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Extraordinary Supercapacitor Performance of a Multicomponent and
Mixed-Valence Oxyhydroxide**
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Abstract: We report a novel multicomponent mixed-valence
oxyhydroxide-based electrode synthesized by electrochemical
polarization of a de-alloyed nanoporous NiCuMn alloy. The
multicomponent oxyhydroxide has a high specific capacitance
larger than 627 Fcm¢3 (1097� 95 Fg¢1) at a current density of
0.25 A cm¢3, originating from multiple redox reactions. More
importantly, the oxyhydroxide electrode possesses an extra-
ordinarily wide working-potential window of 1.8 V in an
aqueous electrolyte, which far exceeds the theoretically stable
window of water. The realization of both high specific
capacitance and high working-potential windows gives rise to
a high energy density, 51 mWhcm¢3, of the multicomponent
oxyhydroxide-based supercapacitor for high-energy and high-
power applications.

Despite the fact that a large number of new materials have
recently been developed for high-energy-density supercapa-
citors, they usually suffer from a low specific capacitance and/
or a narrow working potential window.[1] The energy density
(E) of an electrochemical supercapacitor is determined by the
specific capacitance (C) and the stable working-potential
window (V) of an electrode material through the equation:
E = 0.5 C V2. For most active electrode materials, the efficient
electrochemical potential window is usually no more than
1.23 V in aqueous electrolytes, which is restricted by the
thermodynamic potential of water electrolysis.[2] Although
nonaqueous electrolytes can provide a wide potential window,
the specific capacitance of active materials, particularly
pseudocapacitive materials, in nonaqueous electrolytes is

often much lower than that in aqueous ones.[3] Therefore,
developing new electrode materials with both high specific
capacitance and a wide working-potential window is crucial
for the new generation of supercapacitors that have a high
energy density along with high specific power and fast
charging/discharging rate to complement or even surpass
batteries for high-energy and high-power applications.[1b]

Herein, we report that Cu and Mn cation co-doping gives
rise to the synergetic effect in enhanced specific capacitance
of Ni hydroxide by introducing multiple redox reactions and
in enlarged working-potential windows in aqueous solutions.
The resultant multicomponent and mixed-valence oxyhydr-
oxide (NiII

aCuI
bCuII

cMnII
dMnIV

e)Of(OH)g·hH2O (abbreviated
to NiCuMnOOH, hereinafter) shows ultrahigh specific
capacitance of about 627 F cm¢3 (1097� 95 F g¢1) at a current
density of 0.25 Acm¢3 and a large operating potential window
of 1.8 V in an aqueous electrolyte.

The fabrication process of the multicomponent NiCuM-
nOOH oxyhydroxide was illustrated in Figure 1a. Single-
phase Ni15Cu15Mn70 (at. %) alloy ribbons with a thickness of
ca. 20 mm were electrochemically de-alloyed in 1m (NH4)2SO4

solution at ¢0.7 V (vs. Ag/AgCl) to form a nanoporous
Ni36.5Cu36.5Mn27 ternary alloy by partially leaching less stable
Mn.[4] X-ray diffraction (XRD) reveals that the nanoporous
alloy has a monolithic face-centered cubic (FCC) structure
(Figure 1b). The mean ligament size, calculated from the full
width at half maximum (FWHM) of the XRD pattern
according to the Debye–Scherrer equation, is ca. 5.2 nm.
The nanoporous Ni36.5Cu36.5Mn27 alloy was further polarized
in 1m KOH solution at 0.9 V to oxidize the ternary alloy.[4b]

After the formation of a stable oxide layer, the metal ligament
size was reduced to about 3.4 nm whereas the thickness of the
ribbons remained to be ca. 20 mm. As shown in the scanning
transmission electron microscope (STEM) image (Figure 1c),
the nanopore channels are almost filled by a leaky polar-
ization product with pore sizes smaller than 1 nm.

The Brunauer–Emmett–Teller measurement also con-
firmed that small pores with a size of ca. 0.59 nm are formed
by the polarization (Figure S1). The selected area electron
diffraction (SAED) pattern (the inset of Figure 1 c) demon-
strates that only two crystalline phases, that is, the hydroxide
with a cubic structure and the residual FCC metal substrate,
can be detected from the polarized nanoporous alloy. The
hydroxide has a coherent crystallographic relationship with
the residual Ni-rich substrate. The two phases with different
lattice constants and contrast can be identified from a high-
angle annular dark field (HAADF) STEM image (Figure 1d).
The inverse fast Fourier transform (FFT) micrograph of
Figure 1d, which is constructed by imaging each phase using
the representative FFT patterns of the hydroxide and metal,
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shows the distribution of the hydroxide and the residual metal
substrate (Figure 1e). The volume fraction of the porous
oxide phase is approximately 60–70%, which is fully confined
within the nanopore channels of the residual nanoporous
alloy that has an open three-dimensional porous structure.

