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Abstract
The co-deposition behavior of Co(II) and Mo(VI) and Co–Mo electro-crystallization mechanism in ethylene glycol (EG) 
are recorded using cyclic voltammetry and chronoamperometry. These results indicate that the Co–Mo co-deposition is 
representative induced deposition; Co(II) species can facilitate Co–Mo co-deposition, inversely, Mo(VI) species can inhibit 
Co(II) reduction and the effect can be enhanced as Mo(VI) concentration increases. Additionally, Co–Mo co-deposition in 
EG takes place through an instantaneous nucleation and diffusion-controlled three-dimensional growth mechanism. Co–Mo 
deposits with various Mo contents and different microstructures can be obtained from the EG solution. SEM micrographs 
present that the Co–Mo deposits with 1.56 wt% Mo present a pure pompon microstructure. Benefiting from the composition 
engineering by alloying with Mo, as well as the simultaneous presence of a suitable pompon structure, Co–Mo deposits with 
1.56 wt% exhibits prominent electrocatalytic durability and activity with a η10 of 84 mV for HER in a 1.0 M KOH.
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1 Introduction

Nowadays, our society is clearly marked by concern about 
the environmental problem. More and more people are con-
scious of the fact that excessive consumption of traditional 
fossil fuel sources such as natural gas, oil, and coal not only 
gives rise to a diminution in reserves, but also adversely 
impacts the environment, increasing greenhouse effect or 
affecting the global climate and resulting in human health 
risks [1–3]. In order to lower the use of these traditional non-
renewable fossil fuels, there is an incentive to develop and 
employ more and more renewable, sustainable, and clean 
energy technologies including solar energy, tides energy, 
wind energy, hydrogen-fueled, and biomass technologies 
[4–6]. The production of hydrogen based on electrolysis of 
water can be employed as a potential and energetic alterna-
tive due to the fact that hydrogen presents these advantages 
of being pollution-free, high-energy-density and zero carbon 
dioxide emissions and the technology can obtain high purity 
hydrogen [7–19]. However, at present, preparing hydrogen 
gas from electrolysis is relatively expensive principally 
due to the use of noble-metal electrocatalysts [20], thus, 
in order to minimize hydrogen production cost, it has been 
quite urgent to develop some cheap and high-performance 
catalysts with low overpotential, high electronic conductiv-
ity, good charge transfer kinetics, and long-term stability 
for hydrogen evolution reaction (HER) and then they can be 
employed in the practical hydrogen production.

In recent decades, non-noble transition metals cata-
lysts including metal nitrides [16, 21], metal sulfides [17, 
22], metal selenides [15, 23], and transition-metal alloys 
[8, 10–12, 24] had been successfully prepared and exhib-
ited much absorbing consequence. Among these catalysts, 
Co–Mo alloy and its composite materials are important and 
promising electrocatalysts for HER due to the fact that these 
electrode materials exhibit many outstanding properties such 
as long-term electrochemical stability, good electrical con-
ductivity, high corrosion resistance, outstanding catalytic 
activity, and low overpotential for the HER [8–12, 15, 19]. 
These properties can be attributed to the electronic configu-
ration [8, 12, 13] or modification of the crystalline structure 
when Mo is added into the structure of the iron group Co 
element [8], and then an outstanding synergistic effect can 
be obtained by the alloying of hyper d-electronic phase Co, 
which is the primary source of catalytic activity, and hypo 
d-electronic phase Mo, who can increase corrosion resist-
ance, mechanical strength, and catalytic activity. It is worth 
noting that the catalytic activity normally originates from the 
high free energy on the metastable electrode surface [8, 25].

At present, Co–Mo alloys and its composite materials 
have been prepared mainly from aqueous solutions [8, 9, 
12, 13, 26–31]. For instance, Co–Mo and Co–Mo–C alloys 

had been successfully prepared by  ŻABIŃSKI et al. from 
aqueous solution baths containing cobalt sulfate, ammo-
nium molybdate, sodium citrate, sodium dodecylsulphate, 
saccharin, and arginine (being a source of carbon in the 
Co–Mo–C alloy) and they found the two alloys exhibited 
excellent catalytic activity for HER and the presence of 
additional C species in Co–Mo-C deposits could affect its 
catalytic activity through changing the overvoltage value of 
hydrogen evolution. Unfortunately, both microcracks and 
holes could be found on the two prepared alloy surfaces. 
However, the Co–Mo alloy co-deposition from these aque-
ous solution baths is always accompanied by intensive HER 
resulting in profound effect on quality of these Co–Mo alloys 
materials and current efficiency [26–28]. In addition, a few 
organic additives including crystallization control agents and 
complexing agents are generally employed to improve their 
electro-crystallization reaction and added into the bath dur-
ing the Co–Mo co-deposition process, thus, these organic 
additives can also participate in the co-deposition process 
and the participation can also exhibit a profound effect 
on the quality and phase structure of these Co–Mo alloys 
materials [32, 33]. Another main issue associated with the 
Co–Mo alloys electrodeposition from aqueous solution baths 
is that a few microcracks [8, 12, 29, 30] and/or pinholes 
[28] could be found on the Co–Mo alloy materials surface. 
Normally, the two flaws can usually decrease their catalytic 
stability for HER. It should be noted that some effective 
techniques including pulse plating [34] or pulse-reverse plat-
ing [35] have been successfully developed to decrease these 
microcracks.

