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econstruction of localized Mo
species in hierarchical carbon/Co–Mo oxide
heterostructures for boosting alkaline hydrogen
evolution kinetics and durability†

Quan Quan,a Xiuming Bu,a Dong Chen,a Fei Wang,a Xiaolin Kang,a Wei Wang,a

You Meng, a SenPo Yip,b Chuntai Liuc and Johnny C. Ho *abd

Surface self-reconstruction processes in alkaline hydrogen evolution reaction (HER), especially regarding

the explicit structure–activity relationships, remain elusive. Here, we first design a hierarchical

Co@NCNT/CoMoOx precatalyst constituted by defective CoMoOx nanosheets grafted with flexible

Co@NCNT arrays, followed by a delicate anodic treatment for fast dissolution balance. Benefiting from

the multi-level Co@NCNT arrays as a stable micro-environment, the resultant Co@NCNT/CoMoyOx

displays excellent electrocatalytic activity with a low overpotential of 195 mV at �100 mA cm�2 and

stable 600 h operation for the HER in alkaline media, including natural seawater, which is better than

most reported carbon/transition metal-based catalysts. In situ Raman analyses disclose a local high-

resolution self-reconstruction evolution of localized Mo species at controllable negative potentials.

Density functional theory calculations further demonstrate that the ultimate Mo–Mo surface state

accelerates reaction kinetics to promote H2 generation in alkaline media. Our findings provide a unique

insight into the mechanism of the structural evolution in the alkaline HER process to pave a new avenue

guiding the design of durable and efficient catalysts.
Introduction

Controllable in situ structural reconstruction has recently been
demonstrated as an effective strategy to optimize activity and
stability for alkaline electrocatalytic oxygen evolution reaction
(OER).1 Most transition metal-based electrocatalysts undergo
dynamic changes in alkaline media under external electric
potential stimuli, such as forming oxide or hydroxide layers,
thus inuencing the catalytic performance.2,3 However, the
changes and effects of reconstructed species during the alkaline
HER process have not yet been investigated. For instance, ABO4-
type oxides, such asmolybdates (e.g., NiMoO4 and CoMoO4) and
their derived alloys, have been extensively studied as model
HER catalysts due to their tunable morphology and composi-
tion. We noticed that leaching and transformation of Mo
ering, City University of Hong Kong, Hong

@cityu.edu.hk

eering, Kyushu University, Fukuoka 816-

cessing & Mold (Zhengzhou University),

hina

eter Waves City University of Hong Kong,

tion (ESI) available. See DOI:

f Chemistry 2022
species in the above precatalyst under alkaline HER conditions
might induce a surface structural reconstruction, which leads to
improved activity.4,5 Inspired by OER reconstruction strategies,
manipulating Mo species through reconstruction is anticipated
to be a feasible way to optimize precatalysts by reducing the
kinetic energy barrier for efficient and stable alkaline HER
performance.

Nevertheless, Mo species' exact reconstruction evolution
pathways and their specic contribution are still unidentied,
limiting the understanding of the structure–activity relation-
ship to further guide the robust electrocatalyst design in alka-
line media. The uppermost obstacle is that the investigation of
surface species reconstruction is generally accompanied by
distinct changes in the morphology with the interfacial effect,6,7

which exhibits a detrimental deviation in determining the
overarching contribution in electrocatalytic processes. More-
over, the direct reconstruction with the dissolved substrate
rather than forming a surface deposition layer with the inter-
facial effect is less explored. Therefore, it is desirable but chal-
lenging to establish a stable micro-environment for in-depth
investigation of the surface reconstruction evolution towards
realizing the superior alkaline HER performance.

In this work, as a proof of concept, we rst develop a hier-
archical paradigmatic precatalyst Co@NCNT/CoMoOx via facile
acetonitrile liquid-assisted chemical vapor deposition, where
J. Mater. Chem. A, 2022, 10, 3953–3962 | 3953
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the precatalyst is composed of defective CoMoOx nanosheets
graed with exible Co@NCNT arrays as a durable micro-
environment. Subsequently, an in situ anodic oxidation (AO)
reaction is delicately applied to the precatalyst to induce fast
and deep MoO4

