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� CoeMo and CoeMoeCu coatings

were obtained by a rapid electro-

deposition process.

� CoeMoeCu materials promotes

the hydrogen evolution by Volmer-

Heyrovsky mechanism.

� Co2.5Mo1Cu1 material presented a

high stability.

� Copper addition favored the

adsorption of intermediate species

in the HER.
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a b s t r a c t

CoeMo materials have been reported as electrocatalysts that present good performance in

alkaline electrolytes. In this paper, the addition of copper into CoeMo catalysts was eval-

uated for the hydrogen evolution reaction (HER). It was observed that the electrochemical

activity of the CoeMo for the HER benefited from the addition of copper. The overpotentials

required to reach a current density of �10 mA cm�2 were of �156 mV and �119 mV for

Co67Mo33 and Co56Mo21Cu23, respectively. Besides the increased surface area resulting from

the addition of copper, it was observed that the improved intrinsic activity for Co61Mo32Cu7,

compared to Co67Mo33, is related to a thermodynamic favoring of the hydrogen adsorption

and desorption stages. Large quantities of copper do not favor the HER; therefore, the

increased catalytic activity depends on a balance between the intrinsic catalytic activity

and the increase of the electroactive area.
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Introduction

The 21st century has been marked by concern about the

environment. The scientific community generally recognizes

that excessive consumption of fossil fuels not only leads to a

decrease in reserves, but also negatively impacts the envi-

ronment, affecting the global climate and resulting in health

risks [1e3]. Tominimize the use of non-renewable fossil fuels,

there is an incentive to use hydrogen-fueled technologies [4].

Hydrogen gas is considered a sustainable fuel, since it can be

produced by renewable sources using energy from the sun,

tides, wind, and biomass [4e6], besides the electrolysis of

water [7,8]. In this approach, electrolyzers for water splitting

have been investigated in the literature, because the elec-

trolysis enables the storage of energy in hydrogen bondswhile

reducing seasonality effects inherent of renewable sources [9].

Currently, obtaining hydrogen gas from electrolysis is

expensive, mainly due to the application of noble-metal

electrocatalysts [10].

Aiming to reduce costs, catalysts based on non-noble

transition metals, such as metal sulfides [11e13], metal ni-

trides [14,15], metal selenides [16e18] and transition-metal

alloys [19e21] have been widely studied and present very

interesting results. Especially for electrocatalysts, the desired

features are high current density at a small overpotential, high

electronic conductivity, good charge transfer kinetics, and

electrochemical stability for continuous H2 production [10,22].

Metal alloys present all those characteristics, especially for

the hydrogen evolution reaction (HER) in basic medium.

The HER is a heterogeneous catalytic process, in which the

rate-determining step can be the adsorption of the proton on

the catalyst surface. There must be an optimal hydrogen

adsorption energy value, in the sense that the adsorption

cannot be so strong as to hinder the hydrogen desorption, and

neither soweak that an inefficient number of reactant protons

are present; this behavior is well-described by Sabatier’s

principle. Alloy electrocatalysts present greater activity due to

the electronic structure modification of the d-band center,

which results in appropriate binding energy to stabilize the

adsorbed hydrogen, favoring the formation of H2 [10,23].

Analyzing the electronic configuration, Co can be understood

as a hyper-d-metal and, when used as a cathode material, it

presents some electrocatalytic activity for the HER. However,

it was observed that combining this type of metal with hypo-

d-metals, such as Mo, Ti, W, among other, results in inter-

esting electrocatalytic characteristics, due to a significant

synergistic effect [24]. The CoeMo synergism has been

demonstrated in different types of materials such as metallic

alloys [25], phosphides [26], sulfides [27], and even in mixtures

of compounds of different classes, such as MoSe2/CoP and

Mo2C/Co, which can lead to superior catalytic activity [28,29].

But, Anantharaj and Noda commented that there is still room

to further improve the catalytic activity of Co-basedmaterials,

even though they are widely studied [30]. Some reported Co-

based materials still require high overpotentials to promote

useful current densities and are unstable during prolonged

operation [25].

