasi-spherical structure that formed before the material was
fully transformed into layers as observed in the TEM image (Figure 5.1b). AFM surface to-
pography profiles in Figure S5.7 confirmed the quasi-spherical nanoparticles embedded sur-

faces of the sheets, with loss of CDs at the higher temperatures.
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5.3.2 Changes in the functional group content.

FTIR analysis (Figure 5.2a) was performed to gain insight into the type/number of surface
functional groups that were removed from the pCDs during the formation of the layered mate-
rials. The data showed a broad band at 3287 cm™ that indicated the presence of an O-H stretch,
due to residual water in the sample, and also likely the presence of the hydroxyl-functional
groups on the carbon surface [47], [57]. The low intensity bands at ~3000 cm™ and between
2986 and 2872 cm ! were attributed to the aromatic and aliphatic C-H stretches, respectively.
The band at 1739 cm™, was ascribed to the C=C bending mode in aromatic rings. The band at
1610 cm ™t suggested the presence of the carboxylic acid, C=0 group. The peaks between 1215
and 970 cm™* corresponded to the asymmetric (alcohol C-O-H) and symmetric (ether C-O-C)
stretching bands, respectively. After heat treatment, the O-H band for the T200-T700 samples
disappeared, and this was evident from the formation of ‘dry’ solid samples. Moreover, the O-
H, C=0, C-O-C bands decreased dramatically for T300-T500, signifying the removal of oxy-
gen functional groups, while sample T600 and T700, showed little to no bands associated with

any functional group.
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Figure 5. 2: a) FTIR spectra of samples pCDs, T200-T700 and b) ¥C NMR spectra
(deconvoluted) of the T200, T400 and T700.

To further understand the role of temperature on the surface functional groups present in these
samples, = C solid-state NMR spectra were recorded on the T200, T400 and T700 samples (see
Figure 5.2b); these are the 3 samples that showed large changes in morphology with tempera-

ture. The spectra were deconvoluted and the contribution of each deconvolution peak to the
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overall spectrum is summarized in Table 5.2. Note that the aromatic region (sp? carbons) is

observed as a broad peak indicating C atoms in a range of different chemical environments.

Significant changes in functional groups with temperature were observed. For example, the
T200 sample showed peaks at ca. 6170, 75, and 67 ppm, corresponding to the O-C=0, C-OH
and C-O-C, respectively [58]. These peaks were not observed in the T400 spectrum. This indi-
cated that annealing removed the O-C = O, C-OH and C-O-C functional groups from the pCDs
surface at the lower temperatures. Since the aliphatic CH> and the CH3 content remained similar
(ca. 48 % to 40 %), while the aromatic content increased (ca. 27 % to 52 %), this suggests that
the major source of the increased aromatic content were from the carbons containing the func-
tional groups. Interestingly, when the pCDs were further annealed to 700 °C, the only promi-
nent broad peak was found at ca. 5117 ppm, corresponding to sp? aromatic C. The trend ob-
served in these spectra showed some similarities to those observed when GO is converted to
rGO [59].

Table 5.2: Chemical shift assignment and main peak estimated percentage abundance.

Sample Chemical shift Functional Estimated
(ppm) group amount (%)
T200 203 C=0 6
170 0-C=0 8
149-123 Aromatic C 27
75 C-OH 10
67 C-0-C 1
36 CH: 35
17 CHs 13
T400 205 C=0 8
160-103 Aromatic C 52
36 CH: 30
17 CHs 10
T700 107 Aromatic C 100
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XPS data confirmed the presence of the T200, T250, T400 and T700 samples surface functional
groups. The expanded XPS plots for C1s and O1s are presented in Figure S5.8, while Table
S5.1 shows the peak positions and their relative percentage atomic concentrations. For T200,
C1s was deconvoluted into C=C, sp® C —C, C-O (from C-O-C/C-OH) and O-C = O with bind-
ing energies at 284.79 eV, 285.52 eV, 286.83 eV and 288.82 eV, respectively [57]. Similar
peak positions were obtained for T250, T400 and T700, but the peak intensities varied with
temperature. In particular, there was an increase in the C=C and a decrease in C-O content as
the annealing temperature was increased. The atomic ratio of carbon to oxygen (C/O) quanti-
fied by XPS was calculated to be 3.00, 3.36, 4.94, and 5.55 for T200, T250, T400 and T700,
respectively. This is consistent with the increase in the estimated percentage abundance ob-
tained from the * C NMR spectrum (Table 5.2).

In summary, the TEM, FT-IR, 13C NMR and XPS results show that there is a correlation be-
tween the reduction in oxygen functional groups on the surface of the pCDs that is related to

the changes in morphology leading to the formation of the layered structures.

5.3.3 Structural changes.

Powder XRD studies by Yadav et al. have shown that a reduction in oxygen functional groups
can be accompanied by a shift of the GO peak from ca. 10 ° 26, to a graphitic (002) peak at ca.
26° 26 for rGO [60]. This implies that when graphitization takes place, oxygen moieties are
thermally removed from the carbon surface and this suggests that similar data should be seen
as the CDs convert to rGO.

The transformation of the pCDs as a function of temperature were evaluated by recording
PXRD patterns of the products, and the results are presented in Figure 5.3. The pCDs PXRD
pattern showed a broad feature ca. 18 ° 20 that has previously been shown to be typical of
amorphous carbon nanomaterials and is associated with the (002) peak of disordered graphite
[61]. The same feature was found to have broadened in the T200 sample when compared to
pCDs. The PXRD of the T300 sample showed further broadening of the feature. This was also
observed in the T400 sample, and there was a shift in position of the feature from ca. 18 ° to
ca. 21 ° 20. The shift in peak position coincided with the removal of oxygen functional groups,
as seen in the FTIR, C NMR and XPS spectra [62] and also the change in morphology of the

samples. In the case of the T500, T600 and T700 samples, the major peak shifted from
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ca. 21 ° to ca. 24 ° 20, while the appearance of an additional smaller broad feature at ca. 14 °
20 was noted. The small peak at ca. 43 ° 26 was also observed in these three samples. Prior
literature examples have shown that the occurrence of these features and the shifts that are
observed in the relative 2 0 positions are due to the conversion of GO to rGO [62]-[66]. The
small sharp peak at ca. 30 ° in T500-T700 samples has also been reported previously when GO
is converted to rGO [64], [66], but its identity is not known. Moreover, the feature at ca. 14 °
20 is usually seen in rGO when it is synthesized by the reduction of GO and broadly corre-
sponds to the graphite oxide (001) plane [64].
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— T500
—T400
—T300
—T250
— T200 °
— pCDs

2

10 20 30 40 50 60 70 80 90
20 (°)

Figure 5. 3: Powder XRD patterns for samples pCDs and T200-700.

Raman spectra were measured to obtain further information about the structural properties of
the pCDs and annealed samples. Carbon nanomaterials are mainly characterized by two dis-
tinct peaks, namely the G (~1600 cm ™) and D peak (1300 cm ™), as well as some minor peaks;
the 2D (~2700 cm™?) and the D + G (~2900 cm™Y) overtones [67]-[69]. The Raman spectra
shown in Figure 5.4 and Table S2 summarizes the peak positions as well as the Ip/lg ratios of
the material. In the case of pCDs and T200 samples, the Raman modes could not be character-
ized. This is associated with photoluminescence excitation of the carbon (see PL data in Figure
S5.12) by the Raman radiation source. However, on heating the samples to 300 °C and 400 °C,
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the spectra for the T300 and T400 samples revealed the presence of a small G peak at ca. 1600
cmL. The inclined baseline indicated that these materials still contained some fluorescence
properties that are associated with the pCDs, from which the non-florescent carbons were
formed, thus making quantification of the Raman spectra very difficult. However, the spectra
of the T400 to T700 samples showed the D band (~1350-1380 cm™2), the G band (1590-1598
cm™Y) and a 2D peak over- lapping with the D + G overtones. Additionally, a band associated
with diamond-like dangling bonds (*, ~1150 cm™1) was evident, an indication of growth of in-
plane two dimensional structures. The first order Raman spectra were peak fitted to reveal the
presence of more defect-sensitive bands such as the dangling diamond-like bonds (TPA,
~1204-1230 cm™?) as well as the vibrational modes corresponding to the presence of amor-
phous carbon domains (A band, ~1460-1501 cm™?), either around the graphitic carbon grain
boundaries, or in between the layered carbon nanostructures [70], [71]. The values of the defect
density ratios (Io/lg) were > 1 (Table S5.2 and Table S5.3), an indication of the low degree of
graphitization with increasing annealing temperature. This can be ascribed to the structural
changes associated with the realignment of the carbon lattice upon formation of larger graphitic
domains. However, the reduction in the ratio corresponding to the amount of the amorphous
domains (Ia/lg) with increased annealing temperature was suggestive of the improvement of
the structure of the layered carbonaceous structures. This implied that the higher annealing
temperature removed the amorphous carbons and facilitated the linking of the CDs to the de-
fective sites on the layered carbonaceous structures. The linking and growth of bigger layered
carbon domains was further shown by the increasing ratio of the dangling diamond-like car-
bons (Itpa/lc) to ~0.55. Moreover, inter-linking of pCDs was observed to generate defective
sites as seen by the relatively large values for the defect density per square centimetre (Np ,
Table S5.3) as well as the decrease in the sizes of the sp? crystallites (L, Table S5.3) [68].
Additionally, a blue shift was observed in the graphitic G-band with increasing annealing tem-
perature (Figure S5.9). These phenomena were attributed to the compressive strain on the C-
C bonds with the carbon lattice due to the formation of more defects and/or the lateral growth
of the carbon domains [44], [72].
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Figure 5. 4: Raman spectra of samples T250-T700 samples. Inset: Spectra of pCDs and T200

samples.

Pair distribution function (PDF) experiments were conducted to examine the local structure of
the pristine and annealed CDs. The resulting PDFs are shown in Figures 5.5 and S5.10, and
the fitting parameters in Figure S5.11 and Table S5.4. Figure S5.10 shows the PDFs of pris-
tine CDs (CDs), and samples annealed at 250, 400 and 700 °C (i.e., T250, T400 and T700) to
40 A. All of the PDFs, except the T400 sample, show no significant structural order past 10 A
corresponding to both intra and interlayer interactions. In the case of the pCDs and T250, the
small domain sizes seen in the HRTEM would account for this lack of medium to longer range
order. Sample T400 however, showed a marked increase in the structural coherence extending
over the entire PDF range up to 70 A. For T400, TEM images showed the material contained
multi-layered carbons stacked on top of each other, with some of the accreted quasi- spherical
nanoparticles embedded in between the layers and/or within the layered material resulting in

greater 3-D coherence with respect to the pCDs and T250 samples.
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Figure 5. 5: Zoomed region of PDFs of pCDs, T250, T400 and T700.

Figure 5.5 shows a zoomed in region of the PDFs to 6 A. This region of the PDF relates to the
in plane carbon structure [73]. The increasing peak intensity (peaks A, B, and F) and reduction
in the FWHM, with increase in annealing temperature, indicates an increase in the uniformity
of the C-C bond distances. This is expected once the 1-D sheets are formed and functional
groups have been removed from the structure and with them, electron withdrawing oxygen
groups. Further, as the graphene sheets are formed a reduction in strain occurs from a reduction

in the curvature of the surface from the elimination of the spherical domains.

The PDF of pCDs, peaks B and E give information about the structure of the starting pCDs
material. Peak B corresponds to sp® carbon functional groups in a diamond type structure with
a nearest neighbours bond length of 1.54 A [74]. The broad shoulder occurring from peak A,
extends to lower r and shows that some of the C-C bond lengths are reduced due to electron
withdrawal from electronegative oxygen-containing functional groups. As these functional
groups are removed as the annealing temperature increases, from 250 to 400 °C, the shoulder
narrows and intensifies into peak A as the C-C distances become uniform as seen in peak A
(sp? C). Peak A corresponds to the C-C nearest neighbour distance in graphite for the C=C
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bonds with d = 1.42 A [73]. As the annealing temperature is increased (> 250 °C), the tetrago-
nally bonded sp® C groups are converted to sp? graphitic structures as shown by the conversion
of peak B to A. Finally, peak E at 3.2 A, noted in the pCDs, corresponds to the inter-layer
atomic correlations, i.e. the lattice spacing of turbostratic graphite [56]. This peak reduces as

the temperature is increased and as layered carbonaceous nanostructures are formed.

The peaks positioned at the real space distances of 1.41 (A), 2.48 (C) and 2.84 A (D), respec-
tively, exactly match the in-plane carbon-carbon bond distances in the aromatic-type ring of
graphite [75]. The intensities of these three peaks increase as the annealing temperature in-
creased from 250 to 700 °C, indicating an increase of the graphene phase order and coherence
with increasing annealing temperature as well as a normalization of the bond distances once

functional end groups were removed.

The third peak at 2.84 A (D), is double the first C-C distance, and corresponds to the second,
long diagonal in the carbon hexagon. If the carbon plane was buckled, this third peak would
not be exactly twice the bond distance of the first one. However, this peak is broadened in the
pristine sample showing that bond length distortions that occur may arise from the presence of
oxygen containing electron withdrawing end groups that have not yet been eliminated. The
G(r) peaks for A, C, D, and F are narrower (reduced FWHM) for T700 compared to T400 and
are found at the expected graphite bond distances [76]. These peaks correspond to the in plane
carbon structure, with reduced FWHM indicating less disorder and therefore less defects, for
T700. This is expected as the structure grows and rearranges itself once functional groups are

removed under annealing conditions.

A distinct feature of all three experimental PDFs for the annealed samples is that they have no
peak at a real space distance of 3.4 - 3.5 A where the interlayer atomic correlations in graphite
are expected. Instead, the fourth peak (F) in the experimental PDFs appears at 3.75 A, which
is the subsequent in-plane C-C bond distance in graphite [75]. This is expected as the quasi
nano-spherical domains are converted into 1D sheet like structures where no interlayer atomic

correlation are expected.

These results further illustrate how the surface oxygen functional groups affect the structure of
the produced nanosheets. The data suggests that the nanosheets are formed by the interlinking
and growth of the carbon domains accompanied by the removal of surface oxygen functional
groups. This process can be referred to as the “bottom-up” synthesis of GO from pCDs. One
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might expect the interlinking of carbons to form C-C bonds would remove defects in the carbon
planes; however, these defects were not totally removed. A similar effect was observed in the
rGO produced via the conventional “top-down” synthesis, i.e. from graphite to GO to rGO.
The thermal reduction of GO also produced rGO with a defected surface [60].

5.3.4 Optical properties.

Changes in the optical properties of the samples as a function of thermal annealing were studied
using photoluminescence (PL) spectroscopy, as shown in Figure S5.12. The pCDs and T200
samples showed a peak in the near IR region with a peak maximum at 631 nm [77]. The peak
intensity was significantly reduced as the temperature was increased from 200 °C to 250 and
300 °C. For temperatures > 300 °C (sample T400-T700), the photoluminescence excitation was
completely lost. This was be ascribed to the removal of the surface functional groups that

played a significant role in the PL excitations of the materials.

