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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• N-OLCNs with rich defective sites were 
synthesized using a flame pyrolysis 
method. 

• Pd-based electrocatalysts were prepared 
by the sodium borohydride reduction 
method. 

• Nitrogen doping facilitated the attach
ment of Pd, Ag, and ZnO onto the 
OLCNs. 

• The catalysts exhibit superior catalytic 
activity and excellent stability in MOR.  
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A B S T R A C T   

Nitrogen-doped onion-like carbons (N-OLCNs) rich with defective sites are synthesized using a flame pyrolysis 
method, using acetonitrile as both carbon and nitrogen sources. Bimetallic (Pd/Ag and Pd/ZnO) electrocatalysts 
prepared in a one-pot method using sodium borohydride as a reducing agent, are supported on the N-OLCNs. X- 
ray diffraction data shows the formation of Pd/Ag and Pd/ZnO supported on the N-OLCNs surface. Transmission 
electron microscopy analysis confirms the existence of well-dispersed, spherically shaped Pd/Ag (16.9 ± 4.8 nm) 
and Pd/ZnO (10.4 ± 1.0 nm) on the surface of the N-OLCNs. Pd/N-OLCN, Pd/Ag/N-OLCN, Pd/ZnO/N-OLCN, 
and a Pd/C electrocatalyst are studied in the methanol oxidation reaction (MOR). Incorporating Ag and ZnO 
improves the Pd/N-OLCN physiochemical properties and catalytic performance towards MOR in alkaline elec
trolyte. The Pd/Ag/N-OLCN and Pd/ZnO/N-OLCN electrocatalysts exhibit superior anti-poisoning tolerance, 
better electrocatalytic stability, and fast charge transfer resistance as compared to monometallic Pd/N-OLCN and 
Pd/C electrocatalysts in MOR. It is proposed that the electron transfer from the Ag species to the Pd modified the 
active sites of Pd by increasing the electron density at Pd and hence promoting the desorption of methanol. 
Furthermore, the improved catalytic performance could also be related to a strong metal-support interaction.  
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1. Introduction 

The issue of energy, its generation, storage, and use, has become one 
of the most important technological problems facing societies as re
flected in one of the United Nations Sustainable Development Goals 
(SDG #7) [1]. In the recent past, much of society’s energy has been 
created from fossil fuels (oil/gas/coal) but it is clear that this is unsus
tainable and that alternatives to energy production from renewable 
sources are needed [2]. There are a variety of approaches to achieve this 
aim, and fuel cells represent one of these avenues to provide clean en
ergy production and sustainable power generation. Their continuous 
development and implementation are critical to the transition to a more 
sustainable future. Indeed, fuel cell technology is not new, and these 
devices have been used in space probes, satellites, and manned space
craft for decades [3]. Furthermore, thousands of stationary fuel cell 
systems have been installed in utility power plants, hotels, and schools 
for both primary and backup power [4]. Numerous types of fuel cells 
have been developed to provide energy and one of these that has shown 
promise is the direct methanol fuel cell (DMFC). 

The advantages of using DMFCs include that they have a high energy 
density, safe to operate, environmentally friendly, and the fuel is easy to 
transport [5]. DMFCs use methanol, an energy-dense stable low mo
lecular weight alcohol as a fuel [6]. DMFCs are promising sources of 
clean energy for portable devices, however, there are two significant 
issues associated with DMFCs: a high methanol membrane crossover and 
a very large overpotential for the methanol oxidation reaction [7]. These 
issues have been addressed by many past and ongoing studies involving 
both membrane and catalyst developments. Indeed, the development of 
highly active and stable electrocatalysts for the electrooxidation of 
methanol in DMFCs has become the subject of many researchers [8–10]. 

The oxidation kinetics of methanol is faster in alkaline electrolytes 
such as potassium hydroxide or sodium hydroxide, as compared to acid 
electrolytes such as sulphuric acid [11]. The basic media allows for 
utilizing cost-effective metal-based electrocatalysts that can facilitate 
the development of the DMFC [12]. Thus, much recent research has 
been directed at reducing platinum usage in alkaline conditions. In 
particular, Pd-based nanostructured electrocatalysts have been shown to 
be excellent catalysts in methanol oxidation reactions in alkaline con
ditions [13]. The use of palladium in the commercialization of DMFCs is, 
however, limited due to its expense. Alloying Pd catalysts with cheaper 
metals like Zn, Fe, Ag, Co, and Ni is one approach used to form less 
expensive bimetallic catalysts for the methanol electro-oxidation reac
tion in alkaline media [14,15]. Furthermore, nanocatalysts with two 
metals have shown enhanced catalytic activity when compared to their 
monometallic counterparts [16]. It has also been observed that alloying 
Pd with a metal of a smaller lattice constant is expected to result in a Pd 
lattice contraction, which will moderate the oxygen species chem
isorptive bond strength [17]. For example, Wang et al. reported on the 
use of bimetallic Pd–Ag/C nanocatalysts with different carbon support 
materials (prepared by a borohydride reduction method), for methanol 
oxidation reactions (MOR) in alkaline media. The Pd–Ag (1:1)/carbon 
nanotubes (CNTs) electrocatalyst exhibited higher catalytic activity as 
compared to Pd–Ag (1:1)/carbon black and the commercial Pd/C in 
MOR. This was suggested to be due to a higher specific surface area and 
larger pore volume of activated CNTs as compared to carbon black [18]. 
Kien et al. synthesized intermetallic (i) and substitutional solid-solution 
(s) PdZn alloy nanoparticle (NP)-loaded carbon black (i-PdZn/C and 
s-PdZn/C) by heat treatment in an autoclave at 220 ◦C for 24 h. The 
i-PdZn/C and s-PdZn/C bimetallic electrocatalysts showed better 
ethanol oxidation reaction (EOR) activity than Pd/C electrocatalyst, in 
1 M KOH electrolyte. The enhanced EOR activity is due to the electronic 
effect and increased surface area of the bimetallic electrocatalysts [19]. 
Thus, studies have shown that combining Pd with Zn and Ag not only 
changes the properties of Pd, and enhances its activity and resistance, 
but also reduces the cost of the electrodes for the use of Pd electro
catalysts in DMFCs. 

