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Abstract: Hydrogen evolution reaction (HER) is a topic of great interest due to its efficient hydrogen
production properties, which can address the increasing demand for clean and sustainable energy
sources. On the other hand, molybdenum carbide (MoC) has been widely studied due to its noble
metal-like surface electronic properties. In the HER process, it is crucial to regulate the Mo—H
bonding energy effectively and increase the electron transfer rate on the MoC catalyst surface in a
rational manner. In this study, we introduce highly electronegative nitrogen and non-noble transition
metal atoms (Cu or Co) into the molybdenum carbide crystal lattice (N—M—MoC, M: Cu, or Co),
which leads to a dual—doping effect. This effect results in the rearrangement of the electronic
configuration on the catalyst surface and the enrichment of electrons around Mo atom, leading to
an optimization in the Mo—H bonding energy. Moreover, the unique two-dimensional nano-sheet
structure of the N—M—MoC materials further promotes the electron transfer and exposure of active
sites. Benefiting from the above, the HER performance of the N—M—MoC is significantly improved.
Among them, N—Cu—MoC exhibits the lowest overpotential (N9 = 158 mV) and highest stability
(about 30 h) in alkaline solutions.

Keywords: dual-doping; heteroatoms; molybdenum carbide; hydrogen evolution reaction; surface
electronic structure

1. Introduction

Rapid development and the environmental crisis have led to an increasing demand for
green energy sources, specifically, hydrogen [1]. Hydrogen is a renewable and green energy
source and is considered a viable and sustainable alternative to diesel [2,3]. However,
the current production of hydrogen primarily involves hydrocarbon reforming processes,
i.e., methanol and methane reforming, which generate unfriendly byproducts, such as
NOy, CO, and CO; [4,5]. Electrocatalytic water splitting to generate hydrogen has been
demonstrated to be one of the most attractive strategies [6,7]. Today, many researchers are
focusing on developing and researching electrocatalytic water splitting under alkaline con-
ditions [8-10]. Nevertheless, despite its advantages, the electrolysis of water only accounts
for 4% of the world’s total H, production due to the high overpotential and costs [11]. The
electrolysis process involves two half-cell reactions, namely, hydrogen evolution reaction
(HER) at the cathode and oxygen evolution reaction (OER) at the anode [12,13]. So far, Pt-
based noble metal catalysts are widely considered to be the most effective electrocatalysts
for HER, but their high cost and poor stability limit their large-scale commercial applica-
tion [14]. In recent years, non-noble transition-metal-based catalysts such as metal carbides,
metal sulfides, and metal phosphides have been extensively explored as electrocatalyst
choices to substitute noble Pt-group catalytic materials for HER [15,16].

Molybdenum carbide (MoC) has been widely regarded as a promising alternative to
Pt-group noble metal catalysts for HER due to its surface electronic structure similar to
that of Pt [17-20]. Since Hu's group reported its potential for electrocatalytic HER at a low
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overpotential, extensive efforts have been made to develop nanoscale catalysts through
doping, defect generation, and surface nano-structuring strategies to further improve its
catalytic activity by exposing more highly active catalytic sites and facets [21-28]. As a
good example, Yang et al. uniformly loaded MoC particles on 3D N-doped carbon micro-
flowers, which effectively reduced particle sintering at high temperatures during synthesis,
greatly improved the specific surface area of the material, and obtained excellent HER
properties [29]. On the other hand, morphology and structure are also critical to enhance
the catalytic performance. Two-dimensional materials, which can provide better platforms
for electrocatalysis due to their large surface area, high exposure to active sites, and good
contact area for electron transfer, have served as promising candidates for HER [30,31].
Liu et al. prepared ultrafine molybdenum carbide anchored on nanocarbon (MCC) with
a 3D-laminated 2D lamellar structure, which exhibited excellent HER activity with a low
overpotential of 123 mV to achieve a current density of 10 mA cm~? in alkaline electrolyte,
because highly dispersed Mo,C could provide more reactive sites, and 2D/3D structures
benefit electron transfer and molecule diffusion [32].

