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ABSTRACT: Developing efficient, low-cost, and biocompatible electrocatalysts toward hydrogen evolution reaction 
(HER) in neutral environments is vital to the development of hybrid water splitting-biosynthetic system to achieve high-
efficiency solar-to-fuels conversion. We report here a strategy to improve the sluggish HER kinetics on 3d transition metal 
hydroxides by incorporating tungsten through one-step electrodeposition method. The prepared amorphous CoW(OH)x 
delivers high HER activity in neutral solution, which only requires overpotentials of -73.6 and -114.9 mV to achieve the 
current densities of -10 and -20 mA cm-2 in 1.0 M phosphate buffer solution (PBS), respectively. The activity can be as-
cribed to the synergistic effects between Co and W, where Co sites facilitate H2O dissociation to generate Had intermedi-
ates, and W sites could effectively convert Had to H2. Meanwhile, amorphous architecture features homogeneously dis-
persed Co and W atoms avoiding crystalline phase separation, further strengthening their collaborative interactions. 
Similar enhanced HER activity is also observed on electrodeposited NiW(OH)x electrocatalyst, suggesting the universality 
of this strategy for accelerating HER in neutral environments.  

KEYWORDS. Transition metal hydroxides, tungsten modulation, amorphous, electrodeposition, neutral hydrogen evo-
lution reaction. 

Artificial photosynthetic technologies to achieve solar-
to-fuels conversion are of great promise for future energy 
needs.1 The hybrid water splitting-biosynthetic system 
can transform light, water, and carbon dioxide to the val-
ue-added chemical products with high efficiency.1-3 In this 
system, electrical input provided by photovoltaics drives 
production of hydrogen (H2) from water splitting using 
biocompatible inorganic electrocatalysts. The H2 is then 
used by microorganisms for reducing carbon dioxide to 
generate biomass and fuels, such as methane and isopro-
pyl alcohol. Considering the environmental impact as well 
as the biocompatibility with biocatalysts, efficient electro-
catalysts are needed to speed up the sluggish HER kinet-
ics in the pH-neutral environments required for the bio-
logical growth. Recently, several transition metal com-
pounds, such as oxides,4 sulfides,5 carbides,6 phosphides,7 
and nitrides,8 have emerged as promising HER catalysts in 
neutral environments, but few of them exhibit satisfactory 
performance for the industrial application, due to the 
high overpotential for large-scale production of H2. Con-
sequently, exploration of active neutral HER electrocata-
lysts is an important and challenging issue for this sus-
tainable solar-to-fuels conversion. 

It is widely accepted that the mechanism of HER in 
neutral environments resembles that in alkaline environ-
ments, i.e., the initial water dissociation step (the Volmer 
step) is the rate-determining step.9,10 Thus, the kinetics of 

HER in neutral environments could be accelerated by the 
similar method used in alkaline environments. Nenad M. 
Markovic et al. have reported that the 3d transition metal 
hydroxides have the unique capacity for promoting the 
water dissociation in alkaline environments.11-16 Unfortu-
nately, these hydroxides cannot convert the resulting Had 
to H2 as efficiently as Pt.11,14,15 By integrating the Pt metal 
with the metal hydroxides (M(OH)2/Pt, M = Ni, Co, Fe),12 
the HER kinetics on the surface of electrocatalysts can be 
greatly boosted. In these hybrid catalysts, the metal hy-
droxides promote the cleaving of H-OH bond and pro-
duction of Had intermediates, which are then adsorbed on 
the nearby Pt surface to recombine into H2.

11-13 However, 
the high cost and scarcity of Pt limit its widespread uses. 
Therefore, searching for alternatives to Pt in M(OH)x/Pt 
systems is appealing to construct novel electrocatalysts to 
accelerate the overall HER kinetics. 

In recent years, various W-based oxides,17 carbides,18 
sulfides,19 phosphides,20 and selenides21 have been report-
ed as promising HER electrocatalysts in acidic environ-
ments, wherein W atoms have optimal adsorption energy 
for hydrogen intermediates.17,18,21,22 Therefore, the W at-
oms might replace the above mentioned Pt to act as the 
absorption sites for Had. In addition, amorphous struc-
tures could ensure the homogeneous metal distribution 
to form an intimate contact between 3d metal atoms and 
W atoms,23 further enhancing their interaction for accel-
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erating HER process. Thus, we anticipate that the neutral 
HER kinetics on 3d transition metal hydroxides could be 
accelerated by introducing W active sites with proper 
adsorption energy for Had intermediates.  