In this study, the use of ternary CoeMoeCu for the HER in

alkaline medium is reported, aiming to obtain a robust, stable,
Please cite this article as: Santos HLS et al., Effect of copper addition o
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and low-cost catalyst. The catalysts were physically and

electrochemically characterized using scanning electron mi-

croscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron

spectroscopy (XPS), polarization curves, and electrochemical

impedance spectroscopy (EIS). The performance of the mate-

rials is also discussed based on the effect of the intrinsic cat-

alytic activity, enriching the understanding of the HER

mechanism.
Materials and methods

Preparation of the CoeMo and CoeMoeCu coatings

CoeMo and CoeMoeCu coatings were obtained by electrode-

position on carbon steel 1010 disk, with 0.196 cm2 of geometric

area. A typical three-electrode electrochemical cell was

employed to deposit the material, with Ag(s)|AgCl(s)|KCl(sat.) as

the reference electrode and a Pt grid, with area at least 2 times

greater than the working electrode, as the counter electrode.

Before the depositions, the working electrodes were polished

using 600 grit sandpaper, followed by immersion in a KOH

solution (30% w/v, 2 min) to degrease the surface.

The deposition solutions were prepared with a fixedMo/Co

molar ratio (0.2) and different molar ratios of Cu/Co were

evaluated (0; 0.01; 0.05; 0.10). The precursors were: 0.1 mol L�1

cobalt sulfate hexahydrate (CoSO4.6H2O; Sigma 98%),

0.02 mol L�1 sodium molybdate (Na2MoO4, Synth 99%) and

0.001, 0.005, and 0.01 mol L�1 copper (II) sulfate pentahydrate

(CuSO4.5H2O, Alfa Aesar 99%). Moreover, 0.2 mol L�1 sodium

citrate (Na3C6H5O7, Synth 99%) was used as complexing agent

and 0.5 mol L�1 sodium sulfate (Na2SO4, Synth 99%) was the

supporting electrolyte, as recommended in the literature [19].

The pH of all baths was adjusted to 8 with NH4OH. The CoeMo

and CoeMoeCu deposits were obtained galvanostatically at

�30 mA cm�2 for 40 min, at room temperature (about 25 �C).

Physical characterization

The elemental mapping and compositions of CoeMo and

CoeMoeCu were estimated by energy-dispersive X-ray spec-

troscopy (EDX), using a FEI-XL30-FEG coupled to the detector

Oxford Instruments-Link ISIS 300. Scanning electron micro-

scopy (SEM) with high-resolution field emission, using a FEG-

SEM ZEISS SUPRA 35, was employed to characterize the

morphology of the electrodes.

The X-ray diffraction (XRD) analyses were performed using

a diffractometer Rigaku - DMax2500PC (Cu Ka, 1.5406�A, 40 kV).

X-ray photoelectron spectroscopy (XPS) analyses were per-

formed on a spectrometer Scienta Omicron, model ESCA 2SR.

Mg Ka monochromator was used, calibrated using the C1s

peak (284.8 eV).

Electrochemical characterization

The HER performance of the CoeMo and CoeMoeCu coatings,

were evaluated by stationary cathodic polarization curves, in

KOH 6.0 mol L�1 at 25 �C. At each point, a current transient

measurement (chronoamperometry) of 6 min was performed,

and 22 points were collected, in the range of current densities
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from �7.0 � 10�6 to �1.0 A cm�2, without IR-drop correction.

For these measurements, Hg/HgO/KOH 6 mol L�1 was used as

the reference electrode and the values of the potential ob-

tained were converted to the reversible hydrogen electrode

(RHE) using the relation: EðRHEÞ ¼ EðHg=HgOÞ þ 0:928, where 0.928

is the potential in the Hg/HgO scale corresponding to 0 V vs

RHE. This value was found through the calibration of the Hg/

HgO reference electrode in the H2-saturated 6 mol L�1 KOH

electrolyte at 25 �C [31,32]. The calibration curve is shown in

Fig. S1, available in the Supporting Information (SI).

