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ABSTRACT: In this work, the effect of copper addition on NiMo coating is
evaluated in regard to the hydrogen evolution reaction (HER). NiMo and
NiMo−NiCu composites are prepared by a simple coelectrodeposition
process. The effect of Cu on deposit characters were tested by varying it in
the range of 0.06−0.20 molar ratio. Copper addition promotes the growth of
a new crystalline phase: NiCu. Also, the copper addition changed the
composite surface. NiMo−NiCu0.12 shows a surface roughness 30 times
higher than the NiMo material. NiMo−NiCu materials present higher
activity toward HER, larger electroactive area, and higher stability in
continuous water electrolysis than NiMo catalysts, as demonstrated by Tafel
curves, electrochemical impedance spectroscopy measurements, and polar-
ization tests. The combination of the large electroactive area due to the
copper addition, the synergism between Ni−Mo, and the presence of Ni and
Mo oxides on the surface results in catalyst with excellent features for HER application.

KEYWORDS: electrodeposition, coating film, nickel alloys, molybdenum alloys, copper alloys, hydrogen evolution reaction, water splitting,
alkaline media

1. INTRODUCTION

The environmental and socioeconomic issues concerning the
intensive use of fossil fuels show that it is necessary to find
alternatives for the current world energy matrix. Hydrogen
(H2), which has no carbon emission, is recognized as the most
promising alternative fuel in the renewable energy-based
economy.1,2 Water electrolysis is an interesting and useful
method to obtain pure H2, for sustainable development.
However, strategies to obtain an economical and efficient
hydrogen evolution reaction (HER) rate are important for
practical application and perform as the link between low
overpotential and high efficiency.3,4

Electrocatalysts can be used to improve the rates for HER
and make the process more attractive for practical application.
A desired material for this application should present good
electrical conductivity, high corrosion resistance, large active
surface area, low overpotential, and low price.5−7 Noble metals,
such as platinum, present high catalytic activity for hydrogen
production. However, high prices and scarcity limit their use
for large-scale production.8

Nickel is the most used cathode material for water
electrolysis in alkaline medium, mainly due to its low price
and good corrosion resistance.9−12 It has been observed that
the catalytic activity of the transition metals increases with the
number of d electrons and reaches maximum potential near full
electronic filling.13,14 However, the hydrogen evolution rate
also depends on the hydrogen adsorption step, which increases

as the d orbital electronic filling decreases. It is possible to
improve the electroactivity of metals with high d orbital
electronic filling to increase the number of vacancies, which
can be responsible for strong interaction with electron-
donating atoms and adsorb hydrogen by electron pairs
formation.13,15 Another way is to combine transition metals
that present semifilled d orbitals (Mo, W, and others) with
transition metals having pairs of paired electrons (Fe, Co, Ni,
and Cu), which show high synergism and excellent catalytic
activity for HER applications.2,13,16−21 The addition of copper
has become an alternative to improve the efficiency of Ni-
based catalysts, due to the surface area modification and/or
electrocatalytic synergism effect of metal alloying.21−23 For
example, Xia et al. investigated the catalytic activity of the Ni−
Mo−Cu alloy for the hydrogen evolution reaction. The Ni−
Mo−Cu alloy showed a 10-fold increase in the film roughness
concerning the Ni−Mo alloy. Analyzing the catalytic activity
for the HER of both films, the Ni−Mo−Cu alloy showed an
improvement in the catalysis verified by the increase in the
current density.20 However, it is not clear how this element is
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distributed in the material: if there is a formation of ternary
metal alloy, or the presence of oxides already acts as a catalyst;
and more studies are needed about the real role of copper in
the NiMo catalysts activity increasing toward HER.
The electrodeposition is an interesting and efficient method

for coatings preparation because it has a one-step fabrication
process at room pressure and temperature, and it can be easily
incorporated into a full water splitting device.24,25 Moreover, it
is possible to control and analyze the thickness, phase
structure, and morphology of the cathode material.26 In this
work, the coelectrodeposition of NiMo−NiCu catalysts is
reported and the aim is to analyze the copper influence on the
morphology and in the HER catalytic performance of the
resulting materials. The catalysts are physically characterized
using scanning electron microscopy (SEM) and atomic force
microscopy (AFM), X-ray fluorescence (XRF), X-ray dif-
fraction (XRD), X-ray photoelectron spectroscopy (XPS),
polarization curves, and electrochemical impedance spectros-
copy (EIS).

