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Formation of a CoMn-Layered Double Hydroxide/Graphite

ME”I-

Supercapacitor by a Single Electrochemical Step

Atanu Roy,” Theresa Schoetz,” Leo W. Gordon,” Hung-Ju Yen," Qingli Hao," and

Daniel Mandler*?!

Hybrid electric storage systems that combine capacitive and
faradaic materials need to be well designed to benefit from the
advantages of batteries and supercapacitors. The ultimate
capacitive material is graphite (GR), yet high capacitance is
usually not achieved due to restacking of its sheets. Therefore,
an appealing approach to achieve high power and energy
systems is to embed a faradaic 2D material in between the
graphite sheets. Here, a simple one-step approach was
developed, whereby a faradaic material [layered double
hydroxide (LDH)] was electrochemically formed inside electro-
chemically exfoliated graphite. Specifically, GR was exfoliated
under negative potentials by Co" and, in the presence of Mn",
formed GR-CoMn-LDH, which exhibited a high areal capacitance
and energy density. The high areal capacitance was attributed

Introduction

The rapid development in portable electronic devices (PEDs),
whether smartphones, laptops, wearable electronics, or drones,
relies on efficient electrical energy storage (EES) devices. EES for
PEDs must have high specific energy and power (performance
per electrode mass) as well as energy and power density
(performance per electrode volume), rapid charging rates, high
safety, and low cost™ Supercapacitors or electrochemical
capacitors are EES devices, where the mechanism of electric
storage involves the physical separation of charge using
electrodes with large surface areas. Supercapacitors have
already reached the market and are used in fast charging of
public transportation, as well as in combination with fuel cells
for maximized energy storage and rapid charging capabilities.”

to the exfoliation of the graphite at very negative potentials to
form a 3D foam-like structure driven by hydrogen evolution as
well as the deposition of CoMn-LDH due to hydroxide ion
generation inside the GR sheets. The ratio between the Co" and
Mn" in the CoMn-LDH was optimized and analyzed, and the
electrochemical performance was studied. Analysis of a cross-
section of the GR-CoMn-LDH confirmed the deposition of LDH
inside the GR layers. The areal capacitance of the electrode was
186 mFcm™ at a scan rate of 2 mVs™'. Finally, an asymmetric
supercapacitor was assembled with GR-CoMn-LDH and exfoli-
ated graphite as the positive and negative electrodes, respec-
tively, yielding an energy density of 96.1 uWhcm™2 and a power

density of 5 mWcm™.

The two prominent advantages of supercapacitors are high
power, which is expressed in fast charging and discharging, and
high cyclability.”

Despite their fast charging and high-power features, the
relatively low specific energy (1-15 Whkg™') and energy density
(5-30 WhL™") of supercapacitors restrict them as EES devices for
most PEDs that require a large and continuous energy supply.”
Therefore, the utmost challenge in supercapacitor research is to
improve substantially their specific energy and energy density.
Supercapacitors are usually made of carbonaceous materials
where energy storage depends primarily on the surface area.
Although the capacitance of these materials (and therefore,
their energy) can be increased by doping, controlling the
porosity, and other approaches, in most cases the achieved
capacitance does not get close to the theoretical specific
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capacitance of graphene (i.e,, 550 Fg™").*® Thus, to substan-
tially increase the energy of supercapacitors it is intuitive to
combine them with compatible faradaic materials. The latter
can be subdivided into diffusion-limited (battery type) or non-
diffusion limited (pseudocapacitive type) materials.”

Here, we propose coupling between conductive graphite
sheets and a layered faradaic material by an original one-step
electrochemical process, which combines top-down and bot-
tom-up approaches. Top-down and bottom-up approaches
have been reported for assembling EES systems.®! Recently, we
have shown that electrodes for energy storage can be formed
in a single step by either electrochemical or electrophoretic
deposition of both the capacitive and the faradaic materials.””
Yet, we have never shown that layered faradaic materials can
be incorporated efficiently in between graphite sheets using
the same approach.

We focus on faradaic 2D materials, specifically, layered
double hydroxides (LDHs) of transition metals, with the general
structure of Mi’ N}*(OH),A], where M and N are transition
metals and A is a counter anion, such as halide or carbonate."”
This layered structure and the large d-spacing of LDHs allow
electrolyte ions to interact with a high number of exposed
electrochemically active sites. LDHs exhibit very good ion-
exchange and transport properties, and therefore have been
studied for EES." Moreover, LDHs undergo minimal crystal
structure changes during the redox reactions, which results in
higher stability. Different LDHs have been studied as the
positive electrode for supercapacitors such as NiMn-LDH, NiAl-
LDH, CoAI-LDH, NiCo-LDH, and CoMn-LDH.!""-"®

