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1. Introduction

Hybrid supercapacitors (HSCs) composed of
battery-type and capacitive-type electrodes dem-
onstrate comprehensive merits from both bat-
tery and supercapacitor devices, which are
expected to achieve high energy and power
density.[1–4] Efficient battery-type electrode
materials are the key to fabricating high-
performance HSCs.[5–7] Among the battery-type
electrode materials discovered so far, Ni(OH)2
is considered to be one of the most promising
materials owing to its high theoretical specific
capacity, abundant resources, and environmen-
tal friendliness.[8–11] However, in practical
applications, Ni(OH)2 often exhibits lower
energy storage capacity and poor cycling stabil-
ity due to the inherently weak electrical conduc-
tivity and serious volume expansion during the
charging-discharging process.[12–14] To solve
these problems, an effective strategy is contact-
ing Ni(OH)2 with the current collector closely
or adding other conductive materials to form
composites.[15–17] Under such circumstances,
preparing binder-free Ni(OH)2/NF integrated

electrode through the direct oxidation of nickel foam (NF) collector
attracts our attention, which not only can effectively prevent the shed-
ding of the Ni(OH)2 to ensure long-term stability, but also is condu-
cive to large-scale production and charge transfer.[18,19] However, the
areal specific capacity or stability of the single Ni(OH)2/NF is still
unsatisfactory. Adding conductive materials into the NF-oxidation sys-
tem to in situ prepare Ni(OH)2-based hybrids on NF collector can fur-
ther increase electrical conductivity and durability, but this is rarely
reported. Therefore, it is necessary to develop a facile and economical
modified NF-oxidation route for designing high-performance Ni
(OH)2-based composite electrode materials.

Except for the design of materials, electrochemical activation is often
used to boost the energy storage capacity of electrode materials.[20]

During the electrochemical process, some weak materials can be con-
verted into highly active components, and/or the microstructure
changes of materials can enhance electrochemical activity.[21,22] For
instance, graphene derivatives or oxygen-containing groups can be
introduced in carbon-based materials, after the electrochemical cycle, to
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Exploring a novel strategy for large-scale production of battery-type Ni(OH)2-
based composites, with excellent capacitive performance, is still greatly
challenging. Herein, we developed a facile and cost-effective strategy to in
situ grow a layer of Ni(OH)2/Ti3C2Tx composite on the nickel foam
(NF) collector, where Ti3C2Tx is not only a conductive component, but also a
catalyst that accelerates the oxidation of NF to Ni(OH)2. Detailed analysis
reveals that the crystallinity, morphology, and electronic structure of the
integrated electrode can be tuned via the electrochemical activation, which is
beneficial for improving electrical conductivity and redox activity. As
expected, the integrated electrode shows a specific capacity of 1.09 C cm�2

at 1 mA cm�2 after three custom activation cycles and maintains 92.4% of
the initial capacity after 1500 cycles. Moreover, a hybrid supercapacitor
composed of Ni(OH)2/Ti3C2Tx/NF cathode and activated carbon anode
provides an energy density of 0.1 mWh cm�2 at a power density of
0.97 mW cm�2, and excellent cycling stability with about 110% capacity
retention rate after 5000 cycles. This work would afford an economical and
convenient method to steer commercial Ni foam into advanced Ni(OH)2-
based composite materials as binder-free electrodes for hybrid
supercapacitors.
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improve the specific capacitance value.[23,24] Zhang et al. found that the
as-sputtered MnO2 films could be transformed into ultrathin nanosheets
with different content of embedded Na+ ions during the electrochemi-
cal activation process of MnO2-NS@CNTs, resulting in enhanced sur-
face and diffusion controlled capacitance processes.[25] Such a
phenomenon has also occurred for Ni(OH)2. For instance, Zou et al.
reported that the energy storage capacity of Ni(OH)2 increased after the
cyclic voltammetry (CV) or galvanostatic charge/discharge (GCD) acti-
vation process, where the layered porous network Ni(OH)2 nanostruc-
ture was prepared by GCD process, while the spherical stacking
nanostructures were generated by CV process.[26] However, the under-
standing and exploration of the electrochemical activation of Ni(OH)2-
based materials are still very limited. Especially, the relationship
between material structure and performance needs further in-depth
research.