2. MATERIALS AND METHODS
2.1. Preparation of the NiMo and NiMo−NiCu Electrodes.

NiMo−NiCu films were obtained by electrodeposition on a single
compartment electrochemical cell, with Ag(s)|AgCl(s)|KCl(sat.) and Pt
grid as reference and counter electrode, respectively. Resin embedded
carbon steel 1010 (0.196 cm2) was used as the working electrode.
Before electrodeposition, the steel electrodes were treated with 5% v/
v H2SO4 solution, polished with 600 grit sandpaper, and immersed for
5 min in 30% w/v KOH, for alkaline degreasing.
The deposition baths were prepared with similar Ni:Mo molar ratio

for all films (1.5:1), and at different molar ratios of Cu (0; 0.06; 0.12;
0.20). The films were named according to the copper molar ratio,
NiMo for copper-free film and NiMo−NiCu0.06, NiMo−NiCu0.12, and

NiMo−NiCu0.2 for copper-containing films. The precursors of metal
deposition were as follows: 0.15 mol L−1 nickel(II) sulfate
hexahydrate (NiSO4·6H2O; 98%), 0.1 mol L−1 sodium molybdate
(Na2MoO4, 99%), and 0.006, 0.012, and 0.02 mol L−1 copper(II)
sulfate pentahydrate (CuSO4·5H2O, 99%). 0.3 mol L−1 sodium citrate
(Na3C6H5O7) was used as complexing agent and 0.3 mol L−1 NaCl as
support electrolyte, as recommended in the literature.20,27 The pH of
the bath was adjusted to 8.75 with NH4OH for all studied
compositions. All coatings, NiMo and NiMo−NiCu composites,
were obtained galvanostatically at −50 mA cm−2 in 40 min, at room
temperature.

2.2. Physical Characterization of NiMo and NiMo−NiCu
Catalysts. The morphology characterization of the electrodes was
performed by SEM with high resolution field emission using a FEG-
SEM ZEISS SUPRA 35. The topography and roughness of the films
were analyzed by AFM using a Bruker (Nanoscope V) microscope in
contact mode. The roughness of the coatings was obtained using
Gwyddion software, v 2.53.28

The two-dimensional mapping of the chemical composition of
NiMo−NiCu was estimated by X-ray dispersive energy spectroscopy
(EDS), on FEI-XL30-FEG coupled to the detector Oxford Instru-
ments-Link ISIS 300. Additionally, qualitative and quantitative (Cu,
Ni, Mo) elemental analysis were performed by X-ray fluorescence
(XRF) in a Shimadzu EDX-720 instrument. The whole surface of the
films was utilized for quantification. The crystallographic character-
izations were obtained by XRD, using the Rigaku - DMax2500PC (Cu
Kα, 1.5406 Å, 40 kV). XPS measurements were carried out on
spectrometer Scienta Omicron, model ESCA 2SR. The Mg Kα
monochromator, calibrated using the C 1 peak (284.8 eV), was used
to provide the incident photon energy.

2.3. Electrochemical Characterizations of NiMo and NiMo−
NiCu Catalysts. The HER activity for NiMo and NiMo−NiCu
composites was evaluated in a three-electrode electrochemical cell,
like that used for deposition. For this measurement, a Hg/HgO/KOH
6 M electrode was used as the reference electrode. Stationary point-
to-point cathodic polarization curves were performed in 6.0 mol L−1

Figure 1. Structural characterization: (a) XRD profiles of Ni−Mo and Ni−Mo−Cu electrodes, with different Ni:Mo:Cu bath ratios. (b) Rietveld
refinement of NiMo−NiCu0.12 XRD profile.
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KOH at 25 °C. For each point, a chronopotentiometry measurement
of 6 min was performed, and 20 points were collected in the range of
current densities between −1 × 10−6 and −1.0 A cm−2. Prior to the
polarization curves, the electrodes were polarized at −1.3 V vs Hg/
HgO for 10 min. Electrochemical impedance spectroscopy (EIS)
measurements were also performed to elucidate the charge-transfer
resistance and HER mechanism aspects. The EIS parameters were
obtained in 6.0 mol L−1 KOH; 25 °C; at −0.928, −1.028, and −1.078
V (vs Hg/HgO); amplitude of 10 mV; and frequency range of 10 kHz
to 0.1 Hz.
In order to evaluate the influence of temperature on the catalytic

activity of these deposits, cathodic polarization curves between −0.9
and −1.2 V (vs Hg/HgO) were performed with 0.5 mV s−1 at 293,
303, 313, 323, and 333 K. The activation energy for the HER of these
deposits was determined by the Arrhenius equation.29 The double-
layer capacitance (Cdl) used to estimate the electrochemical active
surface area (ECSA) was determined by cyclic voltammetry (CV) in
the capacitive range of −0.6 to −0.7 V (vs Hg/HgO) at the scan rates
of 10, 50, 100, and 150 mV s−1. To obtain the Cdl, the capacitive
density current average (Δj), adopted that Δj = |jc − ja|/2, where jc is
the cathodic density current and ja is the anodic density current, at
−0.65 V (vs Hg/HgO). Δj was plotted versus different scan rates and
the obtained linear slope value was equivalent to Cdl.

