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An Aqueous Rechargeable Al-lon Battery Based on Cobalt

Hexacyanoferrate and Al Metal

Xinhai Yuan, Xuelong Yuan, Shuaishuai Zhang, Peng Chen, Xiongwei Wu, Jilei Ye, Lili Liu,

Like other aqueous batteries, aqueous rechargeable Al-ion batteries (ARAIBs)
have attracted much attention due to their high safety and low cost. However,
the low energy density of ARAIBs limits its popularization and application. In
order to solve this problem, in addition to choosing Al metal as the negative
electrode, it is also necessary to choose a suitable positive electrode material.
Here, a cubic phase cobalt hexacyanoferrate (CoHCF) with excellent rate and
cycling performance is used as the positive electrode material. Due to the
reversible catalysis of the CI=/CI° reaction at high potential in saturated AlCI,
solution, it has the characteristics of high capacity up to 103.5 mAh g~.
Combined with the Al metal as negative electrode, an ARAIB with an average
discharge voltage of 1.56 V and an energy density of 155 Wh kg™ is
constructed, which shows outstanding cycling and rate performances.

1. Introduction

In response to the continually rising energy demands, innova-
tive energy storage systems, exemplified by aluminum-ion bat-
teries with their rapid charging capabilities, extended cycle life,
and significant capacity, are increasingly being recognized as
one of the most promising solutions for next-generation energy
storage.l!>] Due to its low relative atomic mass and the three-
electron transfer process in the redox process, Al possesses of
high mass and volume-specific capacities, and its volume-specific
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capacity is even higher than those of
Li and Zn.[*®] In addition, Al is abun-
dant in resources, making it a cost-
effective battery metal. However, most
Al-ion batteries use ionic liquids (IL,
such as [EMIM]CI-AICI,) as electrolytes,
which not only increases manufacturing
costs, but also makes assembly condi-
tions more stringent, which greatly lim-
its their commercial applications.[110]
Therefore, the development of aqueous
rechargeable Al-ion batteries (ARAIBs)
has received great attention. However, be-
cause of the low reduction potential of
Al (-1.68 V vs SHE), hydrogen evolu-
tion reaction (HER) instead of aluminum
deposition occurs on the Al electrode
in an aqueous solution."'1®] Hence, it is difficult to use Al metal
as a negative electrode directly to build an ARAIB. In 2018, Zhao
et al. introduced an IL-enriched film to the surface of Al by treat-
ing it in an acidic ionic liquid electrolyte ([EMIM]CI-AICI,).[”]
It was found that the treated Al (T-Al) can work reversibly in
Al(CF,;S0;); aqueous electrolyte. Based on the modified alu-
minum negative electrode, T-Al//MnO, batteries with stable
electrochemical performance were successfully assembled.!'718]
However, the low discharge platform (~1.3 V) and the high price
of Al(CF;S0;); restricted its further development. In 2019, Pan
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Figure 1. Some physical property characterization of CoOHCF nanocubes: A) SEM image and B) XRD pattern.

et al found that the reversible deposition and stripping of alu-
minum can be realized in the ultra-concentrated aqueous solu-
tion of AICl;-6H,O. Then an aqueous rechargeable Al-graphite
battery was successfully assembled, with an average discharge
voltage of 1.44 V, an energy density of up to 220 Wh kg=!, and
shows excellent cycling performance.*! This study not only in-
dicates a new direction for the further development of ARAIBs,
but also has great application value due to the use of low price
AlCl,-6H,0, which can greatly reduce the manufacturing cost of
the battery.

In order to construct high energy density ARAIB, besides us-
ing Al metal as negative electrode, it is necessary to find suitable
positive electrode materials. Although many materials have been
studied, their performance is not satisfactory such as high volt-
age but low capacity,**?°! high capacity but low voltage,!??2] or
poor cycling performance.?3] Here, we reported nanocube cobalt
hexacyanoferrate (CoHCF) as a positive electrode material for
ARAIBs. Based on this positive material and Al negative elec-
trode, an ARAIB was constructed with an average discharge volt-
age of 1.56 V and an energy density of 155 Wh kg~!. Moreover,
this battery configuraion not only boasts a high energy density
but also excels in rate performance and cycling stability, making it
a promising candidate for advanced energy storage applications.