Carbon support materials play a major role in enhancing the catalytic 
activity of the electrocatalysts and have been used in a wide range of 
applications such as in supercapacitors, electrochemical catalysis, en
ergy storage, sensors, and water treatment [20–22]. This includes their 
use in direct alcohol fuel cells. For these applications, the carbons are 
required to possess a large external surface area, nanoscopic size, high 
electrical conductivity, large-scale synthesis, and excellent tribological 
behavior [23]. A carbon nanomaterial that has been used is that with a 
spherical shape. The quasi-spherical nanostructure, the concentric gra
phene shells, and graphitic defects of carbon can enhance the chemical 
reactivity of spherical carbons [24]. The spherically shaped carbon 
family includes both carbon nano onions (CNOs) and their associated 
onion-like nano-carbon counterparts (OLCNs); many OLCNs are often 
referred to as CNOs even though they do not have a true onion-like 
structure. These CNOs/OLCNs have been employed as catalyst sup
ports in fuel cells [25]. The electronic transport and structure of CNO
s/OLCNs can be tailored by heteroatom doping. In particular, the 
existence of nitrogen heteroatoms in the spherical structure can strongly 
improve the electrocatalytic activity of the carbon through Faradaic 
redox reactions created by graphitic-N, pyrrolic N (N–H), pyridinic-N 
and pyridinic N+–O- [26] bonds. Furthermore, nitrogen doping in
creases the charge carrier density, specific surface area, and electron 
transport of carbons [27]. The nitrogen doping into the sp2-hybridized 
carbon structure can modify their surface chemical activities, electronic 
structures and provide an alternative strategy to improve the catalytic 
activity of the electrocatalyst [28]. 

This study has focused on improving the direct methanol alkaline 
fuel cell (DMAFC) performance by using both N-doped OLCNs and 
bimetallic Pd catalysts (Pd/Ag/N-OLCN and Pd/ZnO/N-OLCN) in a 
basic (sodium hydroxide) electrolyte. N-OLCNs were synthesized by a 
flame pyrolysis method in one step using acetonitrile as a carbon source 
and a nitrogen precursor [24]. The bimetallic Pd–Ag, Pd–ZnO, and 
monometallic Pd nanoparticles, supported over the N-OLCNs, were 
prepared utilizing a one pot synthesis method. The ternary 
Pd/ZnO/N-OLCN electrocatalyst exhibited superior catalytic activity, 
excellent electrochemical stability, and fast electron transfer for meth
anol oxidation reactions in alkaline media when compared to 
Pd/Ag/N-OLCN, Pd/N-OLCN and commercial Pd/C electrocatalysts. A 
proposal to explain the observations is reported. 

2. Experimental procedures 

2.1. Materials and reagents 

The following chemicals were all of analytical grade and were pur
chased from Sigma-Aldrich, South Africa: sodium borohydride (>99.5 
%), Nafion solution (>5 wt%), palladium chloride (>98.0 %), silver 
chloride (>98.0 %), zinc chloride (>98.0 %), Pd/C commercial standard 
(>10 % loading), acetonitrile (>99.5 %), sodium hydroxide pellets and 
methanol (>99.9 %). 

2.2. Synthesis of nitrogen-doped onion-like carbon nanoparticles (N- 
OLCNs) 

N-OLCN nanoparticles were prepared using the flame pyrolysis- 
assisted method as previously reported [24]. In summary, a required 
quantity of acetonitrile was placed in a 100 mL glass beaker and ignited 
in the air under carefully monitored fume hood conditions to prevent the 
emission of any harmful gases during flaming. Acetonitrile served as a 
nitrogen and carbon source in this instance. This method involved 
in-situ heteroatom doping in a single step without the need for severe 
post-doping chemical treatments. The set-up was made to collect the 
carbon particles as they were produced. No post-processing or purifi
cation was undertaken (yield 3.5 %). 
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2.3. Synthesis of Ag/N-OLCN, ZnO/N-OLCN, Pd/N-OLCN, Pd/Ag/N- 
OLCN and Pd/ZnO/N-OLCN electrocatalysts 

The palladium-based electrocatalysts were synthesized using a one- 
pot synthesis method [29]. The 1 M sodium borohydride (NaBH4) 
stock solution was prepared by adding the dry granulated NaBH4 to the 
1.0 N sodium hydroxide (NaOH) solution under stirring conditions until 
a homogeneous mixture was formed. Typically, 200 mg of N-OLCNs 
were mixed with a 20 mL sodium borohydride solution under contin
uous stirring for 30 min. To this was added AgCl2 (13.3 mg), (or ZnCl2 
(20.8 mg)) and PdCl2 (16.9 mg) to give 5 % weight loaded Ag/N-OLCN, 
ZnO/N-OLCN, Pd/N-OLCN. The mixtures were each refluxed at 100 ◦C 
for 6 h. Bimetallic catalysts containing 6 % Pd:4 % Ag and 6 % Pd:4 % 
ZnO, to give a 10 % overall %weight loading, were made similarly. The 
reaction mixture became dark grey within several minutes under reflux. 
The obtained slurries were centrifuged at 6000 rpm for 25 min and 
rinsed with double distilled water to remove residual chloride. The ob
tained monometallic and bimetallic (Ag/N-OLCN, ZnO/N-OLCN, 
Pd/N-OLCN, Pd/Ag/N-OLCN, and Pd/ZnO/N-OLCN) electrocatalysts 
were then dried in an oven at 100 ◦C for 24 h. 

2.4. Physicochemical characterization 

Transmission electron microscopy (TEM) using a JEOL JEM-2100 F, 
operated at a voltage of 200 kV was used to study the microstructure, 
morphology and the selected area electron diffraction (SAED) of the 
prepared samples. Scanning electron microscopy (SEM) using ZEISS 
Sigma 300 V P Oxford Field Emission equipment was used to obtain 
surface micrographs and energy-dispersive X-ray (EDS) images. Ther
mogravimetric (TGA) analysis was performed on a PerkinElmer 6000 to 
study the thermal stability of the samples. A Micrometrics Tristar 3000 
surface area and porosity analyzer were used to elucidate the surface 
area pore volume, and pore size of the prepared samples, using the 
Brunauer-Emmett-Teller (BET) method. A Bruker D2 Phaser diffrac
tometer with a Cu Kα radiation source generated at 30 kV was used to 
measure the Powder X-ray diffraction (XRD) patterns of the samples. X- 
ray photoelectron spectroscopy (XPS), using a Thermo Scientific 
ESCALAB 250Xi spectrometer operating with an X-ray power of 300 W, 
was used to measure the elemental composition of the surface of the 
samples. 