5.3.5 Thermal properties.

Numerous research reports have indicated that graphitic carbon decomposes in air to give CO
and CO- at temperatures above 700 °C, while carbonaceous materials with amorphous proper-
ties and/or containing large amounts of defects start to decompose at temperatures as low as
500 °C [78], [79]. Additionally, the removal of the strongly anchored surface functional groups
are shown by the decomposition peak at ~200 °C in thermograms [80]—[82]. The thermograv-
imetric profiles of the samples were recorded. Figure 5.6 displays the first order derivative
thermograms, whilst the thermal stability profiles are shown in Figure S5.13. The thermogram
of the pCDs showed that the material started to decompose between ca. 200 - 300 °C, due to
the loss of the oxygen functional groups [83]. The ~10 % weight loss at ca. 337 °C was asso-
ciated with the loss of strongly bound functional groups on the carbon skeleton [83]. Finally,
the ~37 % weight loss at ca. 509 °C was attributed to the loss of the carbon skeleton, indicating
that the pCDs were only stable up to this temperature. For the T200 sample, the profile showed
~28 % and ~16 % loss at ca. 161 °C and 365 °C, respectively, associated with the loss of the

surface functional groups. The sample lost its core (~ 56 % loss) at ca. 479 °C.
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Figure 5. 6: DTG thermograms of pCDs and samples annealed at a) low and b) high
temperatures.

In the T250 sample, the functional groups start decomposing at ca. 281 °C (~19 % weight 10ss).
At ca. 466 °C and 530 °C, there was an ~81 % weight loss which may be associated with the
loss of strongly bound functional groups and the carbon core. Similarly, the profile of the T300
sample showed an initial weight loss of ~17 % at ca. 329 °C associated with loss of the surface
functional groups, and the major weight loss between ca. 436 and 504 °C could be attributed
to the remaining functional groups and the carbon core. Additionally, the DTG profile for the
T400 sample showed a major decomposition peak at ca. 432 °C, with ~99 % weight loss, and
a small peak at ca. 542 °C which signified the complete decomposition of the carbon core. This
data agrees with what was observed from the FTIR, *C NMR and XPS data which showed
that the sample still contained functional groups; however, the improved thermal stability fur-
ther suggested that most of the surface functional groups had been removed. Interestingly, for
the T500, T600 and T700 samples only one major decomposition peak at ca. 422, 430 and 450
°C, respectively, was observed. The results obtained for the annealed samples (T400-T700) are
comparable with the TGA results of rGO found in the literature, in which the TGA profile of
the defective rGO exhibited a thermal stability up to 480 °C in air [84].

5.4 Mechanism of CD conversion

The data presented here provides a facile route to the synthesis of a layered carbon material
like rGO. Furthermore, the characterization data has provided evidence for a method that can
be used to study the assembly of carbon atoms in small CDs into generate large sheets of a
graphitic like material.
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We can speculate as to the mechanism by which this occurs (see Figure 5.7 in page 124). The
CDs are comprised of graphitic layers (dmax = 2.5 nm, see Figure S5.3b) capped with functional
groups. In the first step, removal of the functional groups occurred and at 400 °C and the carbon
atoms were mainly sp?/sp® type (*3C NMR and XPS data). PDF data also confirms the for-
mation of C=C bonds with increasing annealing temperature. However, as shown by PXRD
data, this is not the final structure of the material even though the carbon has aromatic character
(Raman and TGA data). The TEM data (Figure 5.1c) indicated that CDs that form these sheets
were initially embedded in the sheets themselves. Further heating completed the process to

form large graphitic sheets.

The carbon growth process can only occur via two processes: i) an Ostwald ripening in which
the carbons agglomerated via the gas phase or ii) a solid phase reaction involving reaction of
CD edges. Figure 5.4b) suggest that the CDs merge to form a flake. In this remarkable reaction
the carbons edges react together to form the large flakes. C=C bonds are thus being formed at
T = 400 °C. This temperature is similar to that used to produce carbon-carbon bond for-
mation/cleavage. The mechanism is different from a study by Hou et al. [26] in which carbon
sheets were also prepared from CDs. In their study the role of Na* ions were shown to be
important; the C-C bond separation distances were much larger and the carbons did not form a

layered structure.
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Pristine CDs

pCDs + Fragments of layered carbon

Figure 5. 7: A schematic illustration showing a possible mechanism for the formation of rGO

nanosheets from pCDs.
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5.5 Conclusion

Reduced graphene oxide (rGO) has been synthesized from a novel “bottom-up” method using
carbon dots (CDs) as precursors. The results showed that the conversion of CDs to rGO in-
volved a loss of the hydroxyl-, ether-, carboxylic- and carbonyl- surface functional groups of
the CDs at T > 400 °C. This conversion suggested that the residual carbon atoms in the CDs
assemble to form layers that are comprised of an rGO like material. The PDF data allowed for
a comprehensive study of the changes of C-C bonds with annealing, data shown to be consistent
with the TEM images. Raman and PDF data suggested that the rGO was most likely highly
defective. This synthetic method presented a facile pathway for generating rGO using a rela-
tively inexpensive method. Furthermore, it is clear that this method opens up a simple pathway
to doping rGO and that catalysts could be used to further reduce the temperature of the C-C

bond knitting process.
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CHAPTER 6: APPLICATION OF THE CARBON
DOTS-DERIVED GRAPHENE-LIKE SHEETS IN
THE FISCHER-TROPSCH SYNTHESIS

Use of carbon dots-derived graphene-like sheets for the autoreduction of
cobalt nanoparticles for Fischer—Tropsch synthesis: A limitation on the use
of carbon supports

Abstract

Many studies have shown that various carbon allotropes can act as support materials and also
as reducing agents for metals in catalysis reactions. The latter is due to a phenomenon known
as autoreduction, when a metal oxide that is supported on a carbon-based support material is
reduced by the carbon support to its metallic form at elevated temperatures and under inert
atmospheric conditions. In this study, cobalt oxide (Co304) was autoreduced on different gra-
phene-like carbon sheets (d= 0.2 - 2.6 um). These sheets were synthesized by annealing quasi-
spherical carbon dots (CDs, d < 3 nm size) at temperatures ranging from 250-700 °C under N2,
for 10 min. In situ powder X-ray diffraction (PXRD) was used to study the phase evolution of
the supported Co under hydrogen (Hz) and under autoreduction using nitrogen gas (N2) to cre-
ate an inert atmosphere. It was observed that the CosO4 was reduced to Co(fcc) under both gas
atmosphere, but with Hz being superior to carbon as a reducing agent. Thus, at 400 °C, the
samples contained > 70 % Co(fcc) under Hz but > 70 % CoO under N2. The catalysts were
tested for syngas conversion under Fischer-Tropsch synthesis (FTS) at 220 °C (10 bar P; H2:CO
ratio = 2:1). All catalysts showed low activity and high selectivity towards CH4, compared to
the desired Cs+ hydrocarbons. The catalyst performance for the autoreduced catalysts showed
the worst results, due to the poorer reduction of the Co. Analysis of the spent catalyst revealed
excessive Co metal sintering under the reaction conditions. The results obtained in this study

have shown a limitation to the use of these type of carbons as support in FT catalytic reactions.
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6.1 Introduction

The Fischer-Tropsch synthesis (FTS) process is a well-established catalytic conversion tech-
nology for gas to liquid (GTL), coal to liquid (CTL) and biomass to liquid (BTL) fuel produc-
tion [1], [2]. This technology has become increasingly important for fuel (and chemical) pro-
duction due to the increasing demand for clean and sustainable energy (and chemicals) [2], [3].
The FTS makes use of different metal catalysts to produce fuel, however, cobalt (Co), iron
(Fe), ruthenium (Ru) and nickel (Ni) are considered to be the most efficient catalysts for the
FTS conversion process [1], [4], [5]. Co in particular, has shown good selectivity towards fuel
production (Cs+), a high stability in the reaction, and a low selectivity towards the water gas
shift reaction [1], [6].

As with many other heterogeneous catalysis processes, metal catalysts are dispersed on a sup-
port material to improve dispersion, durability and reduce the cost of the catalysts [7], [8]. For
the FTS, many studies have shown that inorganic oxides and carbon allotropes are good sup-
ports for metal catalysts. Silica (SiOz), alumina (Al>03) and titania (TiO,) are the preferred
supports for commercial FTS processes. These supports give a strong metal-support interac-
tion (MSI) with the catalytically active metal, and this decreases the amount of active metal
catalyst facilitating hydrogenation of CO to hydrocarbons [1]. Carbon allotropes do not suffer
this drawback to the same extent since they tend to form weaker MSIs with the catalyst. Con-
sequently, more catalytically active metal is available for reaction. The weak MSI can however
lead to a high susceptibility to metal catalyst sintering. To circumvent this, the carbon allo-
tropes are often functionalized (i.e., the inert carbon surface is activated) with oxygen and/or
nitrogen functional groups, and these heteroatoms act as metal anchoring sites to improve the
MSiIs and also increases the metal dispersion [8]. Thus, numerous carbon allotropes such as
carbon black, activated carbon (AC), carbon nanotubes (CNTs), carbon nanofibers (CNFs),
carbon spheres (CSs), and ordered mesoporous carbon (OMCSs) have been evaluated in the FTS

process [8].

In the past 7-10 years, graphene and graphene based nanosheets (GNSs, 2-D sheets/sheet-like
materials containing predominantly sp? type C) have been evaluated for use as support materi-
als in the FTS process due to their high surface area, high thermal stability and favourable
electronic properties. Studies on graphene supported Co-based FTS catalysts have shown pro-

nounced Co sintering due to a weak MSI effect. This arises since the graphene sheets lack
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defects that helps anchor the metal catalyst [9]. Hajjar et al. studied the effect of support po-
rosity and surface area of nanoporous graphene (NPG) and graphene oxide (GO) sheets and
compared them to Al,O3[10]. Their results showed that NPG gave better activity and product
selectivity when compared to GO and Al20s. The NPG and GO supported Co showed an in-
crease in Cs. selectivity and a decrease in C2-C4 formation compared to the Al>Os supported
Co. Torshizi et al. studied the effect of Co catalyst loading (i.e., 5, 15 and 30 wt%) on a reduced
graphene oxide (rGO) surface in FTS [11]. The results showed that a high metal loading (i.e.,
30 wt%) led to increased % CO conversion. However, a low metal loading (5 wt%) led to the

formation of larger Co particle sizes (d ~ 28 nm) and also higher selectivity to Cs. products.

Carbon allotropes not only can act as metal supports but they also have the ability to reduce
metal oxides to their metallic state under an inert atmosphere and at elevated temperature [12]-
[16]. The literature shows that the reducing ability of carbon for active metal catalysts found
in heterogeneous catalysis has not been explored to a great extent. It has been proposed that
the reducing effect is enhanced in allotropes with surface curvature (such as CNTs and CSs),
where the aromatic carbon atom(s) on the edge of a carbon undergoes partial rehybridization.
These partially rehybridized carbon edges then interact with oxygen in a metal oxide in a redox

reaction, where the carbon is oxidised, and the metal is reduced [16].

Xiong et al. studied the autoreduction behaviour of CozO4 into metallic Co (i.e. Co®) on solid
CSs and the catalytic performance of the Co in the FTS. The authors showed with in situ PXRD
that the CosO4 supported on CSs can autoreduce to form Co° at temperatures > 480 °C under
an inert argon (Ar) gas, while under Hz reduction conditions the Co® formed at T = 400 °C. The
overall FT catalytic performance of the Co° produced under the two different conditions was
evaluated. The Co® produced under Ar atmosphere gave better CO conversion compared to the
Co® produced under Hz atmosphere (Co specific activity of 0.27x10* molcogtcos™ and 0.14
x10*molcogcos?, respectively) but similar product selectivity results (Ca+ selectivity was ~47
% for both catalysts) [13]. In another study, Xiong et al. showed that CosO4 supported on either
CNTs or CSs produced a better FTS performance when the catalysts were autoreduced com-
pared to the H reduced catalysts [12].

Yang et al. evaluated the effect of nitrogen doping of ordered mesoporous carbon (OMC) on
the autoreduction behaviour of CosO4. They found that N-doping improved the dispersion of

the Co catalysts. The in-situ PXRD studies were performed under Ar gas. The studies revealed
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that the N-doped OMC showed complete reduction of CozO4to CoP at 500 °C, while at these
temperatures pristine (i.e., undoped) OMC samples still showed a mixture of Co° and CoO.
This was attributed to an increase in defects in the nitrogen doped OMC which improved the
ability of the carbon to reduce CosOa4 to Ca®. Furthermore, the Co specific activity was higher
for the Co supported on N-doped OMC compared to pristine OMC (2.67 x10™* molcogcos™
and 1.97 x10™* molcogtcos™, respectively), but both these catalysts showed comparable selec-
tivity towards hydrocarbons (Cs- selectivity of 60-65 %) [17].

Another study has shown that graphitic carbon can also induce autoreduction. The autoreduc-
tion behaviour of Co304 on graphitic carbon nitride (g-C3Na4)-coated alumina (CN-Al) was in-
vestigated by Park et al. [15]. In their studies, the authors combined helium temperature pro-
grammed reduction (He-TPR) with ex situ PXRD to evaluate the reduction temperatures as
well as the phase evolution during Coz04 reduction, respectively. It was found that CozOs sup-
ported on CN-Al was autoreduced to Co® at 550 °C. It was also found that during this reduction,
g-CsN4 decomposed to form CO which was monitored using mass spectrometry. The CO gas
that was released was believed to be the reducing agent in the CosO4 reduction to Co°, before
being oxidized to CO». Their FTS results showed that the catalytic performance of Co sup-
ported on CN-Al was similar for the H. reduced catalysts and the autoreduced catalyst, with
Co specific activity of 21.84 and 21.52 umols™ge?, respectively, and a Cs. selectivity of ~76
%.

All the mentioned studies indicate that the autoreduction behaviour of metal oxides on carbon
allotropes is a viable procedure to reduce Co and that the Co/C catalyst can show better FTS
performance when compared to metal oxides reduced using conventional means. The economic
implications of the autoreduction process for industrial scale heterogeneous catalysis is that it
could potentially be used to reduce FTS operating costs by eliminating the need for a separate
reducing agent [15].

In a previous study (Chapter 5) we have shown that graphene-like materials can be made from
carbon dots (CDs) in a facile thermal process at temperatures ranging from 250 to 700 °C [18].
The carbons formed contained mixtures of CDs and reduced graphene oxides (see Figure 5.1,
S5.5-5.7). To expand on the autoreduction studies on carbon allotropes, a study of the reduci-
bility of Co304 supported on these graphene-like materials was undertaken. The catalysts pre-
pared by the autoreduction process, after addition of CozOa, were evaluated for activity in the
FTS reaction.
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CDs on their own are unstable at ca. > 200 °C [18]. Above this temperature, the CD nanopar-
ticles are knitted together to form sheets to give porous carbon frameworks(PCFs) [19]-[21],
graphene [22] and rGO [18]. In this study, we have observed that the reduction of the Co304
by the carbons at high temperatures (> 200 °C) altered the physical structure of the carbons and

suggests that this phenomenon might also be present in other carbon supports.

6.2 Experimental

Co(OAC)2.4H20 (ACS reagent, >98.0 %) and benzyl alcohol (BA) anhydrous (99.8 %) were
purchased from Sigma-Aldrich, South Africa. Ammonia solution (25 %) was purchased from
Associated Chemical Enterprises (ACE), South Africa. Ethanol (EtOH, 98%) and acetone (98
%) we purchased from MK Labs, South Africa. Ultra-high purity hydrogen (H2, 99.999 %) and
nitrogen gas (N2, 99.99 %), as well as syngas: H2/CO/N2 mixture (~60/30/10vol., purity:
99.99%) and air (21% oxygen/ balance N2) was supplied by Afrox, South Africa. All chemicals

were used as received.