In recent years, the electrodeposition of Co and Co 
alloys (including Co–Mo alloys) from nonaqueous systems 
such as ionic liquid (IL) system, organic solvent, and the 
mixture of IL and organic solvent, has received intensive 
interest as reported in several literatures [24, 36–41] due to 
the fact that these techniques could eliminate the necessity 
to employ additional complexing agents, improve current 
efficiency, and obtain more variety of materials with bet-
ter property compared with traditional aqueous systems. 
For instance, the Co and Co-Al alloys coatings without 
microcracks had been successfully prepared by Carlin et al. 
[41] from the 1.5:1.0  AlCl3:1-ethyl-3-methylimidazolium 
chloride room temperature molten salt. The cobalt nanow-
ires with an average diameter 45 nm were successfully 
electrodeposited by Yang et al. [40] from a mixture of 
1-ethyl-3-methylimidazolium chloride IL and EG system, 
they found that these cobalt nanowires obtained from the 
mixture system showed a smoother surface and better 
magnetic properties than cobalt nanowires electrodepos-
ited from aqueous solution. It should be noted that the IL 
system is extraordinary hygroscopicity, indicating that the 
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mixture IL system is not a better candidate for practical 
application in Co and Co alloys preparation. In addition, 
Costovici et al. [38] reported that Co–Mo alloy films with 
a nanocrystalline structure could be obtained from choline 
chloride based ILs and its surface morphology could be 
affected by technological conditions. It should be noted that 
many microcracks could also be observed on the obtained 
Co–Mo alloy coating surface. Although a few of literatures 
about Co and Co alloy films electrodeposited from organic 
solvents including such DMF [42], DMSO [43], and EG 
[37] have been published, the literatures about the Co–Mo 
alloy coatings prepared from organic solvents have been 
published hardly in previous literatures.

In our previous works, nanocrystalline Co coating with 
spherical crystal particles forming many wirelike crystals 
bundles was prepared from EG system [37]. Subsequently, 
both the nanocrystalline Co [36] and Co–Ni alloy [24] cat-
alysts were electrodeposited from the  [EMIM]HSO4-EG 
system, and they exhibited a better catalytic activity and 
stability for HER. However,  [EMIM]HSO4 IL is relatively 
expensive due to its complex synthesis process and low 
productivity, thus,  [EMIM]HSO4-EG mixture as a plat-
ing system can significantly raise the production cost due 
to the extra IL. More importantly, nowadays, the Co–Mo 
alloys obtained from pure EG system and used as cata-
lysts for HER have not been reported. Thus, EG solvent 
is employed as electrolyte to prepare Co–Mo deposits in 
this work, expecting that the obtained Co–Mo alloys can 
exhibit a prominent catalytic activity for HER. The co-
deposition behavior of Co(II) and Mo(VI) and Co–Mo 
electro-crystallization mechanism in EG system are investi-
gated by cyclic voltammetry (CV) and chronoamperometry 
(CA) measurements, respectively. The surface morphology, 
composition, and microstructure of the Co–Mo alloy films 
are observed using SEM, EDS, and XRD. Moreover, the 
catalytic performances of the obtained Co–Mo alloys cata-
lysts are also investigated using linear sweep voltammetry 
(LSV), electrochemical impedance spectra (EIS), and CA 
techniques in 1 M KOH solution.

2  Experimental

2.1  Chemicals

EG (≥ 99.5%),  anhydrous  CoCl2 (99.7%),  and 
 Na2MoO4(≥ 99.5%) were obtained from Aladdin Bio-
Chem Technology Co., Ltd (Shanghai). Before using, all 
the above three reagents were dried based on the previous 
literatures [36, 37]. All other chemicals and reagents used 
in this study were commercially available and of an ana-
lytical reagent grade.