2.5. Electrochemical characterization 

The electrochemical experiments were performed with a Dropsens 
potentiostat. For these experiments, a standard three-electrode cell was 
employed using a glassy carbon (GC) electrode (geometrical surface area 
of 0.196 cm2) as support for the working electrode and a platinum wire 
and a saturated silver chloride electrode (Ag/AgCl), as counter and 
reference electrodes, respectively. The working electrode was con
structed by dispersing 10 mg of each electrocatalyst powder in a solution 
composed of 1 mL of ethanol and 5 μL of a 5 wt% Nafion solution. This 
mixture was then placed in an ultrasonic bath for 15 min to produce a 
black electrocatalyst ink. Then 15 μL of the ink was transferred to the 
glassy carbon electrode support and dried at room temperature. About 
0.052 mg cm− 2 of Pd was loaded onto the nanocatalysts on the glassy 
carbon electrode. The electrolyte solution was purged with argon for 15 
min before conducting electrochemical experiments to remove any ox
ygen in the solution. Cyclic voltammetry (CV), chronoamperometry 
(CA), and electrochemical impedance spectroscopy (EIS) measurements 
were carried out in argon-saturated solutions containing 1 M NaOH and 
1 M CH3OH. The electrochemical surface area (ECSA) measurements of 
the Pd-based nanocatalysts were normalized using the working elec
trode’s geometric surface area. The ECSA of the palladium-based elec
trocatalysts was used to normalize the currents obtained in the CV, CA, 
and EIS tests. 

3. Results and discussion 

3.1. Physicochemical properties of N-OLCN and the nanocatalysts 

3.1.1. Transmission electron microscopy and energy dispersive X-ray 
spectroscopy mapping 

Fig. S1 displays the TEM micrographs of the N-OLCN (inset SAED 
image), Pd/N-OLCN Ag/N-OLN, and ZnO/N-OLCN. Fig. S1(a) reveals 
concentric turbostratic shells for the N-OLCN with an interplanar 
spacing of ca. 0.33 nm [30] and the SAED image confirmed that the 
material was amorphous. As shown in Fig. S1(b) the palladium nano
particles were evenly distributed onto the N-OLCN surface [30]. The 
average Pd crystallite size of Pd/N-OLCN was determined from TEM 
images to be 4.7 nm. Silver nanoparticles were dispersed on the N-OLCN 
with particle sizes ranging from 15 to 20 nm. Zinc nanoparticles were 
agglomerated onto the surface of the N-OLCN support material. The data 
indicate that the Ag and the Zn do not disperse well on the N-OLCN 
surface. 

Fig. 1 shows the typical TEM images, EDS maps (obtained from 
SEM), and particle size distribution of the prepared bimetallic Pd/Ag/N- 
OLCN and Pd/ZnO/N-OLCN catalysts. As depicted in Fig. 1(a) when Zn 
ions are added to Pd ions in solution the nanoparticles on the N-OLCN 
support surface show well-distributed particles with some agglomera
tion of the metal crystallites. ImageJ software was utilized to evaluate 
the average particle size from about 70 particles in random regions. The 
average nanoparticle size of Pd/ZnO was found to be 10.4 ± 1.8 nm. 
Fig. 1(b) shows that the Pd/Ag nanoparticles are better dispersed on the 
surface of the N-OLCN support material, but with a wide range of par
ticle sizes and an average size of 16.9 ± 4.8 nm (Fig. 1(f)). EDS mapping 
displayed in Fig. 1(c and d), corroborated the existence of carbon, ox
ygen, nitrogen, silver, zinc, and palladium in the bimetallic Pd/ZnO/N- 
OLCN and Pd/Ag/N-OLCN nanomaterials. This suggests that the Pd af
fects the ZnO and Ag interaction with the carbon surface. 

3.1.2. Thermogravimetric analysis 
The TGA data for the N-OLCN, ZnO/N-OLCN, Ag/N-OLCN, Pd/ZnO/ 

N-OLCN, and Pd/Ag–N-OLCN nanocatalysts are presented in Fig. 2. The 
TGA profile of the mono and bimetallic nanomaterials shown in Fig. 2 
(a). 

A comparison of the TGA data of the N-OLCN with the metal-loaded 
materials indicates that the ZnO and Ag do not catalyze the carbon 
oxidation reaction. Also, the derivative peak of the Pd/N-OLCN occurs at 
ca 680 ◦C as shown in Fig. S2, also suggesting no carbon catalysis in air. 
The derivative peaks occur at 645 ◦C for the monometallic samples. The 
bimetallic samples show a broad peak at 562 ◦C and 639 ◦C for the Pd/ 
ZnO/N-OLCN and the Pd/Ag/N-OLCN electrocatalyst respectively. This 
is attributed to the oxidation of N-OLCN, which occurs at a lower tem
perature in Pd/ZnO/N-OLCN than it is in Pd/Ag/N-OLCN catalyst. This 
would suggest that in both these samples two types of metal particles are 
formed with different carbon oxidation rates. The reason for this 
observation is not clear at this stage but may relate to particles with 
different Pd and ZnO (or Ag) concentrations. 

The residual weight of both ZnO/N-OLCN and Ag/N-OLCN is 6.2 % 
and for both Pd/ZnO/N-OLCN and Pd/Ag/N-OLCN is 12.1 % respec
tively. In addition, the residual weight of the Pd/N-OLCN is 9.8 % which 
is close to the nominal 10 % Pd loading (see Fig. S2) [30]. 

3.1.3. X-ray diffraction patterns 
Fig. 3 shows the powder XRD patterns for the synthesized Zn/N- 

OLCN, Ag/N-OLCN, Pd/Zn/N-OLCN, and Pd/Ag/N-OLCN nano
materials. The XRD peak at 2θ value at ca. 25◦ for the mono and 
bimetallic nanomaterials is ascribed to the hexagonal system of the C 
(002) graphite plane [31]. For comparison, the XRD pattern for 
Pd/N-OLCN at 40.08◦, 46.7◦, 68.4◦, and 82.0◦, assigned to the (111), 
(200), (220) and (222) planes of palladium facets, are shown in Fig. S2. 

