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Consecutive layers of Ni(OH), and Co(OH), were electrodeposited on stainless steel current collectors
. for preparing charge storage electrodes of high specific capacity with potential application in
hybrid supercapacitors. Different electrodes were prepared consisting on films of Ni(OH),, Co(OH),,
. Niy;Co,,(OH), and layered films of Ni(OH), on Co(OH), and Co(OH), on Ni(OH), to highlight the
. advantages of the new architecture. The microscopy studies revealed the formation of nanosheets in
© the Co(OH), films and of particles agglomerates in the Ni(OH), films. Important morphological changes
. were observed in the double hydroxides films and layered films. Film growth by electrodeposition
. was governed by instantaneous nucleation mechanism. The new architecture composed of Ni(OH),
. onCo(OH), displayed a redox response characterized by the presence of two peaks in the cyclic
. voltammograms, arising from redox reactions of the metallic species present in the layered film.
. These electrodes revealed a specific capacity of 762 C g~* at the specific current of 1A g 2. The hybrid
. cell using Ni(OH), on Co(OH), as positive electrode and carbon nanofoam paper as negative electrode
. display specific energies of 101.3Wh g—* and 37.8 W h g~ at specific powers of 0.2Wg~tand 2.45Wg~?,
© respectively.

. Transition metal hydroxides (TMHs) are attractive materials for the design of charge storage (or battery type)
. electrodes with potential application in hybrid (or asymmetric) supercapacitors due to its high specific charge
© storage capacity, or high specific capacitance, resulting from Faradaic redox reactions with hydroxyl anions in
: alkaline electrolytes'*. The high specific capacity associated to the redox activity is due to the layered structure
: of the TMHs, characterized by a large interlayer distance, which favors the diffusion of ions from the electrolyte
. into the bulk material, leading to additional redox reactive sites besides the surface ones®. Thus, the charge storage
. performance of TMH-based electrodes® is less dependent on their surface area, compared to metal oxides based
. electrodes, due to the contribution from the bulk redox reactions. Nevertheless, for increased charge storage
. capacity and enhanced electrochemical response, a rational design of TMH-based electrodes is still needed and
© is attracting a lot of interest in the research community® and different solutions have been reported. For exam-
. ple, interconnected Co(OH), nanosheet films were prepared by constant potential electrodeposition” and single
. crystal Ni(OH), nanoplatelet array films were deposited by hydrothermal method?, displayed good charge storage
: capacity.

: Double TMHs have been reported as attractive solutions for preparing electrodes of increased charge storage
: capacity for hybrid supercapacitors because they present some advantages compared to the corresponding single
© TMHs". The co-existence of different transition metal (TM) ions in the double TMHs, the redox response is fur-
. ther enhanced compared to the corresponding single TMHs, thanks to the combination of multiple redox reac-
. tions involving the two TMs!®!!. For example, porous layered Co, ,Ni,(OH), films were prepared by potential
: sweep electrodeposition'? and layered Ni-Ti hydroxide nanosheet films were deposited by two-step hydrothermal
° method®, displayed enhanced charge storage capacity. More recently, Ni** doped Ni-Ti hydroxide monolayer
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Figure 1. Top-view FEG-SEM images of the (a) Co(OH),, (b) Ni(OH),, (c) Co(OH),-Ni(OH),, (d)
Ni,;,Co,,,(OH), and (e) Ni(OH),-Co(OH), films. The same scale bar in the top-view images is adapted for the
other images in the figure. Cross-section FEG-SEM images of the (f) Co(OH),, (g) Ni(OH),, (h) Co(OH),-
Ni(OH),, (i) Ni,,,Co,,,(OH), and (j) Ni(OH),-Co(OH), films.

nanosheets were reported, presenting a very high charge capacity with specific capacitance of 2310Fg™! at
1.5Ag 114,