Recently, the popular MXene (metal carbide/nitride nanosheet)
materials with metallic conductivity and abundant hydrophilic termina-
tion groups have provided inspiration as potential conductive substrates
for the preparation of tightly coupled composites.[27–31] Bearing these
in mind, we started with constructing Ni(OH)2/Ti3C2Tx MXene com-
posite on NF through mild Ti3C2Tx and hydrogen peroxide (H2O2)
oxidation route under a hydrothermal condition. Detailed experimental
results showed that NF was partially oxidized by the H2O2 under the
role of Ti3C2Tx, which resulted in the in situ generation of a layer of Ni
(OH)2 on the NF skeleton. In addition, Ti3C2Tx was tightly coupled
with Ni(OH)2 to form Ni(OH)2/Ti3C2Tx/NF integrated electrode.
More interestingly, electrochemical activation can not only tune the
morphology and electronic structure of the integrated electrodes, but
also transform the original weak crystallinity of Ni(OH)2 into the
good crystallinity. These changes are responsible for the dramatically
increased specific capacity from 0.28 to 1.09 C cm�2 and the mainte-
nance of capacity of 92.4% after 1500 cycles. Moreover, a

hybrid supercapacitor composed of Ni(OH)2/Ti3C2Tx/NF cathode and
activated carbon anode could provide an energy density of
0.1 mWh cm�2 at a power density of 0.97 mW cm�2, and excellent
cycling stability with about 110% capacity retention rate after
5000 cycles, holding great promise for energy storage applications.
This synthesis method developed here has significant advantages of fac-
ile, cost-effective, and additive-free processing, which is conducive to
large-scale production and affords an interesting direction for preparing
advanced self-supported composite electrode materials.

2. Results and Discussion

The preparation process of the integrated electrode is shown in Fig-
ure 1, which mainly involves the synthesis of Ti3C2Tx nanosheets, and
the subsequent oxidation of NF by Ti3C2Tx and H2O2 under a hydro-
thermal condition. Figure 2a shows the XRD patterns of the obtained
samples. It can be clearly seen that the (104) peak of Ti3C2Tx corre-
sponding to the Al layer at 39° disappears and the (002) peak shifts to
a small angle by comparison with pristine Ti3AlC2, indicating that
Ti3C2Tx nanosheets were successfully achieved.[32] In this work, differ-
ent contents of Ti3C2Tx (2, 5, 8, and 10 mg) were added to explore its
effect on the oxidation of NF by H2O2. It is worth noting that no
obvious Ni(OH)2 layer was formed on the surface of NF without the
addition of Ti3C2Tx (see Figure S1, Supporting Information). The as-
obtained four integrated electrodes show almost the same XRD patterns.
When adding fewer amounts of Ti3C2Tx such as 2 and 5 mg, the
(002) diffraction peak is not obvious. For samples with 8 and 10 mg
of Ti3C2Tx added, an obvious (002) peak at 6.25° can be seen, which
is a characteristic peak of Ti3C2Tx. Beyond that, the remaining diffrac-
tion peaks in the four electrodes centered at 11.6°, 33.7°, 35.2°, and
59.6° corresponding to the lattice planes of (001), (110), (111), and

Figure 1. Schematic diagram of the synthesis of Ni(OH)2/Ti3C2Tx/NF composite.
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(300) in 3Ni(OH)2�2H2O (α-Ni(OH)2 phase, JCPDS No. 22-0444);
the 19.3° and 38.5° belong to the (001) and (101) crystal planes of β-
Ni(OH)2 (JCPDS No. 14-0117), respectively. These results indicate that
Ti3C2Tx plays an important role in the formation of Ni(OH)2, while
the amount of it has little effect on the phase composition of the final
products, and Ti3C2Tx is not oxidized by H2O2 in the synthesis process.
The latter is different from the usual perception that MXene is easily
oxidized in the presence of an oxidant, suggesting that the structure of
MXene is relatively stable when it coexists with other components
(such as NF) that are more easily oxidized.