2.2  Electrochemical measurements

The CV curves of the EG system containing various 
concentration of Co(II) and/or Mo (VI) were obtained 
at 323 K by a frequently used three-electrode construc-
tion with the help of a electrochemical workstation (CH 
Instruments CHI660B). It should be noted that the work-
ing electrode (WE) was GC electrode (exposed area: 0.07 
 cm2), the counter electrode was a graphite rod, and the 
reference electrode was saturated calomel electrode (SCE) 
using a ground glass joint type junction. Before using, 
the GC electrode was pretreated according to the previ-
ous literatures [36, 37]. It should be noted that the EG 
system was not stirred and the IR compensation was per-
formed for these electrochemical measurements and plat-
ing experiments.

2.3  Preparation and characterization of Co–Mo 
deposits

Co–Mo alloy coatings with different Mo contents were elec-
trodeposited using galvanostatic technique with the help of 
a DC power supply from the EG system containing 0.5 M 
Co(II) and different Mo(VI) concentrations (0.015–0.075 M)  
at 343 K. For plating experiments, the 99.9 wt% copper sheet 
(exposed area: 0.5 × 1.0 = 0.5  cm2) was used as the depos-
iting substrate (cathode) and a platinum sheet (3  cm2) as 
the anode. The distance between the cathode and anode in 
the plating bath maintain 2 cm. It should be noted that the 
copper sheet (plating substrate) was also pretreated before 

Fig. 1  Cyclic voltammograms of EG system (curve 1), EG system 
containing 0.5  M Co(II) (curve 2), EG system containing 0.03  M 
Mo(VI) (curve 3), and EG system containing 0.5 M Co(II) + 0.03 M 
Mo(VI) (curve 4) recorded on a GC electrode at 323 K with scan rate 
of 50 mV  s−1
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plating and the copper sheet coated by Co–Mo deposits was 
treated after plating based on the previous literatures [31, 
44]. It should be noted that preparation of Co–Mo deposits 
and all electrochemical measurements were performed in a 
glove box with an Ar atmosphere containing less than 2 ppm 
of oxygen and moisture.

Scanning electron microscope (TESCAN MIRA4) 
with an energy dispersive spectrometer (EDS) was used 
to observe the surface topography and the element analy-
sis of the Co–Mo deposits, and their phase structures were 
observed by XRD using a Bruker D8 with Cu Kα radiation.

2.4  Electrocatalytic measurements

The HER catalytic performances for the Co–Mo deposits 
were measured in 1 M KOH solution using LSV (scan rate:1 
mV  s−1), EIS, CV, and CA techniques at 298 K, respectively. 
It should be noted that the above-mentioned electrochemi-
cal workstation and three-electrode construction were also 
employed during LSV, EIS, CV, and CA measurements, 
the main variations were that the copper sheet coated by 
Co–Mo deposits (0.5  cm2) was employed as working elec-
trode and graphite rod as counter electrode. EIS curves were 
measured under 0.1 V vs. RHE overpotential (amplitude: 5 
mV, frequency:  105 to  10−2 Hz). CV method with 1000 and 
2000 cycles at scanning rate of 50 mV  s−1, as well as CA 
method, was carried out to confirm the catalytic stability of 
the Co–Mo deposits. It should be noted that the potentials 
in this study were converted into a reversible hydrogen elec-
trode (RHE) potential according to the method reported in 
these literatures [19, 36].

3  Results and discussion

3.1  Cyclic voltammetry study

Figure 1 exhibits these representative CV curves of EG sys-
tem containing 0.03 M Mo(VI) or/and 0.5 M Co(II) meas-
ured using a scan rate (v) of 50 mV  s−1 at 323 K. As shown 
in Fig. 1, EG system exhibits excellent electrochemical sta-
bility because no apparent reduction and oxidation peaks are 
recorded for the pure EG solution in the range from + 1.500 
to − 2.000 V (curve 1), while all the other curves in Fig. 1 
are obviously changed at the existence of 0.5 M Co or/and 
0.03 M Mo(VI) in EG solvent. For curve 2, the cathodic cur-
rent density increases clearly from − 0.475 V (the so-called 
nucleation overpotential, ηnucleation) to − 1.124 V(Fig. 2), and 
then a well-defined cathodic shoulder can be found between 
− 1.124 and − 1.781 V. During the reversal scanning, an 
obvious current density loop (crossover), indicating the 
existence of a nucleation and crystal growth process, can be 
found at − 1.638 V, and the anodic current density peak is 
observed at 0.247 V, which is due to the anodic stripping of 
the electrodeposited Mo and/or molybdenum oxide onto the 
cathode surface. It should be noted that the electrochemical 
behavior for Mo(VI) in some ILs [38] or aqueous systems 
[45], there is not existence of such crossover of the cathodic 
and anodic branches due to the presence of molybdenum 
oxide  (MoO2) which dominates the active sites of nuclea-
tion and can impede Mo(VI) reduction to Mo. Thus, the 
result indicates that the nucleation and growth process for 
Mo in EG system is much easier than that of some ILs [38] 
or aqueous systems [45].