In this work, we successfully incorporate W into the 
Co(OH)2 via a facile one-step low-temperature electro-
deposition method to fabricate amorphous CoW(OH)x 
electrocatalyst. Compared with Co(OH)x and W(OH)x, 
the prepared CoW(OH)x catalyst exhibits an extraordi-
nary HER performance in neutral electrolyte, which only 
requires overpotentials of -73.6 and -114.9 mV to reach the 
current densities of -10 and -20 mA cm-2 in 1.0 M PBS (pH 
= 7), respectively. We propose that the synergistic effects 
between Co and W not only favor the initial water disso-
ciation step but also facilitate the following Had recombi-
nation, simultaneously leading to the acceleration of the 
overall HER kinetics in neutral environment. The amor-
phous structure of CoW(OH)x enables the intimate con-
tact of Co and W atoms, further strengthening these col-
laborative interactions. Furthermore, NiW(OH)x catalyst 
obtained by utilizing this synergistic strategy also exhibits 
much higher HER activity than that of Ni(OH)x and 
W(OH)x in neutral solution. 

 
Figure 1. (a, b) SEM images and (c, d) TEM images of 
CoW(OH)x. The inset in (c) is corresponding SAED pattern 
of CoW(OH)x. (e-h) TEM-EDX elemental mapping images of 
CoW(OH)x. 

The CoW(OH)x electrocatalyst was prepared by 
galvanostatically electrodepositing Co and W precursors 
onto Ni foam substrate (see details in Experimental Sec-
tion, Supporting Information). The scanning electron 
microscopy (SEM) images show that the CoW(OH)x layer 
is uniformly deposited onto the macroscopic 3D skeleton 
of Ni foam (Figure 1a, b), implying the high catalyst load-
ing. This is different from the relatively flat surface ob-
served for the blank Ni foam (Figure S1). The correspond-
ing energy dispersive X-ray spectroscopy (EDX) mapping 
indicates the homogeneous distribution of Co, W, and O 
throughout the whole region (Figure S2). Figure 1c, d dis-

play the transmission electron microscopy (TEM) images 
of the CoW(OH)x layer sonicated off from the substrate. 
The selected area electron diffraction (SAED) pattern 
shows broad and diffused rings (the inset in Figure 1c), 
verifying the amorphous nature of CoW(OH)x, which can 
be confirmed by the missing of lattice fringes in the high-
resolution TEM (HRTEM) image (Figure 1d). The uniform 
distribution of Co, W, and O is demonstrated by TEM-
EDX elemental mapping in Figure 1e-h (see details in Fig-
ure S3). X-ray diffraction (XRD) pattern shown in Figure 
S6 exhibits no additional peaks from Co or W oxides be-
sides the three diffraction peaks of the Ni foam substrate, 
further indicating the absence of long-range crystallinity 
in CoW(OH)x. The inductively coupled plasma atomic 
emission spectroscopy (ICP-AES) analysis reveals a 3.12:1 
Co:W molar ratio, which differs from the 4.53:1 Co:W sur-
face atomic ratio obtained from X-ray photoelectron spec-
troscopy (XPS) (Table S1). These suggest a higher Co con-
tent on the surface than in the bulk of CoW(OH)x.  

 
Figure 2. (a, b) Polarization curves and (c) corresponding 
Tafel slopes of CoW(OH)x, Co(OH)x, and W(OH)x, along 
with Pt/C and blank Ni foam for comparison. (d) Nyquist 
plots of all samples at -100 mV overpotential. (e) The specific 
current densities of all samples obtained by normalizing the 
geometric current densities to the corresponding ECSA. (f) 
Stability test of CoW(OH)x at the current density of -20 mA 
cm

-2
. All measurements were performed in 1.0 M PBS at room 

temperature. 

The HER electrocatalytic activity of CoW(OH)x was as-
sessed in 1.0 M PBS using a standard three-electrode set-
up. The activity of Co(OH)x (Figure S4, S6, and S12), 
W(OH)x (Figure S5, S6, and S13), Pt/C, and blank Ni foam 
were also measured for comparison (see details in Exper-
imental Section, Supporting Information). As shown in 
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Figure 2a, b, the obtained polarization curves illustrate 
that CoW(OH)x exhibits a better performance than pure 
Co(OH)x and W(OH)x in the whole potential region. The 
CoW(OH)x only requires overpotentials of -73.6 and -114.9 
mV to reach the current densities of -10 and -20 mA cm-2, 
which are much lower than that of Co(OH)x and W(OH)x, 
as well as most recently reported nonprecious HER cata-
lysts in neutral solution (see details in Table S3). These 
reveal that the presence of both Co and W is required for 
the significant improvement of HER activity. 