The electrode with 2 mg Ni(OH)2/Ti3C2Tx/NF was chosen as an
example for the following characterizations. As shown in Figure 2b,
the SEM image reveals that stacked nanosheet-like cicada-pupa

nanostructures cover all of the NF substrate. To achieve more details of
the integrated electrode, the sample was ultrasonically treated in ethanol
and peeled off for TEM characterization. From the TEM image in
Figure 2c, irregular thick nanosheets were presented. The correspond-
ing SAED pattern (Figure 2c inset) shows that the product is a coexis-
tence phase of single crystal and weak crystallinity. HRTEM image of
the sample was further recorded. The lattice fringe spacing of the
nanosheet in A site is 0.244 nm (Figure 2d inset) corresponding to
the Ti3C2Tx (103) plane, respectively. B site in large nanosheet displays
weak crystallinity. From the corresponding inverse fast Fourier trans-
form (IFFT) image (Figure 2e), the lattice fringe with a spacing
0.153 nm can be seen, which should be ascribed to α-Ni(OH)2 (300)
face or β-Ni(OH)2 (003) face. Furthermore, HAADF-STEM (Figure 2f)

Figure 2. a) XRD patterns of the as-prepared integrated electrodes. Characterization of the 2 mg Ni(OH)2/Ti3C2Tx/NF: b) SEM image; c) TEM image. Inset:
SAED image; d) HRTEM image. Inset: Interplanar spacings of the lattice fringe; e) inverse fast Fourier transform (IFFT) image; f) HAADF image; and g–j)
mapping images.

Energy Environ. Mater. 2023, 0, e12672 3 of 8 © 2023 The Authors. Energy & Environmental Materials published by
John Wiley & Sons Australia, Ltd on behalf of Zhengzhou University.

 25750356, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eem

2.12672 by E
cole D

e T
echnologie Superieur, W

iley O
nline L

ibrary on [17/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and elemental analysis (Figure 2g–j) demonstrated that Ni, Ti, O, and
C elements coexisted and were uniformly distributed throughout the
nanosheets. All the above results indicate that Ni(OH)2/Ti3C2Tx/NF
was successfully prepared by the oxidation of NF with H2O2 in the
presence of Ti3C2Tx.

To improve the electrochemical performance of the Ni(OH)2/
Ti3C2Tx/NF, an initial 40 cycles of CV and GCD process were con-
ducted in 1.0 M KOH solution, which is called the first cycle of the
electrochemical activation. Figure 3a is the CV curves of four integrated
electrodes at a scan rate of 5 mV s�1 after the first cycle. It can be seen
that the four integrated electrodes show almost identical CV areas and
redox peaks, indicating that they have the same electrochemical perfor-
mance. Similarly, their GCD curves (Figure 3b) exhibit an identical
charge–discharge plateau and discharge time at the current density of
1 mA cm�2. The above results show that the addition amount
of Ti3C2Tx has almost negligible impact on the electrochemical proper-
ties of the products, which means the effect of Ti3C2Tx on NF-oxidation
of H2O2 is independent of the addition amount, agreeing well with the
XRD results. More interestingly, the electrochemical performance of
the integrated electrode dramatically improves with increasing the acti-
vation cycle, and the performance reaches a stable state after the third
cycle. Taking 2 mg Ni(OH)2/Ti3C2Tx/NF as an example, Figure 3c,d
shows the CV and GCD curves at different activation cycles, respec-
tively, from which an obvious enhanced electrochemical performance
with increasing cycling number can be seen. According to the capacity
calculation formula C ¼ 2I

R
Vdt=ΔV (I is the current density, t is the

discharge time, and ΔV is the voltage window) and galvanostatic dis-
charge curves, the specific capacity value of 2 mg Ni(OH)2/Ti3C2Tx/
NF increased from 0.28 C cm�2 in the first cycle to 0.67 C cm�2 in
the second cycle, and then to 1.09 C cm�2 in the third cycle

(Figure 3e). The same trend was also observed for the other three
integrated electrodes with different amounts of Ti3C2Tx (Figure S2, Sup-
porting Information). The above results show that the electrochemical
performance of Ni(OH)2/Ti3C2Tx/NF was successfully enhanced by
the electrochemical activation process. Moreover, the electrochemical
performance was stabilized after the third cycle, as demonstrated in
Figure 3f. Almost the same specific capacity value at 1 mA cm�2 can
be obtained in the last 10-cycle GCD curves of the third cycle, indicat-
ing that the electrochemical activation is over and the performance
reaches the optimum.

