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ABSTRACT
To satisfy the growing demand for high-performance batteries, diverse novel anode materials with high specific capacities
have been developed to replace commercial graphite. Among them, cobalt hydroxides have received considerable attention
as promising anode materials for lithium-ion batteries as they exhibit a high reversible capacity owing to the additional reaction of LiOH, followed by conversion reaction. In this study, we introduced graphene in the fabrication of Co(OH)2-based
anode materials to further improve electrochemical performance. The resultant Co(OH)2/graphene composite exhibited a
larger reversible capacity of ~1090 mAh g-1, compared with ~705 mAh g-1 for bare Co(OH)2. Synchrotron-based analyses
were conducted to explore the beneficial effects of graphene on the composite material. The experimental results demonstrate that introducing graphene into Co(OH)2 facilitates both the conversion and reaction of the LiOH phase and provides
additional lithium storage sites. In addition to insights into how the electrochemical performance of composite materials
can be improved, this study also provides an effective strategy for designing composite materials.
Keywords : Lithium-ion Batteries, Anode Materials, Graphene Composite, Ion Storage Mechanism, Extra Capacity
Received : 17 February 2022, Accepted : 19 May 2022

1. Introduction
Since the commercialization of LIBs in 1991 and
in line with the rapid market growth of electric vehicles and energy storage systems, the demand for
high-energy-density batteries has steadily increased
[1-3]. However, commercialized graphite can only
theoretically deliver a low capacity of 372 mAh g-1
[4], which cannot satisfy market expectations requiring higher energy and power densities. Accordingly,
novel anode materials such as metal oxides [5,6],
metal hydroxides [7,8], and silicon-based anodes
[9,10] are being investigated as candidates for nextgeneration anode materials. These materials show a
significantly high energy density than graphite. However, many drawbacks still exist, such as extreme
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volume changes during cycling and poor reaction
kinetics [11,12]. To overcome these issues, compositing these materials with carbonaceous materials has
been actively studied, which exhibit more excellent
electrochemical performance [13-15].
Among these candidates, Co(OH)2 has been widely
studied as an intriguing candidate for anode materials
owing to its high specific capacity, which is beyond
the theoretical value based on the conventional conversion reaction mechanism [8,16,17]. It was
reported that the extra capacity originated from an
additional reaction of LiOH in the low-voltage region
in the presence of nanosized Co metal [17,18]. Furthermore, graphene-composited Co(OH) 2 -based
anode materials exhibit significantly larger capacities than bare materials [8,15,19]. Although the reaction mechanism of Co(OH)2 has been scrutinized as
the conversion reaction and the reaction of LiOH
[17], it remains unclear how the reversible capacity
improves after compositing Co(OH)2 with graphene.
In this study, a Co(OH)2 /graphene nanoplatelet
(GNP) composite was synthesized to compare the
electrochemical properties and charge-storage reac-
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tions of Co(OH)2/GNP and bare Co(OH)2. The synthesized composite materials showed a high
reversible capacity of ~1090 mAh g-1, which is 1.8
times the theoretical value and much larger than the
reversible capacity of bare Co(OH)2. To investigate
the exact lithium storage mechanisms and the reason
for these improvements, combined analyses of X-ray
absorption spectroscopy (XAS) and electrochemical
characterizations were performed. Systematic analyses demonstrated that both conversion and LiOH
reactions were facilitated in the Co(OH)2/GNP composite. We believe that in addition to providing
insights into the design of electrode materials with
graphene composites, our findings could improve
current understanding of the exceptional lithium storage mechanism.