The XRD patterns for the Zn/N-OLCN and Pd/Zn/N-OLCN 
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nanomaterials show the presence of Zn and Pd, respectively. The 
measured peak positions, 2θ, of the Pd/Zn/N-OLCN, Pd/Ag/N-OLCN, 
and Pd/N-OLCN crystalline planes from (111) to (222) are shown in 
Table S1. The four diffraction peaks at 2θ = 31.2◦, 33.7◦, 35.9◦, 46.9◦

and 67.6◦ were attributed to the wurtzite structure of ZnO while the 
peaks at 40.4◦, 46.9◦, 68.6◦, and 82.3◦ corresponds to nanocrystalline Pd 
metal [15]. When comparing the XRD patterns for Pd in 
Pd/ZnO/N-OLCN a greater positive shift of the Pd–Zn peaks to higher 
angle values is observed. This shift is an indication that Zn may be 

alloyed to palladium [15]. As shown in Fig. 3, the XRD peaks for 
Ag/N-OLCN at 38.1◦ and 46.1◦ correspond to Ag with fcc structure. The 
peaks for Pd/Ag/N-OLCN at 39.8◦, 46.1◦, 67.7◦, and 81.6◦ correspond to 
the Pd crystallographic (111), (200), (220), and (222) planes with the 
shifts suggesting the formation of a fcc PdAg alloy. For Pd/Ag/N-OLCN 
the Pd peaks shift to a smaller 2θ angle due to the existence of Ag, 
suggesting that the Pd is alloyed to Ag metal [32]. The mean particle size 
of the Pd/Ag/N-OLCN and Pd/ZnO/N-OLCN were determined to be 
15.5 nm and 9.8 nm from the Pd (111) peak, using the Debye–Scherrer 

Fig. 1. TEM micrographs, EDS mapping and average particle size of the Pd/Ag/N-OLCN (a, c and e), and the Pd/ZnO/N-OLCN (b, d and f) nanomaterials.  
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equation respectively. The data measured using TEM micrographs and 
the XRD data are in excellent agreement. No characteristic peaks from 
other phases were detected. 

3.1.4. X-ray photoelectron spectroscopy 
XPS measurements were carried out on Pd/ZnO/N-OLCN and Pd/ 

Ag/N-OLCN to determine the oxidation state and surface composition 
of the palladium bimetallic nanomaterials (Fig. 4). The XPS survey 
spectra confirmed the presence of C, O, N, Zn, Ag and Pd elements in the 
two samples (Fig. S4(a)). The elemental composition of the Pd/ZnO/N- 
OLCN and Pd/Ag/N-OLCN samples is shown in Table 1. The surface % 
data are similar to that expected from the synthesis procedure used to 
make the 10 % catalysts (containing 6 % Pd). 

Chemical identification and quantification of the constituents of the 
Pd/ZnO/N-OLCN and Pd/Ag/N-OLCN nanocatalysts are displayed in 
Table S2. Interestingly, the data (element type/% abundance) for the 
two materials, after peak deconvolution, are very similar, suggesting 
that the ZnO or Ag do not modify the support substantially. 

Deconvolution of the C 1s spectra of Pd/Zn/N-OLCN (Fig. 4(a)) and 
Pd/Ag/N-OLCN (see Fig. S4 (b)) was performed and peaks were assigned 

to (C–C) sp2 (284.2 eV), (C–C) sp3 (284.7 eV), (C–O) (285.7 eV), (C––O) 
(287.1 eV), (O–C––O) (288.7 eV) and (C–C) sp2 (284.2 eV), (C–C) sp3 

(284.7 eV), (C–O) (285.7 eV), (C––O) (287.1 eV) and (O–C––O) (288.5 
eV), respectively [20]. Fig. 4(b) shows the deconvoluted peaks of the O 
1s XPS spectra of Pd/Zn/N-OLCN (organic C–O (532.0 eV), organic 
C––O (533.4 eV), metal oxide (530.5 eV)) and Pd/Ag/N-OLCN (organic 
C–O (531.9 eV), organic C––O (533.3 eV), metal oxide (530.5 eV)) (see 
Fig. S4(b)) were very similar. The high-resolution N 1s XPS peak of 
Pd/Zn/N-OLCN is shown Fig. 4(c) and Pd/Ag/N-OLCN (see Fig. S4(b)), 
were deconvoluted into four peaks that correspond to pyridine-type 
nitrogen (N-1) (397.5 eV), pyrrole type nitrogen (N-2) (400.3 eV), 
graphitic type nitrogen (N-3) (402.1 eV), oxidized type nitrogen (N-4) 
(404.2 eV) and pyridine-type nitrogen (N-1) (398.5 eV), pyrrole type 
nitrogen (N-2) (400.4 eV), graphitic type nitrogen (N-3) (402.1 eV), and 
oxidized type nitrogen (N-4) (404.3 eV), respectively [24]. The exis
tence of these nitrogen species in the carbon structure provides abun
dant electrochemical active catalytic sites for improved interaction and 
fuel cell behavior [33]. 

Fig. 4(d) shows the XPS Zn2p core level spectra of the Pd/Zn/N- 
OLCN nanomaterial, which shows two peaks at 1022.5 and 1045.5 eV. 
These correspond to zinc oxide (Zn 2p3/2; Zn 2p1/2), indicating that no 
Zn (0) is seen in the samples [34]. The high-resolution XPS spectra of the 
Ag 3d region in the Pd/Ag/N-OLCN nanomaterial shows the two peaks 
due to Ag 3d5/2 and Ag 3d3/2 at 367.4 eV and 373 eV (Fig. 4(e)). It is 
difficult to assign the peaks to an Ag oxidation state from the data, but 
together with the XRD data, the Ag peaks are assigned to Ag (0) [35]. 

The high resolution XPS Pd 3 d spectra for Pd/Zn/N-OLCN are shown 
in Fig. 4(f). The observed XPS peaks of Pd 3d5/2 and Pd 3d3/2 on the Pd/ 
Zn/N-OLCN nanomaterial appeared at 335.2 and 340.4 eV, respectively, 
which are in good agreement with those reported in the literature [36, 
37]. These values are characteristics of Pd-species with mixed valences. 
The XPS peaks appearing at 336.89–337.31 eV and 342.51–344.27 eV 
BEs on Pd/ZnO/N-OLCN correspond to the surface Pd-species of PdO 
and Pd(OH)2, respectively [38]. In Fig. S4(b), the Pd/Ag/N-OLCN 
nanomaterial showed two XPS peaks at 335.1 and 340.5 eV, confirm
ing that the metallic Pd surface contains the Pd0 and Pd2+ species [39]. 

3.1.5. Brunauer-Emmett-Teller nitrogen adsorption data 
Nitrogen (N2) physisorption analysis and the Barrett, Joyner, and 

Halenda (BJH) technique were used to ascertain the specific surface area 
(SSA), pore volume, and pore size distribution (PSD) of the N-OLCN, Ag/ 
N-OLCN, ZnO/N-OLCN, Pd/N-OLCN, Pd/Ag/N-OLCN and Pd/ZnO/N- 
OLCN nanomaterials. Fig. S5 shows the nitrogen adsorption- 
desorption isotherms and pore size distribution of the synthesized Pd/ 
Ag/N-OLCN and Pd/ZnO/N-OLCN nanomaterials. The BET surface 

Fig. 2. (a) TGA profile and (b) TGA derivatives of N-OLCN, Zn/N-OLCN, Ag/N-OLCN, Pd/Zn/N-OLCN and Pd/Ag/N-OLCN nanomaterials.  

