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Designing the basic steps of water dissociation and hydrogen desorption rationally is essential to comprehend the
role of oxygen vacancies in hydrogen evolution reaction (HER). This study uses interface and defect engineering
to produce monodispersed Cos 47N/CoMoOy hybrid particles on carbon cloth with abundant oxygen vacancies.
The optimized Cos 47N/CoMoOy catalyst shows a low overpotential of 36 mV at 10 mA cm'z, similar to com-
mercial Pt/C. Additionally, the overall water splitting with Cos 47N/CoMoOy as cathode has a cell voltage of 1.74
V at 100 mA cm™2, better than Pt/C(” || Ru0$”, and operates stably for 50 h at 100 mA cm 2 without
degradation, making it a promising electrocatalyst for industrial use. Experiment and DFT calculations
demonstrate that strong electronic interaction between different components and rich oxygen vacancies enhance
the catalyst’s electrical conductivity and water dissociation. As a result, the hydrogen adsorption free energy
(AGh+, —0.06 eV) is nearly equal to the ideal adsorption energy (0 eV), demonstrating faster hydrogen ab-

sorption/desorption kinetics for Cos 47N/CoMoOQy, thus improving its HER performance.

1. Introduction

Compared to traditional fossil fuels (oil, coal, natural gas, etc.),
hydrogen (Hy), with high-energy density, carbon-free, and sustainable
merits, is regarded as the most potential new energy in the 21st century
[1,2]. For the conventional hydrogen production method such as
methane reforming, electrochemical water splitting is an ideal method
so far [3]. Nevertheless, the HER overpotential increases significantly in
alkaline media, resulting in higher electric power consumption [4].
Although Pt-based electrocatalysts show optimal HER performance, the
high cost and scarcity can seriously hamper its widespread utilization
[5,6]. Therefore, it’s crucial to design and create low-cost and efficient
non-noble metal catalysts as a replacement for expensive noble metal
catalysts.

Recently, numerous transition metal compounds have shown excel-
lent HER performance in electrochemical water splitting, such as sul-
fides [7], oxides [8], phosphides [9], carbides [10] and nitrides [11] and
so on. Transition metal nitrides (TMNs) are considered promising ma-
terials for superseding platinum-based electrocatalysts because of their
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outstanding catalytic activity, excellent electrical conductivity, and
corrosion resistance [12]. In contrast, the metal center’s intense
hydrogen bonding energy (HBE) results in the HER performance of
TMNs being considerably lower than that of commercial Pt/C [13].
Moreover, the sluggish water adsorption/dissociation steps cause the
tardy kinetics of alkaline HER. Simultaneously, the mechanism of
alkaline HER can be segmented into the water dissociation (Volmer step:
H0 + e — Hyg + OH7), as well as the associative desorption of mo-
lecular Hy (Heyrovsky step: Hyq + HoO + e~ — Hy + OH™ or Tafel step:
2H,q — Hy). Consequently, additional species can be introduced to lower
the water adsorption/dissociation energy barrier, thereby enhancing the
alkaline HER activity of TMNs [13]. Interestingly, the high-valent metal
ions in the metal oxides are advantageous for breaking the O-H bond of
adsorbed water [14]. For instance, Hu et al. demonstrated that the
synergistic impact of CopMo3Og and CoaN made the CoyN/CosMo3Og
heterojunction exhibit remarkable HER activity [15]. Yao et al.
confirmed that the electronic interaction between CoO and Co4N could
stimulate the HyO adsorption and optimize the HBE, thereby enhancing
the catalytic activity of Co4N [16]. Furthermore, oxygen vacancies
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Fig. 1. (a) Schematic illustration for the synthetic strategy of Cos 47N/CoMoOy. XRD patterns of (b) Co304/CoMo0y, and (c) Cos 47N/CoMoOy. (d) EPR spectra of
Cos.47N/CoMo0y, Cos 47N/Co0, CoO/CoMo04, Co304/CoM00,4 and Co304/Co(OH),.

facilitate water dissociation, accelerate the charge transfer and improve
electrical conductivity [17]. From this, heterogeneous materials
comprised of different types and properties of materials provide many
degrees of freedom for catalyst design. Therefore, it is recommended to
create heterojunction catalysts with oxygen vacancies through interface
engineering and introduction of defects.