2. Results and Discussions

As shown in Figure 1A and Figure S1A (Supporting Informa-
tion), the synthesized CoHCF is nanocube structure with a size
of about 500 nm. The X-ray diffraction (XRD) analysis (Figure 1B)
confirms the CoHCF sample is a cubic phase of the Fim3~m space
group with a typical open framework consisting of Co cation with
N coordination and Fe cation with C coordination.?# Accord-
ing to the results of inductively coupled plasma optical emission
spectrometry (ICP-OES) (Table S1, Supporting Information) and
thermogravimetric analysis (TG) (Figure S1B, Supporting Infor-
mation), the composition of CoHCF is KCoFe(CN),-5.5H,O.

As shown in Figure 2, CoHCF exhibits excellent electrochem-
ical properties in saturated AICl, aqueous electrolyte (23 M). The
potential range of single electrode test is set to — 0.2-1.1 V (vs
SCE). The cyclic voltammetry (CV) results (Figure 2A) show that
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CoHCF has two pairs of redox peaks. Taking the CV curve at the
scan rate of 1 mV s™! as an example, two pairs of redox peaks are
located at 0.497/0.33 V and 0.96/1.05 V (vs SCE), respectively.
With an increasing scan rate, the distinction between the re-
dox peaks grows more evident. Remarkably, even when the scan
rate reaches 5 mV s7!, the redox peaks are clearly discernible,
implying that CoHCF could demonstrate outstanding rate capa-
bilities, as illustrated in Figure 2B. When the current densities
are 0.125, 0.25, 0.5, 0.75, 1, 1.5, 2, 2.5, 3, and 4 A g}, the spe-
cific discharge capacities are 103.5, 95.8, 88.2, 83.5, 79.9, 76.8,
72.9, 69.8, 68.1, and 65.6 mAh g!, respectively. Such excellent
rate performance can be attributed to its open framework struc-
ture, which is conducive to the rapid insertion and de-insertion of
ions.[26-28] In addition, it has a high average discharge potential
(Figure 2C). When the current density is 0.125 A g™, the aver-
age discharge potential is 0.65 V (vs SCE). Even when the cur-
rent density reaches 1 A g7!, the average discharge potential is
still as high as 0.6 V (vs SCE). Such a high average discharge po-
tential will contribute to the construction of high-voltage ARAIB.
Further study (Figure 2D) shows that CoHCF also exhibits excel-
lent cycling performance, with a capacity retention of 97.5% after
1000 cycles at a current density of 0.25 A g7'.

In an effort to explore the charge-discharge mechanism, we
first carried out the characterization of ex-situ X-ray diffraction
(XRD), and the results are shown in Figure 3A-C. Upon charg-
ing, the peak corresponding to (011) plane first moves to a lower
angle, signifying the extraction of cations from the lattice of
CoHCEF.[23%] The pH of a saturated aluminum chloride aque-
ous solution is 0.77, corresponding to a hydrogen ion concen-
tration of [H*] ~ 1.7 X 107! mol L~!. The concentration of H*
is significant, suggesting that H* might also be incorporated
into the CoHCEF lattice. When the operating voltage range is be-
tween —0.2 and 0.9 V, the discharge curve of the CoHCF elec-
trode in 1.7 x 107! mol L' HCI solution is similar to its dis-
charge curve in a saturated AlCl; aqueous solution (Figure S2,
Supporting Information). Moreover, their capacities are closely
matched. This indicates that H* can also be embedded in the
CoHCF lattice. Does this mean that the incorporation of AI** is
minimal or non-existent? To investigate this, we characterized
CoHCEF at its discharged state using ICP-OES and determined
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Figure 2. Characterization of the electrochemical properties of COHCF electrode in saturated AlCl; aqueous electrolyte: A) CV curves at different scanning
rates; B) cycling performance at different current densities; C) charge—discharge curves at different current densities; and D) cycling performance test

at the current density of 0.25 A g~".