Fig. 3. X-ray diffractograms of Ag/N-OLCN, Pd/Ag/N-OLCN, ZnO/N-OLCN 
and Pd/ZnO/N-OLCN nanomaterials. 
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areas are shown in Table 2. The BET of the support (73.2 m2 g-1) was 
reduced substantially on addition of the Ag and Zn (35.3, 24.1 m2 g-1). 
Interestingly the Pd-supported catalysts (monometallic/bimetallic) 
showed a lower surface area reduction (Table 2: 52.6, 62.2, and 68.3 m2 

g-1). The decrease in the BET surface area of the metal-based electro
catalysts is due to the Pd, ZnO, and Ag nanoparticles blocking the surface 

pores of the N-OLCN support material. The smaller effect of the Pd may 
be due to (i) the smaller size of the Pd particles (see TEM data above) 
and/or (ii) the Pd preferentially being attracted to N sites on the support 
[40]. As presented in the table, bimetallic catalysts typically reveal 
higher surface areas compared to their monometallic counterparts. This 
increased surface area results from the unique arrangement of atoms in 

Fig. 4. XPS spectra of Pd/ZnO/N-OLCN for (a) C1s (b), O1s, (c) N1s, (d) Zn2p, (e) Ag3d and (f) Pd3d for Pd/ZnO/N-OLCN nanomaterials.  

L.L. Sikeyi et al.                                                                                                                                                                                                                                 



Journal of Power Sources 613 (2024) 234802

7

bimetallic structures. Furthermore, the presence of two different metal 
species allows for more active sites and efficient utilization of the 
catalyst surface [41]. 

3.2. Electrocatalytic behavior of the nanocatalysts 

3.2.1. Electrochemical surface area 
Fig. 5 Shows the cyclic voltammetry (CV) data for the Pd/C, Pd/N- 

OLCN, Pd/Ag/N-OLCN- and Pd/ZnO/N-OLCN nanocatalysts in an Ag- 
saturated electrolyte of 1 M NaOH at a scan rate 50 mV s− 1. As depic
ted in Fig. 5(a), the CV curves of all nanocatalysts demonstrate the 
typical characteristics of palladium-containing nanocatalysts in alkaline 
conditions [42]. The voltammetric curves show four distinctive poten
tial regions in the anodic scan. Potential region one (QH) (− 0.7 V) is 
attributed to the hydrogen-adsorption peak area, potential region two 
(− 0.6 to − 0.3 V) is accredited to the formation of palladium hydroxides 
Pd(OH), while potential region three and four (− 0.3 to 0.4 V) are 
associated with the oxidation of palladium (and possibly silver and zinc 
oxide). The palladium oxide reduction peaks for Pd/Ag/N-OLCN and 

Pd/ZnO/N-OLCN are more prominent as compared to Pd/N-OLCN and 
Pd/C, suggesting that the nanocatalysts are influenced by the Ag and 
ZnO. The current values for the Pd electrocatalysts have been normal
ized by the electrode geometric surface area to give the current density. 
The ECSA of the four nanocatalysts was calculated by integrating the 
palladium oxide reduction peak from the CV curves and using equation 
(1) [43]. 

ECSAPd,cat
[
m2g− 1]=

QO[mC]
Qdensity[mCcm− 2] × Lmetal[mg ]

(1)  

where QO is the electro-oxidation charge resulting from the integration 
of the PdO reduction peaks, Qdensity is the electric reduction charge for 
an oxygen monolayer on Pd (0.405 mC cm− 2) and Lmetal is the total mass 
of Pd loaded on the glassy carbon electrode in mg. The ECSA data fol
lowed the order: Pd/Zn/N-OLCN (79.24 m2 g− 1) > Pd/Ag/N-OLCN 
(75.67 m2 g− 1) > Pd/N-OLCN (58.48 m2 g− 1) > Pd/C (53.91 m2 g− 1). 
The improved ECSA of the Pd/ZnO/N-OLCN and Pd/Ag/N-OLCN can be 
attributed to the formation of additional active sites at the intersection 
between Pd and the metal (ZnO and Ag) nanoparticles, improved by the 
N-OLCNs. 

The effect of the catalysts on the CH3OH reaction was then investi
gated. Fig. 5(b) compares the cyclic voltammetric curves for the Pd/C, 
Pd/N-OLCN, Pd/Ag/N-OLCN, and Pd/ZnO/N-OLCN electrocatalysts in 
1 M NaOH + 1 M CH3OH solution at a scan rate of 50 mV s− 1. 

All CV curves of the electrocatalysts revealed two typical charac
teristic peak currents for the methanol oxidation reaction (MOR) [44]. A 
clear anodic current peak in the forward sweep (If) and a cathodic cur
rent peak in the reverse sweep (Ib) can be detected for all the 
palladium-based electrocatalysts. In a MOR, the anodic peak current 
density at the forward sweep (If) indicates the dehydrogenation of 
adsorbed methanol to generate Pd-adsorbed chemisorbed species such 
as carbon monoxide (CO). This Pd-adsorbed CO can function as an 
electrocatalyst poison, while the peak current density at the reverse 
sweep (Ib) is mainly attributed to the oxidation of the adsorbed chem
isorbed species [45]. The MOR reactions are: 

In forward scan  

Pd-catalyst + CH3OH → Pd-catalyst− (CH3OH)ad                            (2)  

Pd-catalyst− (CH3OH)ad→ Pd catalyst − (CO) + 4H++ 4 e− (3)  

Pd-catalyst + H2O → Pd-catalyst− (OH)ad + H++ e− (4) 

In reverse scan  

Table 1 
Elemental composition data obtained from Pd/Zn/N-OLCN and Pd/Ag/N-OLCN 
XPS data.  

Sample Carbon 
(wt. %) 

Oxygen 
(wt. %) 

Nitrogen 
(wt. %) 

Zinc 
(wt. 
%) 

Silver 
(wt. 
%) 

Palladium 
(wt. %) 

Pd/ 
ZnO/ 
N- 
OLCN 

81.8 4.3 3.5 4.4 – 6.1 

Pd/Ag/ 
N- 
OLCN 

82.1 4.5 3.3 – 4.2 5.9  

Table 2 
BET surface area of N-OLCN, Ag/N-OLCN, ZnO/N-OLCN, Pd/N-OLCN, Pd/Ag/ 
N-OLCN and Pd/ZnO/N-OLCN nanomaterials.  