This study aims to synthesize uniformly dispersed particles
comprising Cos 47N, CoO, and CoMoO4 (Cos 47N/CoMoOyx) on carbon
cloth through hydrothermal and gas-phase nitridation treatment in
sequence. Experimental and theoretical analyses will be conducted to
evaluate the impact of the intense electron interaction and abundant
oxygen vacancies of the Cos 47N/CoMoOyx hybrid catalyst on reducing
water-dissociation energy and accelerating the HER process. The study
will also investigate the effect of Mo*" and Mo®* in Cos 47N/CoMoOy on
boosting hydrogen release. Finally, the industrial implications of the cell
voltage of Cos 47N/ CoMoO)((_) | RuO%” will be examined in comparison
to commercial Pt/C) || Ru0%™ at 100 mA cm™2.

2. Experimental section
2.1. Synthesis of Co304/CoMoOy particles on CC

All chemicals used in this work are of analytical grade. Initially, 1.5
mmol NayMoO4-2H,0 and 8 mmol NH4F were dissolved in 25 mL
deionized (DI) water. After stirring for 10 min, 10 mL NH3-H20 was
added into the above solution with stirring (solution A). In addition, 1.5
mmol Co(NO3),-6H20 was dissolved in 25 mL DI water through soni-
cation (solution B). After that, solution B was added to solution A with
stirring. Meanwhile, a piece of CC (1.5 cm x 3 cm) was cleaned ultra-
sonically in 0.5 M H3SO4, DI water and ethanol. Subsequently, the mixed
solution and pretreated CC were transferred into a Teflon-line stainless
steel autoclave and heated at 200 °C for 12 h. After cooling, the pro-
duced CC was fetched, washed with DI water and dried. The product was
named Co304/CoMoOy4. For comparison, the Mo doping level was
adjusted by altering the Co/Mo molar ratio (3:0, 2:1, 1:2) during the
synthesis process. The synthesized samples were named Co304/Co
(OH)3, Co304/CoMo004-2, and Co304/CoM004-0.5. The total amount of

Co/Mo substance was 3 mmol.

2.2. Synthesis of Cos 47N/CoMoOy particles on CC

The Co304/CoMo0O4 was annealed at different temperatures (300,
400 and 500 °C) for 2 h under a flowing NH3 atmosphere with a heating
rate of 5 °C min~!. The samples obtained were CoxOy/Mo003-300,
Cos.47N/CoMo004-400 and Cos 47N/CoMo0Oy-500, respectively. Unless
otherwise specified, the Cos 47N/CoMoOy was obtained at 400 °C. And
the mass loading of Cos 47N/CoMoOx on CC was 0.75 mg cm 2. The
Co0/CoMo0O4 was fabricated with a similar procedure by utilizing a 5%
Hy/Ar atmosphere as a control. And the preparation of Cos 47N/CoO on
CC was analogous to that of Cos47N/CoMoOy, except that Co304/
CoMoOy4 was substituted by Co304/Co(OH)s.

RuO; and Pt/C powders were cast onto the CC surface with a loading
of 0.75 mg cm ™2 as described in Supporting Information. The corre-
sponding XRD pattern was indexed to RuO2 (JCPDS: 40-1290), con-
firming the successful preparation of RuO; (Fig. S2).

3. Results and discussion
3.1. Synthesis and structural analysis

The synthetic process for Cos 47N/CoMoOy on CC is illustrated in
Fig. 1a. Firstly, Co304/CoMo00Oy particles were grown in situ on CC via a
hydrothermal method. Subsequently, the Co304/CoMoQO4 was con-
verted into Cos4yN/CoMoOy using a controllable thermal treatment
under the NH3 atmosphere.