2� dissolution without discernible morpholog-
ical changes. The resultant Co@NCNT/CoMoyOx system
exhibits a signicantly superior alkaline HER performance,
delivering overpotentials of 94 and 195 mV to reach current
densities of �10 and �100 mA cm�2, respectively, and exhib-
iting excellent stability under a constant 600 h operation in
alkaline (sea)water. In situ Raman spectroscopy reveals the local
high-resolution self-reconstruction of Co@NCNT/CoMoyOx

with dissolved MoO4
2� in the alkaline HER process, during

which the vicinal MoO4
2� is redeposited, then polymerized into

Mo2O7
2�, and nally reduced to the Mo–Mo species on the

surface of the parent catalyst. The theoretical calculation results
further demonstrate that the MoO4

2� self-construction
Fig. 1 (a) Schematic illustration of the fabrication process of the Co@
Co@NCNT/CoMoOx. (e) TEM image of Co@NCNT/CoMoOx. HRTEM i
elemental mapping image of Co@NCNT/CoMoOx.

3954 | J. Mater. Chem. A, 2022, 10, 3953–3962
evolution can ultimately provide efficient active sites (Mo–Mo
species) for facilitating the kinetics of water adsorption, disso-
ciation, and concomitant hydrogen generation in alkaline
media, well rationalizing the experimental reactivity. This work
establishes a fundamental understanding of the mechanism
associated with the deep self-reconstruction of heterogeneous
catalysts toward efficient and stable alkaline HER applications
and beyond.

Results and discussion
Material design

The hierarchical Co@NCNT/CoMoOx heterostructure is
synthesized based on a facile two-step reaction: First, the
CoMoO4 nanosheet arrays are in situ grown on carbon ber
paper (CFP) by a hydrothermal reaction, followed by a thermal
treatment in an acetonitrile atmosphere (Fig. 1a and S1†).
NCNT/CoMoOx precatalyst. SEM images of (b) CoMoO4 and (c, d)
mages of (f) NCNT and (g) Co NP. (h) HAADF-STEM image and the

This journal is © The Royal Society of Chemistry 2022
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During the carbothermal reduction process, acetonitrile is
decomposed into hydrogen cyanide (HCN) and methane (CH4)
species, which act as nitrogenous and carbonaceous feedstock
to form N-doped carbon nanotubes (NCNTs). Simultaneously,
the Co atoms from the CoMoO4 nanosheets undergo outward
diffusion to form ne Co metal nanoparticles (NPs) under
a reducing atmosphere, serving as catalytic seeds for the tip
growth of NCNTs. This way, the CoMoO4 template is trans-
formed into porous amorphous CoMoOx nanosheets8 while the
NCNTs with their apical domains encapsulating Co NPs are
radially grown following the “tip-growth” mechanism.9 This
liquid-assisted chemical vapor deposition is distinctly different
from the traditional H2/Ar calcination for the growth of
CNTs.10,11

The typical diffraction patterns belonging to CoMoO4 are
discerned along with the peaks of CFP (Fig. S2a†).12 Meanwhile,
the optical color of the CFP substrate turns from gray to pink,
indicating the uniform growth of CoMoO4 (Fig. S2b†). Scanning
electron microscopy (SEM) shows that the CoMoO4 nanosheets
with smooth surfaces are vertically aligned on the conductive
CFP (Fig. 1b). The transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM) images depict that the CoMoO4

nanosheet features with a thin-layered structure, wherein the
lattice fringe with an interplanar spacing of 0.26 nm can be
assigned to the (�222) plane (Fig. S3†). The high-angle annular
dark-eld scanning TEM (HAADF-STEM) and corresponding
elemental mapping images demonstrate the homogeneous
distributions of Co, Mo, and O elements within the CoMoO4

nanosheets (Fig. S4†). Energy-dispersive X-ray spectroscopy
(EDS) and X-ray photoelectron spectroscopy (XPS) images
further validate the coexistence of Co, Mo, and O elements
(Fig. S5 and S6†).13,14 In addition, the relatively high atomic ratio
of Co/Mo may result from the existence of separate amorphous
Co oxides underneath the surface of CoMoO4 species, as
revealed by the corresponding Raman spectrum (Fig. S7†).