For curve 3 and 4, both the cathodic current densities 
improve sharply from − 0.866 to − 0.591  V to − 1.625 

Fig. 2  Cyclic voltammogram of EG system containing 0.03 M Mo(VI) 
recorded on a GC electrode at 323 K with scan rate of 50 mV  s−1

Fig. 3  Cyclic voltammograms of various Mo(VI) concentrations in 
EG system containing 0.5  M Co(II) recorded on a GC electrode at 
323 K with scan rate of 50 mV  s−1
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and − 0.961 V, respectively, and a clear cathodic current 
density peak for curve 3 and a mild shoulder for curve 4 
are observed. During the reversal scanning, two clear cur-
rent density loops are observed at − 1.225 (curve 3) and 
− 1.144 V (curve 4), and the two corresponding anodic 
current density peaks are observed at 0.984 (curve 3) and 
0.701 V (curve 4). The cathodic current density peak and 
cathodic shoulder are attributed to the Co(II) reduction to 
Co and the Co–Mo co-deposition, respectively, while two 
anodic density peaks can be attributed to the corresponding 
stripping of Co and Co–Mo alloy. Interestingly, the nuclea-
tion overpotential of Co–Mo co-deposition (− 0.433 V)in 
EG is more positive than that of pure Mo, implying that 
the presence of extra Co(II) species in EG can facilitate Mo 
deposition process and there is a typical induced co-depo-
sition. More interestingly, the cathode current density for 
curve 4 [0.5 M Co(II) and 0.03 M Mo(VI)] is smaller than 
that of curve 3 [only 0.5 M Co(II)] at the same potential 
during the cathodic scanning. These results indicate that the 
presence of additional Mo(VI) species in EG can inhibit the 
Co(II) reduction, and then their effect should be enhanced as 
Mo(VI) species concentration increases. In order to confirm 
the case, another CV measurement using scan rate (v) of 
50 mV  s−1 on GC at 323 K were performed in EG + 0.5 M 
Co(II) solution with the change of Mo(VI) concentration 
from 0.015 to 0.075 M and represents in Fig. 3. It can be 
found that the nucleation overpotential for the Co–Mo co-
deposition is almost unchangeable, while the current den-
sity for cathodic peak (jcp.) decreases with the increase of 
Mo(VI) concentration. Thus, the result verifies the presence 
of Mo(VI) species in EG can obviously inhibit the co-dep-
osition process. It should be noted that there are mild elec-
trochemical noises in negative potential side for these CV 
curves in Fig. 3, it may be attributed to the change of local 

active species and the adsorption of hydroxides and oxides 
of molybdenum on cathode surface.

3.2  Chronoamperometry study

Figure 4   represents these typical current-time transient 
curvesfor EG solution containing 0.5 M Co(II) and 0.03 M 
Mo(VI).

As shown in Fig. 4a, these transients present a representa-
tive shape for a diffusion-limited nucleation process with 
three-dimensional growth of a new phase [46, 47]. For their 
initial stage, because of the existence of many active sites 
on the non-ideal surface of the electrode, Co–Mo bimetallic 
clusters can radially grow using the active sites as the growth 
centers. It is worth noting that all these Co–Mo clusters are 
normally small with a steady-state and grow under the dif-
fusion control. During the grow reaction process, the current 
density increasingly increases to a peak value due to the 
fact that there is no overlap among these diffusion layers. 
Whereafter, these diffusion regions around Co–Mo nuclei 
overlap and finally the growth for the Co–Mo alloy coatings 
is controlled by planar diffusion to the whole cathode elec-
trode surface, and then the rate of nuclear growth is slow-
down. Thus, all these current densities at the various applied 
potentials are decreased and gradually tend to level off. In 
order to further set forth the mechanism of Co–Mo alloy 
nucleation and growth process, non-dimensional (j/jmax)2 
vs. (t/tmax) curves proposed by Sharifker–Hills [48] were 
employed based on Eqs. 1 and 2 from current-time transient 
curves and shown in Fig. 4b.

(1)
j2

j2
max

=
1.9542

t∕tmax

[

1 − exp

(

−1.2564
t

tmax

)]2

Fig. 4  Chronoamperometric current transient at different potentials in EG system containing 0.5 M Co(II) and 0.03 M Mo(VI) at 323 K (a). 
Comparison of dimensionless time-current curves with 3D nucleation model (b)
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(Instantaneous nucleation)

(Progressive nucleation)
where j is the current density, t is the time, and jmax is the 

maximum current density at time tmax. As shown in Fig. 4b, 
it can draw a conclusion that the Co–Mo alloy nucleation is 
principally an instantaneous nucleation regime at the various 
applied potentials at 323 K.