X-ray powder diffraction (XRD) elucidated the crystalline structure
of as-prepared catalysts. Fig. 1b showed that the XRD patterns of Co304/
CoMoO4 on CC were composed of Co304 (JCPDS: 43-1003) [18] and
CoMoO4 (JCPDS: 16-0309) [19]. The diffraction peak at approximately
25.8° was assigned to the carbon cloth substrate [20]. The powder was
scraped from the CC substrate for further XRD investigation because of
the low mass loading of Cos 47N/CoMoOy on CC. As depicted in Fig. 1c,
the diffraction peaks of Cos47N/CoMoOy were indexed to Cos 47N
(JCPDS: 41-0943) [21], CoO (JCPDS: 43-1004) [22] and CoMoO4



Z. Huang et al.

0.207 nm
.CosioN (l 11y

0,256 nm

200 nm

Chemical Engineering Journal 462 (2023) 142281

60
- 50 d = 0.85 um "/
°\; 40] C0,0,/CoMoO,
2 304
@
g 10
@ 40l
o | Bt |
7 : . : :
04 05 06 07 08 09 10
Particle size (pm
60 (pm)
$ 504 d=065pm
= 40 C0s4;N/CoMoO,
[+
£ 30
z 20
£ 10
£ 104
0 3 — . : -
0.4 0.5 0.6 0.7 0.8
Particle size (pm)
,,“e .
. 0.1931:@ : Co  Element Atomic (%)
CoMoO§(E33) = = C(K) 18.41
: = N(K) 14.50
P Co
£ O[K) 24.56
Ug co(K) 36.89
SV Seaee Mo(K 562
\ 3 I (K)
= T < Cu
Mo e
i u
MofMo Cu Mo Moy,
1 T L 1 2 |
0 5 10 15 20

Energy (keV)

Fig. 2. SEM images of (a) Co304/CoMo0O, and (b) Cos 47N/CoMoOy. (c) Particle diameter histograms of Co304/CoMoO,4 and Cos 47N/CoMoOy. (d) TEM, (e) HR-TEM
images and (f) EDX pattern of Cos 47N/CoMoOy. (g-k) HAADF-STEM images of Cos 47N/CoMoOy and elemental mappings of Co, Mo, O, and N.

(JCPDS: 25-1434) [23], respectively. After annealing at 400 °C for 2 h at
5% Hy/Ar atmosphere, the Co304/CoMo04 was transformed into CoO
and CoMoO4 (Fig. S3a). In addition, Co304/Co(OH)y was found to
contain Co304 and Co(OH); (JCPDS: 51-1731) (Fig. S3b) [24]. The
Cos.47N/Co0 was comprised of Cos 47N and CoO (Fig. S3c). It was worth
noting that the crystal structures of Co304/CoMo004-x (x = 2, 1 and 0.5)
didn’t change during the Mo doping process. Specifically, their diffrac-
tion peaks had a little negative shift compared with those of Co304/Co
(OH),, which could be ascribed to the change of lattice parameters of the
cubic Co304 induced by Mo doping (Fig. S4) [25,26]. During ammonia
pyrolysis, the calcination temperature significantly influenced the
crystal structure of catalysts. As depicted in Fig. S5, CoxOy/Mo03-300
was composed of CoO, Co304 and a small amount of MoO3 (JCPDS: 35-
0609). At 400 °C, the XRD signals of Co304 disappeared, while Cos 47N
and CoMoO4 phases began to appear. Interestingly, while the crystal
structures of the samples at 400 and 500 °C were similar, the XRD signals
of Cos 47N were amplified. In contrast, CoO and CoMoO4 were signifi-
cantly attenuated at 500 °C, indicating that higher temperature was
favorable to the formation of Cos 47N. Therefore, Cos 47N/CoO/CoMoQO4
obtained at 400 °C may be one of the critical reasons for improving its
electrochemical performance. In addition, electron paramagnetic reso-
nance (EPR) showed that the hybrid catalyst appeared an obvious EPR
signal of unpaired electron at g = 2.000, indicating that the hybrid

catalyst had rich oxygen vacancies (Fig. 1d) [27]. Oxygen vacancies play
a crucial role in modifying the electronic structures and thereby
enhancing the electrical conductivity, as reported in various literature
sources [28-30].