The microstructure of the polarized sample was further
characterized by XRD. As shown in Figure 1b, two weak and
broad peaks at 36.588 and 61.688 appear after the polarization,
which can be indexed as the (111) and (220) peaks of a rock-
salt-type oxide with the lattice constant of about 0.426 nm,
just between those of the known rock-salt-type oxides, MnO
(0.445 nm) and NiO (0.418 nm). Considering the nanoporous
precursor is comprised of three elements, Cu, Ni, and Mn, the
single-phase hydroxide most likely contains multiple metal
cations, which leads to the large deviation in the lattice
constant from pure MnO and NiO. To determine the chemical
composition and valence state of the hydroxide phase, X-ray

photoelectron spectroscopy (XPS) was employed to inves-
tigate the polarized sample. Mn 2p, Ni 2p, Cu 2p, and O 1s
peaks can be detected (Figure 2 and Table S1) whereas the
low-binding-energy peaks corresponding to the metallic
states of Mn, Ni, and Cu cannot be found. It indicates that
the polarized nanoporous alloy is fully covered by the
hydroxide with a considerable volume fraction. As shown in
the insets of Figure 2, the high-resolution XPS spectra reveal
that the Mn 2p, Ni 2p, and Cu 2p peaks consist of divalent and
tetravalent Mn ions, divalent Ni ions, and univalent and
divalent Cu ions, respectively. In the O 1s spectrum, two
evident binding energy peaks at 529.5 eV and 531.3 eV as well
as a weak shoulder peak at 533.1 eV are the characteristic
bands of oxygen in metal oxides (metal-O-metal), hydroxides
(metal-OH) and bound water, respectively. Combined with
TEM and XRD measurements, the hydroxide is determined
to be a single-phase multicomponent mixed-valence NiCuM-
nOOH oxyhydroxide with a rock salt structure. The fractions
of the constituent ions in NiCuMnOOH are listed in Table S1,
which are estimated according to the integrated areas under
each deconvoluted peak in the XPS spectra. Compared with
the nanoporous Ni36.5Cu36.5Mn27 precursor, the concentration
of Mn in the oxide increases obviously, inferring that Mn is
preferentially oxidized to form the Mn-rich oxyhydroxide
during the polarization process.

A three-electrode system was used to assess the electro-
chemical properties of the nanoporous oxyhydroxide-based
electrode. Figure 3a shows the cyclic voltammogram (CV)
curves of the electrode with different potential windows in 1m
KOH electrolyte at a scan rate of 50 mVs¢1. The oxyhydr-
oxide exhibits multiple redox peaks during CV scans. The
most significant redox peaks appear at the potentials from
0.11 V to 0.47 V, which are very similar to those of NiO.[5]

However, the other redox reactions of the oxyhydroxide
electrode are not in full agreement with those of monolithic
Cu and Mn oxides.[6] When the potential window extends to
¢1.15 V, except for the kinetically reversible redox peaks, no
obvious increase of a cathodic current can be seen, suggesting

Figure 1. a) Illustration of the fabrication process of the oxyhydroxide
supported by interconnected metal skeletons; b) XRD spectra of the
precursor NiCuMn alloy, de-alloyed nanoporous NiCuMn, and electro-
chemically polarized nanoporous NiCuMn. c) STEM micrograph of the
electrochemically polarized nanoporous NiCuMn alloy. The inset is the
SAED pattern. d) HAADF-STEM image of the polarized nanoporous
NiCuMn. The contrast variation in the atomic-resolution image origi-
nates from the mass difference between the metal skeletons and
oxyhydroxide filler as well as the hierarchical nanoporosity. e) The
inverse FFT image of (d) showing the distribution of oxyhydroxide
(blue) and metal skeletons (violett).