The electrochemical impedance spectroscopy (EIS) tech-

nique was employed to clarify the charge-transfer kinetics

and mechanism for the HER. The EIS data were measured in

6.0 mol L�1 KOH, 25 �C, at 0.0 V,�0.1, and�0.2 V vs. RHE, using

an amplitude of 10 mV and the frequency range of 1

kHze0.01 Hz. The coating that presented the best HER per-

formance was also evaluated by cathodic polarization curves

from 0 V to�0.4 V vs RHE, with a scan rate of 0.5 mV s�1, at the

temperature range from 293 to 343 K. For all coatings, the

double-layer capacitance (Cdl) was estimated using cyclic

voltammetry (CV) at the scan rates of 25, 50, 75, and

100 mV s�1. For all coatings, the capacitive current density

(Dj¼ |jce ja|/2)measuredwas plotted versus the scan rates and

the linear slope value obtained was considered equivalent to

Cdl [33,34]. From this, the electrochemical active surface area

(ECSA) was calculated using the relation: ECSA¼Cdl/CS, where

the value of CS is known as 0.040mF cm�2 [33,34]. The stability

test was conducted in KOH 6.0 mol L�1 during 48 h, applying a

constant current density of �135 mA cm�2.
Results and discussion

Composition and morphology of the CoeMo and CoeMoeCu
coatings

Table 1 presents the estimated composition for CoeMo and

CoeMoeCu, confirming the expected deposition of each

metal. The literature explained that a low concentration of Cu

in electrolytes is sufficient for the deposition of this metal,

because Cu deposition takes place at the limiting current [35].

It was observed that the increase in the concentration of

copper in the deposition bath raised the relative percentage of

this metal linearly, from 5.7 to 32.4 at%. In contrast, the rela-

tive atomic concentration of Co, Mo, and O decreased in the

films. The small quantity of oxygen observed in the coatings is

related to the presence of oxides. The electrodeposition

method commonly leads to obtaining mixed structures of

metal and oxide [36]. To identify the samples, the atomic

proportions to the composition detected in the EDX were
Table 1 e Chemical composition determined by the EDX techn

Bath composition
Co:Mo:Cu (at%)

Co (at%) Mo (at%) Cu (at%) O (at%)

5:1:0 55.6 ± 0.2 27.4 ± 0.4 e 18.0 ± 0.

5:1:0.01 50.1 ± 0.8 26.7 ± 0.6 5.7 ± 0.2 18 ± 1.4

5:1:0.05 48.3 ± 0.3 18.6 ± 0.2 20.0 ± 0.4 13.1 ± 0.

5:1:0.1 40.0 ± 0.2 15.5 ± 0.4 32.4 ± 0.5 12.2 ± 0.

Please cite this article as: Santos HLS et al., Effect of copper addition on
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adopted, hence, the samples were named according to their

atomic ratio as shown in Table 1.

The SEM images of the CoeMoeCu deposits can be seen in

Fig. 1aed. The surface of Co67Mo33 (Fig. 1a) presents spherical

nodules, a typical morphology from CoeMo deposition

[37e39], which is observed even on nanorod templates. It is an

interesting feature because it results in a larger surface area,

compared to NieMo and other materials [40]. Some cracks are

also observed on the surfaces of Co67Mo33 (Fig. 1a) and Co61-
Mo32Cu7 (Fig. 1b). Casciano et al. showed that the crack can go

through the entire film and expose the substrate [37]. This

characteristic indicates the existence of a high stress during

the electrodeposition [39,41,42], which may be related to a

deformation induced by Mo on the Co crystal lattice, because

of the larger atomic radius of Mo [37]. Films prepared from the

bath solution with 20e40 at% Mo present cracks when pro-

duced by the electrodeposition method at a current density

applied in the range of 10e100 mA cm�2 [38]. However, by

increasing the copper content, there is a morphological

modification, without cracks and with the formation of

cauliflower-like structures (Fig. 1c and d). Probably, the co-

deposition of Cu reduces the residual stress on the cobalt

crystal lattice and, in this way, it inhibits the formation of

cracks. The presence of copper also modifies the surface area,

which may affect the electroactivity of the film through a

possible increase in the density of active sites for the HER.

Fig. 1e presents the EDX elemental mapping for the Co56-
Mo21Cu23 coating and it is observed that the cobalt, molyb-

denum and copper elements do not present preferential

deposition spots on the cauliflower-shaped morphology,

being homogeneously distributed on the substrate.

Fig. 2a shows the XRD profiles for all CoeMoeCu coating

compositions. Few peaks are observed for Co67Mo33 and

Co61Mo32Cu7, suggesting that the films are amorphous struc-

tures. This behavior is common for films prepared through

electrodeposition because in this process the metal atoms do

not bond in a long-ordered range, which is necessary to obtain

a crystalline structure [37]. Amorphous structures are benefi-

cial for electrocatalysis since the volume and surface available

for the reaction are increased in comparison to the same

material in the crystalline form [30]. The peak close to 45� is

attributed to fcc (111) cobalt. For Co67Mo33, it is possible to

observe some spikes near 31.7�, 37�, 55�, and 65.6�, which

matched to cubic Co3O4 (JCPDS card file No. 80e1545) [43]. For

the trimetallic compositions, the Co3O4 peaks are not

observed, but this does not rule out the presence of this spe-

cies, since it may be present at low concentration or as an

amorphous structure. CueMo alloy peaks were not observed,

and this is expected because the CueMo system is
ique for CoeMoeCu electrodeposited films.