3.3  Characterization of Co–Mo alloy deposits

Figure 5a represents a representative EDS analysis of the 
Co–Mo alloy deposits prepared 20 mA  cm−2 for 30 min from 
EG system containing 0.5 M Co(II) and 0.03 M Mo(VI) 
at 343 K. As shown in Fig. 5a, these deposits principally 
consist of Co (98.44 wt%) and Mo (1.56 wt%). The result 
indicates that these deposits are the cobalt enriched Co–Mo 
alloy. Figure 5b represents a representative XRD pattern of 
the Co–Mo alloy deposits obtained 20 mA  cm−2 for 30 min 
from EG system containing 0.5 M Co(II) and 0.03 M Mo(VI) 
at 343 K. As shown in Fig. 5b, four intense copper peaks are 
found in the spectra, indicating that the thickness for the 
obtained Co–Mo deposits is so thin that the substrate cop-
per is observed. Meanwhile, an intense peak and two mild 
peaks correspond to (111), (110), and (112) peaks of phase 
Co according to PDF#97-004-4989. However, the diffraction 
peaks associated to the metallic Mo are not observed, imply-
ing that the fact that the Mo atoms form a phase Co (Mo) 
solid solution through entering the Co crystal lattices [8].

(2)
j2

j2
max

=
1.2254

t∕tmax

[

1 − exp

(

−2.3367
t2

t2
max

)]2

Figure 6 represents the representative surface morphol-
ogy of these Co–Mo deposits with different Mo contents. 
As shown in Fig. 6, the surface morphology of the pre-
pared Co–Mo deposits is obviously influenced by Mo con-
tent, and their microstructure can change from a fibrous 
structure (Fig. 6a and b) to spherical structure (Fig. 6c, 
d and e) as Mo content increases. Moreover, when the 
Mo content is relatively low, the fibrous microstructure 
also changes from fur structure with many bundles of 
elongated crystals randomly distributed throughout the 
deposits surface (Fig. 6a) to pure pompon microstructure 
(Fig. 6b) (more clearly defined at a higher resolution in 
Fig. 6f), and the average size of these fibrous structures 
is decreased as the increase of Mo content from 0.07 to 
1.56 wt%. Normally, pompon structure with innumerable 
fine fur (Fig. 6b) owns a larger electrochemical active sur-
face area (ECSA) than that of “simple” spherical structure 
(Fig. 6c, d and e) and then it can exhibit a better electro-
catalytic performance of hydrogen evolution. Thus, the 
Co–Mo deposits with 1.56 wt% Mo should present a better 
electrocatalytic property. In addition, as shown in Fig. 6g, 
the thickness of the obtained deposits is about 7.257 μm.

Moreover, X-ray photoelectron spectroscopy (XPS) 
analysis is employed to confirm the chemical valence 
states and elemental composition of Co–Mo alloy and 
shown in Fig. 7. The spectral peaks in survey spectrum 
verify the presence of Co and Mo elements (Fig. 7a). For 
the Co 2p region of Co–Mo alloy (Fig. 7b), the spectrum 
can be divided into four peaks, located at Co  2p3/2 with 
four binding energies (BEs) (778.56, 780.77, 782.27, 
and 786.35 eV), which correspond  Co0,  Co2+,  Co3+ spe-
cies and a shake-up satellite peak, respectively [49]. For 
the Co  2p1/2 profile, it can be divided into three peaks, 

Fig. 5  EDS analysis (a) XRD pattern (b) of these deposits prepared at 20 mA  cm−2 for 30 min from EG system containing 0.5 M Co(II) and 
0.03 M Mo(VI) at 343 K
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corresponding  Co2+,  Co3+ and shake-up satellite peaks, 
with three BEs (796.04, 797.83, and 802.88 eV), respec-
tively. For the Mo 3d region of Co–Mo alloy (Fig. 7c), the 
spectrum can be divided into two peaks, situated at Mo 
 3d5/2 with two BEs (231.45 and 232.75 eV) and Mo  3d3/2 
with two BEs (235.07 and 235.92 eV), which  Mo4+ spe-
cies corresponding to hydroxide and oxidized forms [50, 
51], respectively. It should be noted that the weight ratio 
of Co to Mo calculated by the XPS measurement is 98:2 
(Co:Mo), which is similar to the result from EDS.