Figure 2. XPS spectra of the (NiIIaCuI
bCuII

cMnII
dMnIV

e)Of(OH)g·hH2O
oxyhydroxide. The insets are high-resolution spectra for individual
elements of the Ni 2p, Mn 2p, Cu 2p, and O 1s orbitals.
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that the multicomponent oxyhydroxide electrode is very
stable against the irreversible reduction reaction of the
oxyhydroxide and the hydrogen evolution reaction of the
aqueous electrolyte. Therefore, the oxyhydroxide is electro-
chemically stable in an large potential window from ¢1.15 V
to 0.65 V in the aqueous solution, which far exceeds the
theoretically stable window of water.[3]

It is known that the effective working-potential window of
oxides or oxyhydroxides of Ni, Mn, or Cu is usually no more
than 1.0 V in aqueous electrolytes[5–7] and the mixture of Mn
and Ni oxides can only slightly increase the potential window
to 1.1 V.[8a] To understand the unusual working potential of
the multicomponent oxyhydroxide in the alkaline solution,
we investigated the electrochemical performances of polar-
ized Ni film, nanoporous NiMn and CuMn binary alloys. As
shown in Figure S2a, with the Ni hydroxide electrode, the
alkaline electrolyte is stable in a wide potential range from
¢1.1 V to 0.6 V, because of the extra energy requirements for
both cathode and anode reactions from Ohmic loss and the
overpotential to obtain a required current density. This is
consistent with the practical potential for effective alkaline
water electrolysis of ca. 1.8–2.0 V at high current-density
values of about 1000–3000 Am¢2 [8b] However, for the Ni
hydroxide, there is no obvious redox reactions at potentials
below 0.1 V and thus the effective potential window of the
polarized Ni film is only ca. 0.5 V, similar to previous reports

of Ni hydroxides.[5] Mn doping can extend the effective
potential window to about 1.0 V (from ¢0.4 to 0.6 V) by
introducing the reversible redox reactions in the cathodic
region down to ca. ¢0.4 V. However, when the cathodic
potential is lower than ¢0.1 V, the binary oxyhydroxide
NiMnOOH is electrochemically unstable. After several tens
of cycles, the CV curves mainly present the characteristic
redox peaks of Ni(OH)2 (Figure S2b). Meanwhile, the Mn
cation redox peaks gradually disappear and the color of the
electrolyte changes to yellow, indicating that irreversible
dissolution or reduction of Mn cations takes place at low
cathodic potentials, similar to that of V2O5.

[9] For the multi-
component NiCuMnOOH oxyhydroxide, the Cu doping gives
rise to an additional redox reaction of Cu cations in the
cathodic region down to about ¢1.15 V and, meanwhile, the
Cu cations stabilize the oxyhydroxide by preventing the
irreversible dissolution of Mn cations (Figure S2c). The
improved stable potential window from ¢1.1 V to 0.6 V for
the pure Ni hydroxide to ¢1.15 V to 0.65 V of NiCuMnOOH
is most likely due to the increase of the overpotentials for
both cathode and anode reactions, caused by Cu and Mn
doping, because detectable internal resistance changes cannot
be seen in the electrochemical impedance spectra (Fig-
ure 4d). Therefore, it is reasonable to conclude that the

large working potential window of NiCuMnOOH is mainly
from the introduction and stabilization of the effective redox
reactions in the cathodic potential region by the synergetic
alloying effect of Ni, Cu, and Mn ions. Figure 3 b shows the
CV curves of the multicomponent oxyhydroxide electrode at
different scan rates. With the scan rate increasing, all the
oxidation peaks shift to higher potentials whereas the
reduction peaks shift to lower potentials, indicating that the

Figure 3. Electrochemical performance of the oxyhydroxide-based elec-
trode tested by a three-electrode system in 1m KOH electrolyte.
a) Cyclic voltammograms with different potential windows at a scan
rate of 50 mVs¢1; and b) cyclic voltammograms versus scan rates
ranging from 3 to 40 mVs¢1.

Figure 4. Supercapacitor performance of the oxyhydroxide electrode
tested by a two-electrode configuration in 1m KOH electrolyte.
a) Cyclic voltammograms at scan rates from 3 to 40 mVs¢1. b) Dis-
charge curves at different current densities. The inset shows typical
charge/discharge curves. c) The specific volumetric capacitances of the
electrode versus current density. d) Nyquist diagram of electrochemical
impedance spectroscopy of the oxyhydroxide-based supercapacitor
device. The inset is the enlarged high-frequency region.
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redox reactions for charge storage are the diffusion-control-
ling process, same as that of monolithic Ni and Cu oxides and
hydroxides, such as Ni(OH)2, CuO, and NiO.[5, 6a,11] To
quantify the capacitive and diffusion-limited contributions
to the total capacitance, we plotted the dependence of the
diffusion-limited contribution on scan rates (Figure S3).[12]

Although the diffusion-limited contribution is more evident
at lower scan rates, the overall electrochemical performance
of the multicomponent oxyhydroxide is dominated by the
capacitive behavior.