2. Experimental
2.1. Material preparation
Co(OH) 2 /GNP powder was prepared by using
cobalt (II) hydroxide (bare Co(OH)2, Sigma-Aldrich)
and graphene nanoplatelet aggregates (GNP, S.A.
500 m2 g-1, Alfa Aesar) as precursors. The synthesis
procedure followed a simple one-step process proposed
in a previous report [20]. First, 0.2 g of Co(OH)2 and
0.025 g of GNP were dispersed in 50 mL of deionized (DI) water by sonication for 2 h to exfoliate the
graphene sheets and Co(OH)2 layers. Subsequently,
the solution was filtered several times with DI water
to restack graphene and Co(OH) 2 layers and to
remove impurities. The resultant precipitates were
then dried at 70oC for 24 h in a vacuum oven.
2.2. Material characterization
Laboratory-scale X-ray diffraction (XRD) patterns
of the synthesized materials were obtained using a
D2 PHASER diffractometer (Bruker Corp.) in the
range of 10 o < 2θ < 20 o with Cu Ka radiation
(λ = 1.5406 Å). To estimate the graphene content in
Co(OH)2/GNP, thermogravimetric analysis (TGA)
was conducted using a SEIKO INST (TG/DTA 7300)
at a temperature range of 25–800oC in air flow. The
morphology was observed using high-resolution
transmission electron microscopy (TEM, JEOLJEM-2100F). X-ray absorption spectra (XAS) were
obtained at the 8C beamline of the Pohang Light
Source-II (PLS-II) in transmission mode with ionization chambers at room temperature. The Co K-edge
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spectra of the samples were obtained simultaneously
with the reference spectra using a Co metal foil for
energy calibration. XAS data processing, including
background subtraction, normalization, k3-weighting,
and Fourier transform, was conducted using the Athena software to obtain X-ray absorption near-edge
spectroscopy (XANES) and extended X-ray absorption fine structure spectroscopy (EXAFS) spectra
[21]. For ex situ XAS analysis, electrodes were collected by disassembling the coin cells in an argon-filled
glove box after reaching the specific states of charge
and then washed with diethyl carbonate solvent.
2.3. Electrode preparation and electrochemical
analysis
To prepare the working electrodes, a slurry with a
weight ratio of 7:1:2 of the active materials, conductive additive (Ketjenblack, EC-300J), and binder
(polyamide-imide (Solvay) dissolved in N-methyl
pyrrolidone (Aldrich)) was mixed in a mortar. The
mixed slurry was uniformly coated on a Cu foil and
subsequently dried at 200oC for 3 h under vacuum.
The fabricated electrodes were assembled into
CR2032 coin cells with metallic lithium foil as the
counter electrode and Celgard separator. Subsequently, 1.3 M of LiPF6 dissolved in a solvent consisting of a mixture of ethylene carbonate/diethyl
carbonate (v/v = 3:7; Dongwha electrolyte) was used
as the electrolyte. Galvanostatic charge/discharge
measurements were performed using a WonATech
battery cycler (WBSC3000S). The cut-off voltage
range was set as 0.001–3.0 V or 0.001–1.5 V with a
constant specific current of 100 mA g -1 for the
cycling test. The galvanostatic intermittent titration
technique (GITT) was conducted using the same
machine by repeatedly applying a constant current
for 30 min and resting for 3 h. Cyclic voltammetry
(CV) was conducted at a scan rate of 0.1 mV s -1 in
the voltage range of 0.001–3.0 V.

3. Results and Discussion
As shown in Fig. 1(a), the XRD pattern of the
Co(OH)2/GNP composite is similar to that of commercial bare Co(OH)2 and adequately matches the
JCPDS reference spectra (PDF card No. 30-0443)
without any impurities. The oxidation state of Co and
the local structures were investigated using Co Kedge XAS experiments. The Co K-edge XANES
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spectra in Fig. 1(b) demonstrate that the absorption
edge positions of the bare Co(OH)2 and Co(OH)2/
GNP composites are close to that of commercial
CoO, demonstrating that the oxidation state of Co is
2+. The Fourier-transformed EXAFS spectra of the
two materials in Fig. 1(c) are analogous, which indicates that the local structures around the Co atoms in
Co(OH)2/GNP and bare Co(OH)2 are identical. These
results demonstrate that the Co(OH)2 phase was wellmaintained during the synthesis of the composite
materials. TGA experiments were conducted to
investigate the GNP content in the composite materials. As shown in Fig. 1(d), the weight loss during
heating to 800 o C was approximately 16.5% and
27.8% for bare Co(OH)2 and Co(OH)2/GNP, respectively. Therefore, the GNP accounts for the 11.3% of