CoMn-LDH has been of particular interest due to its high
ionic conductivity (attributed to CoOOH) and the characteristics
of Mn" 078 |t provides good capacitance in an alkaline
electrolyte (reported specific capacitance of 1063 Fg™' at a
current of 0.7 Ag™")."" Zhao et al. synthesized CoMn-LDH by co-
precipitation of Co and Mn on a carbon fiber-based current
collector, where the electrode exhibited a specific capacitance
of 1079Fg™" at 2.1Ag™". DFT calculations revealed good
hybridization of the 3d orbitals of Co and Mn with the 2d
orbitals of oxygen, resulting in efficient electron hopping."® Liu
et al. highlighted the role of the interlayer spacing of a metal-
organic framework templated CoMn-LDH for supercapacitors.™”
Su et al. reported the hydrothermal synthesis and deposition of
CoMn-LDH nanoneedles on a Ni foam current collector for
supercapacitors.”” In all these aforementioned studies, the
electrode materials were deposited on various current collec-
tors, which increased the overall mass and volume, and
therefore decreased the specific energy and energy density.

Our approach is to incorporate the LDH inside a graphite
current collector (specifically, in between the graphene sheets)
to improve the overall electrochemical performance of the
hybrid supercapacitor. The performance can be further en-
hanced through the controlled exfoliation of the graphite,
which provides a 3D nanostructure for material deposition.”*"*?
To the best of our knowledge, there are only two reports on
NiCo-LDH deposited on partially exfoliated graphite. In their
article, Song etal. reported the deposition of NiCo-LDH on
partially exfoliated graphite films and also described how this
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hybrid system provides a “super highway” for fast electron/ion
transport.*

Here, we report on the electrochemical deposition of CoMn-
LDH into 3D graphite (GR) by a single step to form GR-CoMn-
LDH. This was achieved due to the ability of Co*" to electro-
chemically exfoliate graphite at negative potentials (see
Scheme 1). The nature of exfoliation and LDH deposition was
characterized using cross-sectional scanning electron micro-
scopy (SEM) and scanning transmission electron microscopy
(STEM). The as-prepared hybrid electrode, GR-CoMn-LDH,
exhibits an areal capacitance of 186 mFcm™ at 2 mVs™'. The
hybrid electrode shows 83.2% coulombic efficiency after 10000
charge-discharge cycles. Moreover, an asymmetric supercapaci-
tor (ASC), where one electrode is made of the GR-CoMn-LDH
whereas the other is composed of the exfoliated graphite, was
assembled and showed an areal capacitance of 42 mFcm™?
(volumetric capacitance of 233 mFcm™) along with a good
energy density of 96.1 yWhcm ™,

Results and Discussion
Exfoliation and deposition of the LDH electrode

The energy density of graphite electrodes can be improved via
metal-ion-driven electrochemical exfoliation, resulting in the
deposition of LDHs between its layers. The 2D LDH will
contribute to the final capacity and energy density of the
graphite electrode through faradaic charge storage. Moreover,
these incorporated layered materials can prevent the restacking
of the graphene sheets, and thus increase even more capacitive
contributions to the current, the cycle life, and the charging
rate.”**! Carrying out the whole process in a single step is
advantageous as it uses the same material for the exfoliation
and deposition, which not only saves time and costs but also
enables simpler production and avoids the need to replace the
initially intercalating ions with the LDH components. Finally, the
potential enables control over both processes (i.e., the exfolia-
tion as well as the LDH deposition) and therefore optimizes the
entire process.

The deposition aqueous solution contained Co(NO,),, Mn-
(NO;),, and Na,SO, as the electrolyte. Scanning the potential of
the graphite foil (GF) from —5.5 to 0.5V vs. Ag/AgCl (KCI sat.)
and back 6 times resulted in the deposition of CoMn-LDH

Lo” |

Partial exfoliation & %

electrodeposition ,,/ T N

49—‘ >, 3G o -

Graphite foil S o
TEPIEI, Co?'+Mn2+Na’ electrolyte ]
NN

v,
GR-CoMn-LDH

Scheme 1. Schematic diagram of the deposited Gr-CoMn-LDH electrode.
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(Scheme 1 and Figure S1 in the Supporting Information). The
presence of both Na™ and Co?" drives the cathodic exfoliation
of graphite foil through the intercalation of these cations at
very negative potentials (< —3 V). The electrochemical exfolia-
tion of graphite in the presence of Co®* has been reported, but
by applying positive potentials.”” We find that a very negative
potential is a prerequisite and the driving force for the
exfoliation of the GF. It is evident that at this negative potential
the generation of hydrogen also contributes to the exfoliation
of the graphite sheets.” This results in the formation of a 3-
dimensional (3D) foam-like structure of well-separated graphite
layers. The evolution of hydrogen [Eq.(1)], as well as the
electrochemical reduction of nitrate [Eq. (2)] to nitrite or other
N-species, also generate hydroxyl ions, which cause Co®>* and
Mn?* to deposit as hydroxides [Eq.(3)]. Thus, the electro-
deposition of CoMn-LDHs on graphite foil can be summarized
as follows [Egs. (1)-(3)]:%"