To explore the reason and mechanism behind the increased capacity
performance of 2 mg Ni(OH)2/Ti3C2Tx/NF by electrochemical activa-
tion, a series of characterizations were carried out. As displayed in
Figure S3, Supporting Information, the XRD pattern of electrochemi-
cally activated 2 mg Ni(OH)2/Ti3C2Tx/NF is similar to the original
electrode, indicating that there is no change in phase after the electro-
chemical activation process. Figure 4a presents the TEM image of elec-
trochemically activated 2 mg Ni(OH)2/Ti3C2Tx/NF, from which the
well-defined ultrathin and nearly transparent nanosheet with a lateral
size of several 100 nm can be seen. Moreover, the corresponding
HRTEM images of area 1 and area 2 show that the activated sample has
a highly crystalline nature, with clearly identified lattice fringe spaces of
0.218 and 0.244 nm corresponding to both the (103) plane of the
3Ni(OH)2�2H2O (α-Ni(OH)2) phase and Ti3C2Tx, respectively. As
observed by the TEM and HRTEM, it is believed that during the electro-
chemical activation process, the original irregular weak crystallinity Ni
(OH)2 thick nanosheets can be restructured and form ultrathin
nanosheets with good crystallinity, which are beneficial for providing
larger surface area and higher electrical conductivity, thereby resulting
in the dramatically increased specific capacity. XPS was conducted to

Figure 3. a) Cyclic voltammetry (CV) curves and b) galvanostatic charge/discharge (GCD) curves of the four integrated electrodes after the first
electrochemical activation cycle. c) CV curves and d) GCD curves of 2 mg Ni(OH)2/Ti3C2Tx/NF at different activation cycles; e) Specific capacity value of
2 mg Ni(OH)2/Ti3C2Tx/NF at different activation cycles; f) The last 10-cycle GCD curves of the third cycle and their corresponding capacity value of 2 mg Ni
(OH)2/Ti3C2Tx/NF.
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study the composition and valence states of the 2 mg Ni(OH)2/
Ti3C2Tx/NF before and after electrochemical activation. As shown in
Figure S4, Supporting Information, Ni, Ti, O, and C elements are
detected in the XPS survey of the two samples. Moreover, the elemental
contents from XPS reveal the atomic ratio of Ni:Ti is 8.27:1 in the pris-
tine one. Ni 2p spectrum of the pristine sample in Figure 4d shows
two peaks located at 856.0 and 873.7 eV accompanied by two satellite
peaks, which belong to the characteristic spin-orbit 2p3/2 and 2p1/2,
showing that the valence state of Ni is +2. However, after the electro-
chemical activation, an obvious 0.4 eV shift of Ni 2p toward lower
binding energy is observed in the electrochemically activated sample.
Moreover, the same shift phenomenon occurs in the Ti 2p of both sam-
ples. Such apparent binding energy shift of both Ni and Ti atoms indi-
cates that the electronic structure of the components is changed by the
electrochemical activation, which is conductive to improving the reac-
tion activity. Specifically, since the charge storage of the integrated elec-
trode mainly relies on the redox reaction between Ni(OH)2/NiOOH
couple, the lower oxidation state of Ni can realize more electron trans-
fer and thus store more capacity.[5] Raman spectroscopy was employed
to further confirm the structural change in the sample before and after
electrochemical activation, as shown in Figure 4f. Compared with the
pristine one, no impurity peak is found in the Raman spectrum of
the activated sample, which indicates that there is no new phase formed
during the electrochemical activation, agreeing well with the XRD
results. However, the peaks located at 400–600 cm�1 indexed to the
stretching vibrations of the Ni–O bond in Ni(OH)2 crystal structure
show a shift toward a lower wavenumber than that of pristine one,
which further verifies the structure change after electrochemical

activation. All the above results reveal that the structure including crys-
tallinity, morphology, and electronic state of the integrated electrode is
transformed after electrochemical activation.