As depicted in Fig. 1c, the overview SEM image of
Co@NCNT/CoMoOx exhibits a well-maintained nanosheet-
array structure with a rough surface aer the acetonitrile-
assisted carbothermal reduction reaction. The magnied SEM
images delineate that the nanosheet skeleton is covered by
numerous NCNTs with high exibility (Fig. 1d). A typical TEM
image displays that the Co NPs are encapsulated at the tip of
NCNTs, which exhibit an average diameter of 30 nm (Fig. 1e).
Moreover, it is observed from the HRTEM image that the NCNT
is multi-walled with a lattice fringe of 0.34 nm (Fig. 1f), corre-
sponding to the (002) plane of graphitic carbon.15 Meanwhile,
a well-resolved lattice fringe of 0.21 nm is detected in the apical
particle, which can be indexed to the (111) lattice plane of the
metallic Co phase (Fig. 1g).16 In addition, Co@NCNT/CoMoOx

shows distinctive diffraction peaks of metallic Co crystals and
carbon, further affirming the formation of Co NPs and NCNTs
(Fig. S8†).17 Notably, it is assumed that the 2D CoMoO4 back-
bone is transformed into an amorphous state (denoted as
CoMoOx) owing to the outward diffusion of the Co element and
deoxidation (Fig. S9†). The HRTEM images highlight that the
structure of the sheet-backbone in Co@NCNT/CoMoOx features
a long-range disorder and a short-range order with rich defects
This journal is © The Royal Society of Chemistry 2022
(Fig. S10†).18,19 Also, the corresponding HAADF-STEM image
and elemental mapping image display that the N and C
elements are uniformly distributed across the whole hetero-
structure shown in Fig. 1h, indicating the formation of NCNT
sub-arrays. An intensive distribution of Co elements demon-
strates the exsolved Co NPs.20 Besides, the Co, Mo, and O
elements are homogeneously dispersed on the sheet structure,
which attests to the formation of CoMoOx sheets.

The time-dependent control experiments are conducted to
unravel the growth mechanism (Fig. S11†). It is found that the
Co NPs are exsolved on the sheet-platform surface at the
beginning. The NCNTs are next orientally grown with Co NPs at
the tip and their length is elongated with the increasing growth
time. These observations elucidate that the Co NPs derived from
CoMoO4 nanosheets can in situ catalyze the growth of high-
quality NCNTs by the “tip-growth” mechanism in an acetoni-
trile atmosphere, forming a 2D amorphous CoMoOx backbone.
In addition, the powder sample is prepared by an identical two-
step synthesis process without using CFP as a substrate. The
XRD pattern of Co@NCNT/CoMoOx powder under no CFP
inuence is found to exhibit the diffraction peaks of metallic Co
and carbon without the distinct peaks of CoMoOx, further
indicating the formation of amorphous CoMoOx and the
generation of Co@NCNTs by the acetonitrile-assisted carbo-
thermal reduction reaction (Fig. S12†). The corresponding SEM
images show that the freestanding CoMoOx backbone material
is covered by intertwined Co@NCNTs, accompanying severe
agglomeration and structural collapse (Fig. S13†). These nd-
ings prove the structural stability and advantage of the self-
supported nanosheet arrays synthesized directly on CFP. As
a comparative experiment, the CoO counterpart precursor
shaped as interconnected octahedra is unevenly grown on CFP
by an identical hydrothermal reaction without feeding the Mo
source and then calcined in an acetonitrile atmosphere. The
resulting product is observed to generate uneven-sized
Co@NCNTs with diameters ranging from 50 to 200 nm
(Fig. S14†). It is due to the fact that the CoMoO4 nanosheet
arrays as 3D porous structures avail the diffusion and contact of
acetonitrile molecules to form ne Co NPs and also uniform
Co@NCNT sub-arrays. Therefore, it is worth mentioning that
the as-obtained 3D heterostructure exhibits multi-level poros-
ities and open channels, which are in favor of the effective
solution permeability and gas release for electrocatalytic reac-
tions.21 The as-obtained Co@NCNT sub-arrays can act as
a physical buffer to strengthen the robustness of the entire
heterostructure, which is benecial for the subsequent explo-
ration of dissolution and self-reconstruction mechanisms with
structural integrity.
Alkaline HER performance

In the following, the electrocatalytic HER performance of
Co@NCNT/CoMoOx is evaluated in 1.0 M KOH by using
a standard three-electrode system. An in situ AO reaction for
rapid MoO4

