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Abstract

Hydrogen is one of the most attractive renewables for future energy application, therefore it is vital to develop cost-effective and highly-
efficient electrocatalysts for the hydrogen evolution reaction (HER) to promote the generation of hydrogen from mild methods. In this work,
Co—Mo phosphide nanosheets with the adjustable ratio of Co and Mo were fabricated on carbon cloth by a facile hydrothermal-annealing
method. Owing to the unique nanostructures, abundant active surfaces and small resistance were achieved. Excellent electrocatalytic perfor-
mances are obtained, such as the small overpotential of ~67.3 mV to realize a current density of 10 mA cm™> and a Tafel slope of 69.9 mV
dec™". Rapid recovery of the current response under multistep chronoamperometry is realized and excellent stability retained after the CV test
for 2000 cycles. The change of electronic states of different elements was carefully studied which suggested the optimal electrochemical
performance can be realized by tuning phosphorous and metal interactions.
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-

cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Using renewable sources of electricity, electrolysis of water
is a clean source of ‘green’ hydrogen that can be delivered at
large-scale in an environmental-friendly process and with very
high purity [1]. The overall water electrolytic devices consist
of the hydrogen evolution reaction (HER) on the cathode and
oxygen evolution reaction (OER) on the anode [2,3]. Over the
past decade, plentiful efforts have been paid to invent the high-
performance, reliable, and low-cost electrocatalysts for both
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HER and OER. Compared with expensive Pt-based commer-
cial electrocatalysts, transition metals such as Ni [4], Co [5,6],
Mo [7], and Fe [8] in compounds consist of oxides [9], hy-
droxides [10], nitrides [11], sulphides [12], and phosphides
[13] have been extensively studied due to their abundance and
potentially tunable electrocatalytic properties [14].

Recently, Co and Mo based materials have been compre-
hensively researched for HER electrocatalysts. For example,
Jing et al. [15] developed a Zn-incorporated cobalt phosphide
formed on the Ni foam catalyst which exhibits an excellent
HER performance (the overpotential of 172 mV at
100 mA cm™?) in 1 M KOH electrolyte; the results indicating
a Volmer-Heyrovsky mechanism for the catalytic process.
Xiao et al. [16] demonstrated an approach involving carbon
wrapped Co/Ni-doped MoP nanoparticles for the HER. The
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optimized electrode achieves a small overpotential of 102 mV
at 10 mA cm 2 The experimental plus DFT results indicate
the hydrogen adsorption energy was optimized by Co/Ni
doping and a major enhancement of HER performance was
achieved. Nevertheless, much of the single transition metal-
based electrocatalysts suffer the constraints due to their
intrinsic activities, and the way of tuning single chemical
compositions to adjust and balance the adsorption and
desorption energy barriers of the intermediates is difficult.
However, by conjoining two transition metals or more, elec-
trocatalyst characteristics can be tuned to achieve improved
HER performance [17]. For example, Fang et al. [18] fabri-
cated NiCoP nanosheet electrocatalysts for HER, which
showed a tiny overpotential of 58 mV at the current density of
10 mA cm 2 in 1M KOH electrolyte and long-term durability
ascribed to the outstanding electronic conductivity, the syn-
ergistic effect from the bimetal atoms and the overall structural
stability of the catalysts. Bandal et al. [19] developed an
FeCoO-NF electrocatalyst which exhibited a relatively small
overpotential of 100 mV to achieve 10 mA cm 2 in the
alkaline electrolyte. The optimized catalyst is better than its
CoO counterpart. However, optimizing the ratio of different
transition metals to adjust the electronic structure and
hydrogen evolution properties is rarely studied.

Metal phosphides have been revealed as a type of compe-
tent HER catalysts owing to their high electronic conductivity
and the enhanced adsorption energy of H* from P*~. For
example, Jiang et al. [20] reported a CoP3/CoMoP nanosheet
grown on nickel foam. The resulting catalyst exhibits a small
overpotential of 110 mV at the current density of 10 mA cm >
and good durability in 1 M KOH, the properties are signifi-
cantly better than that of CoMoO,4 (251 mV), which proves the
phosphatization process could improve the electric conduction
and enhance the HER performance. Dai et al. [21] synthesized
a pyrrhotite-type cobalt monophosphosulfide material for HER
which demonstrates a low overpotential of 141 mV at
10 mA cm™? in an alkaline electrolyte. By adjusting the
phosphating and vulcanization degree, the P/S atomic ratio of
cobalt sulfide monophosphate could be adjusted to activate
Co’*/Co”*, which shows that its electrocatalytic activity is
significantly improved. Moreover, recently, it was proved that
both P-0'~ and Co*"-OH ™ are promising surface active sites
in P-doped B-CoMoQ, for the HER [22], but tuning the metal
species/amounts and phosphorous interactions are less
considered to realize the best performance.