Co(OH)2/GNP, which is removed at over 300oC. The
remaining weight loss was due to the evaporation of
surface-absorbed water and dehydration during the
transformation of Co(OH)2 to Co3O4 [22,23]. TEM
also confirmed the presence of GNPs in the
Co(OH)2/GNP composite materials, as shown by the
amorphous particles between the hexagonal Co(OH)2
layers.
The electrochemical performance of the prepared
materials was tested using galvanostatic cycling. Fig.
2(a) and (b) illustrate the voltage profiles of Co(OH)2/
GNP and bare Co(OH) 2 at a specific current of
100 mA g-1. According to the conventional conversion reaction mechanism, the theoretical capacity of
Co(OH)2 is ~577 mAh g-1 (Co(OH)2 + 2 Li+ + 2 e- ↔
Co + 2 LiOH). The theoretical capacity of Co(OH)2/

Fig. 1. (a) Powder XRD patterns of Co(OH)2/GNP and bare Co(OH)2 with JCPDS reference spectra. (b) Co K-edge
XANES spectra of the prepared materials and reference materials of different Co oxidation states. (c) Fourier-transformed
magnitude of EXAFS (EXAFS are not corrected for phase shifts) and (d) TGA result of Co(OH)2/GNP and bare Co(OH)2.
TEM images of (e) Co(OH)2/GNP and (f) bare Co(OH)2.
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Fig. 2. Voltage profiles of (a) Co(OH)2/GNP and (b) bare Co(OH)2 for the 1st, 2nd, 5th, and 10th cycle, measured under a
specific current of 100 mA g-1 with a cutoff potential of 0.001–3.0 V. (c) Rate capability tests at different specific currents
ranging from 0.1 to 5 A g-1.

GNP can be calculated based on the TGA results and
the maximum capacity of GNP as 744 mAh g -1
[13,24].
0.889 × 577 mAh g-1 + 0.113 × 744 mAh g-1
= ~597 mAh g-1
(88.9% of Co(OH)2 and 11.3% of GNP)
However, the observed capacities of the bare
Co(OH)2 and Co(OH)2/GNP composites exceeded
their theoretical values. The initial discharge and
charge capacities were 1289 mAh g-1 and 705 mAh g-1
for bare Co(OH)2 and 1509 mAh g-1 and 1090 mAh g-1
for Co(OH)2/GNP, respectively. The large irreversible capacity loss during the first cycle could originate from the formation of a solid electrolyte
interphase (SEI) layer [25,26], incomplete reoxidation of transition metals [27,28], and irreversible side
reactions of inactive species [29]. The extra reversible capacity over the theoretical value during
repeated cycling in the two materials can be ascribed
to the redox reaction of LiOH [17,30]. Abnormal
charge storage reactions, such as the formation/
decomposition of the electrolyte-derived surface
layer [31] and interfacial charge storage behaviors
[32,33], could also contribute to the extra capacity,