Among the double TMHs that have been studied in literature, Ni-Co hydroxides are considered as the most
promising double ones for preparing charge storage materials for hybrid supercapacitor electrodes’. The charge
storage mechanism of TMHs has been discussed in literature®!>-'7, being similar to the mechanism proposed
for their oxide derivatives such as NiCo,O,, that is based on the synergistic redox reaction involving the changes
in oxidation states of Ni**/Ni** and Co*"/Co*" with OH™~ present in KOH or NaOH electrolytes. The redox
response of Ni**/Ni** in Ni(OH), or NiO occurs at potentials of approximately 0.4-0.6 V vs SCE'. The corre-
sponding response of Co**/Co*" in Co(OH), or Co;0, occurs at potentials of approximately 0-0.2 V vs SCE®.
Their synergistic redox response occurs at approximately 0.2-0.4 V vs SCE?, resulting in enhanced charge storage
capacity in the Ni-Co hydroxides.

Most of studies performed on double Ni-Co hydroxides have been focused on its synergistic redox response
compared to the single TMHs. Thus, it is expectable that electrodes composed of single Ni(OH), and single
Co(OH), hydroxides designed in a way that combines the redox response from the single Ni**/Ni** and Co**/
Co** redox reactions, will display enhanced electrochemical response. Thus, in this study we design novel archi-
tectures of two-layered films composed of Ni(OH), on Co(OH), and Co(OH), on Ni(OH), (hereafter denom-
inated Ni(OH),-Co(OH), and Co(OH),-Ni(OH),, respectively) via a simple two steps electrodeposition route
as high charge storage capacity electrodes. For comparative purposes single layers of Ni(OH),, Co(OH), and
Ni,;,Co,,,(OH), were also prepared and studied. An optimized two-layered Ni(OH),-Co(OH), film used as pos-
itive electrode in a hybrid cell employed carbon nanofoam paper (CNFP) as negative electrode displayed high
charge storage capacity.

Results and Discussion

Figure 1 depicts FEG-SEM images of the surface of the hydroxide films with different architectures electrodep-
osited on stainless steel substrates. The growth of the surface during electrodeposition involves the reduction of
NO;™ anions and consequent generation of OH™ anions and the subsequent reactions of Ni**/Co?" present in the
electrolyte with the hydroxyl, leading to the formation of Ni/Co hydroxide films. FEG-SEM images of Co(OH),
and Ni(OH), films, Fig. 1a and b, show the presence of crumpled nanosheets and agglomerates of nanoparticles.
This is in agreement with the surface morphologies of Co;O, and NiO films obtained by electrodeposition of their
corresponding hydroxides and post thermal transformation (with the preservation of the surface morphology)
to form the oxides?"?2. The surface morphology of the Ni, ,Co,,,(OH), film, Fig. 1d, reveals the presence of nano-
sheets, which are almost vertically grown on the substrate and interconnected together, forming a percolation
network. This film can probably grow through instantaneous nucleation and subsequent formation of nano-
sheets?®. On top of the nanosheets network, dendrites are formed, being randomly distributed over the surface.
The surface morphology for Ni,,Co,,,(OH), film revealed different features compared to the corresponding sin-
gle oxides, probably due to the different preferential growth of single oxides as previously reported?.
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The surface morphologies of Co(OH),-Ni(OH), and Ni(OH),-Co(OH), films, Fig. 1c and e, reveal the pres-
ence of a flower-like architecture composed of nanosheets and of agglomerated particles. The nanosheets archi-
tecture in Co(OH),-Ni(OH), is slightly different from that of Co(OH), films and the Ni(OH), particle size in
the Ni(OH),-Co(OH), film is smaller compared to the Ni(OH), film (300 nm vs. 1 um). This difference can
be explained by the fact that Co(OH), and Ni(OH), were grown on other hydroxides layers rather than on the
stainless steel, resulting in different nucleation process, and thus in distinct surface morphology. It should be
noted that, due to low electron conductivity of the bottom layer, the top hydroxide layer favors the grow of a new
layer rather than the coverage with nanosheets as reported in previous work for NiCo,0,/NiCo,0, system?*. It
is expected that the morphological features of the layered architecture and the differences in the composition of
each electrode, will result in distinct electrochemical response. This issue will be discussed below.