30,31 The ECSA
was estimated using the relation ECSA = Cdl/CS, where the CS value is
known as CS = 0.040 mF cm−2 per cmECSA

2 .31,32 The stability of NiMo
and NiMo−NiCu0.12 was evaluated by continuous electrolysis
conducted in 6.0 mol L−1 KOH for 48 h, applying a constant current
density of −100 mA cm−2.

3. RESULTS AND DISCUSSION

3.1. Crystalline Structure, Morphology, and Compo-
sition of NiMo and NiMo−NiCu Catalysts. The crystalline
structures of the NiMo and Ni−Mo−Cu films are charac-
terized by XRD analysis. Figure 1a shows the XRD patterns for
NiMo and Ni−Mo−Cu deposited from different amounts of
Cu(II) in the solution. For the NiMo film (black line), only a
broad peak at 43.5° is recorded, that is attributed to the
diffraction of the MoNi4 (JCPDS No. 65-1533). The
broadening of the this peak indicates an amorphous/nano-
crystalline nature for this phase.33 On the other hand, all Ni−
Mo−Cu coatings (red, blue, and green lines) presented peaks
that can be attributed to MoNi4 and NiCu (JCPDS 65-7246)
phases.20 The CuNi and MoNi4 phases show very similar
crystallographic patterns (Figure 1a); hence, it is difficult to
take indicatives of which phase is predominant in Ni−Mo−Cu
films. Therefore, Rietveld refinement is performed for all
obtained films in order to better characterize the crystalline
phases, as presented in Figure S1, available in the Supporting
Information (SI). As an example, Figure 1b presents the
Rietveld profile for Ni−Mo−Cu film obtained at 0.12 mol L−1

Cu solution bath, showing the experimental and calculated
data. The residual curve (blue line) is very smooth and the
experimental and calculated curves are overlapped; these
results indicate that the calculated XRD pattern fits very well
with the experimental data. Moreover, the statistical parameter
weighted profile R-factor (Rwp) is very low at 4.19%, as the
goodness-of-fit (χ2) is 1.43. Low values for Rwp as obtained in
this work and χ2 close to unity indicate an excellent refinement,
and similar results were obtained for other samples shown in
Figure S1 (in SI). Quantitative analysis of crystalline phases
has revealed that Ni−Mo−Cu0.12 film is composed of a mixture
of 98.23% Cu−Ni phase with predicted stoichiometry of
Cu0.53Ni0.47 and 1.77% MoNi4 phase, discounting the substrate
signal. This result indicates that like the NiMo film, the NiMo
phases formed in the Ni−Mo−Cu composite are mostly

amorphous or nanocrystalline. The high content of Ni and Mo
quantified by XRF is therefore mostly related to amorphous
Ni−Mo phase that cannot be properly quantified by X-ray
diffraction. The absence of Cu−Mo phases can be explained by
the thermodynamics. The Cu−Mo phase is an immiscible
system (has a positive entropy of mixing); therefore, its
production requires highly energetic methods and it cannot be
obtained by electrodeposition.34 Taking into account the fact
that the Mo(VI) ions in the deposition baths are not reduced
to metallic Mo separately, it is reasonable to conclude that the
deposition of the NiMo−NiCu film probably occurred in two
processes: Ni−Cu regular deposition and Ni−Mo amorphous/
nanocrystalline phases induced deposition. Thus, to avoid any
allusion to the ternary alloy formation, the samples Ni−Mo−
Cu will be named as NiMo−NiCu0.06, NiMo−NiCu0.12, and
NiMo−NiCu0.2, which subscribed value indicates the copper
concentration of the deposition bath.
The effect of copper on the morphology of NiMo coatings is

verified by scanning electron microscopy (SEM). SEM images
for all coatings can be seen in Figure 2a−d. The NiMo coating

surface (Figure 2a) is smooth, with grains so small they cannot
be seen with the applied magnification, a typical characteristic
of this material.35,36 In contrast, the coatings obtained in the
baths containing copper present compact, irregular, and
cracked surfaces; with well-defined grain outlines. For these
cases, grains with rounded or cauliflower shapes depending on
the copper concentration are presented, as seen in Figure 2b−
d. Grains become larger as the concentration of copper in the
bath increases; for example, the NiMo−NiCu0.12 film has
rounded grains of different sizes (Figure 2b). On the other
hand, the NiMo−NiCu0.2 coating shows larger cauliflower-
shaped structures (Figure 2d). Due to irregular structures of
the NiMo−NiCu coatings, it is expected that there will be a
difference in the surface area of these catalysts compared to
NiMo, which may promote changes in the catalytic activities
for HER. It is possible to assert that the distribution of nickel,
copper, and molybdenum is homogeneous on the whole