6.2.1 Preparation
6.2.1.1 Synthesis of C0o304

Co304 nanoparticles were synthesized using the benzyl-alcohol route as reported by Wolf et
al. with modification [23]. Typically, 3.2 g of Co(OACc)2.4H20 in a 600 mL beaker was dis-
solved in 140 mL BA and continuously stirred for 2 h. Thereafter, 140 mL NH4OH (25 %) was
added dropwise (through a separating funnel) to form a brown emulsion. Distilled water (70
mL) was then added to the mixture. Adding water to the precursor mixture increases the result-
ing particle sizes of the metal oxide [23]. The mixture was then transferred into a 1 L flat
bottom flask equipped with a magnetic stirrer bar (8x30 mm) and placed inside an oil bath (165
°C) on a magnetic stirrer with a hotplate and a thermocouple to measure the temperature of the
oil bath. The mixture was allowed to react for 3 h. Air was flushed through the system to help
accelerate the Co oxidation reaction. Upon completion of the reaction, the reaction mixture was
cooled to room temperature. After cooling, 120 mL diethyl ether was added to the mixture and
nanoparticles were obtained after centrifugation at 15000 rpm for 15 min. These nanoparticles
were washed several times with ethanol (EtOH), thereafter re-dispersed in a mixture of EtOH
and acetone (3:1 ratio) and finally allowed to dry in a fume hood for three days. It is important
to mention that the nanoparticles were shown to be spinel Coz04 (35 % yield) without calcina-

tion.
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6.2.1.2 Synthesis of the supported catalysts

Information regarding the preparation and annealing of CDs has previously been described
(and published; see Chapter 5) [18]. In this study, the CDs were annealed under a N> atmos-
phere at temperatures ranging from 250 - 700 °C [18] to yield carbon structures for the Co-
based FTS studies. The samples studied were made at three temperatures, 250, 400 and 700 °C
and were labelled T250, T400 and T700.

The graphene-like sheets (2.7 g - T250, T400 or T700) were dispersed in 600 mL of distilled
ethanol (EtOH) in a 1 L beaker placed on a magnetic stirrer and the solution was stirred (with
a 8x30 mm magnetic stirrer bar) for 6 h at room temperature under constant stirring. Thereafter,
0.3 g of the Co3O4 nanoparticles (ca. 15.7 + 2.7 nm) were dispersed on the carbon by an im-
pregnation method [12] from an aqueous suspension of the graphene-like sheets, and the mix-
ture was allowed to react for 24 h at room temperature. To obtain the solid samples of Co304/Tx
(were x= 250, 400 or 700 °C), the alcohol media was removed by rotary evaporation at 60 °C.

6.2.1.3 Material characterization

The morphology of the prepared samples was studied using TEM images obtained on a FEI
G2 TECNAI Spirit T12 transmission electron microscope at an accelerating voltage of 120 kV
and for high resolution imaging, a JEOL JEM 2100 equipped with a LaB6 gun. Textual prop-
erties based on the nitrogen adsorption—desorption isotherms and the Brunauer—Em-
mett—Teller (BET) surface areas were determined from a Micromeritics Flow Prep 060 unit in
the relative pressure range P/Po = 0.05-0.30, and the total pore volumes of the samples were
calculated at a relative pressure of P/Po = 0.995. The Barrett-Joyner-Halenda (BJH) pore size
distributions were calculated by analysing the desorption data of the N2 isotherms. Thermo-
gravimetric analysis (TGA) was determined out using a PerkinElmer STA6000 analyser. The
experiments were carried out in air (flow of 10 sccm) where N2 was used as a purge gas and

the samples were heated from 35 to 900 °C at a heating rate of 10 °C/min.

The reducibility of Coz04 nanoparticles to metallic Co catalysts supported on T250, T400 or
T700 was monitored both by hydrogen temperature-programmed reduction (H2-TPR) and in-
situ powder X-ray diffraction (PXRD) techniques. The reduction experiments were conducted
under both Hz and N2 in order to gain insights into the autoreduction effect. A Micromeritics
AutoChem Il unit fitted with a thermal conductivity detector (TCD) was used for H2-TPR stud-
ies, and the reduction measurements were taken from room temperature to 900 °C at the rate

of 10 °C/min. 5 %H>/ 95%Ar gas was used as a reducing gas, and the flow rate was kept at 45
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sccm. The gas flow was monitored using Brooks mass-flow controllers. In situ PXRD studies
were performed on a Bruker D8 Advance diffractometer equipped with an Anton Paar XRK
900 reaction furnace. A CuKouy, radiation source and VANTEC PSD detector was used. Data
was collected in the scan ranging from 10 ° to 80 ° 20 with a step size of 0.028 ° with a total
scan time of 1 h. 99.9 % H> gas was blended in N2 gas using a mass flow controller system.
The Hz was used as a reducing gas, and for autoreduction studies; the N2 gas (99.9 %) was used
to create an inert atmosphere. Under both Hz and N2 atmospheres, the gas flow rate was kept
at ca. 50 sccm. Phase identification was done using a Bruker AXS Diffrac.EVA V.4.0 and a
local copy of the Crystallography Open Database (COD). Further information such as the rel-
ative phase abundance, the degree of crystallinity, and the estimated microstructures, were
obtained via Rietveld refinement of the PXRD data using TOPAS V4.2 [24].

To determine the quality of the in situ PXRD data, a graph of the Rietveld refinement of the
diffraction pattern of Co304/T700 obtained at 550 °C (under H conditions) was measured
(Figure S6.1). By visual inspection of the data, one can note that the observed data and the
calculated (i.e. model) data show reasonably good agreement based on the difference curve
(blue glaph) produced being very flat with only a few features (at ca. 43 ° and 51 ° 20) that
were not accounted for. These features may be attributed to the lattice strain, the crystallite size
effect and/or deficiency in the model that describes the optics of the diffractometer (error dur-
ing instrument alignment). The goodness of fit (i.e. the measure of the statistical significance
of fit) was 1.06, suggesting that the model did not over characterize the data set. The value of
the residual weight profile (RWP, i.e. how well the structure model fitted the data) for this data
was 1.6 %, which is significantly lower compared to the typical values (around 5 to 15 %)
which suggest that the data has low information content (i.e. not enough PXRD peaks to de-
scribe the data) relative to what is expected from the technique. The weighted Durbin Watson
was 1.79, and the ideal value of this calculation is 2. Therefore, this implies that the data has

very minor serial correlation.

6.2.1.4 Catalytic activity

The FTS reactions were performed in a tubular fixed-bed stainless-steel reactor (i.d. = 16 mm).
The C0304/Tx catalysts (x= 250, 400 or 700 °C) with ca. 0.5 g mass was first reduced under
H2 (45 sccm) at 350 °C (450 °C for autoreduction studies) for 18 h with the pressure set at 2
bar. The reactor was allowed to cool to room temperature before being heated again to 220 °C

and the gas was then switched to a syngas mixture (30 % CO, 60 % Hzand 10 % Ar) with a
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flow rate of a 20 sccm and a pressure of 10 bar at (STP) for 50 h. The activity (according to %
CO conversion) and hydrocarbon selectivity were monitored using online gas chromatographs
coupled to a thermal conductivity detector (GC-TCD) and a flame ionization detector (GC-
FID) connected to the gas line. Two hot and cold traps connected after the fixed-bed reactor
were kept at 150 °C and room temperature, respectively, and were used to collect wax and oil
products (if any) after reaction. The CO conversion, selectivity of Cs+ hydrocarbons and chain
growth probability (a value) were used to evaluate the FTS performance. The CO conversions
and the selectivities of the hydrocarbons and CO, were calculated using the following formulae:

Froir
Xep = —27TCo0ut o 100 %

FCO,in

Feoy out x 100 %

S, =
CH, F F F
Co,in CO,out CO,,0ut

FCOZ,out

SC02 - X 100 %

FCO,in_FCO,out

S. = FCx,out
o =
*  Feoin—Fcoout — Fcoz,out

X 100 % (x = 2 — 4)

Se,, = 100 % — S (CH,) — S(Cy)

where F is the molar flow rate of each component, and S is the % selectivity.

6.3 Results and discussion
6.3.1 Synthesis and characterization of C0304

The TEM images as well as the size distribution images of the CosO4 particles that were pre-
pared for this study, are shown in Figures 6.1a)-b). Their structure resembles that of a
nanocube, as noted previously [23]. The particle sizes (measured as the length of the cube)
ranged between 11 and 20 nm, with an average size of 15.7+2.7 nm. Figure S6.2a) shows a
PXRD pattern of the nanoparticles, and phase identification of this data indicated the presence
of the spinel Coz04 crystalline phase. Reduction under hydrogen gave a classical H2>-TPR pro-
file of the Co304 as shown in Figure S6.2b). The results are similar to the classical two reduc-
tion steps of Coz04 at ca. 240 °C and 340 °C, which are typically associated with the reduction
of Coz04to CoO and CoO to Ca°, respectively [25].
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6.3.2 Synthesis and characterization of Co/CD derived graphene
eter of 2.5 £ 0.2 nm, as reported previously (see Figure S5.2 in Chapter 5) [30]. The estimated

sheet sizes of the resulting graphene-like sheets (T400 and T700) are recorded in Table S6.1.
T250 did not form sheet materials but gave a type of accreted turbostratic carbon structure.
Co304 was added to the carbons and TEM images (see Figure 6.2d-f) showed that the Co304
nanoparticles were well dispersed on the graphene-like carbon supports. For Coz04/T250, the
Co304 nanoparticles were clearly observed in the HRTEM images (Figure S6.3). The images

The synthesized CDs had particle sizes that ranged between 1 and 4 nm, and an average diam-
TEM images of T250-T700 before CozO4 nanoparticle addition are shown in Figure 6.2a-c.
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Figure 6. 2: TEM images of samples after autoreduction. Before FTS a) T250, b) T400 and c)
T700, d) Co304/T250, e) Co0304/T400, f) Cos04/T700 and after FTS. g) Co304/T250, h)
C0304/T400, and i) Cos04/T700.

The obtained BET analysis results (before and after Cos04 nanoparticle addition) are summa-
rized in Table S6.1, and the BET isotherms are shown in Figure S6.4. It is clear that both the
surface area and pore volume before and after CosO4 addition are very low compared to the
typical surface areas reported for GNSs (> 100 m?/g [9], [10]). This is typical of non-porous
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samples. The specific surface area increased slightly when the catalyst was added to the support
[27].

TGA was conducted on the samples to determine the thermal stability and the approximate
metal catalyst loading on the T250-T700 catalysts. The TGA data showed that the T250-T700
catalyst samples decomposed in air at ca. 600 °C. The % Co0304 loading was calculated from
the residue left after the complete thermal decomposition of carbon [27], [28] and found to be
ca. 11.4 %, 10.5 % and 9.6 % for C0304/T250, Co304/T400 and Co304/T700, respectively,
close to the theoretical value of 10 % (see Figure S6.5). The derivative weight loss thermo-
grams of the samples are shown in Figure 6.3. Comparing the thermograms before and after
loading of the Co304 nanoparticles, it can be observed that the onset decomposition starts at
slightly lower temperatures when in the presence of the CozO4 nanoparticles. However, the
final decomposition temperature of the carbon samples increased significantly. Typically, de-
composition temperatures of carbon decrease in the presence of a metal catalysts. This is be-
cause the metal catalyst catalyses the decomposition of carbon [13], [29]. Therefore, the in-
crease in the decomposition temperature of carbons in this study may result from the slightly
strong metal to support interactions (MSIs) which may increase the activation energy needed
for carbon decomposition. Additionally, the increase in thermal decomposition temperature
could mean that the Coz04 nanoparticles are embedded within the carbon structure in such a
way that it remains inactive, and unable to facilitate catalytic thermal decomposition. Then, at
higher TGA temperature, as the carbon is decomposed, the catalysts get exposed, and then
potentially help facilitate thermal decomposition of the carbon support. To confirm this spec-
ulation, further studies such as HRTEM to find out whether the catalyst nanoparticles are cov-

ered by the carbon support or not, as well as the extent of this coverage will be needed.
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Figure 6. 3: @) DTG curves of T250, T400 and T700 with and without Co304, and b) H>-TPR
profiles of C0304/250, Co304/T400 and Co304/T700 (inset: expanded regions below 500 °C).

The reduction of Co304to metallic Co on the supported catalysts was studied using Hz-TPR.
The H2-TPR profiles in Figure 6.3b) did not clearly show the two-step reduction peaks asso-
ciated with Co304 (as shown in Figure 6.3b) insert), only small ‘humps’ (relative to baseline)
with TCD signal values around zero were observed. The large peaks above ca. 500 °C are
associated with the metal-assisted catalytic methanation of the carbon support [29]. It is clear

that the reduction of the carbon (to CH4) dominates the profiles.

6.3.2.1 Autoreduction investigations of the supported Co3O4

In situ PXRD experiments (from 30 to 550 °C) were conducted to evaluate the phase transfor-
mation of the Co viz. Co3s0s—C00 — Ca° (both Co(fcc) and Co(hcp)) for the supported cata-
lysts under two different gas atmospheres, H2 and N2. It has been reported that unsupported
Co304is reduced to metallic Co without going through the intermediate phase, CoO. This typ-
ically takes place at temperatures < 200 °C under pure Hz [30]. This reduction temperature is
affected by the Co morphology and size, as well as the presence of a support material and the
type of reducing agent used [30], [31]. For the samples prepared in this study, the reduction of
Co304to Ca® under both H, and Ny is seen to occur via the intermediate, CoO.

Full details of the quantitative and qualitative data from in situ PXRD results of all samples
under Hz and N2 are given in Figure S6.6, Table 6.1 and Table S6.2. Figure 6.4 shows data
chosen to highlight features of the reduction reaction for Coz04/T250 and Co304/T700. The
C0304/T250 and the Co304/T700 samples show significantly different results.
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Figure 6. 4: In situ PXRD plot of a)-b) C0304/T250, and c¢)-d) Coz04/T700 samples under H
(left) and N2 (right) analysed at discrete temperatures of 200 to 550 °C. The region in the dotted
box shows the contribution of the carbon support to the PXRD pattern and the changes that

occur as a result of an increase in temperature.
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Table 6.1: Phase quantification and structural details of the C0304/T250, Co304/T400 and
Co0304/T700 catalysts obtained via Rietveld Refinement of the data collected in situ PXRD

experiments.

Sample name Temperature | Phase ID | % of | Microstructure | Degree of
°C) each | (approx.sizes) | crystallinity
phase (%) of metal
200 Co304 100 15.0+1.9 97.18

I 275 CoO, 94.40 11.4 0 98. 22
Q Co(fcc) 5.60 X 99.9
= 400 CoO, 20.43 21.8+0 99.66
8 Co(fcc) 79.57 29.6+0 98.68
S 525 Co(fcc) 100 50+0 96.89
© 550 Co(fcc) 100 62.316.8 96.89
S 200 C0304 100 13.7 0 97.37
SI 275 CoO 98.90 10.9+0 97.98
N 400 CoO, 73.87 11.6 +0 97.3
3 Co(fcc) 26.13 10.0£0 99.18
2 525 Co(fcc) | 100 49.4+0 97.35
O 550 Co(fcc) 100 62.3+6.8 97.16
3 200 Co304 100 17.3 0 95.65
o 275 Co(fcc) 100 X 99.04
E 400 Co(fcc) | 84.12 31.4+81 98.72
3 Co(hcp) 15.88
S 525 Co(fcc) | 100 58.8 4.8 99.28
O 550 Co(fcc) 100 60.9+4.6 97.15
£| 200 Co304 100 18.3 0 94.65
8 275 CoO 100 14+0.9 95.91
E 400 CoO, 100 13.0 96.26
o 525 Co(fcc) 100 46.1+2.9 96.41
8” 550 Co(fcc) 100 63.3+3.6 96.82
é 200 Co304 100 16.1+1.8 451
S 275 Cos0s | 100 10114 2.12
= 400 Co0, 9 13.2+11.3 1.32
Sf Co(fcc) 91 26.0+4.4

S 525 Co(fcc) 100 64.3+6.2 2.13
O 550 Co(fcc) 100 69.7+£6.5 2.59
o 200 - - - -

2

s s B
6 - - - -

s = 525 - - - -

O 550 - - - -

-2 No crystallographic phases were detected  x: microstructure sizes could not be determined

*: Estimated % of each crystalline component in the analysis that contributes to the overall diffraction pattern
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Reduction under Hz: Under an H, atmosphere (275 °C) the Co in the Coz04/T250 catalyst was
completely reduced, and ca. 94 % of CoO (and ca. 5 % Co) was formed. The full transformation
of CoO to Co(fcc) was observed at temperatures above 400 °C. For the Coz04/T400 catalyst,
the data shows that the reduction of the Co304 to CoO has started at 225 °C (Figure 6.5a)) and
that the CoO phase was fully reduced to the Co(fcc) phase at 275 °C.