The HER kinetics of all samples were then evaluated by 
Tafel slope. As shown in Figure 2c, the CoW(OH)x has a 
lower Tafel slope (149.59 mV dec-1) than Co(OH)x (293.38 
mV dec-1) and W(OH)x (201.25 mV dec-1), verifying the 
enhanced HER kinetics. It has been reported that if the 
water dissociation step is the rate-determining step, the 
theoretical Tafel slope is around 118 mV dec-1.9,10 The Tafel 
slope of CoW(OH)x is close to this theoretical prediction, 
implying the critical role of the water dissociation step for 
HER in CoW(OH)x system. The part beyond the 118 mV 
dec-1 probably derives from the low mass transport pro-
cess in PBS. This point will be examined more thoroughly 
further below. The electrochemical impedance spectros-
copy (EIS) measurements were conducted at -100 mV 
overpotential to further explore the HER kinetics. The 
width of the semicircle on the Z’-axis in the plots corre-
sponds to the charge-transfer resistance (Rct).24 Figure 2d 
shows that CoW(OH)x has the lowest Rct among all sam-
ples, suggesting the fastest HER kinetics on CoW(OH)x 
electrocatalyst. 

To clarify the influence of the electrochemically active 
surface area (ECSA) toward the HER activity, the specific 
current densities were calculated by normalizing the ge-
ometric current densities to the corresponding ECSA. The 
ECSA was estimated through electrochemical double-
layer capacitance (Cdl) (see details in Experimental Sec-
tion, Supporting Information), which is proportional to 
the ECSA (Figure S7).25-27 Figure 2e shows that the 
CoW(OH)x displays much higher specific current densi-
ties than those of Co(OH)x and W(OH)x in the whole po-
tential region. These results demonstrate that the 
CoW(OH)x catalyst is intrinsically more active than 

Co(OH)x and W(OH)x.  

Stability is another important criterion for electrocata-
lysts, which determines their practicability. Figure 2f 
shows the galvanostatic curve of CoW(OH)x at a constant 
current density of -20 mA cm-2 in 1.0 M PBS. The overpo-
tential fluctuates between -109 and -133 mV through the 
70 h continuous operation, suggesting the excellent sta-
bility. Moreover, XRD and SEM analyses for CoW(OH)x 
after 24 h galvanostatic measurements indicate that the 
amorphous structure and morphology are well main-
tained (Figure S8 and S9). Additionally, no obvious deg-
radation can be observed in the activity of CoW(OH)x 
after 10000 cyclic voltammetry cycles (Figure S10a). The 
CoW(OH)x catalyst also exhibits a good stability at a 
higher current density of -500 mA cm-2 (Figure S10b). 

XPS was then performed to identify the surface element 
chemical states of CoW(OH)x in HER process. The sam-
ples for XPS analyses were obtained by testing the 
CoW(OH)x catalyst in 1.0 M PBS at a constant current 
density of -20 mA cm-2 for 1 h, 2 h, as well as 4 h, respec-
tively. In the high-resolution Co 2p spectra (Figure 3a), 
the Co 2p3/2 peak and Co 2p1/2 peak at 780.56 and 796.49 
eV, with two satellite peaks at 784.12 and 802.62 eV, can 
be attributed to the Co2+ chemical state.28,29 The separa-
tion of 15.93 eV between Co 2p1/2 and Co 2p3/2 indicates 
that Co mainly exists as Co(OH)2 state.29 The peaks at 
777.72 and 792.60 eV in initial CoW(OH)x spectrum are 
the characteristic peaks of Co0 state,28,30 implying the ex-
istence of metallic Co. However, the Co0 peaks disappear 
after galvanostatic measurements, suggesting that the 
chemical states of Co on the surface of CoW(OH)x have 
changed during HER operation. The transformation could 
also be observed in the W 4f spectra (Figure 3b). The 
high-resolution W 4f signal of initial CoW(OH)x can be 
deconvoluted into four major peaks as W0 4f7/2, W