Figure 2. Scanning electron micrographs of (a) NiMo, (b) NiMo−
NiCu0.06, (c) NiMo−NiCu0.12, and (d) NiMo−NiCu0.20. (c′) Two-
dimensional mapping chemical composition of NiMo−NiCu0.12
coating.
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substrate surface from EDS two-dimensional mapping of
NiMo−NiCu0.12 (Figure 2c′).
In order to further investigate the influence of copper on the

topography and roughness of NiMo coatings, AFM is
performed for NiMo and NiMo−NiCu0.12 films. The 2D and
3D micrographs are shown in Figure 3. According to the XRD
data, the NiMo grains, observed at Figure 3a, present a
nanocrystalline structure. NiMo coating presents a smoother
surface with smaller grains compared to the NiMo−NiCu0.12
coating (Figure 3b). The addition of copper to the NiMo
coating promotes a modification in the topography of the
NiMo film, since the small rounded NiMo grains become large
pyramidal grains in the NiMo−NiCu0.12 coatings. The average
roughness is estimated as 2.68 nm for NiMo and 99.01 nm for
NiMo−NiCu. Hence, the addition of copper results in a
significant morphological change and surface roughness
increases by 30 times. Even though the catalytic activity of
copper for HER20,23,32 is low, its addition leads to an
increment in the NiMo−NiCu electroactive area, which plays
an important role for electrocatalysis.
The compositions of the coatings are estimated by XRF.

Qualitative analysis showed the presence of Ni, Cu, and Mo,
typical from the films; and Fe, S, Ca, P, and Mn from the
substrate. The quantitative results are presented in Table 1.
The instrumental imprecisions are also shown along with the
respective atomic percentage. Although the amount of Cu(II)
is almost 10 times lower than concentrations of Ni(II) and
Mo(VI) in the deposition baths, a large amount of copper is
deposited for all films. Copper is thermodynamically more
noble than Ni and Mo, which favors its deposition. Increasing
Cu(II) concentration in the baths had a negligible effect on the
deposition of Ni. About low Cu concentration electrolytes, the

literature reports that the Cu deposition takes place at the
limiting current. However, at a sufficient cathodic range, as
applied in this work, the partial current density of Ni(II)
reduction becomes higher than the current density of Cu(II)
reduction, thus increasing the Ni content of the film.37

However, the amount of molybdenum on the films decreases
when Cu(II) concentration in the baths increases; the deposits
present small contents of this element, from 7.3% to 10.1%.
The difference in the chemical composition quantified by XRF
and by X-ray diffraction is mostly related to the amorphous
Ni−Mo phase that cannot be properly applied for XRD
technique. It should be noted that the composition estimated
by XFR is not necessarily the same as the surface composition,
where the catalytic reactions occur.
XPS spectra of Ni 2p, Mo 3d, and Cu 2p of NiMo−NiCu0.12

film is presented in Figure 4. The Ni 2p spectrum
deconvolution is presented in Figure 4a. It is meaningful that
some shifts can be observed in this spectrum; it is a result of
binding energy of Ni 2p species that can occur due to the slight
electron transfer from Mo and Cu to Ni,38 probably related to
the NiMo and NiCu alloys presence in the bulk. Two species
are detected on Ni 2p3/2 region: NiO (855.4 eV) and NiOOH

Figure 3. 2D and 3D AFM images for (a) NiMo and (b) NiMo−NiCu0.12.

Table 1. Chemical Composition Determined by
Quantitative-XRF for NiMo and NiMo−NiCu Films
Electrodeposited at −50 mA cm−2 on Steel 1010 Substrate

sample Ni (at%) Mo (at%) Cu (at%)

NiMo 77.4 ± 0.7 22.6 ± 0.2
NiMo−NiCu0.06 53.6 ± 0.3 10.10 ± 0.09 36.3 ± 0.2
NiMo−NiCu0.12 55.0 ± 0.2 9.30 ± 0.06 35.7 ± 0.2
NiMo−NiCu0.20 50.0 ± 0.2 7.3 ± 0.1 42.7 ± 0.2
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(856.7 eV).38,39 Peaks at 861.8 and 879.3 eV refer to shakeup
satellites.40,41 Nickel in metal form was not detected for XPS,
indicating that the surface of the material presents both
oxidized and hydroxide forms (NiO or NiOOH), as some
papers suggest.42,43 Mo 3d spectra (Figure 4b) are
deconvoluted in two duplets: at 231.6 and 232.4 eV on Mo
3d5/2 region. Both signals are related to Mo(IV) species in
hydroxide and oxidized forms, respectively.44 Referring to the
Cu 2p3/2 region, reduced copper species (Cu(0) and Cu(I))