2� dissolution as a pre-treatment is applied on
Co@NCNT/CoMoOx. The as-obtained sample is denoted as
Co@NCNT/CoMoyOx. As shown in Fig. 2a, the polarization
J. Mater. Chem. A, 2022, 10, 3953–3962 | 3955
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Fig. 2 HER performance in 1.0 M KOH solution. (a) Polarization curves (inset: benchmark Pt/C). (b) Overpotential comparison. (c) The corre-
sponding Tafel plots derived from the polarization curves in (a). (d) Nyquist plots recorded at �0.19 V vs. RHE (inset: equivalent circuit model). (e)
The Cdl values. (f) Multicurrent step CP curve and (g) CA curve without iR correction.
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curves reveal that the performance of Co@NCNT/CoMoyOx is
signicantly improved as compared with that of the pristine
Co@NCNT/CoMoOx, Co@NCNT/CoOx counterpart, and
CoMoO4 for alkaline HER. Specically, the obtained
Co@NCNT/CoMoyOx sample requires 94, 175, and 195 mV to
reach current densities of �10, �50, and �100 mA cm�2,
respectively, while the overpotentials of 149, 232, and 258 mV
are needed for Co@NCNT/CoMoOx precatalysts to achieve the
same current densities, accordingly (Fig. 2b). Since Co@NCNT/
CoMoyOx is a noble metal-free material, the HER activity is
slightly inferior to that of Pt/C (35 mV at �10 mA cm�2) in the
alkaline electrolyte (Fig. 2a, inset). Meanwhile, the alkaline HER
performance of Co@NCNT/CoMoyOx is superior to that of most
reported carbon/transition metal-based materials (Table S1†).
Besides, the Tafel slope of Co@NCNT/CoMoyOx exhibits the
lowest value of 76 mV dec�1 as compared with those of
3956 | J. Mater. Chem. A, 2022, 10, 3953–3962
Co@NCNT/CoMoOx precatalysts (88 mV dec�1) and Co@NCNT/
CoOx counterparts (100 mV dec�1), indicating the superior
kinetics of Co@NCNT/CoMoyOx determined by the Volmer–
Heyrovsky process (Fig. 2c).22 These results disclose the
promoting effect of MoO4

2� dissolution engineering on alkaline
HER performance. In addition, aer submitting CoMoO4

directly to the identical AO treatment, the obtained sample
exhibits a slightly improved HER performance compared to the
pristine CoMoO4 (Fig. S15†). This result can be ascribed to two
important impacts of acetonitrile calcination. (i) The acetoni-
trile calcination can induce outward diffusion of Co from
CoMoO4 to form the amorphous CoMoOx nanosheets with
abundant defects in Co@NCNT/CoMoOx. In this way, the pris-
tine CoMoO4 is more stable than the amorphous CoMoOx of
Co@NCNT/CoMoOx so that MoO4

2� in CoMoO4 is harder to
dissolve into the solution and then experiences self-
This journal is © The Royal Society of Chemistry 2022
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construction. (ii) The Co@NCNT sub-arrays grown through
acetonitrile calcination create an essential stable micro-
environment for Co@NCNT/CoMoOx to reach quasi-
equilibrium for self-construction evolution.

Furthermore, the electrochemical impedance spectroscopy
(EIS) analysis and double-layer capacitance (Cdl) measurement
are performed on Co@NCNT/CoMoOx and Co@NCNT/CoMoy-
Ox to elucidate the merits of MoO4

2� dissolution engineering.
The Nyquist plots reveal that Co@NCNT/CoMoyOx exhibits
a lower charge transfer resistance (3.10 U) than that of
Co@NCNT/CoMoOx (4.26 U), implying a better charge-transfer
capacity for Co@NCNT/CoMoyOx (Fig. 2d, Table S2†). The Cdl

value of Co@NCNT/CoMoyOx is found to be 296 mF cm�2,
larger than that of Co@NCNT/CoMoOx (222 mF cm�2) (Fig. 2e
and S16†).23 It is suggested that the number of catalytically
active sites is increased on the sample aer the in situ AO
reaction for MoO4

2� dissolution.24

The multistep chronopotentiometry (CP) curve of
Co@NCNT/CoMoyOx is recorded as the current density
Fig. 3 Mechanism exploration. (a) TEM image and (b) HAADF-STEM im
resolution XPS spectrum of Mo 3d. (d) In situ Raman spectra of the AO p
situ Raman spectra at �0.1 V vs. RHE of Co@NCNT/CoMoyOx. (f) Po
Schematic illustration of the self-reconstruction evolution pathways.