The morphology of the films’ cross-section was studied by FEG-SEM (Fig. 1f-j). The cross-section images
of Co(OH),, Ni(OH), and Ni,,,Co,,(OH), (Fig. 1f,g and i) show the presence of films composed of crumpled
nanosheets layer, a dense layer and interconnected nanosheets layer, respectively. This agrees with the top-view
FEG-SEM images, indicating the homogeneity of the formed layers. The images of the layered films (Fig. 1h and j)
reveal the presence of two layers with different morphologies. Each of them displays morphologies quite similar
to that of the single layer films. The Co(OH), layer is thicker than the Ni(OH), layer. This can be due to the higher
porosity of the Co(OH), layer compared to the Ni(OH), layer, leading to an increased volume/area ratio in the
Co(OH), film.

XRD patterns of the Co(OH),, Ni(OH), and Ni,,,Co,,,(OH), films are depicted in Figure S1. The patterns
show the typical diffraction of the transition metal hydroxide phases and match with the patterns of the Co(OH),,
Ni(OH), and Ni,,,Co,/,(OH), phases reported in literature”!*!>?. The most well-defined peaks, at 2-theta angles
of 10.2°, 12.3° and 10.5° for Co(OH),, Ni(OH), and Ni,;,Co,,,(OH), films, are due to the diffraction from the
basal planes of layered materials and can be assigned to (001) lattice plane. This angle of Ni,;,Co,,,(OH), film is
between those of Co(OH),and Ni(OH),, suggesting the formation of the mixed hydroxide film. The broaden-
ing of the peaks can be due to the low crystallinity of the films. Thus, XRD results confirm the formation of the
hydroxide films.

TEM results the Co(OH),, Ni(OH), and Ni,,Co,,,(OH), films are depicted in Fig. 2. The Co(OH), layer
and the Ni(OH), layer in the layered films can be represented by the TEM results obtained for the single layers
Co(OH), and Ni(OH), films, and thus TEM measurements were not performed on the layered films. Low mag-
nified TEM images reveal the presence of thin and crumpled nanosheets in the Co(OH), and Ni,,,Co,,,(OH),
films (Fig. 2a and g) and a dense particle in the Ni(OH), film (Fig. 2d), in agreement with the FEG-SEM results.
The electron diffractions obtained on selected areas (SAED) of these films (Fig. 2b,e and h) show well-defined
diffractions rings, revealing the polycrystalline films. The broadening of their rings indicates the formation of
nanocrystals or low crystallinity in the films. These rings can be indexed to (100), (101), and (110) lattice planes
of the trigonal hydroxide structures (space group P-3m1). Notes that the diffraction from (001) plane is missed,
probably due to the oriented growth of hydroxides in [001] direction as reported previously®. The d,, values are
of 2.45nm, 2.43 nm and 2.44 nm for Co(OH),, Ni(OH), and Ni,,Co,,,(OH), films, respectively. The d,, value of
Ni,,Co,,,(OH), films is lower than that of Co(OH), film and higher than that of Ni(OH), film, indicating the for-
mation of the mixed hydroxide Ni,,Co,,(OH),. High resolution TEM (HRTEM) results (Fig. 2c,f and i) evidence
the lattice fringes, evidencing distances of about 0.24 nm, which are randomly oriented and that correspond to
the lattice spacing of (101) planes, thus in agreement with the SAED results. TEM results, which are in agreement
with the XRD results, confirm the formation of the hydroxide phases.

Nucleation mechanism of the hydroxide film electrodeposition is studied by examining their current tran-
sients (CTs), Fig. 3a. The current response in the CT curves of Co(OH),, Ni(OH), and Ni,;,Co,,,(OH), elec-
trodeposition initially increases and decreases after reaching maxima. The current increase can be due to the
increase of nucleus size and number?’-%. The growth of nuclei occurs under diffusion-controlled process, forming
diffusion zone around nuclei?’-?. The overlap of diffusion zones probably results in the current decrease?”-%. It
is not possible to exact relevant nucleation information from current transients of Ni(OH), and Co(OH), elec-
trodeposition on Co(OH), and Ni(OH),, respectively, because they were deposited on porous hydroxides. The
current response reaches the maximum values in the time sequence of Co(OH),, Ni,;,Co;,,(OH), and Ni(OH),.
This result suggests the nucleation rate is fastest for Co(OH), electrodeposition and slowest for Ni(OH), electro-
deposition. The Ni,,Co,,(OH), electrodeposition nucleate at the rate in the middle of Co(OH), and Ni(OH),
nucleation rates, which is probably a result of the formation of the mixed nuclei.