are observed at 932.8 eV, while the peak located at 934.7 eV is
related to Cu(II) (Figure 4c).45−47 The existence of satellite
peak located at about 942 eV confirms the presence of
Cu(II).48 The sensitivity of the XPS technique does not allow
for an analysis of the composition in depth profile,44 but
confirms the presence of all species on the surface of the
catalyst. The surface atomic composition of catalysts estimated
for XPS measurements is Ni:Mo:Cu 71:10:19.

Figure 4. X-ray photoelectron region spectra of NiMo−NiCu0.12 film: (a) Nickel 2p, (b) molybdenum 3d, and (c) copper 2p.

Figure 5. (a) Point-to-point cathodic linear curves and (b) Tafel curves for the NiMo and NiMo−NiCu films, in KOH 6.0 mol L−1, 25 °C. (c)
Nyquist and (d) Bode diagrams for the NiMo−NiCu0.12 in 6.0 mol L−1 KOH. (e) Equivalent circuit proposed for EIS measurements.
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3.2. HER Activity of NiMo and NiMo−NiCu Catalysts.
Stationary cathodic polarization measurements are performed
on 6.0 mol L−1 KOH electrolyte to investigate the HER
activity of NiMo and NiMo−NiCu coatings. These curves are
made point-to-point in the range of current densities −1 ×
10−6 to −1.0 A cm−2 without IR-drop correction. The
potentials are converted to reversible hydrogen electrode
(RHE) using the following equation:

= +E E 0.928RHE Hg/HgO (1)

where EHg/HgO is the potential versus Hg/HgO reference
electrode. The value of 0.928 was found by calibrating the
reference electrode in a hydrogen-saturated 6.0 mol L−1 KOH
solution, as presented in Figure S2 in Supporting Information.
Figure 5a shows the polarization curves with the required
overpotential for all coatings. The NiMo composite shows the
lowest HER activity presenting an overpotential of −154 and
−250 mV at the current values of −10 and −100 mA cm−2,
respectively. It can also be observed that NiMo−NiCu0.06
presents the lowest overpotential (−86 mV) at −10 mA
cm−2 when compared to NiMo (−154 mV), NiMo−NiCu0.12
(−88 mV), and NiMo−NiCu0.2 (−114 mV). However, for
higher overpotentials, an inversion in the HER activity of
NiMo−NiCu films is noted. The NiMo−NiCu0.12 film shows a
small overpotential (−147 mV) to deliver the current density
of −100 mA cm−2 as compared to NiMo (−250 mV), NiMo−
NiCu0.06 (−179 mV), and NiMo−NiCu0.2 (−178 mV). It is

noteworthy that a very low overpotential (−439 mV) is
required to achieve a current density of −1.0 A cm−2 by
utilizing the NiMo−NiCu0.12 film as electrocatalyst. Although
the NiMo−NiCu0.06 film presents better HER activity at low
current density, its apparently smoother morphology (as seen
in the SEM images, Figure 2) compared to NiMo−NiCu0.12
and NiMo−NiCu0.2 requires higher overpotential to achieve
high current density. It is important to note that the presence
of molybdenum is very important for the hydrogen evolution
process. As an example, Figure S3 (in SI) compares the
cathodic polarization of NiMo−NiCu0.12 and NiCu0.12
catalysts, and it is clear the overpotential increasing toward
the HER process. The low overpotential to achieve −100 mA
cm−2 of the NiMo−NiCu0.12 ranks this material among the
most active compounds recently reported, based on non-noble
metal electrocatalyst for basic media. The value is comparable
to materials such as Ni48Mo15.6Cu36.4 (−200 mV),20 Ni(Cu)/
NF (−115 mV),32 (Ni−Fe)Sx/NiFe(OH)y (−124 mV),49

B,N:Mo2C@BCN (−198 mV),50 NiFeOx/CFP (−220 mV),51

N-MoO2/Ni3S2/NF (−300 mV),52 and NiS/porous Cu (−301
mV).53 Table S1 shows a comparison with some data reported
in the literature for Ni-based catalysts.
To clarify the HER kinetics, Tafel plots were constructed

from the polarization curves (Figure 5a) and are shown in
Figure 5b. The values of the Tafel slopes are good indicators of
reaction rate, besides bringing inferences about the mechanism
in which HER is processed. As seen in Figure 5b, the NiMo