Scanning electron microscopy (SEM) was used to reveal various
catalysts’ morphology. As seen in Fig. 2a, Co304/CoMo0O4 exhibited
particulate characteristics with good dispersion. After annealing treat-
ment in NHs, the particulate morphology could be well preserved
(Fig. 2b), and the average particle size decreased from 0.85 pm to 0.65
pm (Fig. 2c). Co304/Co(OH), presented a cubic structure, which
demonstrated that the morphology of catalysts was associated with the
introduction of Mo (Fig. S6a). Although Cos47N/CoO inherited the
cubic structure, its surface became rough (Fig. S6b). Besides, the SEM
images of Co304/CoMo004-x (x = 2, 1 and 0.5) were seen in Fig. S7.
Co304/CoMo04-2 displayed large particles with serious conglutination,
while Co304/CoM004-0.5 showed small particles. The results demon-
strated that adding Mo could improve the particulate morphology of
catalysts, and the particle size decreased further with the increase of Mo
content. Therefore, an appropriate Co/Mo molar ratio was favourable
for forming uniformly dispersed particles, exposing abundant active
sites and accelerating the mass transfer rate. As depicted in Fig. S8, the
morphology of catalysts was also related to the annealing temperature.
Compared with CoxOy/M003-300 and Cos 47N/CoMo00x-400, the
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Fig. 3. High-resolution XPS spectra of (a) Co 2p and (b) Mo 3d of Cos 47N/CoMoOy, Cos 47N/CoO and CoO/CoMoO,, respectively. (¢c) N 1s and (d) O 1s of

Cos.47N/CoMoOy.

particles of Cos47N/CoMo00Ox-500 were significantly agglomerated,
manifesting that increasing the annealing temperature will lead to
particle aggregation. Transmission electron microscopy (TEM) was
performed to investigate the microstructure of Cos 47N/CoMoOy. The
TEM image (Fig. 2d) of Cos47N/CoMoOy demonstrated a mono-
dispersed particle morphology consistent with the SEM image. Addi-
tionally, the high-resolution TEM (HR-TEM) image (Fig. 2e) elucidated
lattice plane spacing of 0.256 nm, 0.207 nm and 0.193 nm, matching
with the plane of CoO (111), Cos47N (111) and CoMoO4 (—133),
respectively. The energy dispersive X-ray (EDX) spectroscopy displayed
the Co, Mo, O and N signals in Cos 47N/CoMoOx (Fig. 2f). As depicted in
Fig. 2g-k, the particulate structure was further confirmed by high-angle
annular dark-field scanning TEM (HAADF-STEM), as well element
mappings verified that Co, Mo, O and N were evenly distributed in
C05.47N/COMOOX.

Moreover, the surface area and pore size of Cos 47N/CoMoOy parti-
cles were calculated using an Ny adsorption-desorption isotherm. As
depicted in Fig. S9, the isotherm was of type IV with a clear Hj type
hysteresis loop, indicating the presence of mesoporous structure
[31,32]. The Brunauer-Emmett-Teller (BET) analysis showed that the
Cos.47N/CoMoOy has a specific surface area of 45.2 m? g’1 and an
average pore diameter of 29.2 nm, contributing to its catalytic activity
through abundant active sites and efficient mass transfer ability [33].