The current transients are transformed to another coordination, (I/1,,,,,)? vs. t/t,, and compare to instantane-
ous and progressive nucleation models®, Fig. 3b. The experimental curves are close to instantaneous nucleation.
Though they deviate from this theoretical curve, previous studies by in situ AFM confirmed this behavior occurs
under instantaneous nucleation®. Thus, the results suggest the hydroxide film electrodeposition instantaneously
nucleate.

The electrochemical response of the hydroxide films was studied by CV measurements ranging the potential
from —0.2V to 0.6 V with the sweep rate of 20mV s~! in 1 M KOH electrolytes; the results are shown in Fig. 4a.
The CV curves obtained for Co(OH), and Ni(OH), show the presence of broad anodic peaks at approximately
0.22'V and 0.54 V, which can be due to the redox reactions involving OH™ as below?*:

For Co(OH),

Co(OH), + OH™ «» CoOOH + H,O + e~ (1)

CoOOH + OH™ « CoO, + H,0 + e (2)
For Ni(OH),
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Figure 2. TEM results: low magnified TEM images (left), SAED patterns (middle) and HRTEM images (right)
of (a,b,c) Co(OH),, (d,e,f) Ni(OH), and (g,h,i) Ni,,Co,,,(OH), films.
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Figure 3. (a) Current transients of Co(OH),, Ni(OH), and Ni, ,Co, ,(OH), electrodeposition and (b) the
corresponding (I/1;,,,)? vS. t/t,, curves obtained by changing coordinates of these current transients.
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Figure 4. (a) Cyclic voltammograms at 20mV s~! and (b) galvanostatic charge-discharge curves at 1 Ag™! of
Ni(OH),, Co(OH),, Co(OH),-Ni(OH),, Ni, ,Co,,,(OH), and Ni(OH),-Co(OH), films. Potential windows in
GCD measurements of the hydroxide films were optimized to exclude to less contribution regime to the charge
capacity.

The CV curve of Ni,,,Co,,,(OH), also reveals the presence of a broad anodic peak. The redox peak potential
is approximately 0.38 V, which is in the middle of the redox peak potentials of its corresponding single oxides:
Co(OH), and Ni(OH),. Furthermore, the current response increases compared to Co(OH), and Ni(OH),. This
result indicates the presence of synergistic redox reactions in the Ni,;,Co,,(OH), film, leading to an increased
electrochemical activity.

The CV curves of the Ni(OH),-Co(OH), films evidence the presence of two peaks, which are approximately
at the same potential of the redox response of single Co(OH), and Ni(OH),. This result evidences that both lay-
ers, in the layered film, are contributing to the redox response. The specific current corresponding to the redox
reaction of Co species, equation (1 and 2), is lower than that observed for the single Co(OH), film due to the
formation of a thinner Co(OH), inner layer. The specific current corresponding to the reaction of Ni species,
equation (3), increases compared to the values determined for the Ni(OH), film, probably due to the formation of
finer agglomerated particles observed in FEG-SEM image leading to increased redox active sites.

The CV curve of Co(OH),-Ni(OH), film presents a redox peak in the same potential range observed for
the Ni(OH), films. The specific current at the peaks increases compared to the single Ni(OH), film. It can also
be observed that the onset potential of the anodic peak in the Co(OH),-Ni(OH), film shifts to more negative
potentials compared to the anodic peak in Ni(OH),, evidencing the contribution of the outer Co(OH), layer. The
contribution of the outer Co(OH), layer, however, is rather small, probably due to the decreased conductivity of
Ni(OH), layer compared to Co(OH),*. This point will be further clarified in the next part of the paper.

Overall, considering the separated contribution of the two redox reactions in the layered Ni(OH),-Co(OH),
film, this architecture is expected to display the highest specific capacity values amongst the ones prepared in this
work.