3.4  Electrocatalytic properties of Co–Mo deposits 
for HER

Figure 8a represents these representative LSV curves of the 
prepared Co–Mo deposits with different Mo contents. As 
shown in Fig. 8a, all these Co–Mo deposits prepared from 
EG system exhibit remarkable electrocatalytic activity for 
HER and the catalytic activity is clearly influenced by Mo 
content. The value of HER overpotential for catalytic cur-
rent density reaching 10 mA  cm−2 (η10) minishes as Mo 
content increases from 0.07 to 1.56 wt%. On the contrary, 
its value is obviously increased when the Mo content is over 

Fig. 6  SEM micrographs of Co–Mo deposits with different Mo con-
tents prepared at 20 mA  cm−2 for 30 min from EG system at 343 K. 
a 0.07 wt%, b 1.56 wt%, c 4.46 wt%, d 5.30 wt%, e 19.90 wt%, f the 

enlargement of micrograph (b); g cross sectional SEM image of Co–
Mo deposits with the Mo content of 1.56 wt%



2404 Journal of Applied Electrochemistry (2023) 53:2397–2410

1 3

Fig. 7  XPS spectra of Co–Mo alloy with the Mo content of 1.56 wt%: XPS survey spectrum (a), Co 2p (b) and Mo 3d (c)

Fig. 8  Polarization curves (a) and Tafel plots b of Co–Mo deposits prepared from EG system in 1 M KOH solution at 298 K
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1.56 wt%. The outstanding electrocatalytic activity for HER 
is also due to the modification of the crystalline structure 
when Mo atom is added into the structure of the iron group 
Co element, and then a remarkable synergistic effect can 
happen by means of the alloying of hyper d-electronic phase 
Co, which is the primary source of catalytic activity, and 
hypo d-electronic phase Mo, which is favorable for hydrogen 
adsorption [52]. That is to say, the enormous electrocatalytic 
activity can put down to the cooperative action of the Co and 
Mo dual atoms sites. For  H2 evolution of water electrolysis, 
Co atoms in these Co–Mo deposits act as the reaction sites 
employed by O-H bond cleavage of  H2O and then Mo atoms 
can act as the  H2-evolving centers.

In addition, the bonding energy between Co–Mo alloy 
deposits with 1.56 wt% Mo and the hydrogen can meet 
the relative balance of the rate of adsorption and desorp-
tion reaction. Thus, the Co–Mo deposits with 1.56 wt% Mo 
present the expected and best HER catalytic activity with 
an overpotential of 84 mV (η10). The result is in accord-
ance with SEM observations. Farther, the HER overpoten-
tial value (84 mV) for the Co–Mo alloy deposits with 1.56 

wt% Mo obtained from the EG system is smaller than that 
of other mainly electrodeposited nanostructured Co–Mo 
alloys [12, 53] and some ternary Co–Mo alloys catalysts 
[12, 54] for HER (Table 1). Compared with these Co–Mo 
alloy catalysts obtained from aqueous solutions (Table 1), 
the better catalytic activity of the Co–Mo deposits with 1.56 
wt% Mo can mainly be correlated with its surface morphol-
ogy and microstructure. It can be observed that the deposits 
present a new fibrous surface morphology with a pompon 
microstructure. Thus, the surface with the pompon structure 
should exhibit relatively larger specific surface area and then 
more active sites can be exposed to satisfy the HER com-
pared with other morphologies including spherical nodular 
structure [12], dendritic structure [54], and cauliflower-like 
structure [13].

Normally, much valuable information on kinetics and the 
mechanism of HER can be acquired using Tafel technique 
[12, 54]. Thus, these Tafel curves are also extracted from 
LSV curves (Fig. 8a) and shown in Fig. 8b. In alkaline sys-
tem, it is generally accepted that the HER consists of three 
electrochemical reaction steps, namely Volmer, Heyrovsky, 

Table 1  Comparison of HER activity, surface morphology and Mo content of obtained Co–Mo alloy electrocatalysts with previously reported 
Co–Mo alloys

a Overpotential (η10) was recorded at j = 10 mA  cm−2

Co–Mo alloys Employed electrolytes Mo content Surface morphology η10 a
(mV)

b
(mV·dec− 1)

References

Co–Mo Aqueous solution 27.40 at% Spherical nodules structure with some cracks − 156 83 [12]
Co–Mo Aqueous solution 34.90 wt% Spherical nodules structure with some microcracks − 109 72 [53]
NiCoMo Aqueous solution 5.00 at% Dense 3D dendritic structure − 132 108 [54]
CoMoCu Aqueous solution 18.60 at% Cauliflower-like structure − 119 82 [12]
Co–Mo EG 1.56 wt% Pompon structure 84 79.8 This work

