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ABSTRACT: Proton batteries are competitive due to their merits
such as high safety, low cost, and fast kinetics. However, it is
generally difficult for current studies of proton batteries to
combine high capacity and high stability, while the research on
proton storage mechanism and redox behavior is still in its infancy.
Herein, the polyanionic layered copper oxalate is proposed as the
anode for a high-capacity proton battery for the first time. The
copper oxalate allows for reversible proton insertion/extraction
through the layered space but also achieves high capacity through
synchronous redox reactions of Cu®" and C,0,*". During the
discharge process, the bivalent Cu-ion is reduced, whereas the C=
O of the oxalate group is partially converted to C—O. This
synchronous behavior presents two units of charge transfer,

enabling the embedding of two units of protons in the (110) crystal face. As a result, the copper oxalate anode demonstrates a high
specific capacity of 226 mAh g~' and maintains stable operation over 1000 cycles with a retention of 98%. This work offers new
insights into the development of dual-redox electrode materials for high-capacity proton batteries.

B INTRODUCTION

Rechargeable batteries are regarded as an effective solution for
the energy crisis, and aqueous batteries have been widely
concerned because of their characteristic advantages such as
high safety, low cost, high ionic conductivity, and environ-
mental friendliness.'~* Usually, the charge carriers in aqueous
batteries are limited to Zn>" or alkali metal ions such as Li*,
Na*, and K*.°~® However, the metal ions often exist as the
form of hydrates with enormous ionic radii in the electrolyte,
further resulting in lower diffusion kinetics.”'® In contrast, the
unique Grotthuss mechanism of protons can overcome the
problem of slow kinetics caused by solvation, allowing for fast
protons transportation through the hydrogen bond net-
work."'™'? Along with the advantages of abundant availability
and minimum ionic radius, protons have lately been explored
as potential carriers for new aqueous batteries.' ™"
Currently, Prussian blue analogues (PBA), transition metal
oxides, and other materials with three-dimensional space have
been probed for proton energy storage.”'® ' Ji and co-
workers introduced a PBA material of Cu[Fe-(CN)¢]o63- (o3
3.4H,0, which utilizes the Grotthuss proton conduction
mechanism to achieve an excellent rate performance of 4000
C with 50% of its 1 C capacity.”” Xia and co-workers employed
the polyanionic material VPO,F to serve as a high-voltage
proton cathode, which delivers a specific capacity of 116 mAh
g'at 1 V (vs SHE).” Ji and co-workers used WO;-0.6H,0
with a channel structure as an anode material for proton
battery, exhibiting a specific capacity of 90 mAh g™' at 2 A ¢!
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and an extremely long life of 20,000 cycles.”* However, all of
the above electrode materials rely only on the redox reactions
of transition metal ions to transfer charge, resulting in
unsatisfactory capacities. Thus, developing high-capacity
proton host electrode materials remains a significant challenge
in aqueous proton batteries for large-scale energy storage
applications.

Herein, for the first time, we employed polyanionic layered
copper oxalate (CuC,0,) as a high-capacity anode material for
proton batteries. In addition, we revealed the synchronous
redox reactions of Cu’* and the oxalate group (C,0,>”) in
intercalation chemistry. During charge and discharge, both the
Cu-ion and C=O0 functional group in copper oxalate act as the
redox centers, which includes the reversible transformation of
Cu**/Cu* and C=0/C—0, accompanied by the coordination
reaction of H*. Moreover, the vertical lamellar structure of
copper oxalate along the (110) crystal plane provides an
embedding environment for protons. In situ XRD manifests
the proton insertion/extraction behavior inside. It is
demonstrated that the CuC,0, electrode can withstand static
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Figure 1. Morphology and structure characterization of cubic-like CuC,0,:0.SH,0 (CuCO, for short). (a) SEM image, (b) TEM image, (c)
HAADF-STEM image, and element maps. (d) Projection along the (010) direction of the model structure of CuCO,. (e) Full octahedron and two
half Cu—O octahedra of one unit cell. (f) XRD pattern, (g) Cu 2p XPS spectrum, and (h) Raman spectrum of CuCO, powder.

cycling up to 1000 times while delivering a high specific
capacity of 226 mAh g~' with a retention of 98%. Overall, our
work not only delineates the unique mechanism of proton
storage in copper oxalate but also offers a possibility for the
development of new dual-redox electrode materials for high-
capacity proton batteries.