To fully assess the performance improvement effect after three-cycle
electrochemical activation, the electrochemical performances of the
other three activated (5, 8, and 10 mg) Ni(OH)2/Ti3C2Tx/NF were
also systematically analyzed in three-electrode configuration. For com-
parison, the electrochemical performances of commercial NF and sam-
ple obtained without the addition of Ti3C2Tx (named Ni(OH)2/0 mg
Ti3C2Tx/NF) were also tested. Figure 5a shows the CV curves of these
samples, from which the four activated samples exhibit almost the same
CV curve area and redox peak intensity, indicating a similar capacity
performance and redox reaction kinetics process, which is further con-
firmed by the GCD curves. As shown in Figure 5b, they have almost
same potential-time curves and discharge times, and the capacity values
are in the range of 1.07–1.09 C cm�2. Besides, very similar electro-
chemical kinetic behaviors of the four activated samples were revealed
by the Nyquist plot and Bode phase angle plot, as displayed in
Figure 5c. Notably, as observed from CV, GCD and EIS curves, the com-
mercial NF and Ni(OH)2/0 mg Ti3C2Tx/NF show the same and negli-
gible capacity performances, further indicating that Ti3C2Tx has a
positive effect on the formation of Ni(OH)2. Considering that the addi-
tion amount of Ti3C2Tx in the range of 2–10 mg has negligible influ-
ence on the electrochemical properties of the products before and after
electrochemical activation, we concluded that: i) Ti3C2Tx plays a cata-
lytic role in the oxidation of NF by H2O2, and the addition amount of
2 mg is enough; ii) the contribution of capacity mainly comes from
the Ni(OH)2 in situ generated on the NF substance; iii) the regulation

Figure 4. a) TEM image, and b, c) corresponding HRTEM images in Area 1 and Area 2 of electrochemical activated 2 mg Ni(OH)2/Ti3C2Tx/NF. Inset:
Interplanar spacings of the lattice fringes. XPS spectra of d) Ni 2p and e) Ti 2p, f) Raman spectra of 2 mg Ni(OH)2/Ti3C2Tx/NF before and after activation.
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of the morphology, crystallinity, and electronic structure of Ni(OH)2 is
responsible for the enhancement of capacity performance during the
electrochemical activation process.

CV curves at different scan rates and GCD curves at different current
densities of 2 mg Ni(OH)2/Ti3C2Tx/NF were further conducted. As
shown in Figure 5d, with the increase in the scan rates, similar CV
curve shapes are observed, indicating good electrochemical reversibility.
Moreover, the value of the index b is calculated by the formula i = avb

to be 0.5, which points to the battery-type characteristic (Figure S5,
Supporting Information).[33] GCD curves (Figure 5e) at current densi-
ties of 1–5 mA cm�2 show its good symmetry and Coulombic effi-
ciencies. In addition, the corresponding area-specific capacities were
calculated to be 1.09, 1.02, 0.96, 0.91, and 0.85 C cm�2, respectively.
Compared with 1 mA cm�2, the capacity retention at 5 mA cm�2 is
78.0%, which proves the good rate performance. Moreover, the capac-
ity retention of 92.4% and the Coulomb efficiency of 99% were
achieved of 2 mg Ni(OH)2/Ti3C2Tx/NF after 1500 charge/discharge
cycles at a current density of 5 mA cm�2 (Figure 5f), showing the
excellent cycling stability. Besides, the GCD curves of the first 50 cycles
in the inset show that the capacity value basically remains unchanged,
further confirming that the activation process has been completed after
three cycles.

To evaluate the possibility of the as-prepared 2 mg Ni(OH)2/
Ti3C2Tx/NF for practical application, a hybrid supercapacitor (HSC)
was assembled for electrochemical measurement by using 2 mg Ni
(OH)2/Ti3C2Tx/NF as the cathode and commercial activated carbon
(AC) as the anode. The loading of AC is calculated based on the for-
mula C1 � S1 ¼ C2 � S2, (C is the area-specific capacity, and S is the
area) to obtain a high-performance assembled device. To determine
the operating potential window, the CV curves of 2 mg Ni(OH)2/
Ti3C2Tx/NF and AC were conducted at a scan rate of 5 mV s�1. As
shown in Figure 6a, the commercial AC electrode shows the typical