o1 -
Hzo“) +e — EHZ(Q) -+ OH(aq) (1)
No;(aQ) +2e + HZO(') - NO;(aq) + 2OH(;CI) (2)
Cofy) +Mnty +xOH ;) — CoMn(OH), ?3)

The negative potential causes the reduction of the metallic
ions to the respective metals. Yet, during the reverse scan, the
metals are oxidized to their hydroxides at a potential more
positive than 0.24 V.

Elemental composition of the GR-CoMn-LDH electrode

The X-ray diffraction (XRD) patterns of the electrochemically
deposited GR-CoMn-LDH samples with the five different Co:Mn
compositions (termed CoMn-1:x, where x=1, 1.5, 2, 2.5, and 3,
see the Experimental Section) is shown in Figure 1a. The XRD
patterns of all five materials exhibit the presence of strong
graphitic peaks at 260 =26.62 and 54.73°, which correspond to
the (002) and (004) peaks of graphite, respectively.” For CoMn-
1:2, the peaks present at 20 =11.6, 36.3, 44.5, and 59.6° are due
to the (003), (224), (228), and (603) planes of the quintinite
group structure of CoMn-LDHs, respectively.' For other
samples, these peak positions slightly deviate from their actual
place, which suggests the presence of defect levels. In all XRD
spectra, there is a wide peak at 260 =19.2° (d=4.63 A), which is
attributed to MnO, or Co(OH), nanoparticles having a dimen-
sion of around 5nm. In the XRD pattern of CoMn-1:1.5

Graphite
substrate| —~

—_
2V]
~—

Intensity/a.u.

* MnO,

ICa(OH),

CM-1:3

Figure 1. (a) XRD patterns of five CoMn-LDHs. SEM images of (b,c) CoMn-1:1, (d,e) CoMn-1:2, (f,g) CoMn-1:3. A SEM image of bare graphite can be found in

Figure S2. (h) EDS spectra of CoMn-2:1.
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specifically, a broad peak at 20=66.2° (d=1.41 A) which may
be due to the different phases of MnO,, can be seen.

The high-resolution (HR)SEM images of CoMn-1:1, CoMn-
1:2, and CoMn-1:3 are shown in Figures 1b-g (SEM image of
bare graphite is shown in Figure S2). For all three composites,
the formation of an opened layered structure on the graphite
surface is visible. These types of open layered structures are
very promising for energy storage applications as they provide
a large exposed surface area for the interaction with the
electrolyte ions. In other words, we expect that the materials
will have higher capacity and capacitance in comparison with
the graphite exfoliated without Co" and Mn". An energy-
dispersive X-ray spectroscopy (EDS) spectrum of CoMn-1:2 is
shown in Figure 1h. It clearly depicts the presence of Co, Mn,
and O atoms on the surface of the electrode.

The composition of the surface materials, as well as the
electronic states of GR-CoMn-LDH, were studied using X-ray
photoelectron spectroscopy (XPS). The core-level spectrum of
C1s is shown in Figure 2a. This curve is the convolution of
three peaks: the sp*hybridized graphitic carbon (C=C,
284.8 eV), the sp*-hybridized carbon-oxygen (C—O, 286.01 eV),
and the carbonyl (C=0, 289.41¢eV).” The high-resolution
deconvoluted spectrum of O 1 s is shown in Figure 2b. The peak
at 530.3 eV represents the band for hydroxide metal ions in
LDH, whereas the peaks at 531.66 and 533.25 eV are due to
oxygen bound to carbon or residual water (i.e., O—C/H—-O-H
bonds).B'3? The latter acts as the nucleation center for the
formation of metal hydroxides."” Figure 2c represents the high-
resolution spectrum of Co2p, which consists of Co2p,, and
Co2p,,, core levels. The deconvoluted spectrum reveals the
presence of Co®" (2ps, at 781.64 eV and 2p,,, at 797.36 eV) and
Co®" (2py), at 780.31 eV and 2p,,, at 795.24 eV) states. The area
associated with the Co®" and Co®" states is 22 and 20% for 2p;,

,and 11 and 10% for the 2p,,, peaks, respectively. This indicates
that the LDH is composed equally of Co(OH), and Co(OH)s.
There are a few satellite peaks for both 2p,,, and 2p;,,, spectra.'”
The core level deconvoluted spectrum of Mn2p is shown in
Figure 2d, which constitutes 2p,, and 2p,,. A detailed inves-
tigation reveals that these curves consist of Mn®>" (2p;, at
64130 eV and 2p,,, at 653.01 eV) Mn** (2p,,, at 642.5 eV and
2p,,; at 654.2 eV) as well as Mn** (2p,, at 644.56 eV and 2p,, at
656.29 eV) states. The spin-orbit separation between 2p,, and
2p,,, is 11.8 eV, which agrees with other reports and is suitable
for energy storage applications.®?