For the Co304/T700 catalyst, the Co was only observed at 400 °C, where CoO (ca. 9 %) and

Co(fcc) (ca. 91 %) were formed. Above this temperature, only the Co(fcc) phase was observed.

Reduction under N2: Under a N2 (inert) atmosphere, the support materials induce the autore-
duction of Cosz04 via the same reduction route (spinel Co30s—Co0 — Co°) as observed under
an H. atmosphere (Figure 6.5b)). However, reduction takes place at elevated temperatures
compared to the reduction under Hz [12], [13]. For the C0304/T250 catalyst, the Co304to CoO
transition was observed from 275 °C (ca. 98.90 %) and the completion of this transition was
only observed at 400 °C. Under a H» atmosphere, complete reduction was also observed at 400
°C. Under N2 atmosphere, Co(fcc) phase started to appear at 300 °C (Figure 6.5b)), but at 400
°C, CoO was still the most abundant Co-containing phase at this temperature (ca. 73.87 %). At
500 °C the CoO was fully reduced to Co(fcc). Under a Hz atmosphere, at 400 °C, only ca.
20.42 % CoO was observed, and the full conversion of CoO to Co(fcc) was first observed at
425 °C (Figure 6.5a)). Similar results were noted for the Cos04/T400 catalyst. Here the C0304
to CoO reduction started at 225 °C and full reduction was observed at 500 °C under Na. In
contrast, the full reduction was observed at 275 °C when using a H> atmosphere. For the
Co0304/T700 catalyst, however, the CoO and Co phases were not clearly observed in the in situ
PXRD data even at high reduction temperatures. This could mean that i) the support could not
reduce the Co30s, ii) the Co304was spontaneously reduced prior to the in situ PXRD measure-
ments or iii) that the reduced Co crystallites were too small to be detected by laboratory based
PXRD.

It is also noted that the final Co° phase formed in all the experiments was Co(fcc). However,
the C0304/T400 catalyst showed that at 400 °C, some Co(hcp) was also observed (Figure
S6.6e)), but as the reduction temperature was increased further, this Co(hcp) phase was con-

verted to the thermodynamically more stable Co(fcc).

In contrast to reactions performed in the H, atmosphere, reduction of CosO4 under N2 is much

more rapid with the increase in oxygen content on the support, i.e., T400—T250. Two more
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reactions were performed using a sample made of CDs annealed at 300 °C and 10 % C0304
(Co304/T300), shown in Figure S6.6¢)-d) and Table S6.1. This sample also showed that the
reduction of Co304takes place at higher temperatures under a N2 atmosphere. Furthermore, the
CoO to Co® reduction reaction took place at temperatures above 400 °C, similar to the
Co0304/T400 catalyst. This further suggests that the reduction properties of the carbon decreases
with a decrease in concentration of the oxygen moieties on the carbon surface. A mechanism

to explain the data is given later.

a) W Co,0,/T250 b) W Co,0,T250
® Co,0,/T400
Co(hep) n m Co,0,/T400 Co(hcp) a4
m Co,0,/T700 _Co,0/Tr00
Coffcc) DNNNNEEEEEER Cof(fec) EEEEEEEREEEE
2 2
c T
g  CoO- DEEEEEEE 5 CoO- sIEERREE=
[F] 1]
] 7]
2 2
o Co0, |m = o Co0, W ] |
None- w EEmEEEEES® None | = " EEEESEEEEERTD
T T T T T T T T 1 T T T T T T T T 1
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 6. 5: The support effect on cobalt phase transformation at different temperatures under

a) Hz and b) N2 atmosphere.

Crystallite sizes: Not unexpectedly, a significant increase in the calculated crystallite sizes of
the observed Co phases with increase in temperature occurred for all the samples and the data
are shown in Table 6.1 and Table S6.2 The crystallite sizes of the Co increased from ~10-18
nm for Coz04 to > 60 nm for the resulting Co(fcc) phase at 550 °C. It is typical for Co metal
supported on carbon allotropes to sinter since the MSI effects are weaker than for metal oxide
supported catalysts [8], [12]. However, it is often believed that functionalizing the carbon sup-
port, especially with oxygen functional groups can improve the MSI effect and consequently
decrease the degree of sintering [8], [12]. The carbon allotropes used in this study each have
an estimated XPS oxygen content of ca. 23 %, 17 % and 15 % for T250, T400 and T700,
respectively. This oxygen content results from the presence of hydroxyl, carbonyl and carboxyl
functional groups [18]. Stronger MSIs and reduced Co metal sintering were expected to corre-

late with the O content. But as seen in the data discussed above, this was not observed.
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Summary: The effect of the support, temperature, reducing atmosphere and phase identity of

the Co (and C containing phases) are summarised in Figure 6.5a)-b).

1. The reduction of Co in the Co304/T250 catalyst occurs under both N2 and Hz and they
produce similar results. H is the better reducing agent (see Figure 6.4) but the reduc-
tion under Nz is readily achieved.

2. The reduction of Co in the Co304/T700 catalyst is very different. Here, there is no evi-
dence that Co reduction has occurred under N.. The TGA residue showed the presence
of ~ 10 % Co after T700 decomposition, confirming that the Co was successfully in-
corporated into the carbon support. It is possible that in this sample that CozO4 autore-
duction occurred before the sample was exposed to the high temperature treatment. The
in situ PXRD feature at ca. 45 ° 20 may be associated with the Co(fcc) phase, as it
corresponds to the major peak observed for the Co(fcc) phase. However, further studies
such as X-ray photoelectron spectroscopy (XPS) analysis of the Co304/T700 before and
after in situ PXRD analysis will be required to determine the elemental composition of
the sample. Additionally, magnetic measurements using an in situ magnetometer (based
on the Weiss extraction method) will help identify the cobalt phase present. This type
of magnetometer is only sensitive to magnetic Co and in this case, the Co metallic phase
[32]. Therefore, this technique could be able to confirm whether the Co in the
Co0304/T700 sample was reduced in situ before temperature treatment or not.

3. The carbon feature at ca. 20-25 ° 20 shifts with temperature for the Coz04/T250 catalyst
under both N2 and Hz atmospheres. The same shift in the PXRD feature was observed
when the carbon support was heated in the absence of Co [18].

4. Little to no shift in the aforementioned carbon peak is observed for the Coz04/T700
catalyst under either N2 or H, atmosphere. This was not unexpected as the carbon had
been reheated to 700 °C prior to the in-situ PXRD reaction.

6.3.2.2 Auto reduction mechanism

Studies have reported that the autoreduction of metals by carbon can occur by two routes. In
the first route, and in the case of a curved carbon allotrope, a sp® type C is rehybrized to a sp?
type C at the edge of a carbon structure, consequently making the carbon susceptible to electron
donation to a metal oxide [13], [16]. In a second route, Park et al. reported that the reduction
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of Co304 to metallic Co is facilitated by the CO that is released during the decomposition of
the carbon support [15]. In this study, the surface of the carbon contains oxygen functional
groups, and the allotropes are more closely related to graphene than CNTs and CSs, that are
curved. During heat treatment, the functional groups decompose, and CO is released. The CO
that is released interacts with the CosO4 and is oxidised to CO., while reducing the metal oxide

to its metallic phase (Figure 6.6).

In this study, the Co reduction took place at a lower temperature in the Co304/T400 catalyst
when compared to the Co304/T250 catalyst. This may be attributed to the strong MSIs in the
C0304/T250 catalyst, induced by the surface functionalities in T250 interacting with the metal
catalyst. The XPS, PDF, FT-IR and NMR studies in our previous publication (Chapter 5) [18]
showed that the amount of oxygen functional groups on the surface of this support material-
decreased in the following manner, i.e., T250 <T400 <T700. Hence it is expected that the
strength of MSIs will decrease from C0304/T250 > C0304/T400 >Co304/T700.

Autoreduction under N,

Coffce) Coffce)

Figure 6. 6: A graphical illustration of possible Co oxide autoreduction mechanism when the

released CO act as reducing agents.
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6.3.3 Fischer-Tropsch synthesis evaluation

The FTS performance of the various catalysts was studied under similar reaction conditions
(10 bar and 220 °C) and the data are shown in Table 6.2. The FTS performances of the H»
reduced supported catalysts was compared with the performance of equivalent unsupported
catalysts under the same reaction conditions. The unsupported Co catalyst gave a very high %
CO conversion with selectivity towards Cs+ (81.9 %) hydrocarbons, a low methane (CH4) con-
version (0.9 %), and high cobalt specific activity (39.7 umolco/sec.gco) compared to the other
catalysts. Sintering of the metal catalysts was observed, as shown by a TEM image of the spent
catalyst in Figure S6.7. The supported catalysts showed a lower % CO conversion. The % CO
conversion followed the order Coz04/T400 (14.2 %) > C0304/T700 (13.0 %) > C0304/T250
(9.9 %). This order was in agreement with the in situ PXRD results discussed earlier, which
showed that Co304 in the C0304/T400 catalyst was rapidly reduced. However, product distri-
butions showed that these supported catalysts were selective towards CHs (> 30 %) with small
amounts of Cs+ (< 30 %) produced, and the Cs+ selectivity increase followed the order:
C0304/T700 >C0304/T400> Co304/T250. The low % CO conversion results from sintering and
subsequent deactivation of the metal catalyst. Some of the CH4 content may be due to catalysed
methanation of the support materials at elevated temperatures. The support methanation was
higher for carbon supports with a higher oxygen content (T250> T400> T700). It is possible
that as the carbonyl and carboxyl groups of the support are removed, the H2 gas also hydrogen-
ates these CO-x groups to form methane while some CO. (> 5 %) gets released as well. The
Co0304/T700 reduced under H, conditions showed better overall selectivity towards Cs+ com-
pared to the other supported catalysts. This may be due to the better structural stability of this

support compared to the other support materials.

In the autoreduction studies, C0304/T250, C0304/T00 and Co304/T700 were reduced at 450 °C
for 18 h. At this temperature, all the Coz04 was converted to metallic Co, as confirmed by in
situ PXRD data. The autoreduced catalysts, however, showed lower % CO conversion com-
pared to the H» reduced catalysts, as well as a lower selectivity towards Cs. hydrocarbons and
high selectivity towards CH4. The activities and selectivities of these catalysts were similar.
The large amount of CO formed may be due to the CO> produced after the autoreduction, (see
Figure 6.6). The TEM images of the spent catalysts showed sintered particles (Figure 6.29)-
i)). The final products showed large aggregates of the metal catalyst. The crystallite sizes ob-
tained in the in situ PXRD experiments were different to the TEM data as the reactions were

performed under very different conditions.
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Table 6.2: The FTS performances of the prepared catalysts under different conditions

Catalyst name | CO % | Activity CO2 se- Hydrocarbon selectivity (%)

conversio- | (umol/sec.gco) | lectivit-y

n CHs | C2 Cs Ca Cs+ o
C0304 78.9 39.7 0.1 0.9 3.9 42 19.0 |819 |0.87
C0304/T250-H2 | 9.9 8.2 6.6 38.2 11.3 | 121 | 146 |17.2 | 0.45
C0304/T250-AR | 8.5 6.8 8.4 42.3 12.8 | 125 |95 145 | 0.39
C0304/T400-H> | 14.2 9.0 8.0 34.1 145 | 120 |10.3 | 21.1 [ 0.48
C0304/T400-AR | 7.9 6.3 7.9 41.3 12.0 | 13.7 | 10.5 | 146 | 0.43
C0304/T700-H2 | 13.0 7.4 6.1 334 20.1 | 101 |44 27.0 | 0.52
Co304/T700-AR [9 1 5.3 8.1 39.3 [13.0 |14.6 [10.0 [15.0 |0.49

Reaction conditions: Ho/CO = 2, Temperature=220 °C, Pressure =10 bar, time of stream = 50
hrs. AR = auto reduced at 450 °C

6.4 Conclusion

The results obtained from this study shows that graphene-based sheets (GNSs), like other car-
bons can autoreduce Co304 to Co(fcc). This reduction requires higher temperatures (> 400 °C)
when compared to the Co reduction under H. The autoreduced Co did not show improved %
CO conversion as well as enhanced Cs. selectivity when compared to the reduction under Hy,
different from literature reports using Co that had been formed by carbon autoreduction. This
related to the structural integrity of the carbon support used in this study, which may have
affected the catalysts reducibility and overall performances. The results from this study sug-
gests that there is a limit to the amount of surface functional groups necessary for anchoring
the metal particles, as too high an oxygen content on the carbon support contributes to the loss
of structural integrity of the support under high temperatures. It shows that there is a need to
balance the amount of carbon surface functionalization that will allow metal dispersion and

stability without compromising the stability of the support materials.
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CHAPTER 7: APPLICATION OF THE CARBON
DOTS-DERIVED GRAPHENE-LIKE SHEETS IN
VOLATILE ORGANIC COMPOUNDS SENSING

From 0D to 2D: N-doped carbon nanosheets for detection of alcohol-based
chemical vapours

Abstract

The application of N-doped carbon nanosheets, with and without embedded carbon dots, as
active materials for the room temperature chemoresistive detection of methanol (MeOH) and/or
ethanol (EtOH) is presented. The new carbons were made by converting 0D N-doped carbon
dots (NCDs) to 2D nitrogen-doped carbon nanosheets by heat treatment (200—700 °C). The
nanosheets exhibited a lateral size of 3 mm and a thickness of 12 nm at the highest annealing
temperature. Both Raman and TEM analyses showed morphological transitions of the dots to
the sheets, whilst XPS analysis revealed transformation of the N-bonding states with increasing
temperature. PDF analysis confirmed the presence of defective carbon sheets. Room tempera-
ture screening of the chemical vapours of two alcohols (MeOH and EtOH), revealed that the
structure and the type of N-configuration influenced the detection of the chemical vapours. For
instance, the lateral size of the nanosheets and the high charge density N-configurations pro-
moted detection of both methanol and ethanol vapours at good sensitivity (-16.8x10° ppm™
eton and 1.2x10° ppm™ weor) and low limit of detection (LoD, ~44 ppm ewon and ~30.3 ppm
meoH) values. The study showed that the composite nature as well as the large basal area of the
carbon nanosheets enabled generation of adequate defective sites that facilitated easy adsorp-
tion of the volatile organic compounds (VOC) analyte molecules, thereby eliminating the need
to use conducting polymers or the formation of porous molecular frameworks for the alcohol

detection.

*Corresponding authors: zdenek.sofer@vscht.cz; neil.coville@wits.ac.za
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7.1 Introduction

Volatile organic compounds (VOCs) are known to significantly reduce the quality of air and
therefore cause harmful effects to humans and the environment [1], [2]. Unfortunately, a num-
ber of simple everyday activities such as painting, application of adhesives, use of cleaning
products, production of cosmetics, and cooking, all lead to the emission of many VOCs [3],
[4]. Additionally, alcohol-based VOCs such as ethanol are mostly found in alcoholic beverages,
disinfectants and food products, and because of their volatility, they produce an impact our
daily living [3]. Therefore, the ability to detect and identify alcohol-based VOCs is required
for the health and safety of humans, and the environment at large. Additionally, alcohol detec-
tion to ensure road safety protocols are obeyed, has also provided a large market for the detec-
tion of ethanol vapours [5]. As such, the search for portable, low-cost, low power usage, high
response and easily operated sensing devices for VOC detection still continues, in particular
for those devices that can operate satisfactorily under room temperature conditions [6]. Owing
to this growing demand, several sensing techniques have been explored for the detection of
VOCs. These include gas chromatography, infrared detection and chemoresistive detection [7].
Among these various detection methods, chemoresistive devices are particularly useful, espe-

cially in terms of low power, easy operation, high selectivity and robust nature [8].