In this work, the synthesis of Co—Mo phosphide nano-
sheets is reported using a simple hydrothermal-annealing
method. Co—Mo oxides could be obtained by hydrothermal
reaction of carbon cloth and metal precursors, then PHj
produced by the decomposition of NaH,PO, at a high tem-
perature will react directly with Co—Mo oxides nanosheet to
generate Co—Mo phosphides. Owing to the unique structures
that endow rich active sites, an overpotential of only 67.3 mV
is required to deliver a current density at 10 mA cm 2 and a
small Tafel slope of only 69.9 mV dec™' in the electrolyte of
1 M KOH.
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2. Experimental section
2.1. Synthetic procedures

2.1.1. Carbon cloth pre-treatment

Firstly, the carbon cloth (CC, from Toray Company of
Japan) was cut into 2 x 3 cm? and soaked in 30 mL of 3M
nitric acid for 8 h. Then, it was immersed with acetone and
exposed to an ultrasonic treatment for 30 min. After that, the
CC was washed continuously with deionized (DI) water until
the pH became neutral. Finally, the wet CC was dried at 60 °C
in the oven.

2.1.2. Synthesis of different proportions of Co—Mo oxides

Co—Mo oxides with different proportions were synthesized
directly using a single-step hydrothermal process [23]. Briefly,
Co(CH3C0OO0),-4H,0 and NaMoOQO,-2H,0 with different ra-
tios (molar ratios of 0.33:0.66; 0.5:0.5; 0.25:0.75) were
transferred to a beaker. Then, 35 mL of DI water was added
and then stirred for 10 min until completely mixed. The mixed
solution was then poured to a 50 mL PTFE liner. A treated CC
was put into the solution and sealed for reaction. The hydro-
thermal reaction was set at 160 °C for 6 h. After cooling down
to the room temperature, the CC was washed with DI water
several times and dried at 60 °C in the oven.

2.1.3. Synthesis of Co—Mo phosphide nanosheets

NaH,PO, (molar ratio of cobalt-molybdenum complex and
NaH,PO, is 1:10) was used as the phosphorus source. A
schematic figure of the synthesis of different Co—-Mo phos-
phide electrodes is shown in Fig. 1. NaH,PO, and Co—Mo
oxides/CC were put at both ends of the crucible and the cru-
cible was installed at the inlet of the tube furnace. The heating
rate was 3 °C min~'. When the furnace temperature reached
350 °C, the boat was pushed into the heating zone and kept at
350 °C for 2 h. The whole annealing process was performed
under a nitrogen atmosphere. Finally, the Co—Mo phosphide/
CC was cooled naturally down to room temperature and
collected.

2.2. Characterization

The obtained materials were characterized by X-ray
diffractometer (XRD, Rigaku, Co-Ka radiation) for phase
identification, scanning electron microscope (SEM, Hitchi, S-
4800), and transmission electron microscope (TEM, JEOL,
JEM-2100F) equipped with EDS for morphology evaluation.
The characteristic peaks of X-ray photoelectron spectra (XPS)
were collected from a PHI Quantum-2000 electron spec-
trometer (Ulvac-Phi, Japan). The software used to measure the
thickness of nanosheets was Nano Measurer 1.2.5.

2.3. Electrochemical measurements

The three-electrode system was used and measured with an
Autolab electrochemical workstation (PGSTAT 302N,
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Fig. 1. The process of phosphating cobalt-molybdenum oxides of different proportions after obtaining from the hydrothermal treatment.