The atomic percentage of the different oxidation states of
Co and Mn for all five composite electrodes is represented in
Table S1, as determined by the XPS measurements. Analyzing
the composition of the Co and Mn elements more carefully as a
function of the ratio of the elements in the deposition solution
reveals the following trends. The total percentage of the Co
decreases linearly with decreasing the Co/Mn ratio (Figure S3).
Interestingly, while the levels of Co" decrease with decreasing
the Co/Mn ratio, the concentration of Co" increases and then
decreases (Table S1). Hence, the ratio of Co"/Co" favors Co" for
the low levels of Mn in the electrodeposition solution and then
becomes close to unity besides for the CoMn-1:3 where it
decreased dramatically. The trend for the Mn is less clear;
however, it can be seen that the atomic percentage of Mn" and
Mn" increases with decreasing the Co/Mn ratio up to CoMn-
1:1.5, and then it tends to decrease while the atomic
percentage of Mn" is almost constant for all ratios (Table S1).
The fraction of Mn®** is the highest for CoMn-1:2.5 while the
fraction of Co" is highest for CoMn-1:2. The ratio of the Co and
Mn and their oxidation states will be further discussed along-
side the electrochemical performance. However, it is evident
that the XPS results confirm the formation of CoMn-LDH, which
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Figure 2. XPS peaks of CoMn-LDH 1:2 showing regions for (a) C1s, (b) O 1, (c) Co2p, and (d) Mn2p.
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is made of multiple oxidation states of Co (Co" and Co") and Mn
(Mn", Mn", and Mn"), which may be beneficial for energy
storage through a faradaic process.

Structural characterization of the GR-CoMn-LDH electrode

An important aspect of this electrochemical approach is to
confirm the exfoliation and intercalation of the CoMn-LDH
inside (i.e., in between the GF sheets) to form GR-CoMn-LDH.
This was verified using cross-sectional STEM. The samples were
prepared by focused ion beam (FIB), where a thin lamella of
CoMn-1:2 was sliced vertically to the electrode surface and
analyzed (Figure 3a). A portion of the lamella at a depth of
6 um from the surface was selected for elemental mapping. The
high-angle annular dark-field (HAADF) image of the selected
portion is shown in Figure 3b, where the GF sheets can easily
be seen. The electrochemical exfoliation is evident by the
relatively large spacing of the order of 10 nm, between the GF
sheets. The corresponding EDS images for C, Co, Mn, and O are
shown in Figures 3c-f, and the corresponding weight and
atomic percentage of the elements are presented in Table S2
(for CoMn-1:2). The atomic ratio Mn/Co from EDS (0.75) is
substantially lower than that obtained by XPS (1.62, Table S1),
indicating that it is indeed the Co”" that drives the exfoliation,
and therefore its concentration in the bulk as measured by EDS
is higher than that deposited on top of the GR, where the ratio
is close to that in the deposition solution. Importantly, the SEM
images undoubtedly depict that both Co and Mn are deposited
inside the graphite layers. The atomic percentage of oxygen is
slightly higher than double the sum of Co and Mn, which
suggests the formation of Co,Mn,,(OH), inside the layers. The
penetration of Co and Mn is observable to a depth of around
8 um, which indicates that the penetration of these ions is even
deeper. These cross-sectional images clearly show exfoliated GF
as well as deposited CoMn-1:2 LDH. For the deposited CoMn-

(110}
(105}

{012}

2
»

Figure 3. (a) Cross-sectional STEM of CoMn-1:2 obtained by FIB. (b) HAADF
image of the cross-section part show in (a). EDS imaging of the cross-section:
(c) C, (d) Co, (e) Mn, and (f) O. (g) SEAD pattern of CoMn-1:2 LDH.
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LDH to be electrochemically active, the GR-CoMn-LDH must be
permeable to ions. The selected area electron diffraction (SEAD)
image is shown in Figure 3g, which is typical for an LDH layer.
The additional rings in the SEAD pattern may be due to the
decomposition of hydroxides by high-energy electrons. Hence,
these data imply that in a single electrochemical step, the
graphite is exfoliated by the metallic cations that are deposited
inside the graphite, at a depth of multiple microns, to form the
LDH.