Recently, some investigations also showed that introducing heteroatoms such as N, S,
and P into the catalyst can be an effective strategy to enhance HER activity via tuning MoC
surface properties [33,34]. For instance, Liu et al. demonstrated that Mo,C embedded in
N-doped carbon exhibited high HER activity due to the synergistic interaction between
Mo,C and N-doped hybrid catalysts, along with favorable H* adsorption/desorption
properties [35]. In addition, Chen et al. prepared high-performance HER catalysts by homo-
geneously doping N and P into the carbon shell /matrix and Mo,C nanocrystals, leading to
abundant and accessible highly active sites [36]. A similar phenomenon can be observed for
the 2D N-doped Mo, C nanosheets [37]. Theoretical calculations and characterizations have
shown that the combination of N doping, 2D nanosheet structure, and a specific crystalline
phase of Mo,C can generate more exposed active sites, including Mo atoms on the C
plane and doped N atoms. The introduction of stronger electronegative heteroatoms in the
anionic sites can effectively modify the electronic properties of the catalyst, reducing the
strength of the metal-anion interaction and balancing the hydrogen adsorption/desorption
behavior on the catalyst surface, which ultimately improves the HER performance [38-40].
Therefore, it is promising to use molybdenum carbide to achieve efficient and stable HER
activity by introducing heteroatoms with stronger electronegativity into their crystal lattice.
Except for nonmetallic dopants, metallic dopants are also employed as effective dopants to
modulate the electronic state and electrocatalysis of the catalyst [41-43]. Gao and cowork-
ers prepared a series of Co-modified Co—Mo,C catalysts by doping smaller Co atoms into
Mo, C unit cells to replace Mo atoms, which was demonstrated by the phenomenon that
the XRD peak shifted to a larger degree. Experimental results showed that the introduction
of Co increased the number of active Mo?* species on the catalyst surface and optimized
the electron density of the Mo sites, thus weakening the Mo—H bond by downshifting the
d-band center and greatly enhancing the HER performance [44].

Inspired by the above ideas, it is reasonable to assume that the simultaneous intro-
duction of stronger electronegative N atoms and transition non-noble metal atoms into
the MoC unit cell can induce a dual-promoting effect, which helps further moderate the
electron density around the Mo sites and optimize the HER activity of the catalyst. Ad-
ditionally, according to our preliminary study, «-MoC can form a nanosheet—like 2D
catalyst structure with uniformly dispersed MoC particles, and this structure has been
demonstrated to be the main reason for the abundance of active sites [45]. In this work,
we have designed a MoC—based catalyst doped with nitrogen and metal (N—M—-MoC,
M = Cu, or Co), featuring a 2D nanosheet-like structure for a high performance HER in
alkaline solution. Systematic studies had confirmed that the dual doping of nitrogen with
metals synergistically regulates the electron distribution on the surface of MoC, which
resulted in higher HER properties than the metal atom (Cu or Co) or N doping alone. On
the other hand, its multilayer two—dimensional nanosheet structure provides more active
sites and a high surface area. Among the as—prepared catalysts, N—Cu—MoC exhibited
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the best HER activity with the overpotentials of 158 mV and 222 mV at current densities
of 10 mA cm~2 and 50 mA cm 2, respectively, which were much lower than those of pure
MoC, Cu—MoC, and N—MoC, and close to commercial Pt/C. Furthermore, N—Cu—MoC
also showed outstanding stability (sustained reaction for 30 h) in alkaline condition.

2. Results and Discussion
2.1. Catalyst Structure Investigation

The synthesis process is depicted in Figure 1a. During the precursor synthesis, both N
and M (M:Cu or Co) were incorporated into the MoOx lattice through an inter—reaction
between the amino group in m—phenylenediamine (C4¢H4(NH>),) and the molybdate
and doped metal atom (Cu or Co) [44]. The final products (N—MoC N—Co—MoC and
N—-Cu—MoC) were prepared by carburizing the precursors, and the de—nitrogen products
(MoC, Co—MoC and Cu—MoC) were prepared by re-carburizing the as—prepared N—MoC
N—-Co—MoC and N—Cu—MoC under a 20% CH,4/H, atmosphere, as show in Figure 1a.
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Figure 1. (a) Schematic diagram of the synthesis of N—Cu—MoC and Cu—MoC; (b) full XRD patterns

of MoC, N—MoC, Cu—MoC, Co—MoC, N—Co—MoC, and N—Cu—MoC; (c) the corresponding zoom-

in regions between 26 at 34° and 40°; (d) Raman spectra of Cu—MoC, Co—MoC, N—Co—MoC, and

N—Cu—MoC.