Metrohm China Ltd.) in 1.0 M KOH (pH = 13.6) solution.
The final obtained products were cut into 1 x 0.5 cm? and
used as working electrodes directly. The commercial Pt/C
electrode was fabricated by using 20% Pt/C (3 mg) homoge-
neous ink (Vnaion/ Vethanol! Vwater = 10 uLL/60 pnlL/230 pL), the
areal loading weight of the materials was 2.2 mg cm™ 2. The
analyses for HER were conducted at a scan rate of
2 mV s~ by linear sweep voltammetry (LSV) test with the iR
compensation (90%) after the activation of cyclic voltammetry
(CV) at the scan rate of 10 mV s~ '. All potentials in this work
were converted to the reversible hydrogen electrode (RHE) for
easy comparison. The conversion between standard electrodes
was performed using the equation: Es rpp = Evs. Agraect +
0.059 x pH + 0.197 V. The electrochemical impedance
spectroscopy (EIS) measurements were carried out by using
the FRA impedance potentiostatic mode, the results were
obtained biased with an AC voltage at 2 mV over the fre-
quency range from 0.1 to 10° Hz. To evaluate the electro-
chemical surface area, the CV tests with the potential range
from 0.197-0.297 V vs. RHE were tested. The sweep rates
ranged from 2 to 10 mV s~ .

3. Results and discussion

The crystal structure of the Co—Mo oxide and Co—Mo
phosphide samples were first characterized by XRD. As dis-
played in Fig. 2a, the XRD pattern for the Cog33Mo0g 66O is
accorded with the CoMoQ, (JCPDS No. 02-0868). The XRD
patterns of Co—-Mo phosphide materials with different ratios of
Co and Mo are closely consistent with the CoMoP (JCPDS
No. 71-0478), the peaks are marked with y. With the Co:Mo
of 0.25:0.75, there is a new crystal phase which is speculated
to be MoP (JCPDS No. 24-0771). The low-magnification SEM
image of Cog33Mo0q 6P composites is shown in Fig. 2b, it can
be seen that the Cog33Mog ¢P materials are homogeneously
grown on the carbon fibers, the inset is a SEM image of carbon
fibers with lower magnification, which shows that there are
nearly no defects generated after growing Cog33Mog 6P
composites. Fig. 2c is an enlarged SEM image of the carbon
fiber, which shows the nanosheet morphology of
Coy.33Mo0g 6P and that they grow on the carbon fibers densely
and homogeneously. Fig. 2d further that demonstrates the
nanosheets are cross-linked with the thickness ranging from 10
to 28 nm, and the average thickness is ~20 nm. In addition, the
products with different ratios of Co and Mo, i.e., CogsMog sP
and Cog,5sMog 5P, are also characterized by SEM and shown
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in Fig. S1. All of the materials show sheet-like morphologies
but with different thicknesses. The thickness of CoysMog sP
nanosheets ranges from 18 to 45 nm and the average thickness
is ~30 nm, while there are many defects on the carbon fibres
(Fig. Sla); the thickness of Cog,5sMog7sP nanosheets range
from 8 to 23 nm, the average thickness reduces to 15 nm.
However, from the SEM image in Fig. S1d, the nanosheets
agglomerate to form disorderly clusters; this causes a very
dense surface, which is difficult to uniformly cover the carbon
fibres, thus this significantly influences the HER properties.
Fig. 2e and Figs. S2, S3 are the EDS spectra of Co—Mo
phosphide samples, indicating the P element is successfully
doped into Co—Mo structures.

The Cop33MogesP sample was further characterized by
TEM, it was found that the nanosheets are stacked together in
Fig. 3a, Fig. 3b shows a thin edge part of one nanosheet, the
inset shows two HRTEM images obtained from the white
rectangle part, which displays well-defined lattice fringes, and
the measured interplanar distances, i.e., 0.21, 0.28 and
0.32 nm could be assigned to the typical (211), (111) and
(011) planes of cobalt molybdenum phosphides, respectively.
Besides, the elemental mapping images (Fig. 3c—f) of
Cog 33Mog 6P nanosheets exhibit the Co, Mo and P elements
are homogeneously dispersed on the nanosheets, which proves
the formation of Co—Mo phosphide composites.