Atomic composition Co:Mo:Cu Sample nomenclature

5 67:33:0 Co67Mo33

61:32:7 Co61Mo32Cu7

5 56:21:23 Co56Mo21Cu23

7 46:18:37 Co46Mo18Cu37
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Fig. 1 e SEM images of (a) Co67Mo33, (b) Co61Mo32Cu7, (c) Co56Mo21Cu23 and (d) Co46Mo18Cu37. (e) SEM image and

corresponding EDX elemental mapping of Co56Mo21Cu23, where Co (blue), Mo (green), and Cu (yellow) are identified. (For

interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 2 e (a) XRD profiles of CoeMoeCu coatings. (b) Core-level XPS spectra of Co 2p, Mo 3d, and Cu 2p of Co56Mo21Cu23 coating.
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characterized by a positive enthalpy of mixing (þ18 kJ mol�1),

and it is difficult to synthesize even by liquid-phase metal-

lurgy [44].

Fig. 2b shows the core level XPS spectra of Co 2p, Mo 3d, and

Cu 2p for the Co56Mo21Cu23 coating. For Co 2p, the signal could

be split into three duplets, located at Co 2p3/2 with binding

energy (BE) values of 780.4, 781.9, and 785.8 eV, which are in

agreement with those reported for the Co3þ, Co2þ species, and

a shake-up satellite peak, respectively [43,45,46]. The ratio of

Co2þ/Co3þ is close to 1, indicating that there is no preferential

oxidation state for Co on the surface. On the Mo 3d5/2 profile,

only the Mo4þ species was detected, on hydroxide and

oxidized forms, at 231.8 eV and 232.7 eV, respectively [47]. The

Cu 2p3/2 region could be fitted into two duplets: 932.4 eV and

933.3 eV, which are related to reduced copper species (Cu0 and

Cu1þ) and Cu2þ, respectively [48e50]. The presence of a sat-

ellite peak at 943.5 eV confirms the presence of Cu (II) [51,52].

The superficial atomic composition estimated by the XPS

measurements was 58:21:21 (Co:Mo:Cu), which is similar to

the composition determined from EDX.

Electrochemical activity of the CoeMo and CoeMoeCu
coatings

The electrocatalytic performance of CoeMo and CoeMoeCu

coatings for the HER was investigated by stationary cathodic

polarization, as shown in Fig. 3a. It can be observed that the

Co67Mo33 coating had the lowest catalytic activity among the

coatings produced, because this material required over-

potentials of �156 and �247 mV, to reach current densities of

�10 and �100 mA cm�2, respectively. On the other hand,

Co56Mo21Cu23 presented the lowest overpotential values,

requiring �119 and �200 mV to reach �10 and �100 mA cm�2,

respectively. Although less active than Co56Mo21Cu23, the

Co61Mo32Cu7 and Co46Mo18Cu37 coatings presented better

performance than Co67Mo33, requiring �133 and �122 mV,

respectively, to reach �10 mA cm�2; moreover, Co61Mo32Cu7

and Co46Mo18Cu37 required �230 and �226 mV to provide

�100 mA cm�2, respectively. Especially for high current den-

sities, such as �1.0 A cm�2, the addition of copper promotes a

reduction of 22% on the overpotential when comparing Co56-

Mo21Cu23 to Co67Mo33. Table S1 (available in the SI) presents
Fig. 3 e (a) Stationary linear polarization curves and (b) Tafel cur

6.0 mol L¡1, at 25 �C.
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some electrocatalytic parameters for recently reported activ-

ities of cobalt-based catalysts. The Co67Mo33 composition ob-

tained in the present study presents an intermediate value of

h10 (overpotential required to reach �10 mA cm�2), which is

greater than some other values listed for Co and CoeMo ma-

terials. However, to the best of our knowledge, the addition of

copper decreased the value of h100 (overpotential required to

reach �100 mA cm�2) to one of the smallest presented in the

literature for this type of material. The low overpotential for

Co56Mo21Cu23 ranks this coating among the most active

recently published Co-based catalyst for the HER in alkaline

medium (Tables S1 and SI).