the contribution to its capacity based on the content of AI**. As
shown in Table S2 (Supporting Information), the composition of
the sample at the discharge termination state was found to be
CoFeAl, 55, (CN)(-5.5H,0. Based on the formula Q = 26800*n/M
(‘n’ represents the number of moles, and ‘M’ denotes the mo-
lar mass), the contribution to capacity from Al** incorporation
is approximately 50 mAh g=!. This suggests that in the presence
of both AI** and H*, they co-insert into the CoHCF lattice, with
A being preferentially incorporated. It is interesting that when
the potential reaches 1V, the peak corresponding to (011) crystal
plane (which is located at 17.41°) moves slightly to a higher an-
gle (Figure 3C). This indicates that when the charging potential is
higher than 0.9 V, ions or molecule may insert into the crystal lat-
tice of COHCF. The discharge process is opposite to the charging
process, and the peak corresponding to (011) plane first moves
to a low angle and then to a high one. This indicates that when
the charging potential is higher than 0.9 V, ions or molecule may
insert into the crystal lattice of CoHCF.

To explore the reaction mechanism of CoHCF electrode at high
potential (above 0.9 V vs SCE) in the charging process, we took
out the CoHCF electrode charged to 1.05 V, soaked it in ultra-
pure water for 1 h, then dried and analyzed the element com-
position with EDS (Figure S3, Supporting Information). A small
amount of Cl elements was detected. Subsequently, we devised
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another experiment. Mirroring the previously described proce-
dure, we charged the CoHCF electrode to 1.05 V (vs SCE), re-
moved it, and immersed it in ultrapure water for 1 h, followed
by a discharge test as illustrated in Figure S4 (Supporting Infor-
mation). It is found that there is a specific capacity loss of 30
mAh g! in this process. From our understanding, when ions
are embedded within the electrode material, they remain trapped
and would not spontaneously release, even after immersion in
pure water. This means that if Cl~ is incorporated at a high po-
tential, a drastic capacity loss should not be observed after post-
immersion. Hence, the most logical inference is that, under high
potentials, the Cl element is adsorbed onto the CoHCF electrode.
Yet, the question remains: in what form or state is the Cl ele-
ment adsorbed on the CoHCF electrode? To delve deeper on this
issue, XPS analysis on both the pristine CoHCF electrode and
the one post-high voltage charging was carried out. As illustrated
in Figure 3D, E, regardless of whether it is the pristine sample
or the one after high-voltage charging, the valence state of the
Co element remains at +2. Previous research shows that if ion
intercalation or de-intercalation occurs in the CoHCF electrode
during charge-discharge cycles, the capacity at lower potentials is
associated with the Fe**/Fe?* redox couple, while the capacity at
higher potentials relates to the Co**/Co?* redox couple.[?*| How-
ever, it is noteworthy that after charging at high voltage, the Co**
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Figure 3. Study on the working mechanism of CoHCF electrode in saturated AICl; aqueous electrolyte: A) Charge—discharge curve of CoHCF electrode
at a current density of 0.25 A g~'; B,C) ex situ XRD curves corresponding to electrodes in different charge-discharge states in Figure 3A; High resolution
X-ray photoelectron spectra (XPS) of the Co 2p,, for the original CoHCF electrode D) and the charged CoHCF electrode at high potential; and E) high
resolution XPS of the Cl 2p for the charged CoHCF electrode at high potential.

in the CoHCF electrode did not oxidize to Co**. This further con-
firms that at high potentials, Cl~ did not truly intercalate into the
CoHCEF electrode. The XPS results (Figure S2, Supporting Infor-
mation) further indicate the presence of Cl° in the sample after
charging at high voltage. According to the former reports,3132]
Cl~/CI° redox pairs have a high potential and can also exhibit high
reversibility in aqueous solutions. Therefore, we can determine
that the oxidation reaction of Cl~ to Cl° occurs on the CoHCF
electrode at high potential.