Figure 6. (a) Nyquist plot for all NiMo−NiCu films, at −0.1 V vs RHE in 6.0 mol L−1 KOH. (b) Continuous water electrolysis at −100 mA cm−2

for NiMo and NiMo−NiCu0.12 catalysts. (c) Electrochemical active surface areas (ECSA) for all obtained materials. (d) Arrhenius graph for
NiMo−NiCu0.12 and NiMo coatings.
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film exhibits a high Tafel slope of 90 mV dec−1, which is higher
than that of NiMo−NiCu0.06 (42 mV dec−1), NiMo−NiCu0.12
(46 mV dec−1), and NiMo−NiCu0.2 (47 mV dec−1). These
results suggest that the NiMo−NiCu composite presents
higher catalytic activity and excellent HER kinetics when
compared with Ni−Mo films. In addition, Tafel slope values
near 42 mV dec−1 indicate that the reaction mechanism of
HER at NiMo−NiCu is processed by the Volmer-Heyrovsky
mechanism.54 This mechanism is described as

+ + ⇆ +− −H O M e MH OH Volmer step2 ad
(2)

+ + → + +− −MH H O e M H OH

Heyrovsky step
ad 2 2

(3)

Electrochemical impedance spectroscopy (EIS) technique
was utilized to confirm the HER mechanism on the most active
catalyst (NiMo−NiCu0.12). EIS measurements are performed
on the applied potentials of −0.978, −1.028, and −1.078 V vs
Hg/HgO, i.e., HER overpotentials of −50, −100, and −150
mV. These values of overpotentials are chosen because there is
no evolution of hydrogen in profusion, and thus little
interference in the EIS measurements. The contribution of
three semicircles (three-time constants) can be observed from
the Nyquist and Bode diagrams (Figure 5c and d, respectively).
Considering these results, the equivalent circuit model shown
in Figure 5e is chosen to describe this system. It is seen that
the time constant in high-frequency τ1 (CPE1 − R2) which is
independent of applied potential (the diagram of Bode) is
associated to the film roughness and not with the reaction
mechanism of HER. On the other hand, the time constants at
lower frequencies τ2 (CPE2 − R3) and τ3 (CPE3 − R4) are
related to charge transfer kinetics and to hydrogen adsorption,
respectively.18,33,55,56 The parameters obtained by adjusting
the data with the equivalent circuit employed (Figure 5e) are
shown in the Table S2. To calculate the values of the
equivalent capacitances (C1, C2, and C3) from the CPE1, CPE2,
and CPE3 parameters, equation S1 (in Supporting Informa-
tion) of ref 56 is used.
Drawing a parallel between the impedance data and the

HER mechanism, it has been shown that the values obtained
for C2 and R3 are related to the response of double layer
capacitance and the charge transfer resistance, the Heyrovsky
step (eq 3). The C3 and R4 are indicated as the response of
hydrogen adsorption pseudocapacitance and hydrogen adsorp-
tion resistance, Volmer’s step (eq 2).55,56 The parameters
obtained show that an increase in the overpotential applied
from −50 to −150 mV decreases the values of both C2 and R3.
The value of C2 decreased from 0.218 to 0.148 F cm−2, while
R3 decreased from 0.409 to 0.273 Ω cm−2. The decrease of C2
is explained by taking into account the larger formation of gas
bubbles with the increase of the overpotential and the
consequent blockage of a larger portion of the electrode
surface.51 On the other hand, the decrease of R3 featuring
improved charge transfer with increasing overpotential. In
contrast, the same increase in the overpotential more than
doubles the value of C3 (from 1.29 to 3.44 F cm−2) and
drastically reduces the value of R4 (from 28.27 to 0.22 Ω
cm−2). Both the increase in C3 value and the large reduction in
R4 value demonstrated that the hydrogen adsorption process
(Volmer’s step) is facilitated and the hydrogen evolution is
ruled by the charge-transfer process (Heyrovsky’s step) with

the increase of the overpotential.56 Therefore, as predicted by
the Tafel slopes the mechanism of the hydrogen evolution
reaction on NiMo−NiCu electrodes is processed by Volmer-
Heyrovsky with Heyrovsky as the rate-determining step.
To compare the charge-transfer kinetics, interfacial proper-