The kinetics and reaction mechanism of the HER can be

obtained from Tafel plots. Fig. 3b presents the Tafel plots ob-

tained from the stationary cathodic polarization for the

CoeMo and CoeMoeCu materials. It can be observed that all

coatings exhibited a similar Tafel slope (bc), with values

ranging between 82 and 95 mV dec�1. The bc is equal to

82 mV dec�1 for the Co56Mo21Cu23 film, demonstrating the

lowest potential value needed to increase the current density

by one order of magnitude. This result is in accordance with

the fact that the Co56Mo21Cu23 film showed the best perfor-

mance for the HER among the prepared coatings. The Tafel

slope can also be related to the mechanism involved in the

formation of hydrogen [53], which can occur through two

distinct pathways: VolmereTafel or VolmereHeyrovsky

mechanisms. In alkaline medium, the H2O(l) discharge step

(Volmer step, eq. (1)), which leads to the adsorption of

hydrogen (Had) on active sites of the electrode (M), is common

for both mechanisms. If this reaction is the rate-determining

step (r.d.s), the Tafel slope of ~118 mV dec�1 is observed. On

the other hand, the second step of the mechanismmay be the

combination of two Had (Tafel step, eq. (2)) or an electro-

chemical desorption of the Had involving a new H2O(l) mole-

cule (Heyrovsky step, eq. (3)), leading to the production of H2(g).

If the Tafel or Heyrovsky step is the r.d.s, a Tafel slope value of

~30 or ~40 mV dec�1, respectively, will be measured [54,55].

The Tafel slopes observed for all CoeMo and CoeMoeCu

samples allow us to state that the VolmereHeyrovsky mech-

anism was favored, independently of the Cu content. How-

ever, the value of 82 mV dec�1 for the bc of Co56Mo21Cu23 does
ves for the CoeMo and CoeMoeCu films. Measured in KOH

cobalt-molybdenum electrodeposited coatings for the hydrogen
ogen Energy, https://doi.org/10.1016/j.ijhydene.2020.09.128
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not allow one to state whether Volmer or Heyrovsky is the

r.d.s, since the value is between 40 and 118 mV dec�1.

Mþ H2Oþ e�#MHads þ OH� ðVolmer stepÞ (1)

MHads þMHads# 2MþH2 ðTafel stepÞ (2)

MHads þH2O þ e�#MþH2 þ OH� ðHeyrovsky stepÞ (3)

As an effort to elucidate the reaction mechanism of the

HER for the electrode with the best catalytic activity (Co56-
Mo21Cu23), electrochemical impedance spectroscopy (EIS)

measurements were performed at the potentials of 0.0 V,

�0.1 V, �0.2 V vs. RHE. The potentials were chosen in such a

way that there was no evolution of hydrogen in profusion,

since a significant release of bubbles from the surface of the

electrode could interfere in the measurement.

From the Nyquist plots shown in Fig. 4a (and its insert) and

the Bode diagrams (Fig. 4b), it is possible to observe that only

one semicircle (one time constant) appears at 0 V vs RHE. In

contrast, at �0.1 and �0.2 mV, the contribution of two semi-

circles (two-time constants) can be observed. Based on these

results, a 1T (model with one time constant) equivalent circuit

was chosen to fit the impedance plots obtained at 0 V, while a

2 TP (model with two time constants in parallel) circuit was

employed to describe the impedance plots obtained at �0.1

and �0.2 mV (Fig. 4c). These equivalent circuit models are

used to relate the processes seen in theNyquist and Bode plots

to the physical processes that occur on the surface of the

electrode and the electrode/electrolyte interface [56]. There-

fore, Rs modeled the resistance of the solution, while the time
Fig. 4 e (a) Nyquist and (b) Bode plots for the Co56Mo21Cu23 film a

the EIS measurements. Experiments performed using KOH 6.0

Please cite this article as: Santos HLS et al., Effect of copper addition o
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constant t1 (CPEeRct), representing the semicircle at high

frequencies, is attributed to charge transfer kinetics and

related to the Heyrovsky step, with CPE corresponding to the

double-layer capacitance and Rct to the charge-transfer

resistance. Furthermore, the time constant t2 (CpeRp), repre-

senting the semicircle at low frequencies, is attributed to the

adsorption of hydrogen on the active sites of the electrode and

related to the Volmer step, with Cp corresponding to the

pseudo-capacitance generated by the hydrogen adsorption

and Rp to the resistance regarding the adsorption of hydrogen

[32,56,57]. The EIS fitting parameters, for the Co56Mo21Cu23,

obtained for the 1T and 2TP equivalent circuits are presented

in Table 2. Eq. (4), from Ref. [58], was used to calculate the

equivalent capacitance (Cdl) from the CPE parameter.