Electrochemical characterization of the GR-CoMn-LDH
electrode

The CVs of the five GR-CoMn-LDH electrodes with different Co
and Mn ratios recorded in 2.5m KOH solution are shown in
Figure 4a. The high alkalinity is required to stabilize the LDH as
well as to facilitate their oxidation (see below). The CVs exhibit
nearly rectangular shapes with a redox peak centered between
0.02-0.2 V, depending on the Co/Mn ratio and the scan rate.
This indicates that both capacitive as well as faradaic processes
play a role in charge storage. Thus, CoMn-LDH and the
exfoliated 3D graphite both contribute to the overall perform-
ance of the GR-CoMn-LDH electrode. The capacitive contribu-
tion of non-exfoliated GR is very low (21 mFcm™2) Furthermore,
it is evident from the CV that the sample with CoMn-1:2 ratio
exhibits the highest current density and thus capacity. We recall
that the CoMn-1:1.5 showed the highest total Co and Mn
atomic % (Table ST and Figure S3) and the CoMn-1:2 exhibited
the highest percentage of Mn". Hence, we believe that the best
electrochemical performance of CoMn-1:2 is due to the
relatively high total percentage of both metals; however, more
important is the high fraction of Mn". It is evident that the
capacity increases due to the addition of electroactive faradaic
material, which is electrochemically accessed through the GR.

Figure 4b shows the CV of CoMn-1:2 at various scan rates
(2-100 mVs™"). Within these scan rates, the areal capacitance
varies from 186 to 100 mFcm™ for 2 and 100 mVs™', respec-
tively. The CVs of the other compositions at variable scan rates
are shown in Figure S4. The variation of the areal capacitance
with scan rates for all five CoMn-composites is shown in
Figure S5. From this, it is clear that the areal capacitance of
CoMn-1:2 is the highest among all five composites. This shows
that the GR-CoMn-LDH electrode combines capacitance (capaci-
tive characteristic) and capacity (faradaic characteristic). The
areal capacitance increases with the Mn content up to a Co/Mn
ratio of 1:2 (in the deposition solution), and then it decreases.
The gradual increase in the overall areal capacitance with the
variation of the Co/Mn ratio suggests the ability to fine-tune the
cationic composition in LDHs to optimize the total energy
storage capability.

The power law (Figure 4c) by which the logarithm of the
peak current (i) is plotted vs. the logarithm of the scan rate (v) is
a qualitative approach to analyzing the charge storage mecha-
nism and it discloses the capacitive and faradaic contributions
[Eq. (4)].
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Figure 4. (a) CVs at a scan rate of 10 mVs™' for the five GR-CoMn-LDHs. (b) CV of CoMn-1:2 for different scan rates between 2-100 mVs™". (c) Plots of log(peak
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logi = alog+/v + blogv (4

For a capacitive mechanism, the slope b of such a plot
should ideally be unity, whereas for a faradaic storage
mechanism the slope is expected to be 0.5.°" The slope of the
curve in Figure 4c, which is for the CoMn-1:2 composition, is
0.85+0.01, indicating a mixed mechanism of capacitive and
faradaic processes. This confirms the advantage of our (one-
step) approach by which the performance of such a hybrid
system can be enhanced by intercalating faradaic-type materi-
als into a highly conductive capacitive material.

We analyzed the other compositions in the same way
(Table S3), from which it can be seen that the CoMn-1:2 gives
the highest slope, which means that for this specific composi-
tion the system exhibits the highest capacitive behavior.

The analysis of variable-rate CV by Wang etal. enables
quantifying the (pseudo)capacitive and faradaic diffusion-
limited contributions of the different mechanisms to the overall
capacity.®**® According to this approach, the current at a
particular potential is the sum of both faradaic and
(pseudo)capacitive contributions and can be expressed by
Equation (5):

i(E) = kyv'"? + kyv (5)
where v is the scan rate and k; and k, are the partial
contributions of the faradaic diffusion-limited and capacitive
and/or (pseudo)capacitive currents, respectively. We find that k;
and k, for the CoMn-1:2 at the peak potential are 4.64x10°?
and 6.17x107% respectively. Taking into account that the
pseudocapacitive contribution is very low (Figure 4f, blue
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curve), implies that k, equals the capacitance of the system. The
specific capacitance of the CoMn-1:2 is therefore equal to
around 200-300 Fg™' (the electroactive mass is ~0.2-0.3 mg),
which is approximately 50% of the theoretical value of
graphene (550 Fg™).