Fig. 9  Nyquist plots of Co–Mo deposits with different Mo content (a) and Co–Mo alloy catalyst with 1.56 wt% Mo in different overpotential 
b prepared from EG system in 1 M KOH solution at 298 K
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and Tafel reactions. The first step is the electro-sorption pro-
ton discharge on catalyst [Volmer reaction; Eq. (3)], and then 
it is followed by an electro-desorption step [Heyrovsky’s 
reaction; Eq. (4)] or the chemical-desorption step [Tafel 
reaction; Eq. (5)] to form hydrogen [54]:

In addition, the Tafel slope is extensively used to confirm 
the HER mechanism: Volmer–Heyrovsky or Volmer–Tafel 
model. Based on the Volmer–Heyrovsky mechanism, if the 
Volmer reaction is the rate-determining step of the overall 
reaction, then the Tafel slope should be 120 mV  dec−1, and if 
the Heyrovsky’s and Tafel reactions are the rate-determining 
steps, then the Tafel slope should be 40 and 30 mV  dec−1, 
respectively. As shown in Fig. 8b, all the Tafel slopes are in 
the range of 79.8 to 143.9 mV  dec−1, indicating that the HER 
on Co–Mo deposits nearly belongs to a Volmer adsorption 
process as its rate-determining step. The Tafel slope (79.8 
mV  dec−1) of the Co–Mo deposits with 1.56 wt% Mo is also 
lower than that of other Co–Mo alloys with different Mo 
contents obtained from the EG system, and also lower than 
that of other mainly electrodeposited nanostructured Co–Mo 
alloys (Table 1), implying that the Co–Mo alloy with 1.56% 
Mo is more favorable for HER catalytic kinetics.

In addition, some valuable information on HER kinetics 
and the interface properties on an electrocatalyst surface can 
also be obtained using EIS technique [12]. Therefore, the 
EIS measurements for these Co–Mo alloy deposits with dif-
ferent Mo contents used as HER electrocatalysts have been 

(3)M + H2O + e− → MHads + OH−

(4)MHads + H2O + e− → H2 + M + OH−

(5)MHads + MHads → H2 + M

carried out in 1 M KOH system and shown in Fig. 9a. Addi-
tionally, the EIS data is fitted by Zview software accord-
ing to the electrical equivalent circuit (EEC) (the inset in 
Fig. 9a) and the obtained data are also listed in Fig. 9a. 
Where Rs is solution resistance; CPE (constant phase ele-
ment) is related to the double layer capacitance (Cdl); Rct 
is the electrochemical charge transfer resistance. Moreover, 
the obtained EIS parameters that correspond to the HER 
charge transfer kinetics, can be used to calculate the ECSA 
[12], and then the obtained ECSA values for various Co–Mo 
alloys are also shown in Fig. 9a. As exhibited in Fig. 9a, both 
the conductivity and HER catalytic activity of these Co–Mo 
alloy deposits can be obviously influenced by Mo content. 
The semicircle diameter minishes as Mo content increases 
from 0.07 to 1.56 wt%. The result indicates that the conduc-
tivity and HER catalytic activity are increased. Inversely, 
the semicircle diameter increases as the Mo content is over 
1.56 wt%. The result indicates that their conductivity and 
HER catalytic activity are minished. Moreover, the Co–Mo 
deposits catalyst with 1.56 wt% Mo presents the smallest 
HER internal resistance and charge transfer resistance, 
which means that the electron transfer speed is faster on the 
surface of the Co–Mo alloy catalyst, thereby exhibiting more 
better catalytic performance for HER. In addition, these data 
information on ECSA presents that Co–Mo deposits catalyst 
with 1.56 wt% Mo presents a bigger value (2930  cm2) in 
comparison to other Co–Mo deposits with various Mo con-
tents, also implying a better electrocatalytic activity. In order 
to further investigate the kinetics of HER on the Co–Mo 
alloy catalyst with 1.56 wt% Mo, the EIS measurements of 
the Co–Mo alloy catalyst with 1.56 wt% Mo in different 
overpotential (− 0.1, − 0.2, and − 0.3 V vs. RHE) have been 
carried out and shown in Fig. 9b. As shown in Fig. 9b, the 
radius of the semicircle is decreased with the increase of the 

Fig. 10  CVs of Co–Mo deposits with 1.56 wt% Mo measured in a non-Faradaic region of the voltammogram at different rates from 10 to 50 mV  s−1  
in 1 M KOH (a). The capacitive current density at 0.25 V vs. RHE as a function of scan rate for the Co–Mo deposits (b)
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overpotential, implying an improvement in the HER kinet-
ics with an increase of the overpotential. It should be noted 
that the  Cdl value (inset in Fig. 9b) is nearly constant with 
the increase of the overpotential. Generally, the  Cdl values 
should be reduced with the increase of overpotential due to 
the aggregation of hydrogen bubbles on the catalyst surface 
[55]. Based on the fact, it can be drawn a conclusion that the 
hydrogen bubbles cannot aggregate on the surface with the 
pompon structure and are instead rapidly separated from the 
surface once they are formed. These results are in keeping 
with the LSV measurements.