B RESULTS AND DISCUSSION

CuC,0,-0.5H,0 (CuCO, for short) with a steady cubic
morphology was quickly obtained by using a simple one-step
synthesis method in an aqueous solvent at 30 °C (Figure S1).
The spontaneous self-assembly of cubic CuCO, was found to
be relatively rapid through TEM analysis of different time
gradients (Figure S2). Under entirely aqueous solvent
conditions, CuCO, crystals nucleated promptly, followed by
the rapid growth of four hydrophilic e-surfaces.””> Con-
sequently, micrometer-sized supracrystals were obtained within
just 1 min. It is important to note that this growth process
differs si§niﬁcantly from that observed in other mixed organic
solvents.”*™>® Over time, the cubic edges tended to round due
to the radial extension of the e-surfaces. After an aging period
of 2 weeks, the surface of CuCO, supracrystals appeared
rough, indicating a trace of reverse dissolution caused by
decreased ion concentration in the solvent. Although CuCO,
nucleated swiftly, a short stirring time caused poor crystallinity.
In experiments, a synthesis time of 30 min was determined to
be the most appropriate. SEM and TEM analysis showed that
CuCO, exhibited a satisfactory cubic morphology with a size of
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approximately one micrometer and relatively flat surfaces
(Figure 1la,b). Elemental maps demonstrated an even
distribution of all elements within CuCO, (Figure 1c). The
refined crystallographic structure depicted in Figure 1d
illustrates the projection model of CuCO, along the (010)
direction in the P12,/n1 setting. The green part represents the
layered stacking unit of CuCO,, with layers connected by Cu—
O bonds. The gray box in Figure le indicates a cell structure in
which the Cu atom is located in the center of the body and an
octahedron consisting of six O atoms.”” Notably, the stacking
faults occurring frequently in the layered structure are ignored
in this model to facilitate the comprehension of the system. In
the XRD pattern, all diffraction peaks are well indexed to the
monoclinic phase CuCO,, and the (110) facets dominate the
structure, which confirms the layered structure of CuCO,
(Figure 1f). By selected area electron diffraction (SAED), it is
found that although CuCO, has excellent crystallization, it will
rapidly suffer amorphous transformation under the bombard-
ment of high-energy electron beams; therefore, observation of
diffraction patterns and lattice fringe information failed (Figure
S3). The standard PDF card indicates that the crystal water
content of CuCO, is x (0 < x < 1). This uncertainty indicates
that the water inside does not participate in the crystal
structure but is only isolated in the lattice, which is also
indicated by the refined crystallographic structure. Thermog-
ravimetry analyses (TGA) revealed the presence of 0.SH,O per
CuCO, formula unit (Figure S4). Based on the TGA data, it
was discovered that CuCO, exhibits a disadvantageous high-
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temperature resistance common to other oxalate materi-
als.””*°~** Therefore, copper oxalate was not dehydrated. At
the same time, as water in the copper oxalate does not
participate in the lattice formation, the electrode performance
will not be significantly affected if it remains within the
material. In the XPS spectrum, the binding energies at 935.9
and 955.8 eV correspond to 2p;, and 2p,, of Cu*,
respectively, while the other peaks belong to the particular
satellite peaks of bivalent copper (Figure 1g). The XPS survey
spectra of C and O are represented in Figure S5, which is well
consistent with the reported data.”**™*° With the analysis of
Cu 2p core excitation, it has been proven that the copper ions
in the synthesized CuCO,, are all in the bivalent state with no
impurities present. The conclusion is further confirmed by
Raman spectra, where the characteristic peaks at 560, 922, and
1516 cm™" are severally derived from the vibrations of Cu—0,
C—C, and C=0, respectively (Figure 1h).””~*’