Cdl ¼
"

CPEðTÞ�
R�1
s þ Rct

�1
�ð1�CPEðPÞÞ

#1=CPEðPÞ

(4)

At 0 V vs RHE (Table 2), the HER is not occurring yet,

therefore, a high value of Rct (25.4 U cm2) is observed. In

contrast, at the applied potentials of �100 and �200 mV, the

Rct values decrease dramatically to 3.20 and 0.53 U cm2,

respectively. On the other hand, the capacitance of the double

layer (Cdl) increased slightly as more negative potentials were

applied. The decrease of Rct demonstrates an increase in the

charge transfer rate, that is, the expected increase in the

production of hydrogen with the increase in the applied

overpotential. The slight increase in Cdl indicates that the in-

crease in the rate of the HER, with consequent formation of

bubbles, does not reduce the electroactive area of the elec-

trode [57]. Analogously to Rct and Cdl, the increase in the
t different applied potentials. (c) Equivalent circuit for fitting

mol L¡1, at 25 �C.
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Table 2 e EIS fitting parameters for the Co56Mo21Cu23 using the equivalent circuits shown in Fig. 4c (1T and 2TP) at 0, -100
and ¡200 mV vs RHE.

E (mV vs RHE) Rs (U cm2) Rct (U cm2) Rp (U cm2) CPE (T) CPE (P) Cdl (mF cm�2) Cp (mF cm�2) c2

0 0.11 25.4 e 0.13 0.88 0.07 e 2.2 � 10�5

�100 0.11 3.20 8.51 0.15 0.90 0.09 0.53 9.9 � 10�6

�200 0.11 0.53 0.12 0.17 0.88 0.10 1.25 1.2 � 10�5
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applied potential led to a decrease in the Rp value (from 8.51 to

0.12 U cm2) and an increase in the Cp value. This variation on

the Cp/Rp parameters indicates that the discharge of water

molecules for the adsorption of hydrogen is facilitated by the

increased overpotential. Sa et al., ref. [54], employed CoN films

as electrocatalysts for the HER and demonstrated that the

Tafel slope of ~80 mV dec�1 indicates that both the Volmer

and Heyrovsky steps are involved in the r.d.s, but one of the

steps should be the slowest. Observing the higher value of Rct,

associated with Heyrovsky’s step, concerning Rp, it is possible

to state that Heyrovsky is the slower step.

A comparative study about the charge transfer kinetics for

the CoeMo and CoeMoeCu coatings was performed using EIS

at the applied potential of �0.1 V vs RHE, the Nyquist plots are

presented in Fig. 5a. For all coatings, two semicircles were

observed in the Nyquist plots, therefore, a model equivalent

circuit with two time constants in parallel (2TP), as shown in

Fig. 4c, was used to fit the impedance spectrum. Asmentioned

above, the time constant at high frequencies, t1 (CPEeRct), is

attributed to charge transfer kinetics. The fitting data are

displayed in Table S2 (in the SI). The Co56Mo21Cu23 coating

exhibits the lowest charge transfer resistance (Rct), of

3.20 U cm2, when compared to Co67Mo33 (9.26 U cm2), Co61-
Mo32Cu7 (6.51 U cm2), and Co46Mo18Cu37 (6.46 U cm2), indi-

cating that Co56Mo21Cu23 has the highest charge-transfer rate,

therefore, a higher rate of evolution of hydrogen compared to

other coatings. These impedance values are in agreement

with the tendency of the catalytic activities for CoeMo and

CoeMoeCu coatings observed by stationary polarization

curves, as shown in Fig. 3a.