The supercapacitor performance of the multicomponent
oxyhydroxide-based electrode was investigated by using
a symmetrical two-electrode device with 1m KOH as the
electrolyte. The CV curves are shown in Figure 4a, confirm-
ing that the redox reactions are fully reversible. The charge/
discharge curves exhibit obvious plateaus (Figure 4b), corre-
sponding to the redox peaks in the CV curves. The volumetric
capacitance of the electrode is measured by the CV and
charge/discharge testing (Figures S4 and 4c). The volume for
the specific capacitance calculations is based on the entire
electrode, including the active oxyhydroxide, inactive metallic
skeletons and open nanopores. The maximum volumetric
capacitance is measured to be ca. 627 F cm¢3 at a low current
density of 0.25 Acm¢3 (Figure 4c), which is among the best
values achieved in supercapacitors so far[1, 14, 15] and ca. 4–12
times higher than the best reported values obtained with
carbon materials[1b,f] and other high-performance pseudoca-
pacitive composites.[13] Importantly, the high capacitive per-
formance is obtained from 20 mm thick electrodes, which is
different from most pseudocapacitive materials for which
a high specific capacitance can only be realized from thin
films. With the increase of current density, the volumetric
capacitance gradually decreases due to the low utilization
efficiency of the active oxyhydroxide at high charge/discharge
currents. However, the specific capacitance still remains as
high as about 300 Fcm¢3 at the highest current density of
10 Acm¢3 in this study. To evaluate the specific mass
capacitance of the pure multicomponent oxyhydroxide for
comparison with other advanced pseudocapacitive materials,
the mass of the oxyhydroxide in the nanoporous electrode is
estimated to be ca. 0.57� 0.05 gcm¢3 on the basis of EDS and
XPS measurements (Figures S5 and S6). The specific mass
capacitance of the oxyhydroxide is approximately 1097�
95 F g¢1, comparable to the theoretical capacitance of RuO2

(1300–1500 Fg¢1)[16] and MnO2 (� 1370 Fg¢1).[1 g,17] The mul-
ticomponent oxyhydroxide-based supercapacitor with a wide
operating potential window and high specific capacitance
exhibits an ultrahigh volumetric energy density
(51 mWhcm¢3) together with a high power density of
18 W cm¢3. The volumetric energy density is more than two
times larger than the best values of aqueous and nonaqueous
supercapacitors reported in the literature (Fig-
ure S7a).[1b,f,j, 11, 13a, 18] Although the metal skeleton in the
composite electrode is much heavier than carbon materials
and the oxyhydroxide, the energy density of the cell based on
the total mass of the two electrodes can still keep a high value
of ca. 15 Whkg¢1, comparable to the best mass energy density
reported in the literature.[1b,f,j, 11, 13a, 18a]

The electrochemical impedance spectroscopy (EIS) of the
oxyhydroxide-based electrode was measured from 0.1 Hz to
100 kHz with the alternative current (ac) voltage amplitude of
10 mV. The resultant Nyquist plots are shown in Figure 4d. In
the high-frequency region, the electrode shows a very small
radius (Rct) of the semicircle, indicating the low charge-
transfer resistance at the electrode/electrolyte interface.[8a]

The low intrinsic resistance of the multicomponent oxyhydr-
oxide is most likely associated with the highly conductive
metallic skeletons. In the low frequency region, the Warburg
impedance (ZW) demonstrates the high efficiency of the semi-
infinite diffusion of cations in the bulk electrode. The cycling-
life testing of the multicomponent oxyhydroxide-based super-
capacitor was carried out by repeating the charge/discharge
tests at a current density of 3 Acm¢3. Obvious capacitance
degeneration cannot be seen during the cycling test and the
retention ratio keeps as high as 99.7% after 2300 cycles
(Figure S7b), demonstrating the excellent stability of the
novel electrode material.

Although many pseudocapacitive materials are known to
have a high theoretical capacitance, realization of the high
capacitance for high-energy applications is often limited by
their poor conductivity, narrow working potential window,
and low electrochemical and mechanical stability.[1d,e] The
NiCuMnOOH oxyhydroxide has a mixed-valence state and is
supported by the highly conductive metal skeleton. Thus, it
has high electrical conductivity for the full utilization of the
high capacitance of the multicomponent oxyhydroxide from
thick films. The high specific capacitance and wide working
potential window also benefit from the multiple redox
reactions at different potentials. Combining with the wide
working potential window of 1.8 V, the oxyhydroxide based
supercapacitor offers very high energy density, accompanied
by the high power density. The findings of ultrahigh capacitive
performance of the multicomponent mixed-valence oxyhydr-
oxide in a wide working-potential window may open a new
field of advanced pesudocapacitive materials for the next
generation electrical energy storage.

Keywords: multicomponent oxides · nanoporous metals ·
oxyhydroxides · polarization · supercapacitors
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