Nanomaterials Surface area (m2g− 1) Pore volume (cm3g− 1)

N-OLCN 73.2 0.11 
Pd/N-OLCN 52. 0.19 
Ag/N-OLCN 35.7 0.13 
ZnO/N-OLCN 24.1 0.08 
Pd/Ag/N-OLCN 62.2 0.14 
Pd/ZnO/N-OLCN 68. 0.12  

Fig. 5. CV curves of Pd/C, Pd/N-OLCN, Pd/Ag/N-OLCN, and Pd/ZnO/N-OLCN modified electrodes (a) in 1 M NaOH solution at scan rate 50 mV s− 1 (b) in 1 M NaOH 
+ 1 M CH3OH solution at a scan rate of 50 mV s− 1. 
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Pd-catalyst− (CO)ad + Pd-catalyst− (OH)ad→ Pd-catalyst + CO2 + H +
e− (5) 

The catalytic activity shown by the cyclic voltammograms of the 
synthesized electrocatalysts towards the methanol oxidation reactions 
(MOR) can be discussed in terms of three parameters: (1) the forward 
anodic peak current, (2) the onset oxidation potential and (3) CO 
tolerance [46]. As shown in Fig. 5(b), the Pd/ZnO/N-OLCN (19.7 mA 
cm− 2) displayed a higher peak current density and hence the best ac
tivity as compared to the Pd/Ag/N-OLCN (17.6 mA cm− 2), Pd/N-OLCN 
(12.8 mA cm− 2), and a commercial Pd/C (10.5 mA cm− 2) electrocatalyst 
for MOR, in alkaline media. The addition of ZnO and Ag to the 
Pd/N-OLCN significantly enhanced the catalytic activity towards MOR 
in an alkaline electrolyte. This might be ascribed to the nitrogen-doped 
onion-like carbon nanoparticles which produce a strong interlinkage 
between Pd and (ZnO and Ag) nanoparticles resulting in a high elec
tronic conduction and good metal nanoparticle dispersion. Furthermore, 
the improved catalytic activity of the electrocatalysts towards MOR can 
be ascribed to its higher pyrrolic-N, pyridinic-N content, and meso
porous structure of N-OLCN, which gives a high density of anchoring 
sites and mass diffusion enhancement for MOR [47]. Pyrrolic-N sites are 
known to facilitate the adsorption of reactants and intermediate species 
during MOR, promoting efficient electron transfer and reaction path
ways. Pyridinic-N contributes to the overall basic sites of the material 
and these sites are essential for MOR because they assist in breaking the 
C–H bond in methanol, leading to the desired oxidation reaction [47]. 
Pyridinic-N sites enhance the overall reactivity of the catalyst, making it 
more effective in MOR. 

Interestingly, the smaller sized particle of the Pd/ZnO/N-OLCN 
electrocatalyst, observed by TEM, suggests that the increased catalytic 
activity of this electrocatalyst is related to its larger BET-specific surface 
area and electrochemical active surface area as compared to the Pd/Ag/ 
N-OLCN electrocatalyst [48]. Smaller particle size leads to more active 
sites, allowing for better interaction with reactants and intermediates 
during the methanol oxidation process. Furthermore, when metal oxides 
are doped into the catalyst, they enhance its catalytic activity. These 
oxides can act as promoters, improving the kinetics of reactions occur
ring at the electrode surfaces. In contrast, alloy catalysts may not exhibit 
the same level of catalytic activity. While some alloy materials are 
effective, they may not always surpass the performance of metal 
oxide-doped catalysts [49]. The onset potential for Pd/ZnO/N-OLCN 
(− 0.32 V) showed the most negative value (compared with 
Pd/Ag/N-OLCN (− 0.29 V), Pd/N-OLCN (− 0.27 V), and Pd/C (− 0.26 
V)). This is proposed to be due to the bifunctional complex. Zn is an 
oxophilic element that has an oxygen adsorbing character which re
leases the carbonaceous intermediate species and assists the methanol 
electrooxidation leading to a more negative onset oxidation potential 
and improved catalytic performance [50]. In ZnO semiconductor, the 
electron (e− ) can be conducted from its valence band (VB) to the con
duction band (CB) at low overpotentials. The outcome of this phenom
enon is the formation of holes in VB (h+) that will act as oxidizing sites. 
In h+ of the ZnO surface, water (H2O) acts as an electron donor and 
generates OH◦. Hydroxyl radicals can oxidize COads and prevent Pt or 
Pd active sites from poisoning [51]. 

Also, the existence of Ag metal can promote the electrooxidation of 
reaction chemisorbed species, especially carbon monoxide adsorption. 
As a result, alloying Pd with Ag hinders the poisoning of the active Pd 
sites, such as CO intermediates, and enhances the electrocatalytic ac
tivity [52]. The promoting effect of the second metal has been explained 
by a bi-functional mechanism and electronic (ligand) effects [53]. Ac
cording to the d-band theory of Nørskov and co-workers, after the 
combination of Ag with Pd, the d-band center of Pd may be shifted up 
[54,55]. In other words, the second metal can promote methanol 
oxidation by changing the electronic properties of Pd. Additionally, in 
the bi-functional mechanism, the second metal activates water at lower 
potentials than Pt or Pd and the activated water can oxidize the adsorbed 
CO or other poisoning intermediate and therefore liberate Pt or Pd active 

sites [56]. The ratio of the forward current oxidation peak (If) to the 
reversed current oxidation peak (Ib) is used to measure the poison 
tolerance from carbonaceous species accumulation on Pd-based elec
trocatalysts towards MOR [57]. The If/Ib ratio of the forward and 
backward currents is 1.3 for Pd/ZnO/N-OLCN, 1.1 for Pd/Ag/N-OLCN, 
1.0 for Pd/N-OLCN, and 0.9 for Pd/C. A high If/Ib ratio demonstrates 
efficient methanol oxidation during the forward sweep and the forma
tion of only a small accumulation of carbonaceous intermediates. 
Table 3 presents a comparison of the new electrocatalysts used for the 
methanol oxidation reactions, in terms of current density, with other 
Pd/C catalysts that are similar. It is noteworthy that our prepared 
electrocatalysts in general reveal similar electrocatalytic performance 
towards methanol oxidation reactions (MOR) compared to the other 
catalysts listed. 