This journal is © The Royal Society of Chemistry 2022
increases stepwise from �20 to �100 mA cm�2 (Fig. 2f). Each
step lasts for a duration of 500 s, showing the instantly stable
state as the current changes and verifying the excellent ion/
mass transport and mechanical robustness of the Co@NCNT/
CoMoyOx sample.2 To further study its stability for H2 genera-
tion with prolonged time, Fig. 2g shows the longevity of the
Co@NCNT/CoMoyOx sample on continuous chro-
noamperometry (CA) operation for 600 h in alkaline solution,
including 400 h and 200 h tests at xed potentials of �200 mV
and �500 mV vs. RHE, respectively.25 Consequently, the catalyst
exhibits outstanding long-term stability with a negligible uc-
tuation at constant current densities on the four-week
timescale.

Mechanism exploration

To investigate the underlying mechanism for enhanced activity
and stability, systematic structural characterization of the
Co@NCNT/CoMoOx sample before and aer the fast AO treat-
ment is carried out. Co@NCNT/CoMoyOx sustains the
age and elemental mapping image of Co@NCNT/CoMoyOx. (c) High-
rocess and potential-dependent tests (vs. RHE). (e) Time-dependent in
tential-dependent in situ Raman spectra of Co@NCNT/CoMoOx. (g)

J. Mater. Chem. A, 2022, 10, 3953–3962 | 3957
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hierarchical heterostructure well, which includes the nanosheet
arrays assembled with exible Co@NCNT sub-arrays, implying
the stability of the 3Dmulti-level porous heterostructure (Fig. 3a
and S17†). As compared with the Co@NCNT/CoMoOx pre-
catalyst, a distinct decrease of the Mo element occurs in
Co@NCNT/CoMoyOx as revealed by the elemental mapping
image, conrming the dissolution of Mo species into the alka-
line solution (Fig. 3b).3 Also, the comparison of EDS images
demonstrates that the Mo/Co atomic ratios are signicantly
decreased aer the AO treatment (Fig. S18†). These changes in
the chemical composition and valence state of the samples are
further investigated through XPS analysis.26 For pristine
Co@NCNT/CoMoOx, the Mo 3d spectrum exhibits four char-
acteristic states, corresponding to Mo2+ (228.4 and 230.7 eV),
Mo4+ (229.0 and 232.9 eV), Mo5+ (229.8 and 234.9 eV), and Mo6+

(231.7 and 235.9 eV), respectively (Fig. 3c).27–29 In contrast, the
weak Mo6+ signals are detected from the Mo 3d spectrum of
Co@NCNT/CoMoyOx,30 suggesting that a large amount of Mo
species is oxidized and dissolved into the electrolyte in the form
of MoO4

2�,31 which is consistent with the mapping and EDS
results. Besides, the Co 2p spectrum of Co@NCNT/CoMoyOx

shows a slight increase in the peak area ratio of Co3+/Co2+ as
compared with that of pristine Co@NCNT/CoMoOx, which
could be ascribed to the re-formation of cobalt oxides aer the
dissolution of MoO4

2� in the CoMoOx matrix (Fig. S19a†).32

Simultaneously, themetallic state (Co0) corresponding to the Co
NPs is still present, beneting from the tight encapsulation of
the carbon layers that protect the inner Co NPs from corro-
sion.29 As shown in Fig. S19b,† there are three typical XPS peaks
of O 1s, which are attributed to the lattice oxygen, defect sites of
oxygen, and absorbed water molecules on the surface, respec-
tively.33 The larger peak area of defect sites of oxygen in
Co@NCNT/CoMoyOx than that in the precatalyst indicates the
presence of much more oxygen vacancies owing to the MoO4

2�

dissolution. Moreover, the N 1s spectrum of Co@NCNT/
CoMoOx exhibits three peaks assigned to pyridinic N,
pyrrolic N, and oxidized N, while the C 1s spectrum shows the
peaks ascribed to C]C/C–C, C–N, C–O, and O–C]O (Fig. S19c,
d†).34,35 All these peaks only exhibit slight shis in N 1s and C 1s
spectra of Co@NCNT/CoMoyOx, implying the robustness of
Co@NCNT sub-arrays with a negligible inuence during the AO
reaction.