To determine the specific capacity values, GCD measurements were performed under a constant current
of 1 Ag™, Fig. 4b. The specific capacitance values were calculated using equation (7). The potential windows
used to measure the specific capacity values of each film were optimized in order to avoid the potential range
with minor contribution to the specific capacity in the corresponding films. The results show the presence of
two plateaus in the GCD curves of Ni(OH),-Co(OH), film. The GCD results of the other films revealed only
one plateau. This is in a good agreement with the redox response previously observed in the CV curves. The
specific capacity values are 417Cg~!, 762Cg™ 1,586 Cg !, 272.7Cg ' and 205.6 Cg ' at 1 Ag~! for Co(OH),,
Ni(OH),-Co(OH),, Ni,,Co,,,(OH), and Co(OH),-Ni(OH), and Ni(OH), films. The specific capacitance values
calculated at 1 Ag'are 834Fg™!,1524Fg~1,1172Fg~1, 606 Fg~! and 457 Fg~! for Co(OH),, Ni(OH),-Co(OH),,
Ni,,Co,,,(OH), and Co(OH),-Ni(OH), and Ni(OH), films, respectively. The specific capacity of Ni, ,Co,,,(OH),
increase compared to the single metal hydroxides due to the presence of synergistic redox reactions. The highest
specific capacity value determined for the Ni(OH),-Co(OH), film is due to the separated contribution of the
two redox reactions. Thus, this results clearly evidences the advantage of combining multiple redox reaction
in the layered Ni(OH),-Co(OH), film. It is worth to notice that the specific capacity/capacitance values of the
Ni(OH),-Co(OH), film is high, considering that it is deposited on stainless steel which is a flat current col-
lector without any porous channels. Previous publications report that binary Ni-Co hydroxide (NCH) based
electrodes, NCH/stainless steel'!, Ni(OH),-Co(OH),/Ti*! formed by co-precipitation and electrodeposited
Ni(OH),-Co(OH),/Ti*? displayed specific capacitance values of 456 Fg~! (205.2Ccm™2) at 20mVs™!, 1123Fg™!
(561.5Ccm™2) at ImV s 'and 823Fg! (411.5Ccm2) at 5mV s~} respectively. Compared to these values, the
new Ni(OH),-Co(OH), film reported in this work clearly shows high charge storage capacity.

The redox response of the hydroxide films at different rates is evaluated by studying cyclic voltammograms
performed at different scanning rates from 5mVs™! to 50mV s™!, Figure S2a—e. The CVs, in all deposited films,
show that the redox peaks are shifted and more separated and that there is an increase of the specific current with
the sweep rates. This results reveal the quasi-reversible nature of the redox reactions and suggest the good charge
storage at increased rates®. The polarization of the electrodes at higher sweep rates results in increased potential
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Figure 5. The relation of (a) charge (Q) versus v_2 and (b) of Q! versus v!2. (c) Contributions of double layer
capacity and diffusion-controlled redox capacity to the total capacity of the hydroxide films.

difference between the anodic and the cathodic peaks. The shape of the cyclic voltammograms is nearly preserved
when increasing sweep rates, indicating easier diffusion of OH™ ions into the hydroxide films. This is probably
due to characteristics of layered hydroxides, favoring the diffusion of ions**. For each film studied, the evolution
of the cathodic peak current densities vs. the square root of the sweep rate are showed in Figure S2f. The linear
dependence indicates the redox reactions is governed by diffusion-controlled processes®.