X-ray photoelectron spectroscopy (XPS) was deployed to recognize
the element composition and surface chemical valence states of cata-
lysts. The XPS survey spectra could obviously illustrate in possession of
Co, Mo, N, O and C elements in Cos 47N/CoMoOx (Fig. S10a). The high-
resolution C 1s spectrum of Cos_47N/CoMoOy was deconvoluted into C-C
(284.8 eV) and C-O (285.8 eV) (Fig. S10b) [34]. As presented in Fig. 3a,
the Co 2p XPS core-level spectrum of Cos 47N/CoMoOy revealed that the
peaks occurring at 781.0 eV and 782.7 eV corresponded to the Co>" 2ps,
5 and Co?" 2p3.», respectively [35]. Additionally, the peaks at 779.3 eV
and 794.5 eV for Co 2p3,2 and Co 2p;,2 in Cos 47N/CoMoOy indicated
the presence of Co-N [36], implying the successful synthesis of Co ni-
trides. Notably, the doublet separation energy of Cos 47N/CoMoOx (15.7
eV) was higher than that of Cos 47N/CoO (15.1 eV) and CoO/CoMoO4
(15.4 eV). Consequently, the enlarged splitting value demonstrated

intense electron interaction in Cos47N/CoMoOy [37]. As viewed in
Fig. 3b, the Mo 3d spectrum of Cos 47N/CoMoOy demonstrated three Mo
species: Mo*t (at 229.5 and 232.7 V), Mo®" (at 230.8 and 233.9 eV),
and Mo®* (at 232.3 and 235.5 eV) [14,35]. Due to the reduction of NH3,
the high-valence state of Mo®" is reduced to the low-valence state of
Mo** and Mo®*, resulting in the loss of lattice oxygen and the formation
of oxygen vacancies. According to the XPS peak area of Mo 3d, the
cations of Mo®", Mo®" and Mo*" account for 77.8 %, 17.2 % and 5 % of
the total Mo states in Cos47N/CoMoOy, respectively. Therefore, the
average oxidation state of Mo is 5.73 by XPS sub-peak area, which is the
mixed-valence state arising from the oxygen vacancies [38]. In addition,
the multiple valence states and metallic properties of Cos 47N/CoMoOy
could improve its electrocatalytic activity [39]. Surprisingly, the Co-N
peak in Cos 47N/CoMoOy shifted to higher binding energy (0.2 eV) in
comparison with that of Cos 47N/Co0O. Meanwhile, the binding energy of
Mo®" was reduced by 0.2 eV relative to CoO/CoMoO,. The shift of
binding energy indicated a strong electron interaction between Co
species and Mo species at the Cos 47N/CoMoOy [40]. The N 1s spectrum
(Fig. 3c) indicated a predominant Co-N signal (397.7 eV), further
corroborating the formation of Co nitrides [15,41]. The additional peak
at 399.8 eV could derive from the N-H surface terminal group after NH3
treatment.[42,43] For the high-resolution spectrum of O 1s for Cos 47N/
CoMoOx (Fig. 3d), the peaks located at 530.2, 531.3, and 532.1 eV were
ascribed to metal-oxygen (M—O) bonds, oxygen vacancies (Oy), and
adsorbed Hy0O molecules (H2O,45), respectively [44]. Therefore, both
XPS and EPR results validated that Cos 47N/CoMoOy possessed abun-
dant oxygen vacancies, which could provide active sites and facilitate
electron transfer, thereby improving catalytic activity [45,46].

3.2. HER activities in alkaline medium

The HER performance of diverse catalysts was measured by linear
sweep voltammetry (LSV) employing a typical three-electrode electro-
chemical system in a 1.0 M KOH solution. All potentials were iR
compensated and calibrated to the reversible hydrogen electrode (RHE)
(Fig. S1). The Figs. S11-S14 and Tables S1 and S2 showed the electro-
chemical performance of the optimized Co/Mo doping level and
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Fig. 4. Electrocatalytic HER tests in 1.0 M KOH electrolyte using a three-elec
Co304/Co(OH), and Pt/C. (a) LSV polarization curves, (b) overpotentials at 1
comparison the overpotential at — 10 mA cm 2 and Tafel slope with previously
(TOF) value, (h) Nyquist plots and (i) chronopotentiometry of Cos 47N/CoMoO
1000 cycles).

nitriding temperature, respectively. The results indicated that the opti-
mum catalyst was synthesized when the molar ratio of Co/Mo was 1:1
and the nitriding temperature was 400 °C. Therefore, the Cos47N/
CoMoOy discussed below was obtained under the optimum synthesis
conditions.