3.2.2. The effect of scan rate (SR) on the current density 
The Pd/Ag/N-OLCN and Pd/ZnO/N-OLCN electrocatalysts had a 

better low onset oxidation potential, poison tolerance towards carbo
naceous intermediates, and higher peak current densities, than the Pd/ 
N-OLCN and Pd/C electrocatalysts. Fig. 6 indicates distinctive CVs for 
the Pd/Ag/N-OLCN and Pd/ZnO/N-OLCN in the presence of 1 M NaOH 
+1 M CH3OH solution. As displayed in Fig. 6(a) and (b), the catalytic 
activity for both bimetallic electrocatalysts increased with the positive 
shift of the anodic oxidation peak current as the scan rate increased from 
10 mV s− 1 to 100 mV s− 1 which may be ascribed to fast electron flow at 
the interface of the electrolyte/electrode. A plot of the anodic current 
density and the square root of the sweep rate investigated are shown in 
Fig. 6(c) and (d). The anodic peak current density is seen to be linearly 
associated with the square root of the scan rates, demonstrating a typical 
diffusion-controlled reaction kinetics [61]. Clearly, the higher the slope, 
the faster the electron transfer rate. As the SR increases, improving 
methanol kinetic oxidation is referred to as “enhancing oxidation cur
rent density”. The potential’s square root determines how tall the peak 
is. Consequently, as opposed to the reversible state, the anodic–cathodic 
peak separation becomes greater. The greatest current density belongs 
to Pd/ZnO/N-OLCN at 0.4 E/V potential compared with 
Pd/Ag/N-OLCN. This reflects the synergistic effect of ZnO on 
Pd/ZnO/N-OLCN catalytic activity. 

3.2.3. Chronoamperometry 
CA tests were done to study the electrocatalytic stability of the Pd/C, 

Pd/N-OLCN, Pd/Ag/N-OLCN, and Pd/ZnO/N-OLCN electrocatalysts in 
the methanol oxidation reaction in alkaline conditions at an applied 
potential of − 0.30 V. Fig. 7(a) displays the behavior of the peak current 
density as a function of time. Stability studies were carried out for all the 
Pd-based electrocatalysts in 1 M NaOH +1 M CH3OH solution for a 
period of 2000 s. As shown in Fig. 7(a) the current densities for the Pd/C, 
Pd/N-OLCN, Pd/Ag/N-OLCN, and Pd/ZnO/N-OLCN electrocatalysts 
decayed rapidly initially, mainly because of the formation of poisoning 
chemisorbed species like COad on the Pd active sites, and then slowly 
stabilized. It can be observed that the Pd/ZnO/N-OLCN (4.1 mA cm− 2) 
electrocatalyst produced a higher potentiostatic current density fol
lowed by Pd/Ag/N-OLCN (3.6 mA cm− 2), Pd/N-OLCN (3.0 mA cm− 2) 
and Pd/C (2.5 mA cm− 2), indicating that this electrocatalyst was the 

Table 3 
Comparison of Pd/N-OLCN, Pd/Ag/N-OLCN, and Pd/ZnO/N-OLCN to other Pd/ 
C catalysts reported for MOR.  

Electrocatalysts Fuel (M) Electrolyte (M) CD (mA cm− 2) Ref. 

Pd/ZnO/N-OLCN 1 CH3OH 1 NaOH 19.7 This work 
Pd/Ag/N-OLCN 1 CH3OH 1 NaOH 17.6 This work 
Pd/N-OLCN 1 CH3OH 1 NaOH 12.9 This work 
Pd/Zn/N–C 1C2H5OH 1 KOH 18.1 [58] 
Pd/Ag/C 0.5 CH3OH 1KOH 15.8 [59] 
Pd/Fe/GCN 0.5C2H5OH 0.5 KOH 17.4 [60] 
Pd/CO/N-G 1 CH3OH 1 KOH 21.3 [33]  
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most stable in the MOR in alkaline media. Metal oxides can stabilize the 
catalyst structure, preventing agglomeration and maintaining long-term 
stability. While alloy catalysts can suffer from phase separation or 
dissolution over time, leading to reduced stability [49]. Chro
noamperometry measurements confirmed that the bimetallic electro
catalysts had better steady-state catalytic performance as compared to 
the monometallic electrocatalysts. This enhancement in electrocatalytic 
stability was associated with the influence of the ZnO and Ag nano
particles on the N-OLCN surface as observed by XRD and CV studies [39, 
58]. 

For a correlation to CO poisoning, the poisoning rate σ (% s− 1) for CA 
curves was calculated utilizing the most linear part of the curve using the 
following formula: 

σ =
100
I0

(
dI
dt

)

t>400s
(6)  

where 
(

dI
dt

)

t>400s 
is the slope of the linear portion of CA, t is time in 

seconds, and I0 is the back extrapolated current density % at the point of 
linear CA portion. The calculation procedure was proposed by Jiang 

et al. [62] for MOR on PtRu electrocatalysts. The same procedure was 
adopted by Guo et al. [63] for MOR. The calculated values for σ (%s− 1) 
are in the following order Pd/ZnO/N-OLCN < Pd/C < Pd/N-OLCN <
Pd/Ag/N-OLCN as illustrated in Table 4. This shows that 
Pd/ZnO/N-OLCN had the lowest poisoning rate and hence higher 
tolerance to poisonous intermediates formed during MOR than the other 
electrocatalysts and the commercial Pd/C. The contribution of ZnO and 
the hybrid support system are visualized in the σ (%s− 1) values as the 
realized reduction in poisoning rates for Pd or Pd/ZnO NPs supported on 
N-OLCN. Thus, synergy-coupled heteroatom doping, unifying the Pd 
NPs with the hybrid support system is important in CO poisoning 
tolerance, stability, and durability. 

The low poisoning rate for Pd/ZnO/N-OLCN is attributed to the 
strong support metal interaction (SMSI) and synergistic effects arising 
between Pd NPs with ZnO NPs, Ag, and/or N-OLCN, and the higher 
ECSA observed for Pd/ZnO/N-OLCN ensuring exposure of active sites, 
which was also in good agreement with the CV measurements. 