The high charge storage at increased rate, rate capability, is essential for power application of electrodes work-
ing in hybrid supercapacitors. This response is evaluated by analyzing GCD measurements with increased rate
up to 10 A g™?, Figure S3a-e. The markedly dropped potential and the decreased discharge time, when increas-
ing the specific current, reveal the reduction of the specific capacity. Notably, the response time of Ni(OH),
dropped to zero when applying specific current of 10 A g~*. This indicates the intrinsic poor rate capability of
Ni(OH), as reported elsewhere?. The specific capacity varies with the applied specific current, Figure S3f. The
results show capacity retentions of 81%, 64%, 80%, 25% and 0% when the current increases from 1 Ag™! to
10A g ! for Co(OH),, (b) Ni(OH),-Co(OH),, (¢) Ni,;;,Co,,(OH),, (d) Co(OH),-Ni(OH), and (e) Ni(OH),,
respectively. The reduction of the specific capacity in all the films is probably a result of the less accessible active
sites at increased rates. Co(OH), and Ni,;,Co,,,(OH), present the highest rate capability, while Ni(OH), and
Co(OH),-Ni(OH), present the poorest rate capability. The value of Ni(OH),-Co(OH), is lower than that of
Co(OH), and Ni,,Co,/,(OH),, probably due to the presence of Ni(OH), layer, which has low rate capability.
However, considering the specific capacity values obtained at 10 A g of 333.5Cg™!,474.5Cg ' and 487.5Cg™!
respectively for Co(OH), and Ni,;,Co,,,(OH), and Ni(OH),-Co(OH),, it is possible to conclude that the two
layers films still displayed the highest specific capacity values.

The high charge storage capacity after cycling is also required for supercapacitor electrodes. This test is per-
formed on the Ni(OH),-Co(OH), electrodes, which achieves the highest specific capacity values, by continuously
charge-discharge for 1000 cycles at 10 A g~*. The specific capacity, Figure S3g, increases to about 108% after 50
cycles. Then, it slowly decreases to about 71% after 1000 cycles. Even though, the final value is not so high, this
value is similar to the values reported for Ni,Co, ,(OH),/NiCo,0, grown on carbon paper?. It is worth to note
that the continuous charge-discharge test was performed at a high-applied current —10 A g™!. A similar test for
Ni(OH),/graphite foam presented a capacity retention of 66% after 1000 cycles®. The specific capacity values after
1000 cyclesis 346 Cg'at 10 A g™}, revealing an attractive specific capacity value after cycling.

Both the double layer capacity (Q,_.., due to the porous morphologies) and the diffusion-controlled redox
capacity (due to the redox response) contribute to the total storage capacity of the hydroxide electrodes. A kinetic
model describes the dependence of each capacity on potential sweep rate (v), performed by cyclic voltammetry, is
used to study charge storage mechanism and their capacity contribution to the total capacity of the electrodes®.
This dependency is described as*’~**:

Q=Q,_, +av'? (@)

Ql=qQ,l +w'”? 5)

where: Q is the total charge at different sweep rates obtained by integrating CV curves, Q,_, is the double layer
charge and Q,_, is the maximum total charge can be obtained and a and b are constants.

The double layer capacity and the total capacity contributions can be calculated by determining the y-axis
intercepts in the Q versus v-'/2,and Q™! versus v'/? plots, Fig. 5a and b. The results, Fig. 5¢, represent the contribu-
tions of the double layer capacity and the diffusion-controlled redox capacity to the total capacity of the hydroxide
films.
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Figure 6. (a) Cyclic voltammetry (CV) at different sweep rates, (b) galvanostatic charge-discharge curves at
different currents, (c) capacity versus current values and (d) Ragone plot of specific energy versus specific power
of the carbon nanofoam paper|| Ni(OH),-Co(OH), cell.

As shown in Fig. 5¢, for all the films except Co(OH),, the diffusional effects contribution to the total capacity
is higher than the double layer ones. This result indicates that the reactions under diffusional control predom-
inantly contribute to the total capacity. The higher contribution of the double layer capacity in the Co(OH),
film can be explained by the formation of the thin crumpled nanosheets morphology that results in increased
surface area and increased double layer contribution. This analysis shows that the diffusion-controlled redox
contribution is 74% in the Co(OH),-Ni(OH), film that is higher compared to the Ni(OH), film —62%. This result
shows that the Co(OH), layer also contributes to the total capacitive response of the electrode. The contribution
of the diffusion-controlled redox capacity to the total capacity is similar for the single Ni(OH),-Co(OH), and
Ni,;,Co,,,(OH), films, suggesting a marked synergistic effect in the layered film.