double-layer capacitance feature with a nearly rectangular shape in the
potential window of �1.0 to 0 V, while the 2 mg Ni(OH)2/Ti3C2Tx/
NF displays battery-type capacitance performance at potentials of 0–
0.5 V. Thus, the theoretical working potential of the HSC device is 0–
1.5 V. As presented in Figure 6b, no obvious polarization phenomenon
occurs in the CV curves of the HSC device when the potential increases
to 1.5 V. Moreover, the combined capacitive features of both battery-
type capacity behavior and electrical double-layer can be seen from the
CV curves. Figure 6c shows that the shape of CV curves still maintains
when the scan rate increases from 5 to 50 mV s�1, indicating the good
rate capability. The GCD curves at different current densities of the HSC
device are shown in Figure 6d. According to the discharge curves, the
area-specific capacity of the assembled device was determined to be
0.43, 0.39, 0.35, 0.31, and 0.27 C cm�2 at current densities of 1–
5 mA cm�2, respectively. Meanwhile, the faradic/energy efficiency of
the HSC device is calculated to be 79.3% and 65.2% from the GCD
curves recorded at current densities of 1 and 5 mA cm�2, indicating
the good rate property and reversibility of this device. Furthermore, the
HSC device provides a high energy density of 0.1 mWh cm�2 at a
power density of 0.97 mW cm�2. For practical application, the leakage
current and self-discharge characteristics of this HCS device were also
estimated. As displayed in Figure 6e, the HSC device requires a current
of 80 A cm�2 to maintain a potential of 1.2 V. The self-discharge char-
acteristic of this device maintains the potential of 1.2 and 0.97 V when
it was fully charged after 2 and 5 h of self-discharge, respectively,
which shows the HSC device is in good health. Besides, the HSC dem-
onstrates excellent cycling stability (Figure 6f) with specific capacitance
retention of 110% and Coulombic efficiency of 98.9% after 5000 GCD
cycles at 4 mA cm�2. Some additional characterizations including
TEM, XRD, and XPS were performed to confirm the maintenance of
phase, morphology, and valence state of 2 mg Ni(OH)2/Ti3C2Tx/NF
after the stability test (Figure S6, Supporting Information), which

Figure 5. a) Cyclic voltammetry (CV) curves, b) galvanostatic charge/discharge (GCD) curves, and c) EIS plot of the samples after electrochemical activation.
Inset: the Bode phase angle plot. d) CV curves at different scan rates, e) GCD curves at different current densities and f) Cycling performance at 5 mA cm�2

of activated 2 mg Ni(OH)2/Ti3C2Tx/NF.
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shows the superior chemical stability. All the above results reveal the
excellent electrochemical performance of Ni(OH)2/Ti3C2Tx/NF//AC/
NF HSC.

3. Conclusion

In summary, the Ni(OH)2/Ti3C2Tx/NF integrated electrodes were suc-
cessfully synthesized through a facile hydrothermal method, in which
the Ni foam acts as a nickel source directly. The Ti3C2Tx is not only
used as a conductive substance in the composite electrode, but also as a
catalyst to promote the in situ oxidation of nickel foam by H2O2. Inter-
estingly, the capacity of the integrated electrode increases by a factor of
three after electrochemical activation, which is mainly attributed to the
structural transformation including crystallinity, electronic structure,
and morphology of Ni(OH)2 during the activation process. The acti-
vated electrode delivers well discharge specific capacity of 1.09 C cm�2

at 1 mA cm�2, excellent rate performance, and good cycling stability.
Furthermore, the hybrid supercapacitor (HSC) assembled with 2 mg
Ni(OH)2/Ti3C2Tx/NF electrode and AC/NF electrode provides an
energy density of 0.1 mWh cm�2 at a power density of
0.97 mW cm�2, and the capacity retention rate is 110% after 5000
charge–discharge cycles. This work provides a new approach for the
large-scale production of battery-type Ni(OH)2-based electrode mate-
rials for hybrid supercapacitors.

4. Experimental Section

Experimental details, characterization, and electrochemical measurements are pro-
vided in Supporting Information.
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