Usually, the performance of the chemoresistive sensing devices is affected by the type of active
material used. Given this challenge, an arsenal of active materials, such as conducting poly-
mers, semiconductors, metal oxides, chalcogenides and carbon allotropes, have been exten-
sively studied [8]. Amongst the various candidates, carbon allotropes, particularly graphene
and its derivatives, are known to be promising active materials for the fabrication of room
temperature chemoresistive sensing devices [9], [10]. Apart from using the graphene deriva-
tives individually as active materials, various studies have shown that formation of composites
of carbon allotropes with graphene derivatives can also significantly enhance their electro-
chemical properties [11], [12]. The synergy between the components of the composites has led
to their enhanced sensing properties due to changes in the structural and electronic character-
istics of the composites [6], [13]. For instance, Hu et al. reported that a composite of reduced

graphene oxide and carbon dots (rGO—CDs) led to a highly selective and stable gas sensor
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under room temperature conditions [14]. The enhanced sensitivity was attributed to the in-
creased density of electron-deficient sites as well as adsorption sites. Similarly, a composite of
graphene, conductive polymer and carbon nanotubes on a glassy carbon electrode (GCE) was
found to produce a methanol sensing device exhibiting fast response, high sensitivity, long-

term stability and low-sample volume [15].

Apart from the formation of carbon-based composites, tuning of the electronic properties of
graphene derivatives without compromising the structural properties through intentional incor-
poration or doping with electron-rich nitrogen atoms provides an excellent route for increasing
the material’s binding sites. This is achieved by the creation of defective sites, while also in-
ducing the formation of n- and/or p-type semiconducting properties, depending on the type of
N-bonding configuration formed [16]-[18]. A few reports have shown that these nitrogen-rich
nanosheets, with targeted configuration, can be fabricated from facile synthesis procedures
such as carbonizing metal-organic frameworks (MOFs) like indium-based coordinated poly-
mers [19]. Despite numerous reports on the synthesis of N-doped graphene derivatives, few
studies have investigated the impact of the carbon and/or nitrogen-dopant domains on the sens-
ing ability of N-doped carbon-based nanostructures [20]. To explore this issue, and the effect
of dopants, we have used CDs as carbon sources for the synthesis of large domain pristine or

doped graphene derivatives.

The transformation of these 0D CDs to 2D graphene-like sheets occurs during the coalescence
of CDs in the presence of a metal catalyst and/or upon exposure to temperature treatment [21]—
[23]. The transformation route takes advantage of the highly functionalized surface of CDs
which subsequently enables easy incorporation of heteroatoms during the doping process [24],
[25]. However, little is known on how N-doping impacts on this conversion process and the
use of these doped materials as chemical vapour sensing materials. Therefore, to increase the
scope of the CDs-derived graphene derivatives, the current study aims to explore N-doped gra-
phene-like nanosheets derived from CDs as active materials for the detection of VOCs. The
significant role played by the different nitrogen bonding states and the morphological changes
associated with heat treatment on the room temperature sensing performance of these CDs-

derived N-doped graphene-like nanosheets is thus described.
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7.2 Experimental
7.2.1 Material synthesis and sensor preparation

The nitrogen-doped carbon dots (NCDs) were synthesized using a modified microwave-as-
sisted hydrothermal technique [22], [26]. Typically, 1.2 g of L-ascorbic acid (95 %, Sigma
Aldrich) and 1.2 g urea (CO(NH2)2, 99 %, Sigma Aldrich) were stirred into 240 mL of deion-
ised water, after which 60 mL of the homogeneous solution was transferred into four Teflon
lined 100 mL microwave reaction tubes. The reaction tubes were then placed inside an Anton-
Paar Multiwave 3000 SOLV microwave digester, equipped with the maximum power output
of 1400 W and a controlled pressure of 60 bar. The reaction chamber was then subjected to
microwave irradiation for 6 min at a power of 600 W, resulting in a temperature of 180 °C.
After cooling the reaction chamber to room temperature, the product was obtained through
centrifugation at 15 000 rpm for 15 min. The supernatants were filtered through a 0.22 pm
poly(vinylidene fluoride) (PVDF) membrane (Membrane Solutions), followed by removal of
water using a rotary evaporator, and drying at 60 °C. As previously described for the conversion
of the undoped CDs [22], the effect of temperature on the NCDs was achieved by annealing
(200, 400 or 700°C) the NCDs (500 mg) in a horizontal chemical vapour deposition (CVD)
furnace for 10 min under 100 sccm of nitrogen (>99.999 % N2, Afrox SA). After cooling to
room temperature under N. gas, the powdered samples were collected and labelled as
NCDs200, NCDs400, or NCDs700 for the samples annealed at 200, 400 or 700 °C, respec-
tively.

Finally, for the electrochemical impedance spectroscopy (EIS) chemical vapour sensing meas-
urements (Scheme S7.1), the NCDs active materials were dispersed with sodium dodecyl sul-
fate (SDS, >98.5 % Sigma Aldrich), as a surfactant, at a concentration of 0.5 mg mL*. There-
after, 10 pL of each solution was drop casted onto the ED-IDE 3-Au integrated electrode (Mi-
croflux Fluidic, Spain) and the electrodes were dried at 70 °C for 30 min. Determination of
sensitivity to methanol (MeOH, >99.9 %, Lachner) and ethanol (EtOH, >96%, Lachner) was
achieved through addition of calculated concentrations (ppm, equation 7.1 of the analyte into

the gas chamber:

............................. equation 7.1
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where V, represents the volume (in pL) of the analyte added to the chamber, V¢ is the volume
(in mL, 50 mL) of the analysis chamber, p is the density of analyte (in gmL™) and My, is the
molecular weight of analyte in g M. Responses based on EIS measurements were acquired in
the 1-10° Hz frequency range using the Metrohm Autolab potentiostat controlled by Nova 2.14
software after 5 min saturation. From an average of 3 fabricated electrodes, the response
(Resp), limit of detection (LoD) and sensitivity (S) were determined by use of equations 7.2-
1.4:

Resp="2=22 .. equations 7.2
Z Z

LoD =7Zb+3db.................coooiinl. equations 7.3

S =R equations 7.4

where, Z; is the impedance of the sensor when exposed to analyte and Zo the resistance of the
sensor in ambient condition, Zy is the average impedance, dy is the standard deviation of the
device impedance without analyte, and C is an analyte concentration.

7.2.2 Characterization

The morphology of the active materials that have been immobilized on Si-O grids was acquired
on an EFTEM Jeol 2200 FS microscope (Jeol, Japan), using 200 keV acceleration voltage, and
HRTEM images were collected from a JEOL JEM 2100 fitted with a LaB6 gun. Their thick-
nesses were determined by atomic force microscopy (AFM) through use of a Ntegra Spectra
microscope from NT-MDT. AFM measurements were performed in a tapping (semi-contact)
mode under ambient condition with a scan rate of 1 Hz and scan line of 512 after drop-casting
a sample suspension on a freshly cleaved mica substrate. *C solid-state nuclear magnetic res-
onance (NMR) spectra were measured using a Bruker-500 MHz NMR spectrometer at a spin-
ning frequency of 62.5 kHz (4.0 s, 115 W). Raman spectra and solid-state photoluminescence
(PL) spectroscopy data were collected using a Horiba LabRAM HR micro-Raman spectrome-
ter (frequency double Lexel SHG argon ion laser). Raman measurements were done with a
514.5 nm laser and the PL measurements were done using a 244 nm excitation wavelength.
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Thermal stabilities of the samples were monitored by thermal gravimetric analysis (TGA) con-
jugated with weight loss derivative outputs (DTG) using a PerkinEImer 6000 thermogravimet-
ric analyser. Powder X-ray diffraction (PXRD) patterns were recorded on D2 phaser X-ray
diffractometer using a Co Ka X-ray source operating at 30 kV and 10 mA. The measurements
were taken between 26= 10-90 °, with a 0.026 ° step. Total scattering data were collected on
the Brockhouse high-energy wiggler beamline using a wavelength of . = 0.2081 A and a Perki-
nElmer XRD1621 area detector placed 160 mm after the sample. The data were processed
using GSAS-11. The Qmax used to produce the PDF of the measured samples was 21 A, The
ESCAProbeP spectrometer (Omicron Nanotechnology Ltd, Germany) X-ray photoelectron
spectrometer equipped with a monochromatic Al-a radiation source (1486.7 eV) was used for
the wide-scan survey and high-resolution spectral measurements. The wide-scan surveys of all
elements were measured in the range of 0—900 eV with a pass energy of 100 eV and a step of
1 eV, whilst high-resolution scans of the C1s, O1s, and N1s peaks were measured with a pass

energy of 20 eV and a step of 0.1 eV.

7.3 Results and Discussion
7.3.1 Temperature-dependent morphological evolution

The morphological changes shown by the N-doped carbon dots (NCDs) as a function of heat
treatment were investigated using both TEM and AFM micrographs. Both microscopic anal-
yses showed changes in the lateral dimensions of the graphene-like nanosheets with heat treat-
ment (Figures 1, S7.1-S7.3); from the small pristine NCDs of average particle size of 4.1 +
0.9 nm (Figure S7.1a) to an amorphous mass (Figure S7.1b) and multi-layered nanostructures.
For instance, TEM analysis showed that heat treatment at 700 °C produced large and multi-
layered nanosheets with an average size of 3.71 + 0.31 pm by 2.13 + 0.91 um (Figure 7.1a).
Additionally, the HR-TEM images of pristine NCDs and NCDs700 in Figure S7.2 shows that
the pristine NCDs had lattice fine structure, with the lattice d-spacing of ca. 0.204 and 0.210
nm, similar to that of the (101) and (100) plane lattice of graphite, respectively [22], [27]. In
contrast, the NCDs700 did not show any lattice fringes (Figure S7.2b). This implies that graph-
itization is lost when the NCDs are transformed into 2D nanosheets.
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AFM images of NCDs700 also confirmed the formation of large-area stacked nanosheets of up
to 2.75 um in lateral size and 14 nm in thickness (Figures 7.1b and c). The formation of the
nanosheets could be attributed to high temperature transformations of the carbon dots
nanostructures, which was subsequently followed by the coalescence of the as-produced car-
bonaceous fragments into stacked two-dimensional (2D) nanostructures [22], [23]. In compar-
ison to the undoped CDs-derived graphene-like nanosheets which exhibited an average size of
ca. 1.71 £ 0.909 um [22], it can be concluded that N-doping affected both the temperature
required to transform the CDs as well as the final structure obtained at the highest annealing

temperature.

The 400 °C heat treatment was observed to not only lead to formation of the multi-layered 2D
nanosheets (Figure S7.1c), but the stacked nanostructures also contained small accreted qua-
sispherical nanoparticles (Figure S7.3b). This indicates that the 400 °C annealing temperature
was insufficient to facilitate a complete transformation of the NCDs into active carbon frag-
ments and consequently resulted to formation of the mixture of CDs and the 2D nanostructures.
Height profile analysis by AFM showed the presence of small and thinner (~0.75 nm)
nanosheets exhibiting the lateral diameter of ~0.15 um (Figure S7.3c, red line). Further con-
firmation of the important effect of annealing temperature on the transformation of the NCDs
was shown by annealing at 200 °C that resulted in formation of an amorphous-looking mass of
carbon embedded with quasi-spherical nanoparticles (Figure S7.1b and S7.3a).
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Figure 7.2: (a) Low magnification TEM, (b) AFM images and (c) height profile of the
NCDs700 sample.

7.3.2 Physicochemical properties

Structural disorders associated with the heat treatment and the presence of N-dopants were
investigated using Raman spectra. As shown in Figure 7.2, the spectra for the NCDs400 and
NCDs700 samples exhibited fingerprint Raman peaks characteristic of carbonaceous materials
[28], [29]. The first order Raman modes were located between ~1341-1357 cm™ and ~1578—
1580 cm™* for the D-band and G-band, respectively, whilst the second-order Raman (2D) band
for the NCDs700, overlapped with the overtone of the D + G band at ~2790 cm™ [28], [29]. In
the case of the NCDs200 sample (Figure 7.2 insert), the Raman modes could not be character-
ized due to the photoluminescent excitation of the carbon dots by the Raman radiation source
as well as the fluorescence properties of the CDs [30]. Additionally, the inclined baseline for

the NCDs400 sample indicated that these materials still contained some fluorescent carbon
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dots. As such, quantification of the structural properties of the NCDs400 sample was difficult.
Nonetheless, quantification of the degree of graphitization for the NCDs700 sample was inves-
tigated from the estimated ratios of the integrated areas under the D-band and the G-band (viz.
In/lg) [28]. The structural defect density ratio (Ip/lg) was estimated to be ca. 3.38 + 0.12, re-
sulting in a relatively large defect density (np, see equation S7.2 of ~11.6 x 10! cm™ [31].
Furthermore, the PXRD analysis results in Figure S7.4a show that increasing the annealing
temperature did not yield highly ordered nanosheets. The low degree of graphitization for the
NCDs700 sample was attributed to the realignment of the carbon lattice upon formation of
larger graphitic domains as well as the lattice distortion associated with the incorporation of
the nitrogen heteroatoms, confirmed by pair distribution function (PDF) analysis (see section
7.3.4). Therefore, taking into account, the relation between the excitation wavelength and the
defect density ratio, the average sp? crystallite sizes (La, equation S7.1 [31]) was found to be
~4.98 £0.03 nm. The La value complimented the TEM and AFM micrograph data (Figure 7.1a
and c), which revealed the formation of bigger lateral size nanosheets upon annealing at 700
°C, as was also observed from our previous work on undoped nanosheets. Interestingly, bigger
sheets were formed for the N-doped samples [22].

Based on the thermal stability results from TGA (Figure S7.4b), the first-order derivative pro-
files of the NCDs400 and NCDs700 samples confirmed the formation of carbonaceous
nanosheets as shown by the decomposition peak at ~624 °C and 635 °C, respectively. The
single peak indicated a homogenous decomposition of the highly defective 2D structured
nanosheets and/ or the carbon core [32]. Furthermore, the peaks at ca. 343 °C and 380 °C for
the NCDs200 and NCDs400 samples, respectively, suggested the removal of amorphous car-
bon phases and organic dangling-bonds from the NCDs upon heat treatment. The lack of the
low temperature peak(s) for the NCDs700 sample is indicative of the formation of a CDs-free
product [22]. More importantly, the peak at ca. 500 °C for NCDs400 and the broadness of
peaks for the NCDs700 samples can be linked to strongly bound functional groups [33] Taking
into account the contribution of the N-configuration on the thermal stability of the NCDs sam-
ples, an increased thermal stability of ~200 °C was observed for the NCDs samples as com-
pared to their undoped counterparts [22] The observation may be attributed to the presence of

the pyrrolic-, pyridinic- and graphitic-N bonds present in the nanosheets as suggested by the
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XPS results (see section 7.3.3). These groups are thus more stable under air, compared to the
O-containing groups [34]. Finally, the small derivative peaks between ca. 60 and 80 °C in all

3 samples were attributed to moisture found within the samples [35].