What role did the CoHCF electrode play in the above process?
What effect does the composition of the solution have on the
oxidation reaction of Cl~ to CI°? To understand these issues, we
tested the electrochemical performance of CoHCF electrodes in
different aqueous solutions. The findings reveal that the CV curve
lacks a redox peak at high potential as depicted in Figure S5A
(Supporting Information), and there is no oxidation-reduction
plateau at high potential as illustrated in Figure S5B (Supporting
Information) when in a saturated Al,(SO,); solution. It has
been proved that the insertion/de-insertion of AI**/H* occurred
in CoHCF electrode during the charge discharge process in
Al,(SO,), solution. Therefore, this indicates that the specific ca-
pacity of reversible insertion/de-insertion of AI** /H* on CoHCF
electrodes is only 52.4 mAh g=!. The cycling test of COHCF elec-
trode in saturated Al,(SO,); solution at a current density of 0.25
A g1 is shown in Figure S5C (Supporting Information). After
1000 cycles, its capacity retention rate is 51.3%. The CoHCF
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electrode exhibits excellent cycling performance in saturated
AICI,; solution in stark contrast to its cycling performance in
saturated Al (SO,); solution. This indicates that AlCI; solution
helps to improve the cycling stability of CoHCF electrodes. In
0.5 M AICl, aqueous solution, a small platform appeared at high
potential. It can be seen from the charge/discharge curve that the
specific capacity in 0.5 m AlCl, aqueous solution is about 10 mAh
g1 higher than that in Al,(SO,), solution, corresponding to the
previous test results (Figure S4, Supporting Information). This
shows that the platform at high potential in 0.5 M AICl; aqueous
solution corresponds to the redox of Cl=/CI® pair. When the
concentration of AlCl; solution increased to 1 M, the redox peak
at high potential began to become obvious and sharper. With the
concentration increasing, the redox peak began to become wider.
It can be seen from the charge/discharge curve (Figure 4B) that
the charge/discharge specific capacity of the CoHCF electrode
increases gradually with the concentration. The results of Ra-
man test show that when the concentration of AICl; solution
increases to 2 M, Al,Cl,~ appears in the solution; and when the
concentration reaches saturation, the content of Al,Cl,~ reaches
the maximum value (Figure 4C). This shows that the increase
of Al,Cl,~ content is beneficial to the improvement of redox
activity of Cl7/CI° pair. The cycling performance of CoHCF
electrodes in different concentrations of AlCl, aqueous solutions
is shown in Figure S6 (Supporting Information). Notably, as
the concentration of AlCl, increases, there is a corresponding
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Figure 4. Electrochemical performance of CoHCF electrode in different aqueous electrolytes: A) Circulating voltammetry test of CoHCF electrode in
different electrolyte (3 mV s™'); B) the charge—discharge curve of COHCF electrode at the current density of 0.25 A g~! in different electrolyte; C) Raman
test patterns of AICl; aqueous solutions of different concentrations; and D) charging and discharging curves of the CoHCF electrode in saturated AICl,

aqueous solution with different charging capacities.

enhancement in the capacity retention rate of the CoHCF
electrode.

To illustrate the catalytic effect of CoHCF electrode in the re-
dox process of the Cl=/Cl° pairs, the CV curves of blank collec-
tor (Ti mesh), activated carbon (AC, YP-50F) electrode, and Co-
HCF electrode in saturated AICl; aqueous solution were com-
pared (Figure S7, Supporting Information). In the case of tita-
nium mesh as the working electrode, no oxidation peak of Cl~
was detected within the potential range of —0.2-1.1 V (vs SCE)
during the forward scanning process. Only when the potential is
higher than 1.12 V does the current sharply increase, which cor-
responds to the oxidation reactions of Cl~ and oxygen evolution.
In the case of activated carbon as the working electrode, the cur-
rent sharply increases when the potential reaches 0.93 V during
the forward scanning process, which corresponds to the process
of Cl~ oxidation to CI°. However, no reduction peak was detected
on the CV curve, indicating that the process of reducing CI° to
Cl~ on the activated carbon electrode is not easy to occur. For
comparison, when CoHCEF is used as the working electrode, a
pair of redox peaks at high potential can be observed on its CV
curve, corresponding to the redox of the C1~/Cl° pair, which was
proved in previous experiments. In addition, during the forward
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scanning process, when the potential reaches 0.86 V, the current
starts to increase sharply, indicating that the oxidation reaction of
Cl~ begins at this potential. The above analysis indicates that the
order of oxidation activity of Cl~ on several electrodes is: COHCF
> activated carbon > titanium mesh. It is known that activated
carbon has a large specific surface area and can adsorb ions or
molecules, so the CI° generated after Cl~ oxidation can be ad-
sorbed on its surface. However, no reduction peak was detected
on its CV curve, suggesting that the activated carbon has very low
catalytic Cl° reduction activity. As a control, COHCF has an effi-
cient catalytic ability for C1° reduction. Therefore, it is concluded
that CoHCF can catalyze the redox process of the Cl~/CI° pairs.
In an effort to explore the energy storage potential of COHCF
electrodes in AICl; aqueous solution, we designed an experi-
ment in which several sets of CoOHCF electrodes were charged
under different charging capacities as cut-off conditions, and
then discharged (with a discharge cutoff voltage of —0.2 V vs
SCE) to test the changes in their discharge specific capacity.
The experimental results show that (Figure 4D) the discharge
specific capacity also increases greatly with the increase of charge
capacity, which indicates that the above hypothesis is correct.
Although the charge capacity can be increased greatly, the
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Figure 5. Working principle and CV curves Al//CoHCF battery: A) CV curves of Al and CoHCF electrodes in saturated AlCl; aqueous solution (1 mV