The XPS characterization is adopted to detect the elemental
composition of the materials. The high-resolution XPS spectra
of Co 2p, Mo 3d and P 2p for the Cog »5Mo0q 75P, Cog.33M0g 66P
and Cog 5o0Mog 5oP are displayed in Fig. 4 (XPS survey spectra
are in Fig. S4). According to Fig. 4a, the two strong peaks at
binding energy (BE) of 782.2 and 798.3 eV could be indexed to
Co>" species. Two small peaks at 786.5 and 803.1 eV were
ascribed to satellite peaks of Co. Two peaks at 779.2 and
794.1 eV could be assigned to Co’" species [22,24]. By
comparing the content of Co>™ and Co’" species, the Co®"
species of Cog33Mo0pesP (30.5%) is higher than that of the
Cop25Mo0g 75P (19.5%) and Cog 50Mog 50P (21.9%). In Fig. 4b,
the binding energies at 232.3 and 236.1 eV are corresponded
with Mo®" 3d 5,2 and 3d 3, respectively. Two peaks at 233.9 eV
and 230.6 eV are ascribed to Mo*" species. Another two peaks
at 228.3 and 233.3 eV could be assigned to Mo®t (0 < & < 4)
oxides [7,25]. The Mo*" and Mo®" species could be derived
from the reduction process when the pristine material was
annealed with P source in the tube furnace. As displayed in
Fig. 4c, the binding energies locate at 129.9 and 131.0 eV could
be indexed to P>~ species in the P 2p spectrum. The BE of



H. Jiang, S. Zhao, W. Li et al. Green Energy & Environment 5 (2020) 506512

Co, ,.Mo, O

0.33 0.66

Co, Mo, P

0.2

—
Q
~—

CoMoP (JCPDS No.71-0478)
|| , MoP (JCPDS No24-0771)

Intensity (a.u.)

Ll

PR S

| CoMoO, (JCPDS No.02-0868)

10 20 30 40 50 60 70 80
Degree (26)

Nano Measurer 1.2.5

Fig. 2. (a) The XRD patterns of Cog33Mo0¢ 60O and Co—Mo phosphides in different proportions, (b—d) SEM images of Co33Mo0 ¢6P nanosheets grown on carbon
fibres. Inset of (b) is a SEM image of the carbon cloth with low magnification; inset of (d) is the thickness distribution of Cog 33Mo0y ¢6P nanosheets. (e) The EDS

spectrum of Cog33Mo0g ¢6P.

Fig. 3. (a, b) TEM image of Cog33Mo0( 6P nanosheets with different magnification, inset of (b) are the HRTEM images from the nanosheet. (c—f) Elemental
mapping images of Cog33Mo0g ¢6P nanosheet, yellow for Co, orange for Mo and purple for P, respectively.
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Fig. 4. The XPS spectra of (a) Co 2p, (b) Mo 3d and (c) P 2p of Cog25sMog 5P, Cog33Mo0g 6P and Cog 50Mog 5P, respectively.
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Fig. 5. (a) Polarization curves and (b) Tafel plots of 20% Pt/C, Cog sMoy sP, Cop33Mo0 ¢6P and Co,25sMoy 75P; (c) The capacitive current as a function of the sweep
rate for Cog sMog sP, Cog 33Mo0g ¢¢P and Cog»5sMog 75P; (d) Nyquist plots of 20% Pt/C, CogsMog sP, Cog 33Mo0q 6P and Cog»5sMog 75P electrodes; (e) Polarization
curves of Cog33Moq 6P before and after 2000 cycles; (f) Chronoamperometric curve obtained with the Cog 33Moq 6P under different voltages.
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134.5 eV was assigned to P> species which could be originated
from the surface oxidation of P [26,27]. According to a previous
report, a metal complex HER catalyst incorporates protons by
the pendant acid-base groups positioned close to the metal
center where hydrogen evolution occurs [28].

The HER electrocatalytic performance of CogsMogsP,
Cop.33Mo0q ¢6P and Cog»5Mog 7sP are examined in 1 M KOH
and a 20% Pt/C electrode is investigated for comparison. The
relevant polarization curves are displayed in Fig. 5a, the
overpotential of 67.3 mV is obtained at 10 mA cm > for
Cop33Mog 6P, which is close to the sample of 20% Pt/C
(53 mV). While the overpotential for CopsMogsP and
Cop25Mog 75P are 96 mV and 113 mV, respectively. To acquire
the kinetic information of the 20% Pt/C, CogsMog P,
Coy.33Mog 66P and Cog,5Moyg 75P electrodes, Fig. 5b displays
the corresponding Tafel plots. The Cog33Mog 6P exhibits a
Tafel slope of 69.9 mV dec™' that is smaller than those of
CopsMogysP (72.9 mV decfl) and Cog,5Mog7sP (78.2 mV
decfl), which indicates the Volmer step could also be the rate-
determining step, in addition to the Heyrovsky step Table S1
[29]. Also, this value is comparable to many reported litera-
tures with excellent HER properties Table S2. For further
understanding the outstanding catalytic property of the
Cop.33Mog 6P, the electrochemical surface area (ECSA) is
calculated by CV tests with different scan rates (Fig. S5). The
double-layer capacitances (Cg;) of CogsMog sP, Cog33Mo0g 6P
and Cog,5Mog75sP are measured. The Cyg is relevant to the
ECSA of the catalysts measured with the CV tests from 2 to
10 mV s ', the Cog33MogesP shows a larger Cgq of