Normally, electrochemical active surface area (ECSA) 
is an essential parameter associated with the HER electro-
catalytic activity [44, 56], and electrochemical capacitance 
(Cdl) can be used to estimate the ECSA value using the Cdl 
value for a flat standard with 1  cm2 of real surface area [57]. 
Moreover, the Cdl value for a flat surface is normally con-
sidered to be in the range of 20–60 µF  cm−2. In addition, the 

electrochemical capacitance (Cdl) can be acquired by CV 
technique in a potential range where no faradic processes 
with various scan rates to calculate the ECSA value [44, 56, 
57]. Therefore, the potential is recorded between 0.2 and 
0.3 V vs. RHE at different rates from 10 to 60 mV  s−1 in 
1 M KOH. The typical CV curves for the Co–Mo deposits 
with 1.56 wt% Mo is recorded in Fig. 10a and the capaci-
tive current density at 0.25 V vs. RHE as a function of scan 
rate for the Co–Mo deposits is recorded in Fig. 10b. The 
calculated Cdl for the Co–Mo deposits with 1.56 wt% Mo 
is about 61.8 mF  cm−2. Therefore, in this study, the ECSA 
value of the Co–Mo deposits is evaluated to be 3090  cm2 
using 20 µF  cm− for a lower limit. The value (3090  cm2) 
is bigger than that of the electrodeposited nanostructured 
Co–Mo alloys (1331  cm2) [10], indicating that these Co–Mo 
deposits obtained from EG exhibit a better electrocatalytic 
property. More importantly, the value is in line with the EIS 

Fig. 11  Polarization curves for Co–Mo alloy deposits with 1.56 wt% 
Mo initial recorded and after 1000 and 2000 cycles (a); chronoamper-
ometry curve for Co–Mo alloy deposits with 1.56 wt% Mo during 

electrolysis about 10 h at overpotential 90 mV (b). SEM image before 
(c) and after d stability test
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measurements (ECSA = 2930  cm2), implying that this study 
is reliable.

Another main property of an HER catalysts is the cata-
lytic stability. Thus, CV and chronoamperometry techniques 
are employed to assess the catalytic stability of Co–Mo 
deposits with 1.56 wt% Mo that exhibited the best HER 
electrocatalytic property. Figure 11a presents these typical 
polarization plots of Co–Mo deposits with 1.56 wt% Mo 
before and after performing 1000 or 2000 CV scans. It is 
obvious that these curves exhibit only a puny change in 
HER overpotential after 1000 cycles (4 mV) and after 2000 
cycles (5 mV), which can be attributed to the high electro-
catalytic stability of the Co–Mo deposits electrocatalysts. 
To confirm the stability, the chronoamperometry curve of 
the Co–Mo deposits electrocatalysts with 1.56 wt% Mo is 
measured in 1 M KOH by applying an overpotential η = 90 
mV and exhibited in Fig. 11b. As shown in Fig. 11b, during 
the 50 h testing, it can be observed that the current density 
(10.0 ± 0.05 mA  cm−2) throughout the electrolysis period 
remains constant. Therefore, the electrocatalytic stability of 
the obtained Co–Mo alloy electrocatalysts from EG system 
presents an excellent stability for HER in alkaline system. 
Figure 11c and d show SEM images taken before and after 
the stability test respectively. It is evident that the surface 
morphology has not changed during the stability test due to 
the electrolysis of water, indicating that the Co–Mo deposits 
electrocatalysts with 1.56 wt% Mo has outstanding catalytic 
stability of HER.

4  Conclusion

(1) Co–Mo co-deposition in EG system is a representa-
tiveinduced deposition.

(2)  The extra Co(II) species in EG can facilitate Co–Mo 
co-deposition, inversely, Mo(VI) species can inhibit 
Co(II) reduction and the effect can be enhanced as 
Mo(VI) concentration increases.

(3)  Co–Mo deposits with a pure pompon microstructure 
can be prepared from EG system and the EG system is 
a promising candidate for commercial application in 
Co–Mo alloys plating.

(4) Benefiting from the composition engineering by alloy-
ing with Mo, as well as the simultaneous presence of 
a suitable pompon structure, the Co–Mo deposits with 
1.56 wt% Mo exhibit a high HER electrocatalytic activ-
ity and stability with an overpotential of 84 mV at 10 
mA  cm–2 in 1 M KOH solution. Thus, the prepared 
Co–Mo catalysts are promising candidates for practical 
hydrogen production in alkaline solution.
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