ties, and the HER activity for all NiMo−NiCu electrodes, EIS
was performed at −0.1 V vs reversible hydrogen electrode
(RHE) in 6.0 mol L−1 KOH for prepared catalysts. The
Nyquist diagram (Figure 6a) shows two semicircles; the
semicircle in high frequencies (best seen in the insertion of
Figure 6a) is attributed to surface roughness. On the other
hand, the semicircle in low frequencies is related to charge-
transfer process. Therefore, a two-time constant in series
model (2TS) is used to describe this system. The fit data are
available in the Table S3 (in SI).33,55,56 As displayed in Table
S3, NiMo−NiCu0.12 film exhibits a lower charge-transfer
resistance (Rtc) value (0.44 Ω cm2) than NiMo (6.76 Ω
cm2), NiMo−NiCu0.06 (1.27 Ω cm2), and NiMo−NiCu0.20
(0.520 Ω cm2), indicating that NiMo−NiCu0.12 has a much
easier charge transfer, which leads to a higher hydrogen
evolution than the other electrodes. Regardless of the amount
of copper on the NiMo−NiCu electrodes, they have a much
lower charge-transfer resistance than NiMo. This is caused by
the higher surface roughness of NiMo−NiCu films, which
makes contact between the electrode and the solution more
efficient and increases not only the charge transfer but also the
mass transfer.32

An excellent stability is a crucial feature for an electro-
catalyst. Therefore, the continuous water electrolysis perform-
ance of NiMo and NiMo−NiCu0.12 electrodes is investigated
by chronopotentiometry at a current density of −100 mA cm−2

for 48 h in 6.0 mol L−1 KOH at 25 °C. As shown in Figure 6b,
both electrodes have similar profiles in the electrolysis process,
such that the NiMo−NiCu electrode has +80 mV of
overpotential than NiMo electrode, indicating that the
presence of Cu improves the catalytic activity of the Ni−Mo
electrode. The first 8 h of electrolysis show that the potential
maintains the current density in both electrodes and varies by
only 20 mV at more negative potentials. The potential remains
almost constant up to 48 h of electrolysis. This small variation
of potential shows that both electrodes are very stable and do
not suffer great wear of material by the process of hydrogen
evolution.
The double layer capacitance (Cdl) of NiMo and NiMo−

NiCu catalysts were measured by cyclic voltammetry (CV) in
the non-Faradaic potential region (−0.6 to −0.7 V vs Hg/
HgO) at different scan rates (10 to 150 mV s−1),30,31 the CV
profiles can be seen in the Figure S4 (in SI). The plot of
current density vs scan rate is shown at Figure S4 e (in SI).
From the linear slope of Figure S4e, i.e., the Cdl values, the
electrochemical active surface area (ECSA) was estimated. As
seen in Figure 6c, ECSAs for NiMo−NiCu electrodes are
much larger than NiMo electrodes. This is explained by taking
into account the huge increase in surface roughness (over 30
times) with the insertion of copper into the NiMo film as
shown by the AFM measurement (Figure 3). The larger
effective area of NiMo−NiCu films consequently leads to
greater electroactive area.57 The NiMo−NiCu0.12 film has the
highest ECSA value (102.5 cm2), followed by NiMo−NiCu0.06
(91.75 cm2), NiMo−NiCu0.20 (91.5 cm2), and NiMo (9.95
cm2), this is consistent with the HER electrocatalytic activities
of these electrodes. As observed by the SEM (Figure 2) and
AFM (Figure 3) images, the coating morphology changed with
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the copper concentration of the bath. For NiMo−NiCu0.12,
large pyramidal grains are observed (Figure 3b), while
cauliflower shapes for NiMo−NiCu0.20 were formed (Figure
2d). The cauliflower shapes probably present a minor
contribution for the ECSA than pyramidal structures. Thus,
the optimal condition studied for copper concentration in the
bath was 0.12 mol L−1.
For evaluating how the area of the materials influences the

electrocatalytic activity of the films, Figure S5 shows the HER
polarization curves normalized by ECSA instead of the
geometric area, following the methodology of ref 32. It can
be noted that all coatings showed a similar potential onset for
HER indicating that the insertion of copper did not impact the
intrinsic activity of NiMo. However, in higher current density,
NiMo coating presents better activity per active site compared
to NiMo−NiCu coatings. This fact indicates that the insertion
of copper did not increase the number of active sites in
proportion to the increase in surface area. In summary, the
addition of copper has a strong influence on increasing the
surface area, but not on the intrinsic activity of NiMo.
The effect of temperature on the catalytic activity of the

coatings is evaluated by stationary cathodic polarization in
KOH 6.0 mol L−1 at different temperatures for NiMo and for
the catalyst with the best performance of HER (NiMo−
NiCu0.12) (Figure S6a,b in Supporting Information). Potentials
of the reference electrode were corrected regarding the shift
caused by the applied temperature. The variation of −1.206
mV K−1 was considered for the correction of electrode
potentials.58 Considering the calibration value of Hg/HgO vs
RHE is −0.928 V at 25 °C (shown in Figure S2 in Supporting
Information), Table S4 (in SI) presents the equations used to
convert the measured potential to E vs RHE for each studied
temperature. For both electrodes, the increase in electrolyte
temperature leads to a pronounced effect of activity for the
HER. The effect of temperature was more pronounced for
NiMo coating, since a temperature variation of 40 K promotes
139 mV of overpotential decreasing to reach −100 mA cm−2.
In contrast, the overpotential decrease for the NiMo−NiCu0.12
was 65 mV for the same current density. For both coatings, the
Tafel curves are constructed and the exchange current densities
(j0) are estimated (Figure S6c,d, in Supporting Information).
This parameter is important because it is directly proportional
to the kinetic constants for each temperature. The curve
obtained by log i0 vs T