To further clarify the difference in redox response of the hydroxide electrodes, current-voltage (I-V) and elec-
trochemical impedance spectroscopy (EIS) measurements were carried out, Figure S4.I-V plots, Figure S4a, show
the highest current response in the Co(OH), film over steel electrode, thus revealing the higher conductivity of
Co(OH), film among the other films. EIS of the hydroxide films, Figure S4b, show no difference at high frequency
region. In the medium to low frequency region, the slope of the spectra increases in a sequence of Ni(OH),,
Co(OH),-Ni(OH),, Ni,,Co,,,(OH),/Ni(OH),-Co(OH), and Co(OH), films. This result reveals better capacitive
response and lower diffusion resistance of Co(OH), and Ni(OH),-Co(OH), films compared to Ni(OH), and
Co(OH),-Ni(OH), films, respectively. Thus, I-V together with EIS results suggest that the increased conductivity
and capacitive response of Co(OH), layer compared to Ni(OH), layer result in the improved charge storage per-
formance of Ni(OH),-Co(OH), films versus Co(OH),-Ni(OH), films.

The Ni(OH),-Co(OH), film was used as positive electrode in a two-electrode cell composed of carbon nano-
foam paper (CNFP) as negative electrode to evaluate possible application of the new designed electrode in hybrid
supercapacitors. This cell is referred as CNFP||Ni(OH),-Co(OH),. CNFP electrode displayed porous structure,
Figure S5, and typical double layer capacity in potential ranging from —1.4 to 0V vs SCE, Figure S6. The charge of
the electrodes was balanced using equation (8). This balancing results in the mass difference between the positive
electrode and the negative electrode of 1 to 7.1.

CV of the cell, Fig. 6a, display redox peaks in the extended working voltage of 1.9V due to the presence
of redox response of Ni(OH),-Co(OH), electrode and the hybrid cell assembly. The shape of the CV curves at
different sweep rates is relatively similar, suggesting a good response rate of the cell. Specific capacity and rate
performance of the cell are calculated by performing galvanostatic charge-discharge at different applied cur-
rents, Fig. 6b. Specific capacity values are 92Cg~! and 54 Cg~! at currents of 0.18 Ag~' and 3.5A g™}, Fig. 6¢,
which retain 58.7% of the specific capacity when the current increases 20 times. Continuous charge-discharge
test at the high applied current of 3.5 A g~! shows the capacity retention of 63% after 1000 cycles, Figure S7. The
CNFP||Ni(OH),-Co(OH), hybrid cell display high specific energies of 101.3Wh g! and 37.8 Wh g~ at specific
powers of 0.2W g~! and 2.45W g™, Fig. 6d, respectively.
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Opverall, the reported results suggested that new electrodes architectures composed of layered TMHs display
enhanced specific capacity values compared to the corresponding double TMH electrodes. Thus, this work opens
a novel route for designing TMHs electrodes for enhanced charge storage capacity and increased rate capability.

Conclusions

In summary, a new electrode architecture composed of layered Ni(OH), on Co(OH), was prepared by electrodep-
osition on stainless steel and studied towards application in hybrid supercapacitors. The electrochemical response
of the Ni(OH), on Co(OH), electrode compared to Co(OH),, Ni,;,Co,,,(OH),, Co(OH),-Ni(OH), and Ni(OH),
revealed enhanced specific capacity response —762 Cg~!. The high specific capacity was due to the contribution
to the redox response of the two layers of hydroxides in the layered film that led to the presence of two redox
peaks in the cyclic voltammogram. The contribution of the two hydroxide layers to the total capacity response
resulted from an architecture composed of agglomerated particles Ni(OH), (top layer) over nanosheets Co(OH),
(bottom layer) with high ionic diffusion and better electron conductivity of Co(OH),, allowing the diffusion of
hydroxyl ions and redox reactions in both layers of the electrodes. The Ni(OH), on Co(OH), architecture dis-
played good rate capability, with maximum specific capacity values of 487.5Cg~! at 10 A g~! that decreased to
346 Cg ! after 1000 of continuous GCD cycles. The carbon nanofoam paper||Ni(OH),-Co(OH), hybrid cell show
high specific energy of 101.3 Wh g~! at specific power of 0.2 W g™