which are frequently observed in nanoscale conversion-based electrode materials [34-36]. Notably, the
reversible capacity of 1090 mAh g -1 in Co(OH)2 /
GNP was ~1.8 times higher than the theoretical value
and significantly superior to that of bare Co(OH)2.
Furthermore, a rate capability test was conducted at
different specific currents starting from 0.1 to 5 A g-1
with 10 cycles at each rate and returning to the initial
rate, as depicted in Fig. 2(c). The specific capacities
of both samples decreased as the current density
increased. However, Co(OH)2/GNP composite still
exhibited a high capacity of ~575 mAh g-1 at a specific current of 500 mA g-1, whereas only ~224 mAh
g-1 was delivered by bare Co(OH)2. After returning to
the initial rate of 100 mA g-1, Co(OH)2/GNP and bare
Co(OH)2 showed reversible capacities of 942 mAh g1
and 483 mAh g-1, at 86% and 74% of the second
discharge capacities of each material, respectively,
implying superior rate and cyclability of Co(OH)2/
GNP composite materials.
To investigate the detailed charge storage reaction
of Co(OH)2/GNP, synchrotron-based XAS experiments were conducted, which is an efficient technique for observing nanoscale changes. Fig. 3(a)
shows that the white line intensity and absorption
edge position of the Co K-edge XANES spectra
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Fig. 3. Variation in Co K-edge XANES and
EXAFS spectra of (a-c) Co(OH)2/GNP and (df) bare Co(OH)2 with corresponding voltage
profiles during the first discharge, the first
charge, and the second discharge. (EXAFS are
not corrected for phase shifts)
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decreased during the first discharge process, indicating the reduction of Co2+ in the Co(OH)2 to Co0 state.
In Fourier transformed EXAFS, the peaks corresponding to Co-O and Co-Co bonding of Co(OH)2
structure at 1.6 Å and 2.6 Å disappeared during the
initial stage of the first discharge. Subsequently, a
new peak at 2.1 Å appeared and increased, which
corresponds to the Co metal phase. The XAS results
during the first discharge process represent the breaking of the Co-O bond and the reduction of Co atoms
to metallic Co due to the conversion reaction, which
agrees with a previous report on nanostructured
Co(OH)2 [17]. As shown in Fig. 3(b), the Co K-edge
position shifted to a lower energy, and the Co metal
peak in EXAFS decreased during subsequent charging.
At the end of the charge, the Co-O bond peak at 1.6 Å
increased again, indicating the reversibility of the
conversion reaction. As depicted in Fig. 3(c), the
changes occurred in reverse order at the second discharge. The overall variation trends in the XANES
and EXAFS spectra of bare Co(OH)2 in Fig. 3(d-f)
were similar to those of Co(OH)2/GNP.
However, upon closer examination, the Co K-edge
position after the fully charged state was higher for
Co(OH)2/GNP than for Co(OH)2, as shown in Fig.
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4(a), indicating that the recovery of the oxidation
state of Co was more significant in the Co(OH) 2 /
GNP electrode during delithiation. Additionally, the
Co-O bond peak at 1.6 Å is noticeable in the Fourier
transformed EXAFS of full charged Co(OH)2/GNP
electrodes as illustrated in Fig. 4(b), while the Co
metallic peak at 2.1 Å is still observed in bare
Co(OH)2 after charge. The EXAFS spectrum of the
fully charged bare Co(OH)2 electrode appears to be
an intermediate state between the charged state of
600 mAh g-1 and the fully charged state of Co(OH)2/
GNP. These results demonstrate that the reversibility
of the conversion reaction was much greater for
Co(OH)2/GNP. Furthermore, as shown in Fig. 4(c),
the Co K-edge positions did not change noticeably
during the discharge of Co(OH) 2 /GNP at a low
potential range below ~1.0 V, although a large reversible capacity of over ~700 mAh g-1 was delivered in
this potential range. In contrast, the capacity without
changing the oxidation state of Co was only ~200
mAh g-1 in bare Co(OH)2. The minor changes in the
Co K-edge position in the low-potential region indicate that the reversible capacity in the low-potential
range did not originate from the conversion reaction.
It has been reported that, in this potential region, the

Fig. 4. (a) XANES and (b) Fourier transformed EXAFS spectra of the fully charged Co(OH)2/GNP and bare Co(OH)2
electrodes. (c) Changes in the Co K-edge absorption edge position plotted with corresponding voltage profiles in Co(OH)2/
GNP and bare Co(OH)2 electrodes during the second discharge process.
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LiOH phase formed by the conversion reaction of
transition metal hydroxides additionally reacts with
lithium, delivering a large additional capacity
[7,17,18]. Therefore, the large capacity in the low
potential range during charging in Co(OH)2/GNP is
ascribed to the high contribution of the reversible
reaction of LiOH.
The above results demonstrate that the contribution
of both the conversion and LiOH reactions is
enhanced by the introduction of GNPs in Co(OH)2.
To further verify the high contribution of these reactions, CV experiments were conducted, which is efficient for investigating electrochemical reactions
occurring at a certain potential range [37]. As shown
in the CV curves in Fig. 5, the peaks at ~2.20 V in
anodic scan and ~1.25 V correspond to the conver-