13C NMR data were collected and found to be consistent with the TGA results, which showed
removal of oxygen functional groups after high-temperature annealing (Figure 7.2c). For in-
stance, the 13C NMR spectra of the NCDs200 showed a peak at ca. § 170 corresponding to O—
C=0 and/or N-C=0 [36], which decreased on annealing. More importantly, the sp? peak at ca.
6 117 ppm increased with increasing annealing temperature which is characteristic of the pres-
ence of aromatic carbon atoms, hence signifying the transformation of the carbon into large-
area nanostructures. Finally, PL spectra showed that only the NCDs200 was PL active, with an
emission peak at ca. 609 nm, located in the near-IR region [22]. This emission peak was due
to the presence of the NCDs embedded within the formed layered nanostructures. The observed
PL quenching that occurred after annealing (Figure S7.4c) is further suggestive of the removal
of PL active surface functional groups on the CDs [37], thereby leading to structural transfor-

mation from CDs to layered materials.
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Figure 7. 3: Raman spectra of (a) NCDs400 with inset showing that of NCDs200; and (b)
NCDs700 samples, (c) *3C NMR spectra for the variously annealed NCDs samples.
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7.3.3 Composition analysis

Through the estimation of the integrated areas under the XPS wide scan spectra, the atomic
percentage (at%) compositions of the annealed NCDs were determined (see Table S7.1). From
Figure 7.3a, three distinct characteristic peaks corresponding to C1s (~284 eV), N1s (~398
eV) and O1s (~532 eV) were observed. Detailed analysis of the survey spectra revealed the
evolution of the nitrogen content with annealing temperature. For instance, the freshly prepared
NCD sample showed the incorporation of ca. 15.9 at % of nitrogen heteroatoms, whilst treat-
ment of 700 °C led to a decrease in the N content to ca. 7.79 at% within the carbon lattice
(Figure 7.3b). The decreasing N-content with increasing annealing temperature is consistent
with the loss of edge-bonded nitrogen atoms in the form of nitrogen gas, ammonia gas and/or
nitrogen radicals [38]. Moreover, the high temperature promoted coalescence of the carbon
domains, led to an increased ratio of carbon (%) on annealing, relative to the other elements
making up the compositions of the samples (ca. 68.8 at% in the NCDs and ca. 84.1 at% in the
NCDs700).
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Figure 7.3: (a) XPS survey spectra for NCDs200 (red), NCDs400 (green), and NCDs700 (blue)

samples, as well as (b) elemental composition of the as-synthesized samples.

The bonding states of carbon (C), nitrogen (N) and oxygen (O) atoms in the annealed samples
were determined through the peak fitting of their high resolution XPS spectra. Figure 7.4 dis-
plays the resolved spectra for NCDs700 sample, whilst those of the NCDs200 and NCDs400
samples are shown in Figure S7.5 and S7.6. The broad, tailing C1s spectra (Figure 7.4a, S7.5a
and S7.6a) was resolved to at least five components corresponding to graphite-like sp?> C—C
bonds (~283.6-283.8 eV), the sp? -N—C bonds (~284.8-285.1 eV), the defect-induced sp® -C—
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C and/or C-N bonds (~285.6-286.2 eV), and the oxygenated bonding configurations of C=0
(~286.6-287.7 eV) as well as the N-C=0 and/ or O-C=0 bonds (~287.9-288.8 eV) [39], [40].
Similarly, the type of nitrogen dopant in the carbon lattice of the annealed NCDs samples was
investigated by the deconvolution of the N1s spectra (Figure 7.4b, S7.5b and S7.6b). Peak
fitting revealed four component peaks attributed to contributions from pyridinic-N (~397.7—
398.1¢eV), pyrrolic-N (~398.9-399.2 eV), substitutional/graphitic-N (400.1-400.3 eV), and the
oxidized pyridinic-N bonds (NOx, ~401.2-402.1 eV).39 Finally, the O1s spectra (Figure 7.4c,
S7.5c and S7.6¢) were deconvoluted into three component peaks which can be assigned to O=C
and/or O—N (~528.9-529.9 eV), O-C (~530.1-531.6 eV), and the N-C=0/O- C=0 (~532.9-
533.5 eV) bonds, respectively [40].
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Figure 7.4: Peak fitted XPS curves for (a) C1s, (b) N1s, and (c) Ol1s of NCDs700 sample.

Noticeably, the different bonding state distributions of the Nitrogen (Figure S7.7) showed the
formation of different N-configurations through the adjustment of the annealing temperature
(Scheme 7.1). For instance, annealing at 400 °C led to the formation of predominantly pyrrolic-

N bonding states (~45.8 %) and pyridinic-N configurations (39.4%), thereby indicating that
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most of the amide groups from urea are bonded to the carbon at the domain edges. Moreover,
fewer substitutional N-configurations (~12.3 %) show that the 400 °C heat treatment is not
sufficient to facilitate the coalescence of the NCDs domains into graphene-like nanostructures.
Such coalescence phenomenon could result in the transformation of pyridinic-N bonds into
graphitic-N type [38]. On the other hand, a higher annealing temperature (e.g., 700 °C) was
found to enhance the formation of pyridinic-N (~56.9 %) due to the coalescence of the NCDs
domains into a bigger graphene-like nanostructures (Figure 7.1a). The results are in good
agreement with theoretical studies, which have indicated that N atoms are more thermodynam-
ically stable at carbonaceous edges; with the pyridinic-type being the most stable [41], [42].
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7.3.4 Total scattering measurements (PDF)

Total scattering measurements were conducted at the Canadian Light Source to examine the
local structure of the samples synthesized in this study (Figure 7.5). The atomic pair distribu-
tion function (PDF) technique provides insight into the structure of materials in the short- and
medium-range scales [43], Generally, the PDF results showed that the NCDs prior to annealing
exhibited the longest range order, as can be seen by the increased dampening in the PDF signal
from pristine NCDs to NCDs700 at r values as low as 10 A (Figure S7.8). The first prominent
peak, around 1.42 A for the pristine NCDs (Figure 7.5), corresponds to the C=C bonds and
some C—-N bonds with three nearest neighbours to carbons, all with sp? bonding [44], bearing
in mind that the pristine NCDs contains ~15.9 at% N. In comparison with the C—C bonds at ca.
1.42 A in a pristine graphene structure [45], the C—C peak is observed to shift to lower r values
(~1.38 A) with N-doping and annealing, suggesting increasing contribution of the shorter C—
N bonds. More importantly, the shifting and broadening of the peak could be ascribed to the
varying contributions from both the pyridinic- and pyrrolic-N moieties, as these are character-

ized by peaks at ca. 1.34 A and 1.38 A, respectively.
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Figure 7. 5: Zoomed region of the PDFs of pristine NCDs and annealed NCDs at 250, 400 and
700 °C.
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The peak at 1.1 A corresponds to C =O bond lengths with slight shortening of the bonds from
their regular 1.2 A length due to electron delocalisation over the graphene resonance structures
[45]. It must be noted that these peaks, even though weak, do demonstrate a clear trend showing
a reduction in the peak intensity from the pristine NCDs to the NCDs700 sample indicating the
removal of these groups as temperature increases. The second prominent peak at ca. 2.44 A
corresponds to the shortest diagonal in the carbon hexagon and is close to that of the predicted
model (ca. 2.46 A, Figure 7.6). This peak broadened as the annealing temperature increased.
Most noticeably, the NCDs700 sample showed significant broadening at this peak position
compared to the other samples, indicating the distance between the three atoms coordinating
the central carbon in the hexagon, or the shortest diagonal in the hexagon, varies significantly
from one ring structure to the next. The third peak at 2.81 A (close to the ca. 2.83 A, Figure
7.6), which is twice the first C-C distance, is the long diagonal in the hexagon [46]. This peak
shifts to lower r values (~ 2.77 A) and its intensity decreases with increasing annealing tem-
peratures. The observed trends with higher annealing temperature suggest increasing disorder

in the C-ring due to the insertion of N in the rings.
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Figure 7. 6: Inter and intralayer bond distances between carbon atoms in graphite. The values
in brackets are given for nitrogen-doped graphene. These values correspond to the observed
peaks in G(r).
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It is clear that the NCDs prior to annealing exhibit the longest range order, as can be seen by
the increased dampening in the PDF signal from pristine NCDs to NCDs700. It is noted that
the signal attenuation is high, even at r values as low as 10 A, especially for NCDs400 and
NCDs700, indicating the existence of short coherence lengths (Figure S7.8). Typically, the
PDF pattern that originates from interlayer atomic correlations is signified by the weak 3.35 A
and strong 3.64 A peaks (Figure 7.6) and is indicative of well-ordered graphite structure. In all
samples, the weak peak at 3.35 A (Figure 7.6) shifts to slightly higher r values (3.48 A, Figure
7.5) indicating a small increase in the interlayer spacing. A similar trend is noted when exam-
ining the 3.64 A peak (Figure 7.6) which is also shifted to slightly higher r values and is posi-
tioned around 3.75 A (Figure7.5), with lower than expected peak intensity. Therefore, the shift
of these peaks and the noted reduction in the intensity of the 3.75 A peak indicates a higher
degree of turbostratic and positional disorder from one graphene sheet to the next [47]. There-
fore, the aforementioned shifted peak positions to higher r values are due to disorder arising
from the defective structures within the nitrogen-doped graphitic sheets leading to the slightly
larger interlayer spacing coupled with turbostratic disorder [47]. The data shows that by 700
°C, significant insertion of nitrogen into the structure has occurred, as well as the formation of

higher-order ring structures and an increase in defective structures.

7.3.5 Sensing properties
7.3.5.1 Chemoresistive behaviour of the sensors

Prior to the determination of the chemoresistive behaviour of the electrode materials, the sen-
sors were screened for the detection of a range of VOCs (methanol, ethanol, acetone, isopropyl
alcohol and acetonitrile). From this study, the NCDs400 and NCDs700 samples were found to
be responsive to both methanol and ethanol, whilst NCDs200 sample was responsive to only
methanol. As a result, a detailed investigation of the chemoresistive behaviour of the active
materials was performed by recording the Nyquist plots after exposure to 1200 ppm MeOH
and 1100 pm EtOH (Figure 7.7). For both analytes, the Nyquist plots exhibited a single semi-
circle which indicated that, regardless of the analyte, the electrical interaction between the an-
alyte and the electrode followed a parallel circuit connection with the impedance resistance
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parallel with the double-layer capacitance [48]. More importantly, the relatively equal solution
resistance (RS, Table 7.1) values for the detection of either MeOH or EtOH for the devices
revealed similar charge transport properties of the accumulated analyte vapour solution-like
electrolyte around the nanostructures [49].
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Figure 7. 7: Nyquist plots for the sensor devices after exposure to (a) 1200 ppm of MeOH and

(b) 1100 ppm EtOH vapours, (c) representative equivalent Randle circuit.

On the other hand, owing to the different structural properties and the varying composition of
the N-dopants within the active materials, it was observed that each electrode responded dif-
ferently to the two analytes. Specifically, the NCDs700 device exhibited the highest resistance
in the presence of MeOH, followed by the NCDs200 and eventually the NCDs400 device, as
shown by the values of the charge transfer resistance (Rct, Table 7.1). The faster charge trans-
fer for the NCDs400 can be attributed to the abundance of pyrrolic-N (~45.8%) and pyridinic-
N-configurations (~39.4%) through an improved m -t interaction with the analyte molecules as
well as the availability of extra n-electrons on the N-dopants for the ionization of adsorbed
oxygen species [50]. Moreover, the presence of a combination of NCDs fragments and small-
sized graphene-like nanosheets could have created an abundance of defective sites which ena-

bled quicker transport of charge-carriers. The slower charge transfers for the NCDs700 devices

190|L. L. Mokoloko, B. J. Matsoso, N. Antonatos, Z. Sofer, D.
H. Barrett, B. D. Moreno, R. P. Forbes and N. J. Coville,
“From 0D to 2D: N-doped carbon sheets for detection of al-
cohol-based chemical vapours,” RSC Adv., vol. 1, pp. 21440 -
21451, 2022, doi: 10.1039/D2RA03931A.



for detection of both MeOH (8.95 Q) and EtOH (1.58 Q) can be ascribed to the charging-hop-
ping effect over the large lateral flakes [50], despite the material having electron-rich centres
due to the presence of the graphitic-N (~18.3%) and pyridinic-N (~56.9%) configurations [50].
Based on the results, it can be seen that not only the morphology of the carbon nanostructure,
but also the concentration of the different nitrogen bonding states, plays a major role in the
charge-carrier transfer properties of the NCDs.

Table 7.1: Circuit parameters of the NCDs for detection of MeOH and EtOH

Resistance ()
Analyte Active material Rs Rer Capacitance (UF)
NCDs200 22.5 6.11 0.18
Methanol NCDs400 24.2 6.07 0.15
NCDs700 25.6 8.95 0.10
Ethanol NCDs400 24.3 1.47 17.9
NCDs700 25.6 1.58 4.86

7.3.5.2 Performance analysis

Following the establishment of the significant roles played by the N-configurations on the elec-
trochemical properties of the NCDs active materials, the sensing parameters of their corre-
sponding devices for the detection of MeOH and/or EtOH vapours were then evaluated. The
parameters were estimated through the calculation of the concentration limit of detection (LoD,
equation 7.3 and sensitivity (S equation 7.4) from plots of sensor response (AZ/Zo, equation
7.2) against concentration (Figures 7.8, 7.9 and S7.9). Upon exposure to increasing concentra-
tions of MeOH vapour, the sensor devices showed a p-type semiconducting behaviour [51] as
shown by the increasing sensor response with increasing analyte concentration (Figure 7.8a
and S7.9). The observed p-type semiconducting nature, regardless of the presence of the n-type
nitrogen dopants, is representative of the surface chemistry of the active materials. Normally,
during the measurement of the sensor response and in the absence of MeOH (i.e., 0 ppm),

ionization of the adsorbed oxygen molecules occurs, resulting in formation of Oz ~ or O active
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species through withdrawal of electrons from the nanostructures [52]. This resulted in the for-
mation of an electron-rich depletion layer around the NCDs (Figure 7.8b). Therefore, depend-
ing on the N-content as well as the structure of the NCDs samples, it can be anticipated that
different thicknesses of the depletion layer will be formed around each active material. Conse-
quently, the sensing parameters will then be influenced by the consumption of the depletion
layer upon exposure to the analyte vapour. For instance, the extremely low sensitivity value for
the NCDs700- based device (1.2 x 10 ppm™, Table S7.2) is indicative of a strong interaction
of the MeOH molecules with the large-area electrode surface, thereby leading to compromised
adsorption of MeOH and desorption of the by-products. On the contrary, the large-area, basal
morphology of the nanosheets (La =~ 4.98 nm) and the defective regions from both the N-do-
pants and carbon edges (Io/lc = 3.38) provided an abundance of adsorption sites for MeOH, as
shown by the low LoD value (~30.3 £ 0.7 ppm). Interestingly, an improved sensing perfor-
mance for the detection of MeOH was observed for the NCDs200- and NCDs400-based de-
vices (Figure S7.9), as evidenced by the large sensitivity values of 11.6 x 10 + 0.6 ppm™ and
4.36 x 10®° £ 0.1 ppm™, as well as low LoD values of 37.1 + 0.3 ppm and 34.9 + 0.5 ppm,
respectively. The enhanced sensitivity could be attributed to the increased charge carrier den-
sity from an N-configuration, such as the pyridinic-N (20.7-39.4 at%) and NOx (2.5-9.9 at%)
bonding states. Additionally, the NCDs/ fragmented nanosheets composite nature of both
NCDs200 and NCDs400 active materials created an abundant amount of charge capture sites,
leading to a faster adsorption—desorption mechanism of MeOH molecules and their reduction

products.
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NCDs700 sensor devices, (b) ionization of adsorbed O, and (c) detection mechanism of
MeOH.