To determine the proton storage capability of the CuCO,
electrode, electrochemical measurements were performed
using a three-electrode system, which could provide a more
stable potential for the overall system and ensure greater
accuracy in determining the reaction potential of the working
electrode. Furthermore, by assessing different electrolytes
(Figure S6), H,SO, was selected as the most suitable
electrolyte because of the high activity of the electrode inside.
To create a relatively mild operating environment for the
CuCO, electrode, we compared the electrochemical perform-
ance of 0.1 M H,SO, to the commonly used 1 M H,SO,, since
oxalates are not resistant to acid corrosion. As evidenced in
Figure S7a, a decrease in salt concentration leads to a
reduction in conductivity of 0.1 M H,SO,, manifested as a
resistance of 1.3 ohms, while 1 M is 0.3 ohms. The
electrochemical stability of 1 M H,SO, and 0.1 M H,SO,
electrolyte was evaluated by linear scan voltammetry (LSV),
which indicates that the reduction of acid concentration did
not cause a narrowing of the electrochemical window (Figure
S7b). In addition, as shown in Figure S8, CuCO, exhibited a
more stable voltage and similar capacity in the 0.1 M H,SO,
electrolyte compared to other higher concentrations of H,SO,.
Based on the above data, 0.1 M H,SO, was determined as the
electrolyte for subsequent battery tests. In particular, the
Swagelok three-electrode mold used in the experimental setup
differs from the traditional electrolytic cell form, and the details
are displayed in Figure S9.

As shown in Figure 2a, the cyclic voltammetry (CV) test at
various scan rates from 0.1 to 0.5 mV s™' was performed on the
CuCO, electrode to evaluate the redox potential. The CV
curves displayed a pair of pronounced redox peaks at —0.35/—
0.45 V. Judging from the shape of CV curves, the
pseudocapacitance effect on the surface of the carbon cloth
collector influences the test. Therefore, CV measurements
were conducted on CuCO, loaded on titanium foil to assess
this influence, and it was found that the oxidation/reduction
reaction potential was identical (Figure S10). The CV curves
of CuCO,, for the initial three cycles revealed an irreversible
side effect occurring at a lower potential in the first cycle.
According to the equation i = av’, a and b are parameters, i is
the peak current, and v is the scanning rate. The b values of the
CuCO, electrode are 0.41 and 0.52, indicating that ionic
diffusion dominates the electrochemical process rather than
capacitive behavior.””**™** Comparing the electrochemical
impedance of CuCO,, on the titanium foil and the carbon cloth
collector (Figure S11) revealed that the carbon cloth had
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Figure 2. Electrochemical performance of the CuCO, half-cell in a
typical three-electrode system. (a) CV curves of CuCO, electrode at
various scan rates. (b) GCD voltage profiles of different cycles at 1 A
g™". (c) GCD curves and (d) rate capability at different current
densities. (e) Cycling performance at 1 A g™".

higher resistance due to poor contact. To further explore the
electrochemical effect of the carbon cloth collector on the test,
a separate measurement was performed (Figure S$12). It can be
observed in the CV curve that there is a pseudocapacitance
reaction at the potential of —0.65 V, which explains why the
CV curves of the CuCO, electrode failed to return to the
baseline after discharge. Additionally, it should be mentioned
that carbon cloth contributes only a fraction of capacity. Figure
2b shows the galvanostatic charge/discharge (GCD) voltage
profiles at a current density of 1 A g_l, which is very consistent
with the CV curves. The initial several cycles exhibited
significant excess discharge due to partially irreversible protons
insertion. Afterward, excess discharge continued until the 10th
cycle, followed by a slight decrease in capacity during the
subsequent 60 cycles, which is on the count of unfirm bonding
of CuCO, active particles on the carbon cloth collector,
resulting in a small amount of stripping. Figure 2c,d
demonstrates that the specific capacity of the CuCO, electrode
slightly decreased with the increase of current density, while
the voltage remained stable. Even at a current density of 3 A
g~!, the CuCO, electrode still delivers a reversible capacity of
170 mAh g™, showcasing excellent electrochemical reaction
kinetics. The cyclic performance of CuCO,, was investigated at
a current density of 1 A g™". It is noted that after 70 cycles of
active particle stripping, the reversible capacity of the CuCO,,
electrode remained stable at 226 mAh g_l, maintaining
approximately 98% (220.8 mAh g™') of the initial capacity
after 1000 cycles, which demonstrates commendable cycling
stability of the CuCO, electrode (Figure 2e). In addition, the
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Figure 3. Proton intercalation mechanism of the CuCO, electrode. (b) In situ XRD (Co Ka) pattern of CuCO, for two full cycles as displayed in
(a). The characteristic peaks are highlighted inside. (c) XRD spectra of CuCO, in different states. The standard PDF card of H,CuC,0O, is
displayed downward. (d) Rietveld refinement of powder XRD (Cu Ka) on the standard sample. (&) Schematic illustration of the proton storage
process in charge/discharge states. (g) In situ Raman patterns of CuCO, electrode in the window of —1.2 to 0 V as displayed in (f). (h) Model
illustration of the C—O bond flexural vibration caused by proton embedding. (i) Ex situ XPS spectra of the CuCO, electrode.