sion reaction. Other peaks from the reaction of the
LiOH phase appeared at relatively low potentials,
which are marked in the blue region [7,17,38]. Notably, the intensity of the peaks from the conversion
and LiOH reactions in the CV curve of Co(OH) 2 /
GNP is larger than that of bare Co(OH)2, which represents a greater contribution of the two reactions in
the composite material. The facilitated conversion
and LiOH reactions in the composite could be
ascribed to the improved electronic conductivity and
ionic diffusivity by introducing a conductive
graphene matrix, resulting in faster reaction kinetics
[13,39,40]. To confirm the beneficial effects of
graphene, GITT experiments were conducted, as
shown in Fig. 6. The GITT results demonstrate that
the overpotential of Co(OH)2/GNP is significantly
smaller than that of bare Co(OH) 2 during electrochemical cycling, which corroborates the enhancement of the reaction kinetics in the composite [41].
At a potential close to 0 V (green region), the signals
of the CV curves in Fig. 5 are also more prominent
for Co(OH)2/GNP. The larger capacity of the composite in this potential range is ascribed to the ion
storage behaviors of GNP [42] and facilitation of
interfacial charge storage in the composite [43-45], as
well as the increased LiOH reaction.

4. Conclusions

Fig. 5. CV curves of Co(OH)2/GNP and bare Co(OH)2
measured with a scan rate of 0.1 mV s-1 at a potential
range of 0.001–3.0 V during the second cycle.

In this study, we comparatively analyzed the electrochemical performance of bare Co(OH) 2 and
Co(OH)2/GNP to investigate the beneficial effects of
graphene on Co(OH)2-based composite materials. The
prepared Co(OH)2/GNP exhibited a superior revers-

Fig. 6. The GITT curves of (a) Co(OH)2/GNP and (b) bare Co(OH)2 during the first cycle.
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ible capacity of 1090 mAh g-1, which is approximately
1.8 times higher than the theoretical value based on
the conventional conversion reaction mechanism,
whereas only ~705 mAh g-1 was delivered by bare
Co(OH)2. Our experimental results demonstrate that
the introduction of GNPs in the Co(OH) 2 -based
anode material increases the electronic conductivity
and diffusivity of the cation, thus facilitating the
reversible conversion reaction and the reaction of the
LiOH phase. Furthermore, additional lithium ions
can be stored in the GNP and at the interfacial region.
These results explain the improved electrochemical
performance of the composite material. We anticipate
that our results can provide new insights into lithium
storage mechanisms beyond established reaction
equations and design ideas for high-capacity electrode materials.

Acknowledgements
This work was supported by the National Research
Foundation of Korea (NRF) grant funded by the
Korean government (MSIP) (No. NRF2019R1A2C2003731) and Korea Institute for
Advancement of Technology (KIAT) grant funded by
the Korea Government (MOTIE) (P0012748, HRD
Program for Industrial Innovation).