0 4f5/2, 
W6+ 4f7/2, and W6+ 4f5/2 at 30.80, 32.92, 35.05, and 37.17 eV, 
respectively.28 The W0 peaks gradually decrease after 1 h 
and 2 h tests and only W6+ peaks remain after 4 h test. 
The high-resolution O 1s spectra are shown in Figure 3c, 
where the peak at 531.1 eV is assigned to the oxygen atoms 
in metal hydroxides and the peak at 532.41 eV is associat-
ed with surface-adsorbed H2O molecules.29 A new small 

Figure 3. (a) Co 2p, (b) W 4f, and (c) O 1s XPS spectra of CoW(OH)x before and after 1 h, 2 h, as well as 4 h galvanostatic meas-
urements at the current density of -20 mA cm

-2
 in 1.0 M PBS, respectively. 
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peak appears at 529.98 eV in the O 1s spectrum after 2 h 
and 4 h measurements. This peak can be assigned to the 
oxygen atoms in PO4

3- ions.31 This is further supported by 
the P 2p spectra (Figure S11), where the peaks at 132.89 eV 
correspond to PO4

3-.32 As deduced from the relative inten-
sities of these three peaks in the O 1s spectrum after 2 h 
and 4 h HER, the majority of O atoms are presented as 
hydroxides. Therefore, the main component of 
CoW(OH)x after HER is metal hydroxides.  

In addition, XPS was conducted to probe the variations 
of the composition on the surface of CoW(OH)x before 
and after 1 h, 2 h, as well as 4 h galvanostatic measure-
ments at -20 mA cm-2 in 1.0 M PBS. The electrolytes after 
these measurements were also collected for ICP-AES to 
confirm whether the metals would leach out into the elec-
trolyte. The atomic percentages of elements in each sam-
ple before and after these measurements obtained from 
XPS are shown in Table S1. The initial Co:W atomic ratio 
in CoW(OH)x is 4.53:1. However, the Co:W ratio becomes 
14.85:1 after 1 h HER and the ratio maintains relative sta-
ble from 1 h to 4 h measurements. The ICP-AES also de-
tected the existence of Co2+ and W6+ in the electrolyte 
after 1 h measurement, and the concentration of each 
metal has negligible increase in the followed tests (Table 
S2). These imply that the leaching happened in the be-
ginning and then the metals remained in a steady state in 
the subsequent HER process. It is noteworthy that, com-
pared with the initial Co:W atomic ratio, the larger Co:W 
ratio after galvanostatic measurements indicates that W 
preferentially leaches out into the electrolyte, which can 
be further substantiated by the higher W6+ content in the 
electrolyte. According to these findings, it could be con-
cluded that the final stable CoW hydroxides remained as 
the active materials. 

Cobalt phosphate has been reported as a high-
performance HER catalyst.33 Since XPS detected the exist-
ence of PO4

3- on CoW(OH)x after galvanostatic measure-
ments (Figure S11 and Table S1), the cobalt phosphate 
complexes are possibly formed during HER process to act 
in a comparable way. To understand the influence of P, 
the activity trends and surface element chemical states of 
CoW(OH)x, Co(OH)x, as well as W(OH)x before and after 
2 h galvanostatic measurements at -20 mA cm-2 in 1.0 M 
PBS have been systematically studied. Although XPS de-
tected the existence of PO4

3- on all samples after HER 
tests (Figure S11-S13), the activity of each catalyst has im-
perceptible improvement after HER (Figure S14). 
CoW(OH)x still exhibits the best performance among all 
samples even after 2 h HER. PO4

3- may be just physically 
adsorbed on the surface of catalysts. These results further 
demonstrate that the activity of CoW(OH)x could be 
mainly attributed to the combination of Co and W.  

Noting that the CoW(OH)x was deposited onto Ni foam 
substrate, it is possible that Ni may be involved during 
HER process. In order to exclude the influence of Ni for 
the enhanced activity in CoW(OH)x system, the Ni foam 
has been changed into carbon paper (CP) to prepare 
CoW(OH)x/CP, Co(OH)x/CP, and W(OH)x/CP samples. 
The SEM and corresponding elemental mapping confirm 

successful electrodepositions for these samples (Figure 
S15-S17). The polarization curves show the same trends as 
deposited on Ni foam: CoW(OH)x/CP remains superior to 
control samples (Figure S18). These results indicate that 
the activity mainly derives from the deposited CoW(OH)x 
layer. 