half-cell showed less self-discharge phenomenon after resting
for 30 h (Figure S13).

The structure evolution of CuCO, during charge and
discharge was analyzed by in situ XRD. Due to the limitation
of the device, the test was conducted using a two-electrode
system. The CV curve of the window from —1.2 to 0 V for the
CuCO, electrode in a two-electrode cell is presented in Figure
S14. In addition, it should be noted that the target used in the
in situ XRD equipment was Co (Ka, 1.78886 A) rather than
Cu target (Ka, 1.5406 A) for powder measurement. As
demonstrated in Figure S15, the XRD peak positions obtained
from the Co target shifted to a higher degree than those of the
Cu target. From the in situ XRD pattern shown in Figure 3b,
an apparent phase transformation occurred periodically during
two complete discharge—charge cycles (Figure 3a). Upon
discharging to —1.2 V, the diffraction peak of (110) at 26.1°
vanished, along with the appearance of a new peak at 45.3°
which corresponds to the PDF standard card of H,CuC,0O,
(CuC,0, combined with two H*), indicating that the crystal
structure of CuCO, underwent a change with the insertion of
two units of protons (Figure 3c). Further, when the cell was
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recharged to 0 V, the XRD pattern was restored to its original
position, thereby proving the reversibility of the proton
intercalation reaction in the CuCO, electrode. The Rietveld
refinement results for CuCO, powder are displayed in Figure
3d, with the differences attributed to stacking faults and trace
lattice defects.””**™* The proton insertion/extraction process
in the CuCO, electrode is schematically illustrated in Figure
3e. During discharging, two-unit protons are inserted in (110)
layers (d = 0.388 nm), transforming CuCO,, into H,CuC,0,.
In subsequent charging, the protons were extracted, returning
the CuCO, electrode to its original state. In situ Raman
analysis of the CuCO, electrode was performed at low
wavenumbers to verify the proton intercalation process further,
as higher wavenumbers tend to exhibit severe fluorescence
effects (Figure S16). From the in situ Raman pattern (Figure
3fg), the peak at approximately 750 cm™' showed periodic
fluctuation during the cycle, corresponding to the bending
vibration of the C—O bond, confirming that protons were
embedded in the layers connected by the C—O bond (Figure
3h).>”*® Thus, it further demonstrates the reversible
intercalating chemistry of protons in the CuCO, electrode.

https://doi.org/10.1021/jacs.3c12710
J. Am. Chem. Soc. 2024, 146, 4762—4770


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12710/suppl_file/ja3c12710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12710/suppl_file/ja3c12710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12710/suppl_file/ja3c12710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12710/suppl_file/ja3c12710_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c12710/suppl_file/ja3c12710_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c12710?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c12710?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c12710?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c12710?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c12710?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