In the case of the sensing of EtOH, both the NCDs400 and NCDs700 sensor devices exhibited
an n-type semiconducting behaviour [51] as shown by the decreasing sensor response with
increasing analyte concentration (Figure 7.9). Lack of response to EtOH for the NCDs200
samples indicated that not only the type of N-configurations but also the structural properties
of the active material influence the sensing mechanism for ethanol. For instance, the large sen-
sitivity of -16.8 x10° + 0.5 pm™ and low LoD value (43.5 + 0.4 ppm) for the NCDs700-based
sensor devices in comparison to the sensing performance of the NCDs400-based device (S =
-2.09 x 10° + 0.8 ppm™*and LoD ~ 91.4 + 0.1 ppm) can be attributed to the weak interaction
between EtOH molecules and the basal plane of the NCDs700. It is also possible that the
slightly increased charge carrier density moieties in the form of graphitic-N (~18.3 at%) and
pyridinic-N (~56.9 at%) bonding states play a role in the process. Therefore, the sensing mech-
anism for EtOH on the active materials can also be explained by the change in the surface
depletion layer around the NCDs nanostructures (Figures 7.9b and c). Similar to the sensing

mechanism for MeOH, prior to exposure to the EtOH analyst vapour, an electron-rich depletion
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layer is formed on the surface of the NCDs (Figure 7.8b) through ionization of adsorbed oxy-
gen molecules. On exposure to the EtOH vapour, which acts as a reducing atmosphere [53],
the ionized oxygen species are removed so as to convert EtOH into water and carbon dioxide.
The removal of the ionized O- species is then followed by the injection of electrons back into
the NCDs nanostructures, thereby increasing the conductance channel within the NCDs struc-
tures (Figure 7.9c) [54].
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Figure 7.9: Sensor response as a function of EtOH vapour concentrations for the (a) NCDs400
and (b) NCDs700 sensor devices; (c) detection mechanism of EtOH.

From Table 7.2, the reported impedimetric sensing performances for the detection of either
MeOH or EtOH are seen to be comparable to data measured for graphene oxide, transition
metal dichalcogenides (TMDs), metal oxides, and metal frameworks. More importantly, the
facile route for transforming OD CDs into 2D nanostructures [22] also produced a composite
of CDs/NCDs carbon fragments that improved the charge carrier retention and formation of
the depletion layers. This facilitated a faster charge carrier transportation from the active ma-

terial to the analyte molecules, and hence enhanced the sensitivity. Moreover, the use of the
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‘composites’ (NCDs200 and NCDs400) as well as the NCDs700 (with large basal area), gen-
erated enough defective sites for improved adsorption of the VOCs analyte molecules, there-
fore eliminating the need to use conducting polymers [8] or porous molecular frameworks [55].
This provides an alternative method to make the alcohol sensor without added synthesis steps.

Table 7.2: Comparative MeOH and EtOH detection for EIS-based devices

Analyte Active Material Conc. Range | Temp. LoD Ref
(ppm) (°C) (ppm)
Au/TiO2-NT 200-600 27 - [56]
Methanol NCDs200 37.1 ]
NCDs400 120-1200 RT 34.9 This work
NCDs700 30.3
MoS, 200-400 200 - [57]
Cu-BTC MOF 250-1500 25 62 [55]
B-In2S3 500-1000 350 6 [58]
NCDs400 420 - 1200 RT 91.4 This work
NCDs700 435
PLA-Gr 25-100 50 - [59]
Ethanol GN-PMMA 1.96 -69° RT 19.7 8]
ZnO 1-500 RT 100 [60]

AU/TiO2-NT/Ti -> gold on titania nanotubes, In.Ss-> indium selenide, ZnO-> zinc oxide, PMMA -> polymethyl
methacrylate, MoS; -> molybdenum disulphide, Cu-BTC -> copper-benzene tricarboxylate, PLA->poly (lactic
acid), MOF -> metal organic framework.

7.4 Conclusions

The study demonstrated that through a facile thermal treatment, nitrogen-doped and large-area
2D graphene-like nanostructures could be easily attained from 0D CDs by adjustment of the

CDs annealing temperature (200-700 °C). Furthermore, the nitrogen content as well as the
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nitrogen configurations of the N-doped CDs was found to be dependent on the structural trans-
formation due to the annealing temperature. For instance, as higher temperatures favoured the
lateral growth, the arrangement of N-atoms was found to be more dominant at the carbon edges
(~57 at% pyridinic-N), whilst the coalescence of the CDs into 2D nanostructures led to the
ingrowth of interstitial nitrogen dopants (~17 at% graphitic-N). At 200 °C, the transformation
of CDs into 2D nanostructures was incomplete, resulting in the synthesis of a carbon composite
made of CDs fragments embedded in an amorphous mass of N-doped carbon. Screening for
VOCs through the impedimetric sensing measurements, demonstrated that the NCDs-based
devices were responsive to methanol and ethanol. A good correlation between the structural
properties of the NCDs as well as the type of N-configurations and their corresponding sensi-
tivity for the alcohol-based VOCs was observed. In particular, the large-area 2D NCDs700
nanosheets facilitated a high charge density via the incorporation of pyridinic-N (~57 at%) and
graphitic-N (~18.3 at%) configurations. This subsequently promoted enhanced sensitivity and
selectivity of the NCDs700-based devices for the detection and recognition of both methanol
and ethanol. Generally, the transformed nanostructures exhibited excellent room temperature
impedimetric sensing performance for the detection of alcohol-based VOCs, thereby opening
up a new platform for carbon-based materials for chemical vapour sensing. As the different
NCDs gave different abilities for the detection of EtOH and MeOH this suggests that a combi-
nation of these ‘easy to make’ structures could be used to develop an ‘electronic nose’ for the

room temperature detection of many other VOCs.
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CHAPTER 8: CONCLUSION AND RECOMMEN-
DATIONS

8.1 Synthesis of carbon dots (CDs)

This work has shown that CDs can be obtained from one-step synthesis procedures using non-
functionalized and functionalized carbon sources. In Chapter 4, CDs of various particle sizes
(ca. 3 to 8 nm) were synthesized by simply carbonizing acetylene gas (C2H>, 25 sccm) at high
temperature (> 800 °C) and a high carrier gas flow rate (> 500 sccm) in a vertical chemical
vapor deposition (CVD) apparatus. The CDs produced using this method had a high thermal
stability, minimal surface functional groups, and exhibited both graphitic and amorphous char-
acter as shown by techniques such as thermogravimetric analysis (TGA), Fourier transform
infrared (FT-IR) spectroscopy, powder X-ray diffraction (PXRD), and Raman spectroscopy
analysis, respectively. To the best of our knowledge, this was the first time the vertical CVD
synthesis route or technique was used to make CDs. Thus, the success highlighted by our cur-
rent work adds a new platform to the already wide range of synthesis methods for making/pro-
ducing CDs. Importantly, this new procedure could be particularly useful for the facile produc-
tion of CD nanoparticles with efficiently controlled particle size, which could prove useful for

future nanomaterials research.

In our studies, the synthesis of carbon spheres (CSs) with different sizes (=100 nm) was also
achieved using the vertical CVD synthesis technique. A mechanism to differentiate between
CDs and CSs formation was proposed. In hindsight, our results suggested that CDs have pre-
viously been produced, by ourselves and others, as by-products during CSs synthesis in earlier
studies that used a vertical CVD synthesis procedure. However, due to the limitations in char-
acterization procedures available in many laboratories, in particular, high-resolution transmis-
sion electron microscopy (HRTEM), their presence had gone unnoticed. It is also possible that

in many instances, the CDs may have been removed in washing and filtration procedures.

Despite the possibility of synthesizing CDs via the vertical CVD method, the major drawback
of the method is the low yield of CDs produced (< 5 %). This low yield is a consequence of
the high flow rates of the carrier gas required during the synthesis step. To improve this yield
will require modifications of the experimental set-up by using procedures that can trap the CDs
nanoparticles, but also allow the free flow of gases to avoid pressure build-up within the sys-

tem.
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In another study, the synthesis of CDs from L-ascorbic acid using microwave radiation was
used as a facile and cost-effective method to make CDs. The method produced up to 28 % yield
of CDs, with ca. 2.5 nm average size and > 20 % oxygen content as determined by transmission
electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) analysis, respec-
tively. Nonetheless, TGA results showed that the microwave prepared CDs were only stable <
200 °C because of their functionalized surface. Incorporating urea in the synthesis step led to
the formation of nitrogen-doped CDs (NCDs) with ca. 4.1 nm average size and ca. 35 % vyield.
XPS studies revealed that the NCDs contained ca. 16 % N-content. The thermal stabilities of
these NCDs were comparable with those of the pristine CDs. Both the pristine CDs and NCDs

were only stable at temperatures below 200 °C.

8.2 Annealing of the CDs

Chapter 5 reported the results obtained from annealing the functionalized CDs prepared from
L-ascorbic acid. The main objective of the annealing reaction of the functionalized CDs was to
reduce the oxygen content, with the intention of making them more thermally stable. However,
the removal of the functional groups of the CDs also modified their structure, more specifically,
the high-temperature treatment of the CDs transformed them into layered materials, resembling
the structure of 2-D graphene-like materials. A critical study on the physicochemical structures
of these CDs, after annealing, showed that when CDs were heat-treated at 700 °C under N gas
(100 sccm), they produced a layered carbon material with a high content of aromatic carbon
compared to the original CDs. This was determined using various characterization techniques
such as *3C NMR spectroscopy, XPS studies, Raman spectroscopy analysis. The physicochem-
ical properties of this carbon were compared with those of other carbon allotropes, and showed
that the CDs annealed at 700 °C under N2 gas for 10 min had similar properties to reduced
graphene oxide (rGO) obtained from oxidation and reduction of graphite and graphene oxide
(GO), respectively. Moreover, critical evaluation of the step-by-step transformation of the CDs
from 250 to 700 °C under N2> mimicked the step-by-step transformation of GO to rGO. For
example, the rGO formed either from hydrazine reduced GO or hydrothermal treatment of GO
as reported in the literature had similar properties to the carbons produced here. Thus, *C NMR
spectra indicated the presence of C-O, C=0, C-C and C=C peaks for the CDs sample, most of
which gradually decreased with increasing temperature until at 700 °C, only the C=C peak
remained. The C/O ratio increased, and the Raman Ip/lg peak ratio of these samples also in-
creased with increasing temperature. The single feature in the PXRD data of the CD samples
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at 18 © 20, followed by the shift and development of other features at 14 °, 24 °, 30 °, and 42 °
26 as the annealing temperature was increased, was similar to studies carried out on GO and
rGO. The TEM images of the rGO measured in this study showed a flat layered carbon, resem-
bling the structure of graphene, with estimated sheet sizes of ca. 1.71 £0.104 x 0.909 + 0.0577

um. Therefore, this study added another synthesis procedure for a facile “bottom-up” produc-

tion of rGO.

Similar annealing experiments were also explored for nitrogen-doped CDs (NCDs). For these
samples, the CDs were transformed into layered materials at temperatures as low as 200 °C.
When the NCDs are annealed at 700 °C, a multi-layered carbonaceous material is formed with
a lateral diameter of ca. 2.75 pum and thickness of ca. 14 nm, contrary to the formation of a
single-layered rGO when pristine CDs are annealed under the same conditions. Additionally,
the TEM and AFM results of these multi-layered carbons did not show any evidence of any
residual CDs embedded in the layered structure, contrary to the TEM and AFM data reported
for the pristine CDs annealed at 700 °C. This suggests that N-doping accelerates the knitting
of these NCDs to form layered carbon structures. Evaluation of the XPS results of the NCDs
annealed samples showed that a decrease in the oxygen content from ca. 18 % to 8 % occurred
for samples annealed at 200 °C and 700 °C, respectively, similarly to the findings on the pristine
CDs samples. Only a slight decrease in the nitrogen content was observed for these two sam-
ples (from ca. 10 % to 8 % for samples annealed at 200 and 700 °C, respectively). Furthermore,
there was an increase in the pyridinic-N and a decrease in the pyrrolic-N and other edge nitro-
gen bonds such as amides with temperature, suggesting that during annealing, some of the edge

atoms were converted to the sp? hybridized nitrogen.

Additionally, this study also explored the properties of the new materials using pair distribution
function (PDF) analysis of synchrotron X-ray diffraction data. Only a handful of papers have
reported PDF analysis of carbon allotropes. The PDF results together with other analysis results
reported above, were used to explain the evolution of the rGO from CDs, and a mechanism for
the transformation was proposed. It was suggested that as the oxygen functional groups were
removed from the surface of the CDs, the increase in the C atoms on the edge of the carbon
skeleton, allowed for these C atoms (and C and N atoms at the edge of the NCDs) to be knitted
together either from the gas phase (following an Ostwald ripening route) or by solid-solid in-

teractions to give the layered carbon sheets.
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Poor Raman spectra were obtained for the pristine and N-doped CDs, and for samples annealed
< 400 °C due to the background fluorescence of the samples, and negative adsorption-desorp-
tion isotherms were obtained from BET results for these samples. In future studies, to overcome
these issues, Fourier transform Raman spectroscopy will be required, as this will reduce back-
ground fluorescence. For the BET analysis, krypton (Kr) gas instead of N> gas is recommended
for adsorption at liquid N> temperature for small pore analysis. Unfortunately, these types of

analysis techniques could not be accessed during the course of this study.

CDs are considered useful in energy conversion and storage as well as in biological systems
and their application in these fields is progressing rapidly. The ability of CDs to assemble into
1-D, 2-D and/or 3-D carbon allotropes at high temperatures and in the presence of a catalyst
has opened up new horizons for CDs applications. Many potential industrial applications re-
quire the large-scale and cheap preparation of nanomaterials, and this include those made from
CDs. Therefore, the thermal and/or catalytically induced conversion of CDs into 1-D, 2-D
and/or 3-D carbon could be a route that satisfies larger scale production requirements. In Chap-
ter 2, literature evidence highlighted the synthesis conditions, as well as applications needed
for the synthesis of these allotropes. Advanced studies on the novel evolution of 1-D, 2-D
and/or 3-D carbon allotropes from 0-D CDs are still required. Specifically, the following ques-

tion still needs to be answered:

1) Can all types of CDs e.g., graphene quantum dots (GQDs), carbon quantum dots
(CQDs), carbon nanodots (CNDs), and carbonized polymer dots (CPDs), be used as
precursors for the synthesis of large sized carbon allotropes?

2) Does the CD type control the type of allotrope produced as a final product?

3) Can these allotropes be produced from non-functionalized CDs as well?

4) How do these CD-derived allotropes compare to those produced by conventional meth-

0ds? And can they be applied as conventional allotropes?

8.3 Applications of CDs in the Fischer-Tropsch Synthesis reactions

The initial question posed for this study was: “Are CDs as well as their derivatives viable for

use as support materials for application in the Fischer-Tropsch synthesis (FTS) reaction?”

Typically, a good FTS catalyst support has good thermal stability, high surface area, and the

ability to anchor metals in such a way that metal attrition is significantly minimized.
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The results obtained from this study show that the as-prepared CDs did not meet the require-
ments of an FTS support. The CDs produced from the vertical CVD method had the physico-
chemical properties that are required for the FTS support, especially the high thermal stability,
however; the produced yields were extremely low, and thus the product could not be used in
the FTS studies.