s~"); and B) schematic diagram of working principle of Al//CoHCF batter:

coulombic efficiency is greatly reduced. This may be due to two
reasons: 1) the specific surface area and frame space of COHCF
are limited, so when the charge capacity increases, some of the
generated Cl° cannot be stored in the host and escapes from
the electrode, resulting in a decrease in coulombic efficiency;
2) when the potential is higher than 1.05 V (vs SCE), the side
reaction of oxygen evolution becomes more severe, resulting in
a decrease in coulombic efficiency. Therefore, considering the
long-term cycling stability, practicality, and economic benefits
of the battery, the voltage range selection is set according to the
single electrode test when a full battery is assembled.

Aluminum can be reversibly deposited and dissolved in ultra-
concentrated AlCl; aqueous solution, as demonstrated in previ-
ous studies.l"'l The HER (hydrogen evolution reaction) tests con-
ducted in saturated AICl; aqueous solution, depicted in Figure
S8 (Supporting Information), revealed a hydrogen evolution po-
tential of approximately —1.65 V (vs SCE). This potential is lower
than the deposition one of AI**, indicating the reversible nature
of AI** deposition. Consequently, aluminum can serve as the neg-
ative electrode for constructing an ARAIB, as illustrated in Figure
5A, with its underlying principle elucidated in Figure 5B. During
the charging process, AI** and a small amount of H* are first
released from the positive side of CoHCF, and when the poten-
tial reaches a higher level, oxidation of Cl~ occurs; on the nega-
tive side, AI** is reduced to Al. During discharge, the sequence
reverses. CV test shows that the cell has two redox peaks cor-
responding to single electrode (Figure S9, Supporting Informa-
tion). Moreover, when the sweep rate increases to 1 mV s71, the
redox peak is still much obvious, indicating a good rate perfor-
mance.

The Al//CoHCF full battery not only demonstrates exceptional
rate performance but also boasts a high energy density and re-
markable cycling stability (Figure 6). Under varying current den-
sities 0f 0.05, 0.25, 0.5, 1,2, 3,and 4 A g71, the battery consistently
delivers impressive discharge capacities of 103, 92.6, 85.1, 81.9,
72.5,67.2,57,and 49.7 mAh g1, respectively (Figure 6A, B). Fur-
thermore, the Al//CoHCF battery achieves an impressive aver-
age discharge voltage of 1.56 V and can attain an energy density
up to 155 Wh kg~! (Figure 6C). This energy density significantly
surpasses that of most existing aqueous rechargeable batteries,
marking a notable advancement in the field of battery technol-
ogy (Table S3, Supporting Information).**371 Al//CoHCF battery
also shows excellent cycling performance. At 0.25 A g~! current

Adv. Energy Mater. 2024, 14, 2302712

Y.

2302712 (6 of 8)

density, the capacity retention rate reaches 94.7% after 1200 cy-
cles (Figure 6D). The excellent electrochemical performance is
mainly attributed to the large framework structure of COHCF and
the high reversibility of C1~/CI° redox. In addition, this kind of
battery is much safe and environmentally friendly compared with
lead-acid battery and nickel cadmium battery, and it will have a
great application prospect. From the aforementioned results, it
is observed that the Al//CoHCF battery demonstrates outstand-
ing discharge capacities across various current densities, and its
energy density and cycling performance are equally impressive.
This is mainly attributed to the large framework structure of Co-
HCEF and the high reversibility of the Cl~/Cl° redox couple. Such
electrochemical performances, coupled with its relative safety
and environmental friendliness, offer immense potential in the
realm of energy storage.