The redox mechanism of copper was analyzed by XPS
spectroscopy. For clarity, only the XPS spectra at the
original/discharged states of the CuCO, electrode were
presented. As displayed in Figure 3i, in the initial state, the
peaks at 935.9 and 955.8 eV correspond to 2p;,, and 2p,, of
Cu®, respectively. After being fully discharged, only Cu* peaks
(931.5 and 952.5 eV) were observed, and the characteristic
satellite peaks of Cu”* disappeared, indicating a complete redox
reaction,***

It is worth noting that CuCO, exhibited a maximum
capacity of 350 mAh g~!, equivalent to a CuC,0, molecule
combining two protons, which is consistent with the results of
in situ XRD. However, this would lead to an incomprehensible
charge balance. Theoretically, the conversion of Cu®* to Cu’
transfers only one electron, combining one proton, which
contradicts the above conclusion and fails to achieve the
capacity observed in this work. In fact, the charge
compensation brought by the redox reaction of the oxalate
(C,0,*7) group is responsible for this.”

To investigate the redox behavior of the oxalate group, in
situ FTIR and ex situ Raman spectra of high wavenumbers
were analyzed. The FTIR spectra of CuCO, raw materials are
shown in Figure S17. The in situ FTIR pattern of the CuCO,,
electrode that underwent two complete cycles (Figure 4a) is
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Figure 4. Redox reaction mechanism of the oxalate group. (b) In situ
FTIR pattern of two full cycles as displayed in (a). (c¢) Comparison of
Raman spectra in different states. (e) Evolution of the Raman spectra
between 900 and 2000 cm ™" corresponding to diverse states as dotted
in the charge and discharge processes in (d). (f) Schematic illustration
for the proton-bonding mechanism of copper ion and the oxalate

group.

shown in Figure 4b. It was observed that the infrared
transmittance peak belonging to the C—O bond at 1450—
1500 cm™ exhibited periodic changes, indicating changes in
the concentration of the C—-O groups.%’?’z"w’48 During the
discharge process, the transmittance of C—O gradually
declined, suggesting an increment in the concentration of the
C—O groups. Subsequently, after the charging process, the
transmittance peak returned to its initial level, demonstrating
the excellent reversibility of this change. Moreover, the
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intensity of the —OH groups at 3400—3500 cm™' also
exhibited variations, indicating the formation of —OH
groups.'”* ™! Figure 4c shows the Raman spectra of the
pristine CuCO,, powder and the CuCO, electrode, in which
the additional peaks at 1340 and 1600 cm™" are in accordance
with the D-band and G-band of C, specifically from the
conductive carbon found in the electrode.”®**>® The Raman
peak at 1516 cm™" corresponds to the asymmetric stretching of
C=O0, and the remaining peaks in the Raman spectra were
blurred due to the annexing agents. Ex situ Raman spectra were
further employed to perceive the variation of C=O in the
oxalate group. Different states, marked by colored dots in
Figure 4d, were tested, and the Raman patterns of wave-
numbers from 900 to 2000 cm™' are shown in Figure 4e.
Notably, the intensities of all spectra are normalized. As the
discharge process deepened, the intensity of the C=0 bonds
gradually decreased until fading after a complete discharge.
However, the peak did not wholly disappear but was only
masked by the higher D-band and G-band on both sides.
When the potential returned, the signal of the C=O bands
was perfectly restored, indicating the reversible reduction and
rebound of the C=O concentration during the discharge—
charge process. In situ FTIR and ex situ Raman spectra of
copper oxalate electrodes elucidated that the content of C=0
decreased while the C—O increased during the discharge
process. When recharged to 0 V, both levels return to the
initial condition.