−1 shows a linear relationship, allowing
the apparent activation energy (ΔEat) for the HER to be
obtained by using the Arrhenius equation.29 All exchange
currents (i0) obtained by Tafel curves were normalized by
ECSA, aiming to eliminate the area effect, and the plot of log
j0 ECSA by T−1 is shown in Figure 6d. ΔEat value calculated for
the NiMo−NiCu coating is 21 kJ mol−1, while for NiMo it is
22 kJ mol−1, which indicates that the copper addition did not
change the ΔEat for HER. Xia et al.

20 found ΔEat values of 21
kJ mol−1 and 26 kJ mol−1 for Ni−Mo−Cu and Ni−Mo alloys,
respectively, very similar to the present results. In the literature,
the synergism between Ni and Mo is well-known;59 recently,
there has been evidence of synergism between Ni and NiOx.
Sun et al.32 demonstrated by first-principles DFT computa-
tional calculations that the Gibbs free energy of H adsorption
(ΔGH*) (important parameter for evaluating intrinsic activity
to HER) on the surfaces of (NiO)3/Ni (ΔGH* = 0.08 eV) are
closer to the optimal value for the maximum HER reaction rate
(ΔGH* = 0.0 eV) compared to the Ni (111) surface (ΔGH* =
−0.27 eV). This effect is explained by considering the

electronegativity of the elements. Oxygen atoms being more
electronegative attract the electrons from the d orbitals of Ni
atoms leading to a decrease in the energy of H adsorption
energy by these atoms.32 Other studies have demonstrated the
indispensable presence of the oxidized sites for superior HER
electrocatalytic activity of certain materials in alkaline medium.
In these cases, the oxides/hydroxides have bifunctional action,
facilitating the dissociation of H2O molecules and the
production of H intermediates which subsequently migrate
to active metal sites (e.g., Ni(OH)2/Pt) that recombine into
H2 molecules.60−62 Considering the above, an explanation is
proposed for the high catalytic activity of the NiMo−NiCu
composite. The large electro-active area due to copper, the
synergism between Ni−Mo, and the presence of NiOOH and
MoOx on the NiMo−NiCu surface (as seen by XPS, Figure 4)
that promote the free energy of H to an almost ideal value
(that is, ΔGH* = 0.0 eV) and facilitate the adsorption and
dissociation of H2O molecules in the H intermediates are
responsible for the high rate of HER reaction in these films.

4. CONCLUSION
NiMo and NiMo−NiCu composites were well produced by
only a simple step of electrodeposition. In relation to
morphology, the copper addition promoted an increase of 30
times on roughness of the surface, compared to NiMo. Copper
distribution in the bulk and surface was confirmed by EDS,
XRF, and XPS measurements. For XRD analyses, NiMo film
presented a monocrystalline phase of MoNi4, while all NiMo−
NiCu coatings presented two different phases, attributed to
MoNi4 and NiCu, proving the interaction of only Ni−Cu and
not the formation of Mo−Cu alloy.
All NiMo−NiCu materials showed higher electroactivity and

stability of HER, compared to NiMo. The analyses on the area
and temperature effects demonstrated that the copper addition
did not change the active energy for HER, indicating that the
improvement of catalytic activity for NiMo−NiCu materials is
due to increasing electroactive area. The combination of the
large electro-active area due to copper addition, the synergism
between Ni−Mo, and the presence of Ni and Mo oxides on the
surface results in catalyst with excellent features for HER
application.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.0c00262.

Rietveld refinement for samples, Calibration of the Hg/
HgO reference electrode versus a hydrogen-saturated
reference electrode, Electrocatalytic activities for differ-
ent nickel-based cathodes for hydrogen evolution
reaction, Point-to-point cathodic linear curves, Parame-
ters obtained from the adjustment of the EIS data,
Cyclic voltammetry, Point-to-point cathodic linear
curves, Linear polarization curves, Equations used to
convert the measured potential to E vs RHE at different
temperatures (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Lucia H. Mascaro − Department of Chemistry, Federal
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