As described in Fig. 4a, Cos 47N/CoMoOy performed significant HER
activity (710 = 36 mV) comparable to commercial Pt/C (710 = 27 mV),
and surpassed all other controls [Cos 47N/CoO (1719 = 115 mV), CoO/
CoMoOy4 (710 = 74 mV), Co304/CoMo04 (710 = 88 mV), and Co304/Co
(OH)2 (710 = 223 mV)]. At high current densities, the polarization
curves become unstable due to the impact of the rapidly produced
hydrogen bubbles on the connection between the electrode surface and
the electrolyte. In particular, Cos 47N/CoMoOy could deliver ultralow
overpotentials of 108 and 152 mV at 50 and 100 mA cm 2, respectively
(Fig. 4b). The Tafel slopes were calculated to evaluate the reaction ki-
netics (Fig. 4c). The Cos47N/CoMoOy exhibited a lower Tafel slope
(84.2 mV dec!) than that of commercial Pt/C (87.5 mV dec’l),
Cos.47N/Co0 (167.8 mV dec™1), CoO/CoMo04 (87.2 mV dec ™), Co304/
CoMoO4 (159.9 mV dec™), and Co304/Co(OH), (171.2 mV dec™),

trode system for Cos 47;N/CoMoOy, Cos.47N/Co0, CoO/CoMo0,, Co304/CoMo00y4,
0, 50 and 100 mA cm 2, (c) Tafel slopes, (d) exchange current density (jo), (e)
reported catalysts, (f) double-layer capacitance (Cq)) plots, (g) turnover frequency

.« at 10 mA cm ™2 (inset: polarization curves of Cos_4yN/CoMoOy before and after

attesting the favourable reaction kinetics of Cos 47N/CoMoOy. Besides,
Cos.47N/CoMoOy underwent the Volmer-Heyrovsky mechanism
[47,48]. The exchange current density (jo) obtained by extrapolating the
Tafel slope reflected the intrinsic HER catalytic activity (Fig. 4d). The jo
value of Cos47N/CoMoOy (3.75 mA cm~2) was much higher than all
other control samples except Pt/C, confirming the high intrinsic HER
activity of Cos 47N/CoMoOy. In addition, the exceptional HER perfor-
mance of Cos47N/CoMoOyx also surpassed most of the previously re-
ported catalysts (Fig. 4e and Table S3).

To further identify the source of decent HER activity, the electro-
chemical active surface area (ECSA) of catalysts was estimated by
measuring the electrochemical double-layer capacitance (Cqp) (Fig. 4f
and Fig. S15). The Cq; of Cos47N/CoMoOx was 71.0 mF cm~?, higher
than that of Cos47N/CoO (40.5 mF cm_z), Co0O/CoMo0Q4 (35.6 mF
em™2), Co304/CoMoO, (49.6 mF cm™2), Co304/Co(OH), (26.9 mF
em~2) and Pt/C (67.9 mF cm™2). The Cos.47N/CoMo0Oy had a maximum
ECSA of 1775.0 cm? (Fig. S16), which illustrated that Cos 47N/CoMoOx
was capable of exposing more active sites for HER [49]. Moreover, the
intrinsic catalytic activity was evaluated using turnover frequency (TOF)
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calculated from the ICP results (Table S4) [50]. As seen in Fig. 4g, the
TOF value of Cos.47N/CoMoOx (0.0315 Hy s™1) at an overpotential of
100 mV is higher than those of Co304/CoMoO4 (0.00714 Hy sh,
Cos.47N/Co0 (0.00271 Hy s™1), CoO/CoMoO4 (0.00467 Hy s™1), and
Co304/Co(0OH), (0.00215 Hy s_l), affirming the outstanding inherent
activity of Cos 47N/CoMoOy. The Nyquist plots (Fig. 4h) showed that
Cos.47N/CoMoOy had a lower charge transfer resistance, indicating
higher electrical conductivity and more efficient charge transfer [51].
This superior electrical conductivity can be attributed to the presence of
abundant oxygen vacancies. The long-term stability of Cos 47N/CoMoOy
was investigated as well (Fig. 4i). Cos 47N/CoMoOx slightly decreased
when subjected to chronopotentiometry at a current density of 10 mA
em ™2 for 60 h. In addition, the HER performance of Cos 47N/CoMoOyx
remained highly after 1000 cycles of CV scans, further demonstrating
superior stability. The morphology and chemical structure of the cata-
lyst were characterized using SEM and XPS. Results showed that the
catalyst’s morphological structure remained intact after a long-term
stability test, and XPS spectra indicated that the Cos47N/CoMoOyx
maintained its original chemical state, confirming its good stability for
HER (Figs. S17 and S18) [52].