Even aer the long-term stability test for 600 h, the 2D
nanosheet backbone is well maintained and covered with
numerous 1D Co@NCNTs sub-units in Co@NCNT/CoMoyOx

(Fig. S20†). In addition, the survey and high-resolution XPS
spectra show the coexistence of Co (Co3+, Co2+, and Co0), O, N,
and C elements and weak signal of theMo element (Fig. S21 and
S22†). In principle, the stable hierarchical 3D heterostructure
with different porosity levels contributes to rapid gaseous
product release, eliminating the structural destruction from
bubble accumulation.36 Moreover, the in situ growth of exible
Co@NCNT sub-arrays rmly covers the surface of CoMoOx

nanosheet arrays, which act as a physical buffer to strengthen
the structural integrity.37 On the other hand, the robust
Co@NCNT sub-network can facilitate efficient electron transfer
by improving the conductivity while the amorphous CoMoyOx
3958 | J. Mater. Chem. A, 2022, 10, 3953–3962
nanosheets provide abundant active sites for H2 generation,
thus promoting alkaline HER efficiency.38
In situ Raman spectroelectrochemistry

To elucidate the effect of dissolution and reconstruction
processes on HER performance, we employ in situ Raman
spectroelectrochemistry with constant cycles and controlled
potentials under identical reaction conditions. For the pristine
Co@NCNT/CoMoOx, the distinctive bands located at around
680 and 930 cm�1 are associated with the symmetric stretching
of the Co–O–Mo and Mo]O bonds, respectively (Fig. 3d).39 It is
observed that the intensities of Co–O–Mo andMo]O bonds are
accordingly reduced as the AO reaction proceeds, revealing the
corresponding bond cleavages ascribed to MoO4

2� etching from
the CoMoOx matrix.40 Aer the nal 40th CV cycle, the Mo]O
bond is undetectable, suggesting the fast and large leaching of
MoO4

2� from Co@NCNT/CoMoOx.
Subsequently, a negative potential is applied on Co@NCNT/

CoMoyOx with a magnitude of �0.05 V. As a result, the new
bands located at 814, 875, and 933 cm�1 and a broad-band at
�350 cm�1 appear at a potential of �0.05 V vs. RHE, which can
be indexed to the MoO4

2� species.41 Specically, the mode
located at 350 cm�1 corresponds to asymmetric and symmetric
bending modes of O–Mo–O; and the bands at 814 and 875 cm�1

are related to asymmetric stretching modes of oxygen in
binding O–Mo–O. The strongest band at 933 cm�1 can be
attributed to the symmetric stretching mode of Mo]O. This
way, the dissolved MoO4

2� species gets redeposited onto the
surface of the parent material at the initial stage of the HER
process. When decreased to �0.1 V, the new bands become
noisy, indicating the evolution of new species on the surface.
Next, at more negative potentials of �0.15 and �0.2 V vs. RHE,
the distinctive bands at 320, 820, 850, and 887 cm�1 are
detected, which can be ascribed to the Mo–O vibrationmodes of
the Mo2O7

2� species.42 This Mo2O7
2� signal indicates that the

polymerization happens in the newly redeposited MoO4
2�.

Besides, a broad-band at around 1120 cm�1 appeared at �0.15
and �0.2 V vs. RHE, which is the second-order Raman scat-
tering from optical modes in CoO.43 This phenomenon records
the reconstruction of Co–O in the matrix of CoMoOx because of
the large number of bond cleavages induced by the MoO4

2�

etching. Aerward, time-dependent in situ Raman spectroelec-
trochemistry is performed to track the details of surface struc-
tural reconstruction at �0.1 V vs. RHE. As shown in Fig. 3e, the
initial well-dened Raman peaks at �350, 681, 811, 873, and
933 cm�1 are ascribed to the redeposition of dissolved MoO4

2�

on the surface of Co@NCNT/CoMoyOx. These peaks are weak-
ened and disappear in the next 12 min. Subsequently, new
peaks at 319, 820, 849, and 885 cm�1 appear and are strength-
ened, recording the process that the redeposited MoO4

2�

evolves into the polymerized Mo2O7
2� species. Simultaneously,

the band at �1120 cm�1 also arises for the reconstruction of
Co–O. The traced dynamic evolution at �0.1 V vs. RHE is well
consistent with the potential-dependent in situ Raman results.
As the negative potential is below �0.2 vs. RHE (Fig. 3d), only
one distinctive band located at 1120 cm�1 is detected,
This journal is © The Royal Society of Chemistry 2022
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Fig. 4 DFT calculations. Free energy diagrams of (a) water adsorption,
(b) water dissociation, and (c) hydrogen adsorption (inset of (a): the
structural models of CoMoOx, CoMoyOx, and CoMoyOx(Mo–Mo);
insets of (b) and (c): the atomic configurations of different states of
CoMoyOx (Mo–Mo)).
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suggesting that the polymerized Mo2O7
2� species are reduced

into the Mo–Mo species on the surface based on the Pourbaix
diagram (Fig. S23†). As a control experiment, the obtained
Co@NCNT/CoMoyOx is carefully washed with DI water and the
electrolyte is replaced to controllably create the conditions
corresponding to no dissolved Mo species in the solution. It is
found that the washed sample exhibits only a somewhat
decreased HER performance (Fig. S24†). In this way, the
assumption of the complete dissolution of surface Mo species
with the disappearance of the Mo2O7