 
Figure 4. (a) Schematic illustration of water dissociation, 
OH

-
ad desorption from Co site, and Had recombination to 

form H2 from W site. Blue, green, red, and white spheres 
represent Co, W, O, and H atoms, respectively. (b) Polariza-
tion curves and (c) corresponding Tafel slopes of CoW(OH)x, 
Co(OH)x, and W(OH)x in 1.0 M KOH. 

Based on all above results and discussions, we attribute 
the enhanced HER performance of CoW(OH)x to the syn-
ergy between Co and W and propose the catalytic mecha-
nisms described below. As schematically illustrated in 
Figure 4a, when an H2O molecule is absorbed on the sur-
face of CoW(OH)x catalyst, the H-OH bond will be weak-
ened by the interaction of OH group with Co atom and H 
atom with W atom, next the H2O molecule dissociates 
into Had and OH-

ad with the aid of a free electron. Finally, 
OH-

ad desorbs from the Co site, and two Had atoms re-
combine into H2 and then H2 desorbs from the W sites. 
These synergistic effects in CoW(OH)x are similar to that 
in M(OH)2/Pt systems.11-13 In addition, the amorphous 
structure ensures the homogeneous distribution of Co 
and W, which enables the intimate contact between Co 
and W, further strengthening their cooperation. To un-
derstand this effect in depth, the HER activities of these 
catalysts were tested in alkaline electrolyte. Indeed, the 
polarization curves collected in 1.0 M KOH clearly illus-
trate that CoW(OH)x has a better performance than 
Co(OH)x and W(OH)x (Figure 4b). This again demon-
strates that the activity of CoW(OH)x could be ascribed to 
the collaborative interactions between Co and W. The 
corresponding Tafel slope of CoW(OH)x in 1.0 M KOH 
(118.06 mV dec-1, Figure 4c) is also close to the above men-
tioned theoretical value of 118 mV dec-1, indicating that 
the water dissociation step is the rate-determining step in 
alkaline solution. It is noteworthy that the HER perfor-
mance of CoW(OH)x is lower in 1.0 M PBS than that in 1.0 
M KOH (Figure S19a). According to the previous study, 
this is mainly resulted from the lower mass transport in 
neutral buffered solution,34 which is confirmed by EIS 
measurement at a high overpotential of -200 mV (Figure 
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S19b). Unfortunately, CoW(OH)x cannot resist the corro-
sion in acidic media (Figure S20). 

In order to explore the enhancing effect of W atoms 
toward other metal hydroxides, the NiW(OH)x was pre-
pared by the similar electrodeposition method. The SEM 
and corresponding elemental mapping confirm the suc-
cessful preparation of NiW(OH)x (Figure S22). The XPS 
also confirms the existence of metal hydroxide states in 
NiW(OH)x system (Figure S24). As shown in Figure S25, 
compared with Ni(OH)x and W(OH)x, the obtained 
NiW(OH)x catalyst exhibits markedly improved HER ac-
tivity in neutral solution, which only requires overpoten-
tials of -76.2 and -132.0 mV to reach the current densities 
of -10 and -20 mA cm-2 in 1.0 M PBS, respectively. These 
results demonstrate the universality of this strategy for 
accelerating HER in neutral environments. 

In summary, we report here that the introduction of W 
into 3d metal hydroxides could significantly enhance their 
activity for HER in neutral environments. Compared with 
Co(OH)x and W(OH)x, the amorphous CoW(OH)x cata-
lyst delivers higher HER activity in neutral solution, 
which only requires overpotentials of -73.6 and -114.9 mV 
to reach the current densities of -10 and –20 mA cm-2 in 
1.0 M PBS, respectively. The enhancement of activity 
might be attributed to the synergy between Co and W as 
well as the amorphous structure. The Co sites promote 
the dissociation of H2O and production of Had, which are 
then adsorbed on W sites and recombined into H2, syner-
gistically leading to the acceleration of the overall HER 
process. The amorphous structure ensures the intimate 
contact between Co and W, further strengthening this 
synergistic effect. Similar enhanced HER activity could 
also be observed on NiW(OH)x catalyst. This study may 
provide a new strategy to design efficient electrocatalysts 
for HER in neutral environments for the development of 
hybrid water splitting-biosynthetic system. 
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