References
[1] J. M. Tarascon and M. Armand, Nature, 2001, 414, 359367.
[2] B. Dunn, H. Kamath, and J.-M. Tarascon, Science, 2011,
334(6058), 928-935.
[3] Z. P. Cano, D. Banham, S. Ye, A. Hintennach, J. Lu, M.
Fowler, and Z. Chen, Nat. Energy, 2018, 3(4), 279-289.
[4] Z. X. Shu, R. S. McMillan, and J. J. Murray, J.
Electrochem. Soc., 1993, 140(4), 922-927.
[5] W. Zhao, W. Choi, and W.-S. Yoon, J. Electrochem. Sci.
Technol., 2020, 11(3), 195-219.
[6] Z.-S. Wu, W. Ren, L. Wen, L. Gao, J. Zhao, Z. Chen, G.
Zhou, F. Li, and H.-M. Cheng, ACS Nano, 2010, 4(6),
3187-3194.
[7] H. Kim, W. Lee, W. Choi, S. Yun, E. Lee, and W.-S.
Yoon, Adv. Funct. Mater, 2021, 32(17), 2110828.
[8] J. Zhou, J. Li, K. Liu, L. Lan, H. Song, and X. Chen, J.
Mater. Chem. A, 2014, 2(48), 20706-20713.
[9] M. Holzapfel, H. Buqa, W. Scheifele, P. Novák, and F.
M. Petrat, Chem. Commun., 2005, 12, 1566-1568.
[10] C. K. Chan, H. Peng, G. Liu, K. McIlwrath, X. F.
Zhang, R. A. Huggins, and Y. Cui, Nat. Nanotechnol.,
2008, 3, 31-35.

405

[11] M. V. Reddy, G. V. Subba Rao, and B. V. R. Chowdari,
Chem. Rev., 2013, 113(7), 5364-5457.
[12] X. Zuo, J. Zhu, P. Müller-Buschbaum, and Y. J. Cheng,
Nano Energy, 2017, 31, 113-143.
[13] R. Raccichini, A. Varzi, S. Passerini, and B. Scrosati,
Nat. Mater., 2015, 14, 271-279.
[14] H. Kim, H. Kim, S. Muhammad, J. H. Um, M. S. A.
Sher Shah, P. J. Yoo, and W.-S. Yoon, J. Power Sources,
2020, 446, 227321.
[15] Q. Xiao, Y. Fan, X. Wang, R. A. Susantyoko, and Q.
Zhang, Energy Environ. Sci., 2014, 7(2), 655-661.
[16] X. L. Huang, J. Chai, T. Jiang, Y. J. Wei, G. Chen, W. Q.
Liu, D. Han, L. Niu, L. Wang, and X. B. Zhang, J.
Mater. Chem., 2012, 22(8), 3404-3410.
[17] H. Kim, W. I. Choi, Y. Jang, M. Balasubramanian, W.
Lee, G. O. Park, S. B. Park, J. Yoo, J. S. Hong, Y. S.
Choi, H. S. Lee, I. T. Bae, J. M. Kim, and W.-S. Yoon,
ACS Nano, 2018, 12(3), 2909-2921.
[18] Y. Q. Jing, J. Qu, W. Chang, Q. Y. Ji, H. J. Liu, T. T.
Zhang, and Z. Z. Yu, ACS Appl. Mater. Interfaces, 2019,
11(36), 33091-33101.
[19] Y. S. He, D. W. Bai, X. Yang, J. Chen, X. Z. Liao, and
Z. F. Ma, Electrochem. commun., 2010, 12(4), 570-573.
[20] H. Shi, Y. Dong, F. Zhou, J. Chen, and Z.-S. Wu, J.
Phys. Energy, 2019, 1(1), 015002.
[21] S. D. Kelly and B. Ravel, in Methods of Solid Analysis,
Part 5 - Mineralogical Methods (Eds: A. L. Ulery, L. R.
Drees), Soil Science Society of America, Madison, WI,
2008, p. 387.
[22] H. Xie, S. Tang, Z. Gong, S. Vongehr, F. Fang, M. Li,
and X. Meng, RSC Adv., 2014, 4(106), 61753-61758.
[23] M. Aadil, S. Zulfiqar, M. F. Warsi, P. O. Agboola, and I.
Shakir, J. Mater. Res. Technol., 2020, 9(6), 12697-12706.
[24] J. R. Dahn, T. Zheng, Y. Liu, and J. S. Xue, Science,
1995, 270(5236), 590-593.
[25] X. Li, X. Sun, X. Hu, F. Fan, S. Cai, C. Zheng, and G.
D. Stucky, Nano Energy, 2020, 77, 105143.
[26] Y. Kim, J. H. Lee, S. Cho, Y. Kwon, I. In, J. Lee, N. H.
You, E. Reichmanis, H. Ko, K. T. Lee, H. K. Kwon, D.
H. Ko, H. Yang, and B. Park, ACS Nano, 2014, 8(7),
6701-6712.
[27] S. Permien, S. Indris, A. L. Hansen, M. Scheuermann,
D. Zahn, U. Schürmann, G. Neubüser, L. Kienle, E.
Yegudin, and W. Bensch, ACS Appl. Mater. Interfaces,
2016, 8(24), 15320-15332.
[28] J. H. Um, K. Palanisamy, M. Jeong, H. Kim, and W.-S.
Yoon, ACS Nano, 2019, 13(5), 5674-5685.
[29] E. Ventosa, W. Xia, S. Klink, F. La Mantia, M. Muhler,
and W. Schuhmann, Electrochim. Acta, 2012, 65, 22-29.
[30] Y. Y. Hu, Z. Liu, K. W. Nam, O. J. Borkiewicz, J.
Cheng, X. Hua, M. T. Dunstan, X. Yu, K. M. Wiaderek,
L. S. Du, K. W. Chapman, P. J. Chupas, X. Q. Yang, and
C. P. Grey, Nat. Mater., 2013, 12, 1130-1136.
[31] S. Laruelle, S. Grugeon, P. Poizot, M. Dollé, L. Dupont,
and J.-M. Tarascon, J. Electrochem. Soc., 2002, 149(5),
A627-A634.