Methods

Electrodeposition. Electrodeposition was carried out in potentiostatic mode, in a three-electrode cell, at
room temperature, controlled by Radiometer Voltalab PGZ 100 Potentiostat. The cell was composed of stain-
less steel (AISI 304, Goodfellow) as a substrate (working electrode), platinum foil as counter electrode and the
saturated calomel electrode (SCE) as reference electrode. Steel plates used for electrodeposition were previously
polished with grit papers, cleaned with deionized water and ethanol and dried in air. The electrolytes used for the
deposition were 0.1 M Ni(NO;),, 0.1 M Co(NO;), and [0.05M Ni(NOs), + 0.05 M Co(NOs),] for the electrodep-
osition of Ni(OH),, Co(OH), and Ni,,Co,,(OH),, respectively. All films were potentiostatically electrodepos-
ited at —1.1V vs SCE. Single layer films of Ni(OH),, Co(OH), and Ni,,Co,,(OH), were deposited with applied
charge of —1 C cm~2. The Ni:Co ratio in the Ni,,Co,,,(OH), film was similar to the ratio used in the electrolyte
(obtained by EDX analysis). Layered films of Ni(OH),-Co(OH), and Co(OH),-Ni(OH), were prepared by depos-
iting each layer, separately, following the order in the films, with the applied charge for the deposition of each layer
of —0.5Ccm~2 The potential values depicted in this work are with reference to the SCE. Loading densities of all
the electrodeposited films, weighted by Sartorius micro-balance, were approximately 0.7 mgcm™2, thus allowing
specific capacity comparison among the electrodes.

Characterization. The surface morphology (top view and cross section) of the electrodeposited films was
studied by field emission gun scanning electron microscopy (FEG-SEM, JEOL 7001 F and FEI QUANTA 250
ESEM microscopes). Cross-section measurements were done by scratching part of the films away from the sub-
strate and observed on 75° tilted sample holder. Elemental analysis was studied by X-ray spectroscopy (EDX)
coupled with FEG-SEM.

X-ray diffraction (XRD, Bruker AXS D8 Advance diffractometer) in Bragg-Brentano configuration with Cu
K, radiation was used for phase identification.

Transmission electron microscopy (TEM, JEOL 2010 microscope) was used to assess the structural details of
the formed film under an acceleration voltage of 200kV. TEM samples were prepared by scratching the films and
collecting the resulting powder by TEM grids to avoid structural transformations that can be induced by other
thinning processes.

The electrochemical response and the charge storage ability of the electrodes were studied by cyclic voltamme-
try (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS), respectively,
in 1 M KOH alkaline electrolytes, using a three-electrode cell as described above.

The specific capacity (Q/C g™') and capacitance (C/F g7') of the films was calculated from the GCD curves
using the formula®’:

Q=1 (6)
_ It
AV @)

where I (A g™1), t (s) and AV (V) are the GCD specific current, the discharge time and the working potential
window, respectively.
Electrochemical impedance spectroscopy (EIS, Gamry FAS2 Femtostat) were performed by applying
sine-wave voltage with amplitude of 10 mV at open circuit potential in the frequency range of 10mHz to 100 kHz.
Current-voltage characteristics of the electrodeposited film over steel electrodes were obtained by linear sweep
voltammetry in the voltage range of —0.4 to 0.4 V.

Two-electrode cell. Two-electrode cell, working in 1 M KOH electrolyte, was assembled using an electro-
deposited layered hydroxide film as positive electrode and carbon nanofoam paper (CNFP, Marketech) as nega-
tive electrode. Charge balancing was calculated using equation:

"MNi (OH), — Co(OH), _ Qcnrp

McNrp Qui(om), - co(OH), (8)
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where My (OH), —Co (OH), and mcygp are loadings of Ni(OH),-Co(OH), electrode and CNFP electrode; and
Qi (0H), —Co (OM), and Qygp are specific charge capacities of Ni(OH),-Co(OH), electrode and CNFP electrode.

Specific energy (E, W h g™!) and specific power (P, W g™!) of the cell were calculated from discharge curves
using equations:

E:Idet ©)

E
P=3 (10)
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