The effect of varying the electrolyte temperature was

studied for the Co56Mo21Cu23 coating by linear polarization

curves in a 6.0 mol L�1 KOH electrolyte. A Luggin capillary
Fig. 5 e (a) Nyquist plots for CoeMo and CoeMoeCu at ¡0.1 V
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was used to avoid any shift of the reference electrode po-

tentials due to the temperature variation. The curves for

each evaluated temperature are presented in Fig. S2a (in the

SI). It can be noted that the increase of 50 K in the tem-

perature of the electrolyte led to a reduction of 100 mV in

the overpotential required to reach �10 mA cm�2. The study

of the influence of the electrolyte temperature on the cat-

alytic activity for the HER allows the determination of an

important kinetic parameter, which is the apparent activa-

tion energy (DEat). The DEat was estimated for the Co56-
Mo21Cu23 catalyst. For each polarization curve, at different

temperatures, the Tafel curves were constructed (Fig. S2b, in

the SI) and the exchange current density (j0) was deter-

mined using the Tafel equation in the same way as in the

study reported by Wu et al. [59]. The j0 values are presented

in Table S3 (also in the SI). The value of DEat was deter-

mined plotting j0 vs. T�1 (Fig. 5b) and using the Arrhenius

equation [60]. For Co56Mo21Cu23, the DEat is of 17 kJ mol�1.

This value is lower than observed for other Co-based cata-

lysts, such as CoN/C (25 kJ mol�1), CoW (28 kJ mol�1), and

Ni-based catalysts, such as NiMo (22 kJ mol�1) and NiMoCu

alloys (21 kJ mol�1), which are among the most applied

materials for HER [32,54,61]. The lower activation energy of

Co56Mo21Cu23 for HER compared to other aforementioned

values from the literature reinforces the superior intrinsic

activity of this material.

Stability is a crucial feature for an efficient HER catalyst.

Therefore, the stability of Co56Mo21Cu23 was evaluated by

continuous electrolysis measurements during 48 h, under a

current density of �135 mA cm�2, in a 6.0 mol L�1 KOH elec-

trolyte. The result is shown in Fig. 6a. Curiously, Co56Mo21Cu23

showed an improvement in the catalytic activity throughout

the experiment. The potential necessary to deliver the applied
vs RHE. (b) Arrhenius graph for the Co56Mo21Cu23 coating.

cobalt-molybdenum electrodeposited coatings for the hydrogen
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Fig. 6 e (a) Continuous water electrolysis (stability test) at ¡135 mA cm¡2 for Co56Mo21Cu23 catalyst and (b) Linear

polarizations performed at 25 �C before and after the stability test in KOH 6.0 mol L¡1 at 0.5 mV s¡1. Comparison of SEM

surface images of Co56Mo21Cu23 (c) before and (d) after the stability test.
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current density decreased by 17.5% between the initial value

(�240 mV) and the value at the end of the experiment

(�198 mV). The gain in the activity is related to surface acti-

vation; similar processes have already been reported for

cobalt-phosphide materials [62]. The electrochemical reduc-

tion of surface oxides and hydroxides is pointed out as the

main reason for the activation. Since oxides and hydroxides

are generally insulating and have low catalytic activity for the

HER, they reduce the charge-transfer rate and the catalytic

performance of the electrocatalyst [62e64]. Fig. 6b compares

the polarization curves before and after the continuous elec-

trolysis. It was observed that the Co56Mo21Cu23 presented a

better catalytic activity after 48 h of electrolysis. Before and

after the stability test, the overpotentials of �117 mV and �95

mV, respectively, were required to deliver �10 mA cm�2. SEM

images of Co56Mo21Cu23 before and after the stability test

(Fig. 6c and d) were also obtained to evaluate the possible

morphological changes resulting from the continuous evolu-

tion of hydrogen gas. There is no significant change in the

surface morphology after the stability test. The slight

morphological changes observed and the disappearance of

cracks from the electrodeposition might have been due to a

structural reorganization caused by the reduction of metal

oxides. This did not affect the stability of the material, on the

contrary, it improved its performance reducing the over-

potential. As shown in Fig. 6b, the reduction of Co oxide was
Please cite this article as: Santos HLS et al., Effect of copper addition o
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the main factor that favored the activity of the catalyst, as

observed in other papers [65e67].These results demonstrate

that CoeMoeCu coatings, in addition to good catalytic activ-

ity, have excellent stability.

To clarify the better activity presented by CoeMoeCu

coatings compared to CoeMo, the capacitance of the double

layer (Cdl) was determined by cyclic voltammetry (CV), the CVs

are shown in Figs. S3aed (in the SI). For this purpose, the CVs

were performed in the capacitive regions of each coating at

different scan rates. Cdl is equivalent to the slope of the

straight line obtained by fitting the plot of the capacitive

current density versus the scan rate (Fig. S3e, in the SI) [33,34].