The CV shows that the contribution of the faradaic charge
storage is around a third of the total capacity (Figure 4f). This
means that the system is predominately characterized by
capacitive behavior, which accounts for the charge storage. This
relatively high capacitive contribution is presumably the result
of the insertion of the LDH into the graphite, which separates
the graphene sheets. The faradaic contribution, which is
manifested as a pair of cathodic and anodic peaks, is associated
with the bimetallic Co"/Co" and Mn"/Mn" redox reaction, which
involves also OH™ ions [Egs. (6) and (7)1.” The latter requires
that the oxidation will be carried out at a high pH.

Co(OH), + OH™ = CoOO0H + H,0 + e~ 6)

MnOOH + OH™ = MnO, + H,0 + e~ 7)

The other Co/Mn compositions were also analyzed, and the
results are summarized in Table S4 and added to Figure S3. It
can be seen that the capacitive contribution (in the percentage
of the total capacity) peaks at Co:Mn 1:2 as obtained also from
Equation (4). Hence, the best performance correlates well with
the highest capacitive contribution; however, clear matching
with either the highest total metal content or a specific
oxidation state is questionable.
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Figure 5. (a) GCD at a current density of 0.5 mAcm™ for all five GR-CoMn-LDH electrodes. (b) GCD of CoMn-1:2 electrode for current densities between 0.5

10 mAcm™

Performance of the GR-CoMn-LDH electrode

The high reversibility of the electrode materials can be
confirmed by the coulombic efficiency (Q.¢ Table S5), which is
nearly 100 % for all scan rates. This means that the insertion and
the relevant redox processes of the CoMn-1:2 interface are
highly reversible, as mentioned above. The high coulombic
efficiency stems from the way the interface was constructed.
The intimate contact between the faradaic-type materials and
the graphene sheets is the key factor for fast charge transfer
and the open structure of the electrochemically exfoliated
graphite plays a major role in fast hydroxide diffusion. Figure 5a
represents the galvanostatic charge-discharge (GCD) curves of
the five GR-CoMn-LDH composite electrodes at a current
density of 0.5 mAcm™ The curves have a close to a triangular
shape of a supercapacitor. The GCD curves of the CoMn-1:2
electrode for various current densities (0.5-10 mAcm™2) are
shown in Figure 5b. The comparative curves for the other
composites are shown in Figure S6. The areal capacitance
obtained from the GCD data is 191 mFcm™ for a current
density of 0.5 mAcm™ [using Eq. (9)], which is relatively high
compared to previous studies (see Table S6). This areal
capacitance agrees well with the areal capacitance obtained
from the CV (i.e., ~ 186 mFcm™).

The long charge-discharge cycling (10000 cycles) of the
CoMn-1:2 electrode at a current density of 10 mAcm™ is
shown in Figure 5c. The electrode exhibits retention of 83.2%
of its initial capacity after 10000 GCD cycles, which implies
good mechanical and electrochemical stability. The XHR-SEM
images of the CoMn-1:2 electrode after 10000 GCD cycles are
shown (Figure S7). These images exhibit a slight deviation from
the actual shape of the electrode.

To demonstrate its applicability, an asymmetric supercapaci-
tor (ASC), which is composed of two dissimilar electrode
materials, was constructed using CoMn-1:2 as the positive
electrode and exfoliated graphite as the negative electrode (a
schematic diagram is shown in Figure 6a). The negative
electrode was fabricated by electrochemical exfoliation of GF in
LiClO, dissolved in propylene carbonate.”'*¥ The electrochem-
ical performance of exfoliated graphite electrode is presented
(Figure S8), and the different performance parameters for ASC
are given in Table 1. As the supercapacitor is asymmetric, it is
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. (c) Retention of capacity of the CoMn-1:2 electrode shown via capacity retention over 10000 GCD cycles.

Table 1. Different performance parameters for ASC.

Current density Areal capacity Energy density Power density
[mAcm™] [mFcm™] [UWhcm™] [mWcm™]

1 384 96.1 5

2 31.8 79.4 9.9

4 231 57.8 20

6 17.7 44.2 30

8 15.6 38.9 40

10 139 35 50.4

expected that the working potential window will be larger than
each of the individual electrodes, and its capacity will be higher.
Indeed, Figure 6b shows that the CV can be expanded to over
1.5V, which is significantly larger than each of the electrodes
(0.85 V for the CoMn-1:2 and 0.8 V for the exfoliated graphite).
The undistorted CV that was extended from 1.2 to 1.8V
suggests that it is possible to operate the ASC within this wide
potential window.