2� signals can be excluded.
To explicitly interrogate the role of MoO4

2� dissolution engi-
neering, the pristine Co@NCNT/CoMoOx precatalyst is directly
employed to the potential-dependent in situ Raman spectroelec-
trochemistry without AO treatment for comparison. As can be
observed from Fig. 3f, the peaks at �680 and �930 cm�1 grad-
ually disappear in the potential range from �0.05 to �0.2 V vs.
RHE. The new peak of reconstructed Co–O appears from �0.2 to
�0.3 V vs.RHE,manifesting thatMoO4

2� is slowly dissolved from
the Co@NCNT/CoMoOx precatalyst because the spontaneous
dissolution rate in the alkaline media is still faster than the
electrochemical deposition and conversion rate. Meanwhile,
compared with the AO-pretreated sample, the slight blueshi of
the Co–O peak could result from the discrepancy of strain effects
and/or defects induced by the different reconstruction processes
of Mo species.44 On the other hand, it is demonstrated that the
elaborated MoO4

2� dissolution engineering is a helpful and
efficient method to obtain the electrocatalyst without unstable
MoO4

2� etching and thus creating the possibility for tracing its
following evolution. Moreover, we analyze the content of Mo and
Co in the electrolyte by using inductively coupled plasma-mass
spectrometry (ICP-MS). By the CA test, it is shown that the
content of Co remains at a low level throughout the process. In
contrast, the content of Mo continuously increases with pro-
longed time (Fig. S25†). The ICP-MS analysis results further
conrm the component instability of Co@NCNT/CoMoOx with
MoO4

2� dissolution in the alkalinemedia, which agrees well with
the above ndings from the in situ Raman results. Comparatively,
the Mo content distinctly increases in the electrolyte aer the AO
reaction to prepare Co@NCNT/CoMoyOx and then it remains
almost unchanged under subsequent HER activity (Fig. S26†),
indicating that fast MoO4

2� dissolution purposely occurs and
then a quasi-equilibrium of self-construction evolution is
attained to maintain the steady Mo content in the electrolyte
(Fig. 3g). Furthermore, the EDS analysis of the corresponding
post-HER Co@NCNT/CoMoyOx sample exhibits a very similar
Mo/Co atomic ratio to that of pristine Co@NCNT/CoMoyOx

(Fig. S27 and S18†), consistent with the ICP result. The dynamic
equilibria of redeposition, polymerization, and reduction evolu-
tion on the surface promote the formation of active species and
maximize the component utilization, improving the efficiency of
alkaline HER activity with long-term stability.21
Theoretical calculations

To further identify the origin of active sites, density functional
theory (DFT) calculations are carried out to simulate the
elementary steps of alkaline HER.30 CoMoyOx adsorbed with the
This journal is © The Royal Society of Chemistry 2022
ultimate Mo–Mo species (denoted as CoMoyOx(Mo–Mo)) is
investigated while the CoMoOx and CoMoyOx are applied as
comparative models (Fig. 4a, insets). It should be noted that the
proposed CoMoyOx(Mo–Mo) structural model is simplied for
the interpretation of the structure–activity relationship, which
needs further investigations. As shown in Fig. 4a, the calculated
H2O adsorption free energies for CoMoOx, CoMoyOx, and
CoMoyOx(Mo–Mo) are �0.525, �0.376, and �0.918 eV, respec-
tively. It is demonstrated that the water adsorption on CoMoyOx