3.3. DFT calculations

Density functional theory (DFT) calculations were conducted further
to understand the superior HER performance of Cos 47N/CoMoOy. The
optimized structure models of Cos 47N, Cos 47N/Co0O, CoO/CoMoO4 and
Cos 47N /CoMoOy were shown in Fig. S19. The charge density analysis
indicated visible charge accumulation at the interface, effectively con-
firming a strong electron interaction between CoO, CoMoO4 and Cos 47N
(Fig. 5a). Moreover, there are oxygen vacancies in CoMoOg4 of Cos 47N/
CoMoOy. Additionally, the density of states (DOS) demonstrated that the
d-band center (¢q) of Cos 47N/CoMoOy was at —1.53 eV away from the
Fermi level compared with those of Cos 47N (—1.43 eV), Cos 47N/CoO
(—1.50 eV) and CoO/CoMo0y4 (—1.51 eV) (Fig. 5b). The lower-lying d-
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Fig. 5. Density functional theory (DFT)
calculations. (a) The charge density dif-
ference of Cos47N/CoMoO, model. The
cyan and yellow region represent the
depletion of electrons and the accumula-
tion of electrons, respectively. (b) The
density of states (DOS) of Cos 47N,
Cos.47N/Co0, CoO/CoMo04 and Cos 47N/
CoMoOy systems. (c) Gibbs free energy
diagrams for HER on Cos 47N, Cos 47N/
Co0, CoO/CoMo04 and Cos 47N/CoMoOy.
(d) HER mechanism illustration of
Cos.47N/CoMo0Oy. (For interpretation of

' is3eV, ,//M
-9 -6 -3 0

Energy (eV)

3 6 the references to colour in this figure
legend, the reader is referred to the web
version of this article.)

band center would lead to lower antibonding energy states and weak-
ened interactions between adsorbed H and the catalyst, thereby expe-
diting H desorption and HER kinetics [53,54]. To intuitively
comprehend the HER kinetics, the reaction barriers for elementary steps
were calculated, including the barrier of the HyO dissociation process
and the hydrogen desorption energy (Fig. 5c). Generally, the Volmer
step (water dissociation) is regarded as the rate-determining step for
alkaline HER [55]. The water dissociation energy barrier of Cos 47N/
CoMoOyx was 0.84 eV, lower than that of Cos47N (1.62 €V), Cos 47N
/Co0 (2.35 eV) and CoO/CoMoQ4 (1.45 eV), which accelerated the
dissociation of water into OH* and H*, thereby achieving rapid proton
supply and promoting the HER kinetics [53,56]. The desirable energy
barrier of Cos 47N/CoMoOx may be ascribed to the existence of oxygen
vacancies, which are beneficial to facilitate the dissociation of water
[14,57]. Moreover, the free energy of hydrogen adsorption/desorption
(AGy+) is another critical parameter that evaluates the HER activity.
Generally, the AGy+ value of a suitable HER catalyst needs to be close to
zero (AGy+ =~ 0 eV) [53]. Cos 47N/CoMoOy possessed the more favour-
able AGy+ value of — 0.06 eV, extremely close to the ideal adsorption
energy (0 eV), which testified to the faster hydrogen absorption/
desorption kinetics of Cos47N/CoMoOy. Based on experimental and
theoretical results, the alkaline HER mechanism of the Cos_47N/CoMoOy
was proposed in Fig. 5d. Firstly, the HoO molecule was adsorbed on the
Co atoms of CoMo0Oj4. Subsequently, the OH™ and H* intermediates can
be produced by the activation and dissociation of HyO. The high-valence
state of Mo®" in CoMoQy is favorable for weakening the O-H bond of
adsorbed water, thus facilitating water dissociation [14,58]. Ultimately,
H* adsorption and desorption occurred on the Mo atoms of CoMoO4
since the Mo*" and Mo®* can boost the desorption of the generated Hy
[59].