The undistorted nature of the CV curves ensures that the
hydrogen and oxygen overpotentials are higher for this
asymmetric combination and can be attributed to the sluggish
kinetics of water reduction and oxidation on graphite. Figure 6c
shows the CV curves of the ASC for different scan rates. The
ASC exhibits an areal capacitance of 42 mFcm™ (volumetric
capacitance 233 mFcm™ at a scan rate of 2mVs™'. The
performance of the ASC was further investigated by recording
the GCD (Figure 6d) within various current densities between 1
and 10 mAcm™ The ASC exhibits a maximal energy density of
96.1 yWhcm™ at a current density of 1 mAcm™ and the
corresponding power density of 5 mWcm™. The energy density
decreases with increasing the current density and reaches a
value of around 6.3 yWhcm™ at 10 mAcm™ The power density
increases with increasing the current density and reaches a
maximum value of 504 mWcm™ at a current density of
10 mAcm™2

The long-term stability of the ASC was studied by perform-
ing 5000 GCD cycles (Figure 6e). It retains 75% of its initial areal
capacity after 5000 GCD cycles. It is conceivable that it is the
faradaic contribution that is mostly degraded based on the GCD
curves.5*) The last few cycles are depicted in Figure 6f. The
shape of these GCD curves is similar to that of the initial GCD

© 2022 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Figure 6. (a) Schematic diagram of the ASC. (b) CV of the ASC at different potential windows, (c) and at different scan rates. (d) GCD of the ASC for different
current densities. (e) Stability of the ASC after 5000 cycles. (f) GCD after 5000 cycles.

curves, which confirms the reasonable reversibility and storage
capacity of the ASC.

A Ragone plot of the ASC is shown in Figure S9, showing its
relatively high energy and power density compared with
previous reports. A comparison of energy and power densities
of this GR-CoMn-LDH with other reported literature is shown in
a tabular form (Table S6). Both the high values of energy and
power densities suggest that this material can be an efficient
electrode material for a hybrid battery/supercapacitor device.

Conclusions

In an attempt to significantly increase the energy density and
maintain the power density of an electric energy storage device,
we have assembled a hybrid supercapacitor via a single
electrochemical step. Specifically, electrochemistry was used as
a means of simultaneously exfoliating graphite and depositing
a faradaic-type material, Co—Mn double layered hydroxide
(CoMn-LDH), in between the graphene sheets. Two aspects are
worth emphasizing: the first comprises the electrochemical
one-step exfoliation/deposition. That is, the negative potential
applied to the graphite foil in the presence of Co" and Mn" ions
caused the exfoliation of the graphite into a 3D foam-like
architecture due to hydrogen evolution and the efficient
deposition of CoMn-LDH because of the evolved hydroxyl ion.
Besides the facile method of preparation, this approach is also
responsible for the very good electrochemical performance due
to the close proximity of both components, that is, the
capacitive graphite/graphene and the faradaic material, CoMn-
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LDH. The resulting GR-CoMn-LDH electrode makes the bulky
current collector unnecessary and replaces it with an active
current collector, which takes part in the charge storage as well.
Embedding of the CoMn-LDH inside the exfoliated graphite was
confirmed by cross-sectional scanning transmission electron
microscopy. The LDH penetrated quite deep inside the graphite.
The second important aspect relates to the maximum capacity
achieved when the ratio of the Co" to the Mn" in the deposition
solution was 1:2, which resulted in an approximately a 1:1.6
atomic ratio on the surface of the GR-CoMn-LDH. This ratio
gave the best electrochemical performance in terms of capacity,
and therefore was further studied. The electrode showed good
stability upon charging-discharging cycling and areal capaci-
tance of 191 mFcm™ at a current density of 0.5 mAcm™2 We
attribute the highest performance of this specific Co/Mn ratio
to two factors: maximum content of the metals in the deposit (
~222-25%) and even more high percentage of Mn in the CoMn-
LDH (~10%). It might well be that the Mn, which can exist in
three oxidation states (+2, +3, and +4), is the key to this
improved capacity.

The fabricated full asymmetric supercapacitor (ASC) cell
shows also high energy and power density. The ASC exhibits a
maximal energy density of 96.1 yWhcm™ at a current density
of 1 mAcm™2 and a corresponding power density of 5 mWem™,
The power density increased with increasing the current density
and reached a maximum value of 50.4 uWcm™ at a current
density of 10 mAcm™2 Finally, we believe that this combination
of electrochemical exfoliation of 2D capacitive materials togeth-
er with the electrochemical deposition and embedding of
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faradaic type materials is a promising approach for bridging
between supercapacitors and batteries.