406

Hyunwoo Kim et al. / J. Electrochem. Sci. Technol., 2022, 13(3), 398-406

[32] P. Balaya, H. Li, L. Kienle, and J. Maier, Adv. Funct.
Mater., 2003, 13, 621-625.
[33] J. Jamnik and J. Maier, Phys. Chem. Chem. Phys., 2003,
5(23), 5215-5220.
[34] H. Kim, W. Choi, J. Yoon, J. H. Um, W. Lee, J. Kim, J.
Cabana, and W.-S. Yoon, Chem. Rev., 2020, 120(14).
6934-6976.
[35] M. Keppeler and M. Srinivasan, ChemElectroChem,
2017, 4(11), 2727-2754.
[36] H. Kim, D. I. Kim, and W.-S. Yoon, J. Electrochem. Sci.
Technol., 2021, 13(1), 32-53.
[37] T. Kim, W. Choi, H.-C. Shin, J.-Y. Choi, J. M. Kim, M.S. Park, and W.-S. Yoon, J. Electrochem. Sci. Technol.,
2020, 11(1), 14-25.
[38] J. Yao, Y. Li, R. Huang, J. Jiang, S. Xiao, and J. Yang,
Ionics, 2021, 27, 65-74.
[39] X.-Y. Shan, G. Zhou, L.-C. Yin, W.-J. Yu, F. Li, and H.-

[40]
[41]
[42]

[43]

[44]
[45]

M. Cheng, J. Mater. Chem. A, 2014, 2(42), 1780817814.
S. Akhtar, W. Lee, M. Kim, M.-S. Park, and W.-S.
Yoon, J. Electrochem. Sci. Technol., 2021, 12(1), 1-20.
J. Kim, S. Park, S. Hwang, and W.-S. Yoon, J.
Electrochem. Sci. Technol., 2021, 13(1), 19-31.
A. P. Cohn, L. Oakes, R. Carter, S. Chatterjee, A. S.
Westover, K. Share, and C. L. Pint, Nanoscale, 2014,
6(9), 4669-4675.
E. Liu, J. Wang, C. Shi, N. Zhao, C. He, J. Li, and J. Z.
Jiang, ACS Appl. Mater. Interfaces, 2014, 6(20), 1814718151.
Z.-S. Wu, G. Zhou, L.-C. Yin, W. Ren, F. Li, and H.-M.
Cheng, Nano Energy, 2012, 1(1), 107-131.
T. Wang, N. Zhao, C. Shi, L. Ma, F. He, C. He, J. Li,
and E. Liu, J. Phys. Chem. C, 2017, 121(36), 1955919567.