3.4. Overadll water splitting analysis

Motivated by the remarkable HER performance of Cos 47N/CoMoOx,
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Fig. 6. (a) Schematic diagram of overall water splitting in two-electrode system, (b) polarization curves of Cos_47N/CoMoO$™ || RuO$™ and Pt/C || RuO$" for
overall water splitting in 1.0 M KOH, (c) comparison the cell voltage at 10 mA cm~2 with previously reported catalysts in 1.0 M KOH. (d) Chronopotentiometry curve

of Cos.47N/CoMo0$™ || RuO$" at 100 mA ecm™2 in 1.0 M KOH.

a two-electrode system of Cos 47N/CoMo0O$™ || RuO%? was assembled
using Cos 47N/CoMoOy and RuO> as the respective cathode and anode to
appraise the feasibility for overall water splitting (Fig. 6a). In Fig. 6b, the
Cos.47N/CoMo0$ ™ || Ru0$™ system operated cell voltages of 1.54 and
1.74 V to reach current densities of 10 and 100 mA cm ™2, respectively,
superior to Pt/C(™) || RuO5". In addition, the overall water splitting
performance of Cos 47N/CoMoOy was preferable to most of the recently
reported electrocatalysts (Fig. 6¢c and Table S5). As illustrated in Fig. 6d,
Cos.47N/CoMo0$™ || RuO5™ could stably operate for 50 h at 100 mA
cm™2 with negligible performance degradation, implying that it was an
efficient and durable electrocatalyst.

The excellent HER performance of Cos 47N/CoMoOy is due to the
following reasons: (1) The self-supporting binder-free electrodes, syn-
thesized in-situ, reduce resistance and improve charge transfer, pro-
moting reaction kinetics. (2) The uniform particle structure enhances
the exposure of active sites, promoting electrolyte transport and gas
emission. (3) The presence of oxygen vacancies improves conductivity,
facilitating charge transfer. (4) The strong synergy between Cos 47N,
Co0, and CoMoO4, and abundant oxygen vacancies, promote water
dissociation and optimize hydrogen adsorption energy, thus enhancing
HER performance and kinetics.

4. Conclusions

In summary, the Cos 47N/CoMoOy hybrid catalyst was investigated
experimentally and theoretically. The results indicated that the hybrid
catalyst exhibited unusual hydrogen evolution performance in alkaline
media. The outstanding performance was attributed to the intense
electron interaction and abundant oxygen vacancies in the catalyst,
which reduce the water-dissociation energy and accelerate the HER
process. Mo** and Mo°" ions also contribute to the improved HER
performance. The Cos 47N/CoMoOx catalyst showed a low overpotential
of 36 mV at 10 mA cm 2, high exchange current density of 3.75 mA

ecm™2, small charge transfer resistance of 2.1 €, and large

electrochemically active surface area of 1775.0 cm?. The cell voltage of
the Cos47N/CoMoOx-based electrolyzer was lower than that of the
commercial Pt/C-based electrolyzer at 100 mA cm ™2, indicating a better
potential for commercial applications. The uniform particle morphology
of the Cos 47N/CoMoOy hybrid on carbon cloth with rich oxygen va-
cancies further enhances its performance by providing a large surface
area, more active sites, and improving electrolyte transport and gas
emission. Our study suggests that interface engineering and defects
strategy can be practical approaches for developing high-performance
HER catalysts.
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