Green Energy & Environment 5 (2020) 506512

110 mF cm 2 than the CoysMoysP (103 mF c¢cm 2) and
C00.25sMo0g.7sP (53.1 mF cm ™), Fig. 5c. The Nyquist plots of
the Cog33Mo0g P showed a small circle within the low-
frequency area, which indicated the faster mass/charge rates
(Fig. 5d). Furthermore, a stability test was performed on
Cog33Mog ¢6P, which is shown in Fig. Se. The results of the
stability test show negligible changes, which proves the
excellent stability of the catalyst. Fig. 5f shows multi-step
chronoamperometric tests of Cog33Mog P with the incre-
mental voltage in 1 M KOH solution. During the test, electric
currents would be switched every 2 h to test the stability of the
electrodes. The current densities of 10, 20, 50 and
100 mA cm 2 correspond to the applied voltages (vs. RHE) of
68, 81, 102 and 143 mV. The CA curves further proved the
catalysts showed great stability under different working con-
ditions. The OER performance of the catalysts was further
investigated. Fig. S6a shows the Cog33Mo0g 6P exhibits the
best OER performance and can perform even better than
commercial RuO, under large current densities. Fig. S6b
showed the Tafel plots of Cogj;3MogesP is the best
(55.2 mV dec ') among the tested catalysts, which proved the
remarkable kinetics of the electrode. Fig. S6d showed the CA
curve of Cogy33MogesP at 20 mA cm 2, which indicated the
stability of the Cop33Mog P catalyst is great, even as elec-
trocatalysts for the OER.

Fig. 6a shows the HER stability test of catalysts under
10 mA cm ™~ for 20 h. The tests show Cog 33Moy 6P exhibited
the best stability with the lowest overpotential. According to
Fig. 6b—d, by comparing the change of XPS binding energy

400
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S .
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Fig. 6. (a) Polarization curves of Co-Mo phosphides electrodes tested for 20 h at 10 mA cm 2 (b—d) XPS spectra of Co, Mo and P elements before and after 5 h

test of Cog 33MO0g ¢6P.
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before and after (Fig. S7) the reaction, we can see that the peaks
of Co* in Fig. 6b all disappear, while the peak area of Co®" has
no obvious change before and after the HER reaction. It is
reasonable that the Co® " species are reduced to Co>" during the
HER reaction. It was also observed that there was a change of
binding energy of Mo before and after the reaction. The original
Mo®" valence still exists, while the peaks of Mo*" and Mo®"
disappear after the reaction [25]. To further prove the change of
the binding energy of P 2p of the materials tested for 5 h, the two
peaks of the original metal phosphides disappeared. The P-O
peak indicates the formation of metal phosphate group on the
surface of the catalyst, which indicates the catalyst suffers from
a reconstruction process during the catalysis process in 1M
KOH solution. The surface of electrodes could transform from
Co—Mo-phosphide to CoMo-phosphate species during HER
process in alkaline medium [30].

4. Conclusions

To summarize, a simple approach to obtain Co—Mo phos-
phides supported on carbon cloth via a hydrothermal-
annealing process has been developed. Abundant active spe-
cies were obtained owing to the tuning of the Co and Mo
contents with phosphide structures. Superior electrocatalyst
performance is obtained. The optimized electrode shows a
small overpotential of 67.3 mV with a current density of
10 mA cm 2 and a Tafel slope of 69.9 mV dec™'. The elec-
trode also shows an excellent OER performance which in-
dicates this could be a bifunctional catalyst as well. The LSV
curves remain effectively unchanged after 2000 CV cycles,
demonstrating great stability. This work provides a cost-
efficient catalytic hydrogen production material with excel-
lent performance and stability and demonstrates a useful
strategy by changing transition metal and phosphorus in-
teractions to optimize the catalytic properties.
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