The results showed an increase in the value of Cdl with the

increase of the quantity of copper in the coatings, demon-

strating an improvement in the surface roughness of the

coatings [68]. From the Cdl values, the electrochemical active

surface area (ECSA) was determined (see experimental part);

they are shown in Fig. 7a. An extraordinary increase of the

electroactive area is observed with the addition of copper. As

an example, the Co46Mo18Cu37 coating showed an ECSA value

almost 12 times higher than the value for Co67Mo33. The large

increase in the electroactive area is related to the increased

surface roughness due to the morphological modifications by

the addition of copper, as can be seen in the SEM images in

Fig. 1. The fact that copper insertion has a significant effect on

increasing the roughness of electrodeposited coatings has
n cobalt-molybdenum electrodeposited coatings for the hydrogen
ogen Energy, https://doi.org/10.1016/j.ijhydene.2020.09.128
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Fig. 7 e (a) Electrochemical active surface area (ECSA) and (b) Stationary linear polarization normalized by the ECSA for the

different coatings prepared.
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already been observed for other systems, such as Ni-Mo-Cu

[19,32].

Although the increase of the surface area is of great

importance, this is not the only factor that influences the

catalytic activity of CoeMoeCu coatings, since Co46Mo18Cu37

(149) has a much greater ECSA than Co61Mo32Cu7 (12.1) and

both samples present quite similar activities for the HER

(Fig. 3a). Therefore, to evaluate the intrinsic catalytic activity

of the samples without the interference of the surface area,

the polarization curves of Fig. 3a were normalized by the ECSA

(Fig. 7b). The increase in the quantity of copper in the films

leads to a decrease in the intrinsic catalytic activity of the

material, since the Co56Mo21Cu23 and Co46Mo18Cu37 films

present 20% and 32% copper in their compositions, respec-

tively. The decrease of the intrinsic catalytic activity can be

attributed to a limited copper electroactivity [69]. Thus, the

improvement of the copper-rich surface area does not

necessarily reflect an increase, in the same proportion, of

active sites for the HER. On the other hand, the Co61Mo32Cu7

coating, which had only 5.7% of copper in its composition,

presented the best intrinsic catalytic activity among the

studied films. When evaluating nanotubular Cu-doped Ni

films, Sun et al. demonstrated that 2% copper in the films led

to a great improvement in the intrinsic activity of this mate-

rial. The authors also demonstrated that Cu acts on the Gibbs

free energy of hydrogen adsorption (DGH*), leading to a value

close to 0.0 eV, from which there is an optimal balance be-

tween the rate of proton reduction and the desorption of the

hydrogen formed, related to a high activity for the HER [52].

Hence, the greater intrinsic activity for Co61Mo32Cu7,

compared to Co67Mo33, may be directly related to the ther-

modynamic favoring of the hydrogen adsorption and

desorption stages, due to the presence of a specific quantity of

copper. Overall, the best catalytic activity for the HER was

observed for the Co56Mo21Cu23 coating, because in this

composition there is an ideal balance between the intrinsic

catalytic activity and the gain of electroactive area, due to the

presence of copper.
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Conclusion

In summary, we have demonstrated that CoeMo and

CoeMoeCu alloys present a good electrocatalytic perfor-

mance for the HER. It was observed that the electrochemical

activity, regarding the HER, of the CoeMo material improved

by the addition of copper. The overpotentials required to

obtain a current density of �10 mA cm�2 were of 156 mV and

119 mV for Co67Mo33 and Co56Mo21Cu23, respectively.

Despite the increase of the surface area due to the addition

of copper, it was observed that the better intrinsic activity of

Co61Mo32Cu7, compared to Co67Mo33, is related to a thermo-

dynamic favoring of the hydrogen adsorption and desorption

stages. To increase the catalytic activity, it is necessary to

establish a balance between the intrinsic catalytic activity and

the increase of the electroactive area, since large quantities of

copper do not favor the HER.

Finally, the addition of copper in catalyst coatings that

present smooth surfaces, such as CoeMo, is a great way to

increase the surface area of the material and the intrinsic

catalytic activity. Thus, the application of this approach for

other transition-metal catalysts will be investigated in future

studies.
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