Experimental Section

Materials

Premium-grade natural graphite foil of thickness 0.25 mm was
purchased from Mineral Seal Corporation (Tuscon, AZ). Cobalt
nitrate hexahydrate, manganese nitrate tetrahydrate, and polyvinyl
alcohol (PVA) were obtained from Merck. Sodium sulfate and
potassium hydroxides (KOH) were purchased from Bio-lab, Israel. All
these materials were used as received. High-purity deionized water
(18.3 MQ cm) was obtained from an EasyPure UV, Barnstead system
and used for the preparation of all the aqueous solutions and
rinsing of the samples.

Electrode synthesis procedures

Electrodeposition of CoMn-LDH, as well as the electrochemical
exfoliation of the as-received graphite foil (GF) was performed in a
single step at room temperature. The GFs (2.5 cm x1cm) were
cleaned by ultrasonication (Elmasonic P, 80 kHz) for 10 min each in
ethanol, acetone, and high-purity water, respectively. Electrodeposi-
tion was carried out in an aqueous solution consisting of 10 mM of
Co(NO3),, 10mM of Na,SO, and different concentrations of Mn-
(NOs),. The molar ratio between the Co*" and Mn?" (abbreviated
CoMn) was 1:1, 1:1.5, 1:2, 1:2.5, and 1:3, which means that the
Mn?* concentration was 10, 15, 20, 25, and 30mM, respectively.
Graphite electrochemical exfoliation and CoMn-LDH deposition
were performed using cyclic voltammetry (CV) by scanning the
potential (6 cycles) from —5.5 to 0.5V vs. Ag/AgCl (sat. KCI) at a
scan rate of 20 mVs™'. Applying such negative potential caused the
evolution of hydrogen, which was essential to form highly porous
GF (see below). Then, the samples were washed thoroughly with an
adequate amount of high-purity water and then dried at 60°C
overnight before use.

Material characterization

Surface morphology was studied by HRSEM (FEI Magellan TM 400 L
instrument). XRD (Bruker, D8 Advance) with Cu-K, radiation was
used to obtain XRD patterns. XPS was performed using Axis Ultra
with a monochromatic Al-K, (1486.6 eV) X-ray source. HeliosNano-
lab 460F1 Lite (Thermo Fisher Scientific) FIB was used to prepare
the thin lamellas for STEM as well as to perform the cross-sectional
SEM. Elemental mapping was performed using STEM (Titan G2 60-
300, FEI).

Electrochemical measurements

Electrochemical measurements were performed using an electro-
chemical workstation (CHI 660E) in a conventional three-electrode
set up with Pt wire as a counter electrode, Ag/AgCl (sat. KCl) as a
reference electrode in 25M KOH electrolyte. All potentials are
quoted versus this reference electrode. The CV and GCD experi-
ments were performed within the potential window of —0.40 to
0.45 V. The scan rates for CV and current densities for GCD varied
between 2-100 mVs™' and 0.5-10 mAcm™2, respectively. Exfoliated
and deposited graphites were used as the working electrodes. Only
1Tcm x1cm of the electrodes was exposed to the electrolyte
whereas the remaining part of the electrode was wrapped with
scotch tape as an insulator.
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Performance testing

A parallel plate-type ASC was assembled using the CoMn-1:2
electrode with dimensions of 2 cm x2 cm as the positive electrode
and a 2cm x2cm electrochemically exfoliated graphite as the
negative electrode. Whatman filter paper (glass microfiber filter GF/
A, with a pore diameter of 6 um) was used as the separator and
0.1 mgmL™" of PVA and 2.5 M KOH solution were mixed to form the
gel electrolyte. A gel is used to prevent a short circuit between the
two electrodes that are positioned very close to each other. Both
the electrodes and separator were soaked in a gel electrolyte for
1 h and then dried for 4 h at room temperature before assembling
the ASC.

The areal capacitance (from both CV and GCD), energy and power
densities (from GCD) of the ASC were calculated using the following
equations [Egs. (8)-(11)]. It should be noted that the calculated
capacitance takes into account also the faradaic contributions to
the current and, therefore, the values are higher than the real
capacitance. Correction of the capacitance was introduced in the
text by the variable CV rate analysis, which disentangles the
faradaic and capacitive contributions. The values obtained by
Equations (8)-(11) were used to compare our results with previous
studies.

Ca [Fem™?] = m /V I(V)dv ®)
Cu [Fem™] = A(IVT—_Af,i) )
E, [MWh cm™3] = A_Id/ vdt (10)
P, [mW cm?] = £+ X 390 an

Where C, A, v, and V are the areal capacitance, area of the
electrode, scan rate, and voltage, respectively. f\}/f I(V)dV is the area
under the CV curves, (V;—V) is the potential window, / is the
discharge current, [ Vdt is the area under the discharge curve, d is
the thickness of the ASC, E, is the energy density, and P, is the
power density of the device. C, was calculated from the CV and
GCD using Equations (8) and (9), respectively.
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