The CDs produced from the microwave-assisted synthesis were found to be temperature-sen-
sitive. Analysis results showed evidence of loss of structural integrity of the CDs at tempera-
tures > 200 °C, which included the FTS operation temperatures. Co/carbon catalysts were made
with the annealed carbons. Even Co/carbons that had been annealed at T = 700 °C were not
stable at high temperature as shown by the H>-TPR and in situ PXRD studies. All the catalysts
made with Co on the various annealed carbons showed very poor % CO conversion (< 15 %)

and selectivity (< 30 %) towards the desired Cs. hydrocarbons under FTS conditions.

The CD samples annealed at 250 and 400 °C showed that Co304 was autoreduced to Co(fcc)
at temperatures > 400 °C. This is similar to the autoreduction studies conducted on CNTs, CSs,
and graphitic carbon nitride supports reported in the literature. This study further confirmed
that it is not always necessary to utilize H> for the reduction of metal oxides used in the FTS
when carbon allotropes are used as supports. Reduction in these systems, however, requires a
high temperature to activate the redox reactions between the metal oxide and the carbon sup-

port.

8.4 Applications of CDs as volatile organic compound sensors

Though the CDs and their derivatives show only limited applications in the FTS reaction, the
material show potential for application as active material in the fabrication of s room tempera-
ture chemoresistive sensing device. In Chapter 7, the NCDs annealed at 200, 400 and 700 °C
were tested for sensitivity and selectivity towards two alcohols (methanol and ethanol). The
results showed that both the carbon morphology/structure and the configuration of the nitrogen
in the structure played an important role in their sensing properties. The samples annealed at
400 and 700 °C showed better sensitivity towards the alcohols due to an increase in the lateral
size of the carbon materials as well as the sp? type nitrogen bonding. More specifically, the
sample annealed at 700 °C produced a high charge density due to the presence of the pyridinic-
N (ca. 56.9 %) and graphitic-N (ca. 18.3 at. %) configurations. This then led to good sensitivity
(-16.8x107° ppm™ EtOH and 1.2x10° ppm™* MeOH) and low LoD (~44 ppm EtOH and ~30.3
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ppm MeOH) values for the alcohols. Furthermore, these NCDs-derived sheets showed compa-
rable results with other devices described in the literature. To further confirm the correlation
between nitrogen bonding configurations and sensing properties, the pristine CDs-derived
sheets will be tested for chemoresistive sensing devices under the same conditions in the future.

8.5 Future work

The major problem with the synthesis of high stability and poorly functionalized CDs via CVD,
as highlighted in Chapter 4, was the % yields of the products. The CDs yields can be improved
by employing a new set-up that can trap as much product as possible during synthesis. It is still
unclear how the set up could be modified to help improve the yield. Further investigations on
this would be required. Obtaining these thermally stable CDs in high % yields will allow the
synthesis and FTS properties studies of inverse Co304/CDs, and the initial objective of the
study could then be accomplished. Furthermore, extensive in situ laboratory based PXRD FTS

and other studies as well as the same experiments will be repeated at a synchrotron.

These high stability and poorly functionalized CDs will be subjected to annealing at 200- 700
°C, to see whether they will also be transformed to higher dimensional carbon, similarly to the

highly functionalized CDs obtained in Chapters 5 and 7.

The nitrogen-doped graphene-like sheets obtained in this study have already shown great po-
tential for sensing applications, as shown in Chapter 7. Other functionalized CDs and their
derivatives (e.g., those obtained in Chapter 5, nitrogen and sulfur doped CDs, boron doped
CDs, among others) can also be synthesized and tested for VOCs sensing, and compared with

the results obtained in Chapter 7.
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Figure S5.11: PDF fitting of the Ni standard to determine fit variables as shown in Table S4
below.

Figure S5.12: PL spectra of pCDs and samples T200-T700.

Figure S5. 1: TGA profiles of pCDs and samples annealed at a) low and b) high temperatures.

List of Tables

Table S5.1: (a-d) XPS C1s and O1s peak positions and percentage atomic abundance in sam-
ples T200, T250, T400 and T700.
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Table S5.2: Peak positions of the pristine CDs and samples T200-T700.
Table S5.3: Defect density ratios of the samples T400-T700.

Table S5.4: Fit variables determined from PDF fitting of the Ni standard.

Figure S5. 1: TEM image of pCDs by-product

The by-product (precipitated during CDs purification) contained aggregates of carbon nano-
particles with a spheroidal shape. Similar precipitates were obtained from the synthesis of CDs
from orange peels (source of ascorbic acid) [61]. The authors named them “coarse nanoparti-

cles”, and these materials had a weak fluorescence compared to the CDs[61].
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Figure S5. 2: a) HRTEM and b) particle size distribution histogram and a normal distribution

curve of the pCDs.
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Figure S5. 3: a) TEM image and b) Particle

distribution curve of T200 sample.
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3 =0.300 nm ' N : GBS 4 No lattice fringes

Figure S5. 4: High resolution TEM images of the a) T250, b) T400 and c) T700 samples.

Figure S5. 5: TEM images of sample a) T300 b) T500, c) T600, d) L-ascorbic acid annealed
at 700 °C and e) L-ascorbic acid and pristine CDs annealed at 700 °C.
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EHT= 6.00kV Signal A = InLens Date: 5 Jan 2021 — | EHT= 3004V Signal A= InLens Date: 5 Jan 2021 —
Mag= 50.00 KX Time: 10:53:06 WD= 36 mm Mag= 50.00KX Time: 12:39:45

c) =

EHT= 3.00kV Signal A= InLens Date: 5 Jan 2021
WD= 31mm Maa= 5000KX Time: 13:43-30

Figure S5. 6: SEM images of a) T250 b) T400 and c) T700 samples.
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Figure S5. 7: AFM images of a) T250 b) T400 and c) T700 samples.

Ols (L]

™ 25 M 253 " N
= S
~ 203 - 203 \
£ 153 £ 153 —
& 3
1 “ 103
53 1 [ i 52
041200 5
e
290 289 288 287 286 285 284 283 28 535 534 533 s 531 530 529
Binding Energy (eV) Binding Energy (eV)

Figure S5. 8: Expanded a) C1s and b) O1s survey XPS spectra of T200, T250, T400 and T700
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Figure S5. 9: a) Defect density ratios and b) peak positions for samples T400-T700.
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Figure S5. 2: PDFs of pCDs, T250, T400 and T700.
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Figure S5. 11: PDF fitting of the Ni standard to determine fit variables as shown in Table S4

below.
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Figure S5. 12: PL spectra of pCDs and samples T200-T700.
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Figure S5. 13: TGA profiles of pCDs and samples annealed at a) low and b) high temperatures.

Table S5. 1: (a-d) XPS C1s and O1s peak positions and percentage atomic abundance in
samples T200, T250, T400 and T700.

a)
C1s XPS Peak Positions (eV)
Sample Sp2C-C Sp3C-C c-O 0-C=0
T200 284.79 285.52 286.83 288.82
T250 284.39 285.07 286.26 288.86
T400 28443 285.21 286.41 288.83
T700 284.03 284.69 285.66 288.24
b)
Cls % average concentration
Sample SpZC-C SpPCC c-0 0-C=0
T200 43.62 26.71 18.48 11.19
T250 48.22 21.62 23.75 6.42
T400 55.97 23.64 16.02 437
T700 58.46 19.96 11.42 10.15
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O1s XPS Peak Positions (eV)
Sample c=0 co
T200 530.94 532.31
T250 531.94 532.36
T400 530.46 531.77
T700 530.69 532.88
d)
O1s average % concentration
Sample c=0 co
T200 32.88 67.12
T250 60.22 39.78
T400 46.97 53.21
T700 75.09 24.91

Table S5. 2: Peak positions of the pristine CDs and samples T200-T700

Position (cm™)

Sample TPA D A G
pCDs - - - -
T200 - - - -
T250 - - - -
T300 - - - -
T400 1204.5 1387.1 - 1592.4
T500 1230.2 1367.9 1464.6 1596.7
T600 1229.9 1355.2 1491.7 1597.3
T700 1226.4 1349.7 1501.4 1598.1
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Table S5. 3: Defect density ratios of the samples T400-T700

Defect Density Ratios
Sample La (nm)? Np (x10% cm2)P
Itpa/lc Io/lc Ia/lc
T400 0.081 1.12 - 15.02 3.84
T500 0.39 1.37 2.27 12.3 4.69
T600 0.44 1.03 1.36 16.3 3.53
T700 0.55 151 0.834 11.1 5.17
2Average in-plane sp? crystallite size, "Defect density per square cm.
-10 4 Ig
Lo,(nm) =24 x1071% x A}, X T e .. (A =514.5nm)
D
_2y _ 24x10%% Ip
" (Cm ) - Xltaser Ig

Table S5. 4: Fit variables determined from PDF fitting of the Ni standard

Fit variable Name Value
@1 Qdamp 0.0354

@2 Qbroad 0.0136
@101 a,b,c 3.5289
@105 Scale factor 1.6029
@107 Delta2 2.7377
@111 Uij 0.0046
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APPENDIX C: CHAPTER 6 SUPPLEMENTARY
INFORMATION

Use of carbon dots-derived graphene-like sheets on the autoreduction of
cobalt nanoparticles for Fischer—Tropsch synthesis: A limitation on the use
of carbon supports

List of Figures
Figure S6.1: The Rietveld refinement results of the diffraction pattern of Coz04/T700 at 550
°C.

Figure S6.2: a) PXRD pattern and b) H2-TPR profile of the CozO4 nanoparticles.
Figure S6.3: HRTEM image of Co3z04/T250.

Figure S6.4: BET isotherms of a) T250 b) T400, c) T700, d) Co304/T250 e) Co304/T400 and
) Co304/T700.

Figure S6.5: TG thermograms of T250, T400 and T700 with and without C030sa.

Figure S6.6: In situ XRD plots of a)-b) Co304/T300, c)-d) C0304/T300, e)-f) Coz04/T400 and
g)-h) Co304/T700 analyse from 30 to 550 °C under Hz (left) and N2 (right).

Figure S6.7: TEM image of the unsupported Co spent catalyst.

Table S6.1: Surface area, porosity and approximate sheet size results of T250-T700 sample set

before and after Co addition.

Table S6.2: Phase quantification and structural details of the of Co304/T300 and C0304/T400
catalysts obtained via Rietveld Refinement of the data collected in-situ PXRD experiments.
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Figure S6. 1: The Rietveld refinement results of the diffraction pattern of CosO4/T700 at 550
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Figure S6. 2: a) PXRD pattern and b) H2-TPR profile of the CosO4 nanoparticles.
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Figure S6. 3: HRTEM image of Co304/T250.
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Figure S6. 4: BET isotherms of a) T250 b) T400, ¢) T700, d) Co304/T250 e) Coz04/T400 and
) Co304/T700.
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Figure S6. 5: TG thermograms of T250, T400 and T700 with and without CozOa4.
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Figure S6. 7: TEM image of the unsupported Co spent catalyst.
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Table S6. 1: Surface area, porosity and approximate sheet size results of T250-T700 sample

set before and after Co addition.

Sample Approx. sheet | BET sur- Micropore | Pore diame- | Pore vol-
name size (um) face area area (m?/g) ter (nm) ume (m?/g)
(m?/g)
T250 - 0.27 0.45 54 0.01
C0304/T250 - 0.48 0.38 26 0.02
T400 1.44 £ 0.199 x 0.15 0.27 144 0.01
0.82+0.13
C0304/T400 | 1.24 +0.199 x 1.50 1.62 34 0.02
0.82+£0.30
T700 1.71 £0.104 x 0.01 0.13 191 0.04
0.909 + 0.0577
C0304/T700 | 1.71 £0.102 x 0.46 0.44 34 0.01
0.911 + 0.0497
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Table S6.2: Phase quantification and structural details of the of C0304/T300 catalysts obtained

via Rietveld Refinement of the data collected in-situ PXRD experiments.

Sample name Temperature PhaseID % of Microstructure  Degree of

(°C) each (approx. sizes) crystallinity

phase (%) of metal

N 200 C0304 100 16.2 +0 100
5 275 CoO, 100 10.10.9 97.88
§ 400 Co(fcc) 100 25.7 +0 98.83
g 525 Co(fcc) 100 64.8+0 97.87
© 550 Co(fcc) 100 69.2+0 97.41

200 Co304 100 14.7 £0 97.92
o 275 CoO 99.9 13.4+0.0 97.50
8I 400 CoO 100 10.9 0 96.77
E 525 Co(fcc) 100 38.7+56 98.45
86’ 550 Co(fcc) 100 39.6+4.6 98.32
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Results:

Calculation of the average sp? crystallite sizes and defect density were based on equations
Sland S2

Lo(mm) = 2.4 X 10710 x A;‘aser S Y R (S7.1)
2.4%x10%2
np(nm) = X In/ Il .o (S7.2)

laser

Where Maser IS the wavelength of the excitation laser of the instrument, in this case being 514.5

nm and Ic/Ip is the ration of the integrated areas beneath the G and D bands.

Drying at 70 °C

Drop-casting 10uL. of NCDs on
ED-IDE 3-Au electrode

Scheme S7. 2: Sensing device preparation and sensing set-up.
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Figure S7. 1: Low magnification TEM micrographs of (a) pristine NCDs, (b) NCDs200, and
(c) NCDs400 samples.

Figure S7. 2: High resolution TEM micrographs of (a) pristine NCDs and (b) NCDs700 sam-
ples, with an inserted line profile. This does not show lines of similar heights or spacing be-
tween the lines indicating that theNCDs700 sample does not have graphitic character.
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Figure S7. 3: AFM images of (a) NCDs200 and (b) NCDs400 samples as well as (c) their

corresponding height profile.

26| L. L. Mokoloko, B. J. Matsoso, N. Antonatos, Z. Sofer, D.
H. Barrett, B. D. Moreno, R. P. Forbes and N. J. Coville,
“From 0D to 2D: N-doped carbon sheets for detection of al-
cohol-based chemical vapours,” RSC Adv., vol. 1, pp. 21440 -
21451, 2022, doi: 10.1039/D2RA03931A.



(a) ——NCD=700
—— NCDs400
——NCDs200

609 nm —— NCDs200
——NCDs400

——NCDs700

PL Intensity (a.u.)

——NCDs200
~——NCDs400
6 ——NCDs700

Derivative weight loss (%/:C)

625°C

T T T T T T T T T T T T T T+ 1 1
100 200 300 400 500 600 70O 800 900 550 600 65 OO 750 800 850 900
Temperature (-C) Wavelength (nm)

Figure S7. 4: (a) PXRD patterns, (b) DTG profile and (c) PL spectra of the N-doped samples
after annealing from 200 °C to 700 °C.
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Figure S7. 5: Deconvoluted (a) C1s, (b) N1s, and (c) O1s spectra of NCDs200 sample.
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Figure S7. 6: Deconvoluted (a) C1s, (b) N1s, and (c) O1s spectra of NCDs400 sample.
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Figure S7. 7: (a) Carbon and (b) Nitrogen bonding state distributions for all samples.
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Figure S7. 8: PDFs of pristine NCDs and annealed NCDs200, NCDs400 and NCDs700.
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Figure S7. 9: Sensor response as a function of MeOH vapour concentrations for the (a)
NCDs200 and (b) NCDs400 sensor devices.
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Table S7. 1: Atomic compositions of the NCDs samples

Elemental Composition (at.%)
Samples Cls Nls Ols
NCDs200 71.76 10.07 18.17
NCDs400 83.00 9.32 7.68
NCDs700 84.05 7.79 8.16

Table S7. 2: Sensing parameters of the NCDs devices for detection of MeOH and EtOH,;
sensitivity (S, ppm™) and LoD (ppm)

Analyte Electrode S (x10° ppm?) LoD (ppm)
NCDs200 11.6 37.1
Methanol
NCDs400 4.36 34.9
NCDs700 1.17 30.3
NCDs400 -2.09 914
Ethanol
NCDs700 -16.4 43.5
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