Apart from Chronoamperometry stability, accelerated CV cyclization 
was conducted to assess the durability of the electrocatalysts. The curves 
for relative mass activity current loss (%) versus cycle number from CV 
sweep cycle studies were used to assess the electrocatalyst durability and 

Fig. 6. CV curves for the Pd/Ag/N-OLCN and Pd/ZnO/N-OLCN electrocatalysts in 1 M NaOH +1 M CH3OH at different scan rates [(a) and (b)] and the plots of peak 
current density vs. square root of scan rates [(c) and (d)]. 
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the calculation of the deactivation rate [64]. After 450 cycles, as shown 
in Fig. 7 (c), the oxidation peak current densities were 1280 and 324 mA 
mgPd

− 1 for the Pd/ZnO/N-OLCN and Pd/C electrocatalysts, respectively, 
signifying losses of 58.3 % and 17.8 % in the mass activity. The results 
demonstrated that the Pd/ZnO/N-OLCN catalyst with abundant active 
planes of ZnO contributed to improved stability and stronger tolerance 
of COads in the MOR process. As seen in the insert for Pd/ZnO/N-OLCN 
in Fig. 7(c), an interesting phenomenon was observed, where the 
backward peak shifted to low potential as potential cycles increased 

(above 150 cycles); we postulate that this can be a change in the exposed 
electrocatalyst active site and new intermediates all together being 
oxidized at a different potential. 

3.2.4. Electrochemical impedance spectroscopy 
The EIS investigations were utilized to compare the reaction process 

of methanol oxidation on the Pd/C, Pd/N-OLCN, Pd/Ag/N-OLCN, and 
Pd/ZnO/N-OLCN modified electrodes. The Nyquist impedance for all 
electrocatalysts in the electrolyte 1 M NaOH containing 1 M CH3OH 
solution in the frequency range from 1000 kHz to 0.005 Hz is presented 
in Fig. 7(b). The EIS experimental data were fitted using the electrical 
equivalent circuit inserted in Fig. 7(b). The Rs-solution resistance, Rct- 
charge transfer resistance, and the CPE-constant phase element are 
associated with the double-layer capacitor of the electrode [65]. The 
radius of the semicircle was used to estimate the charge transfer resis
tance of the electrocatalysts at the interface between the electrode and 
the electrolyte [66,67]. The relevant parameters (solution resistance 
(Rs), charge transfer resistance (RCT), and constant phase element (CPE) 
are summarized in Table 4. A smaller impedance arc diameter demon
strates a smaller charge transfer resistance and a higher electrocatalytic 

Fig. 7. Chronoamperometric curves and Nyquist plots for Pd/C, Pd/N-OLCN, Pd/Ag/N-OLCN and Pd/ZnO/N-OLCN modified electrodes (a) in 1 M NaOH + 1 M 
CH3OH for an applied potential of − 0.30 V and (b) in 1 M NaOH + 1 M CH3OH and the equivalent circuit diagram (insert) and (c) accelerated durability tests 
performed by CVs continuous cyclization in N2-saturated 1 M NaOH + 1 M CH3OH solution for 450 cycles at 50 mVs− 1. 

Table 4 
Summarized electrochemical parameters derived from several electrochemical 
methods.  

Electrocatalysts ECSA 
(m2/g) 

If/ 
Ib 

Rs 

(Ohm) 
Rct 

(Ohm) 
CPE 
(μF) 

σ(% s− 1) 

Pd/C 53.91 0.9 45.6 92.8 194.1 0.001447 
Pd/N-OLCN 58.48 1.0 38.7 83.3 140.9 0.001446 
Pd/Ag/N-OLCN 75.67 1.1 26.2 58.5 189.7 0.002224 
Pd/ZnO/N- 

OLCN 
79.24 1.3 20.6 45.8 179.2 0.000124  
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activity for the methanol oxidation reaction [68]. In support of the other 
electrocatalytic studies, the corresponding Rct of Pd/ZnO/N-OLCN is 
smaller as compared to Pd/Ag/N-OLCN, Pd/N-OLCN, and Pd/C, indi
cating that Pd/ZnO/N-OLCN catalysts displayed the smallest electron 
transfer resistance relative to the other catalysts. When ZnO interacts 
with other metals, electronic metal-support interactions occur. ZnO has 
a lower work function compared to other metals. As a result, electrons 
tend to transfer from ZnO to the metal species. The resulting 
electron-rich interface enhances the adsorption of oxygen and facilitates 
the CO oxidation reaction [69]. Also, ZnO can produce hydroxyl radicals 
and oxidize the intermediate carbonaceous species on the Pd catalyst 
surface. Likewise, ZnO increased the electrical conductivity which 
improved the catalytic activity of Pt or Pd [51]. The faster charge 
transfer resistance at the interface between the electrode and the elec
trolyte suggests that the electrocatalysts had better electrode dynamics 
[70]. These outcomes are consistent with the excellent electrocatalytic 
performance revealed by the CV and CA studies. 

4. Conclusions 

In summary, nitrogen-doped onion-like carbon nanoparticles (N- 
OLCNs) have been synthesized via a flame pyrolysis method using 
acetonitrile as a starting material. The dispersed Pd/Ag and Pd/ZnO 
nanoparticles supported on the N-OLCNs were successfully synthesized 
using the sodium borohydride reduction method. The TEM results 
confirmed the smaller particle size and better dispersion of the Pd/ZnO 
particles as compared to the larger Pd/Ag nanoparticles on the N-OLCN 
surface. The most notable difference in the XRD observations between 
the Pd/ZnO/N-OLCN and Pd/Ag/N-OLCN catalysts is the degree of peak 
shifting. The Pd peaks in Pd–ZnO peaks shift to higher angle values 
whereas Pd–Ag peaks shift to a smaller 2θ angle because both ZnO and 
Ag may be highly alloyed to the Pd structure. The incorporation of Ag 
and Zn modified the electronic structure of Pd, which was affirmed by 
the downward shift of the d-band center on Pd using XPS analysis. 
Among the four nanocatalysts, Pd/ZnO/N-OLCN and Pd/Ag/N-OLCN 
revealed the highest peak current densities, the most negative onset 
potentials, and excellent CO-tolerance when compared to the other 
nanocatalysts in the methanol oxidation reaction in alkaline media. 
Furthermore, the stability studies carried out using chronoamperometry 
revealed that Pd/ZnO/N-OLCN and Pd/Ag/N-OLCN nanocatalysts were 
more stable in MOR as compared to Pd/N-OLCN and commercial Pd/C 
nanocatalysts. Moreover, Pd/ZnO/N-OLCN and Pd/Ag/N-OLCN both 
showed a very fast charge transfer rate in MOR as shown in the EIS test. 
The encouraging catalytic performance demonstrates that the Pd/ZnO/ 
N-OLCN and Pd/Ag/N-OLCN can be promising electrocatalysts for 
methanol oxidation in fuel cells. 
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[14] V.F. Ruiz-Ruiz, R. González-Olvera, R. Díaz-Pardo, I. Betancourt, I. Zumeta-Dubé, 
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