is weaker than that on CoMoOx owing to the MoO4
2� dissolu-

tion. Furthermore, aer the subsequent MoO4
2� evolution

process, the ultimate CoMoyOx(Mo–Mo) state has the strongest
water adsorption ability, manifesting the fact that the evolved
Mo–Mo species on the surface of CoMoyOx can prominently
J. Mater. Chem. A, 2022, 10, 3953–3962 | 3959
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contribute to forming the initial catalyst-H2O state in order to
accelerate the alkaline HER kinetics.45 Besides, compared with
CoMoOx and CoMoyOx, CoMoyOx(Mo–Mo) has the lowest energy
barrier for the water dissociation (DGH2O), revealing that the
step in which adsorbed H2O generates a proton in alkaline
media is facilitated on the surface of ultimate CoMoyOx(Mo–
Mo) (Volmer step) (Fig. 4b and S28†).46 Meanwhile, as observed
from Fig. 4c, CoMoyOx (Mo–Mo) features the smallest hydrogen
binding free energy (jDGH*j ¼ 0.137 eV), illustrating an optimal
balance between the adsorption and desorption processes for
promoting the subsequent hydrogen evolution step (Heyrovsky
step) (Fig. S29†). The increased jDGH*j for CoMoOx and
CoMoyOx means a suppressed desorption of atomic hydrogen
with the active sites blocked, hindering H2 generation.47,48 These
theoretical calculation results corroborate that the MoO4

2� self-
construction process can ultimately provide efficient active sites
(Mo–Mo species) for facilitating the kinetics of water adsorp-
tion, dissociation, and concomitant hydrogen generation in
alkaline media, well rationalizing the experimental reactivity.
Application in natural seawater

For practical applications, the HER activity of samples is
recorded in alkaline seawater (Table S3†).49 Co@NCNT/CoMoy-
Ox exhibits an obvious improvement of HER activity as
compared with that of the Co@NCNT/CoMoOx precatalyst in
natural alkaline seawater (Fig. 5a). Specically, Co@NCNT/
CoMoyOx requires an overpotential of 125 mV at a current
density of �10 mA cm�2, which is superior to that of
Co@NCNT/CoMoOx (198 mV) (Fig. 5b). Likewise, to reach the
high current densities of �100 and �200 mA cm�2 in alkaline
seawater, Co@NCNT/CoMoyOx delivers smaller overpotentials
of 259 and 288 mV, respectively, as compared with those of the
Co@NCNT/CoMoOx precatalyst (297 and 342 mV). Such
performance in natural seawater is also better than that of most
Fig. 5 HER performance in natural alkaline seawater. (a) Polarization
curves. (b) Overpotential comparison. (c) CP curve without iR
correction.

3960 | J. Mater. Chem. A, 2022, 10, 3953–3962
reported transition-metal-based materials (Table S4†). These
results demonstrate that the MoO4

2� dissolution engineering
and the following reconstruction evolution positively contribute
to facilitating electrocatalytic H2 generation in a high salinity
environment.50 Moreover, the long-term durability of catalysts
in seawater is another important metric. Notably, Co@NCNT/
CoMoyOx shows excellent stability at �10 mA cm�2 for 400 h
and then at a high current density of �100 mA cm�2 for 200 h
without any noticeable degradation in the alkaline seawater
(Fig. 5c).49 The corrosion-resistant robustness of Co@NCNT/
CoMoyOx can be ascribed to the fact that the multilevel-porous
heterostructure is under the protection of the exible NCNT
sub-network. These results not only indicate the superior
durability under harsh conditions for the catalyst aer MoO4

2�

dissolution engineering but also demonstrate its feasibility in
efficient seawater splitting applications.51
Conclusions

In summary, we synthesize a hierarchical precatalyst and
harness the MoO4

2� reconstruction evolution toward a durable
and efficient alkaline HER activity. Co@NCNT/CoMoOx is
constituted with CoMoOx nanosheet arrays assembled with
exible Co@NCNT sub-arrays, which serve as a physical buffer
to maintain structural integrity. Then, fast and deep MoO4

2�

dissolution is triggered on the precatalyst via an in situ AO
reaction to obtain Co@NCNT/CoMoyOx. As a result, Co@NCNT/
CoMoyOx exhibits a signicantly improved alkaline HER
performance as compared with that of the precatalyst. More-
over, Co@NCNT/CoMoyOx exhibits decent stability for H2

evolution under a constant 600 h operation in both alkaline
freshwater and seawater. In situ Raman spectroscopy sophisti-
catedly traces the evolution process that the dissolved MoO4

2�

is redeposited, then polymerized into the Mo2O7
2� species, and

nally reduced to the Mo–Mo species on the surface of the
parent material. The DFT calculations indicate that the nal
Mo–Mo species acting as efficient active sites can facilitate the
water adsorption, dissolution and thus signicantly enhance
the alkaline HER activity. Our work could provide a reference for
adsorption-modulated electrocatalysts toward other reduction
reactions, such as the oxygen reduction reaction, CO2 reduction
reaction, and aqueous organic hydrogenation reaction.
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