3. Conclusions

In summary, we employed a straightforward coprecipitation
method to synthesize CoHCF with a nanocube structure, and
evaluated its electrochemical performance in saturated AICIL,
aqueous solution. It demonstrated excellent rate performance
and cycling stability. Then the energy storage mechanism of Co-
HCF in saturated AICl, aqueous solution was investigated by
means of ex-situ XRD. During the charge/discharge cycle, AI**
and a minor amount of H* can be seamlessly inserted into and
extracted from the CoHCF structure. Furthermore, CoHCF can
act as a catalyst, promoting the reversible redox reactions of the
Cl=/CI° pair at elevated potentials, which results in a high spe-
cific capacity and redox potential. The assembled Al//CoHCF
battery with aluminum as the negative electrode has an aver-
age discharge voltage of 1.56 V, and its energy density is up to
155 Wh kg~!. In addition, it exhibits excellent rate and cycling
performance. Given its simple material preparation and cost-
effectiveness, this ARAIB holds significant promise for energy
storage applications.

4. Experimental Section

Synthesis of COHCF Positive Electrode Material: CoHCF positive elec-
trode material was synthesized by a simple coprecipitation method. In
detail, firstly, 0.1 mmol K;[Fe(CN)¢] (Aladdin) and 0.7 g sodium dodecyl
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sulfate (SDS) (Aladdin) were dissolved in 20 mL DI water to achieve so-
lution A. Then, 0.2 mmol Co(CH;COO0),-4H,0 (Aladdin) was dissolved
into 20 mL DI water to obtain solution B. After that, solution B was slowly
added into solution A to form a mixture which was subsequently aged in
ambient environment for 24 h. The resulted earthy yellow precipitates were
then collected by centrifugation and repeatedly washed with DI water and
ethanol for three times. Finally, the resulting product was dried overnight
in a vacuum oven at 80 °C.

Characterization:  X-ray diffraction (XRD) patterns were collected on a
model Rigaku Smart Lab TM diffractometer using a Cu Ka (1.5406 A) ra-
diation source operating at a voltage of 40 kV and a current of 40 mA.
Scanning electron microscopy (SEM) images and energy dispersive X-ray
spectroscopy (EDS) spectra were obtained from a field emission scan-
ning electron microscope (FESEM, JEOL, ]SM-7800F). Inductively coupled
plasma emission spectroscopy (ICP-OES) analysis was performed using
Prodigy full spectrum direct reading emission spectrometer. The samples
submitted to different charging and discharging conditions were cleaned
with water and ethanol and dried, and then characterized by ex situ XRD
to analyze the crystal changes of the samples during the charging and dis-
charging processes.

Electrochemical Measurements:  The positive electrodes were prepared
by mixing active materials, acetylene black, and poly(tetrafluoroethylene)
(PTFE) with a weight ratio of 7:2:1. The homogeneous slurries with the
mass loading of 10 mg cm™2 were cast onto titanium mesh current col-
lectors and dried under vacuum. After drying, they were cut into discs for
use. The single-electrode performance test was conducted using a three-
electrode system, with titanium mesh as the counter electrode and satu-
rated calomel electrode (SCE) as the reference electrode. The full batter-
ies were assembled using dual electrolytic cells. The electrolytes used in
this work include saturated Al, (SO,4); and various concentrations of AICl;
aqueous solutions. For electrochemical performance testing, the operat-
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ing voltage range of single electrode was set to —0.2_1.05 V (vs SCE), and
the operating voltage range of the whole battery was fixed in the range of
0.6-1.95 V. Cyclic voltammetry (CV) and the electrochemical impedance
measurements (EIS) were carried out using CHI 660C electrochemical
work station. EIS data was recorded from 10° to 0.01 Hz with an amplitude
of 10 mV. All electrochemical tests were performed at room temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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