The ex-situ XPS patterns of C 1s and O 1s supported a
parallel conclusion. As illustrated in Figure S18c, the peak at
289.3 eV of O—C=O0O declined visibly after complete
discharge, while the peak at 286.32 eV of C—O had a distinct
uptrend. Moreover, the appearance of the peak (C—F) at 291.3
eV could be attributed to the function of the agglomerate
(polyvinylidene fluoride). The identical result can also be
observed in the XPS spectra of O 1s. After complete discharge,
the O—C=0 bond to C—O ratio significantly decreased
compared with the initial state (Figure $18d).>%**~%

As mentioned above, the cumulative experimental data
indicate the synchronous redox reactions of Cu** and C,0,>”
in the CuCO, electrode. Specifically, similar to organic
electrodes, the O heteroatom of C=0 in the C,0,*” group
serves as the oxidation centers for proton absorption/removal,
thus endowing the ability of C=O to convert to C—OH by
coordination with H* reversibly.'>*” ™" The CV curves and in
situ XRD pattern confirm that the redox reactions and proton
embedding are completed in one step, demonstrating that the
redox reactions of Cu®* and C,0,”” occur simultaneously.
Therefore, the synchronous redox reactions manifest in that
during discharge Cu’* is reduced to Cu’ to bind a proton,
while sectional C=0O groups open and bind another proton
(C—OH) (Figure 4f). In this way, one CuC,0, molecule can
graft to two protons, thereby exhibiting exceptional capacity.

To further demonstrate the application potential of the
CuCO, electrode in practice, we examined a full cell in which
the CuFe-TBA worked as the cathode (Figure S19), CuCO, as
the anode, and 0.1 M H,SO, as the electrolyte (Figure Sa).
Figure S19e demonstrates that the CuFe-TBA electrode can
achieve a capacity close to 1 M H,SO, in a 0.1 M H,SO,
electrolyte and can be stably cycled. This suggests that a lower
concentration of the H,SO, electrolyte will not impact the
performance of the TBA electrode. The appropriate potential
window of the full cell was determined through the LSV
measurement (Figure $20). Given that CuCO,, and CuFe-TBA
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Figure 5. Electrochemical characterization of the full cell of CuFe-TBA//CuCO,. (a) Schematic illustration of the full cell. (b) Feasibility of a
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rate capability ranging from 0.2 to 3 A g". (g) Cycling performance at 1 A g™". (h) Comparison of the capacity and average potential of the CuCO,

electrode with the most recent reported proton electrodes.

operate within the —0.7 to 0 and —0.2 to 0.6 V ranges,
respectively, the potential window of 0 to 0.7 V was selected
for the full cell (Figure Sb). Figure Sc shows two pairs of
distinct redox peaks in the CV curves, and the GCD curves in
Figure Sd also verify a similar result. Owing to irreversible
structural rearrangement and distortion, the capacity of the full
battery stabilizes at 40 mAh g™ (calculated according to the
mass of the cathode) after 100 cycles. The well rate
performance is confirmed in Figure Sef. The full battery
exhibits a specific capacity of 42 mAh g™ at the current density
of 02 A ¢! and maintains 35 mAh g' at 3 A g
Furthermore, the full battery of CuFe-TBA//CuCO, displays
excellent cycling stability with a capacity retention of 95% after
2000 cycles (Figure Sg), indicating the admirable compatibility
of the CuCO,, anode for proton storage. Finally, as depicted in
Figure Sh, CuCO, has a significant advantage as an anode for
proton storage compared to the maximum capacity and
average potential of commonly used electrode materials.
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B CONCLUSIONS

In summary, we proposed CuCO,, a low-cost layered
polyanionic material as a potential anode in proton batteries
for the first time. The layered structure of CuCO, delivers a
highly reversible ability for proton insertion/extraction. The
high capacity of the CuCO, electrode is attributed to the
synchronous redox behaviors of the copper ion and the oxalate
group. Benefiting from the C=O group of oxalates, the
CuCO, electrode can achieve double protons embedding
behavior by local conversion to C—O and proton connection
while Cu?* undergoes a redox reaction to Cu". Furthermore,
the polyanionic structure of oxalate firmly anchors oxygen
atoms using covalent bonds, preventing overoxidation/over-
reduction in the transition process and ensuring structural
stability. Thus, the CuCO, anode displayed a remarkable
specific capacity of 226 mAh g™' and cycling stability
(approximately 98% after 1000 cycles) at 1 A g, surpassing
those of most reported anode materials for proton batteries.
This work introduces a novel avenue for developing dual-redox
electrode materials for high-capacity and stable proton storage.
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