The crystal structure of MoC, N—MoC, Cu—MoC, Co—MoC, N-—Cu—MoC, and
N—-Co—MoC was confirmed by XRD. The XRD patterns showed four diffraction peaks
located at 26 = 36.8°, 42.2°, 61.6°, and 74.5° corresponding to the (111), (200), (220), and
(311) planes of cubic MoC, respectively (standard XRD patterns of MoC, MoO,, MoOs,
metallic Mo, Co, and Cu are shown in Figure S1 (Supporting Information)). Meanwhile, no
additional peaks corresponding to metallic Mo, molybdenum oxides, and Cu or Co indicate
that the Cu and Co sites were highly dispersed on the material surface. Noticeably, the (111)
peak of 3% N—Cu—MoC was slightly right shifted to a higher diffraction relative to that of
N—MoC (Figure 1c), and the same phenomenon was also observed between N—Co—MoC
and N—MoC, which indicates that the substitution of smaller—radius transition metal



Catalysts 2023, 13, 931

40f16

atoms, Cu (128 pm) or Co (125 pm), in the crystal lattice for Mo (154 pm) atoms causes a
shrink in the MoC unit cell volume. This also demonstrated the successful introduction of
Cu or Co into the molybdenum carbide lattice.

As summarized in Table S1 (Supporting Information), the Brunauer-Emmett-Teller (BET)
surface area of N—Cu—MoC and Cu—MoC is 42.9 m? g~ ! and 36.1 m? g™}, respectively,
which is higher than that of the samples without Cu doping (N—MoC: 26.7 m? g~ and
MoC: 159 m? g~1). Meanwhile, the same phenomenon was also observed in Co—doped
N—Co—MoC and Co—MoC samples (N—Co—MoC: 33.9 m? g~ and Co—MoC: 27.5m? g~ !).
Based on the above observation, we can reasonably infer that the doping of metal atoms con-
tributes to building a more open structure. Additionally, as shown in Figure S2 and Table S1
(Supporting Information), probably because of the collapse of the pore structure caused
by the removal of N atoms in the re—carburization process, the average pore sizes of
the samples before re—carburization (N—Co—MoC (20.2 nm), N—Cu—MoC (17.9 nm),
and N—MoC (15.9 nm)) were all larger than those after re—carburization (Co—MoC
(19.6 nm), Cu—MoC (7.7 nm), and MoC (13.3 nm)). Furthermore, a similar trend was ob-
served for the pore volume, where N—Co—MoC (0.172 cm® g~!), N—Cu—MoC
(0.192 cm? g’l), and N—MoC (0.107 cm? g’l) were larger than the carburized Co—MoC
(0.138 cm3 gfl), Cu—MoC (0.07 cm3 gfl), and MoC (0.053 cm? gfl).

To further investigate the catalyst surface environment and structure, the nature of the
as-prepared catalyst surface condition including composition, nanostructure, and electronic
state was characterized. Based on the Raman spectra (Figure 1d), two characteristic peaks
were found to be located at ~1350 cm~! and ~1600 cm ™1, which belong to the characteristic
D-band and G-band of carbon, respectively, which implies the existence of a carbon layer
on the surface of the as—prepared catalyst [46]. Usually, the carbon layer structure and
composition influence the catalyst properties such as conductivity, wettability, and/or
additional active sites, which can affect the electrocatalytic performance. The peak intensity
ratio of the D and G (Ip/Ig) can characterize the degree of graphitization of the carbon-
based material. Here, the Ip/Ig value of N—Cu—MoC and N—Co—MoC was higher than
that of the Co—MoC and Cu—MoC samples, indicating the low graphitization degree of the
carbon layer structure of the N—containing catalyst, as well as the existence of more defect
sites. This also implies that N atoms have been doped into the carbon layer and destroyed
the sp? bonding carbon atoms. The N-doped carbon usually leads to pore expansion, while
exposing more defect sites, which should be beneficial for the electron transportation and
the adsorption of HyO. On the other hand, the change in peak intensity before and after
N removal suggests that the carburization process also occurs in the surface carbon layer,
altering its structure and composition. It is worth noting that no Raman bands related to
the Cu or Co were observed, indicating the high dispersion of Cu or Co sites on the surface.

The morphology, nanostructure, and surface environment of the as-prepared catalysts
are characterized by a scanning electron microscopy (SEM) and a transmission electron
microscopy (TEM). Figure 2 displays the low magnification SEM images of the as-prepared
samples. The precursors (N—MoOy, N—Co—MoOy, and N—Cu—MoOy) exhibited 3D
structures with abundant 2D nanosheets (as shown in Figure 2a—c). It is evident that
the different doping methods resulted in variations in the stacking pattern as well as the
shape of 2D nanosheets. Such morphological changes can be attributed to the distinct
coordination processes of different doping atoms during the synthesis process. It can
be seen that more 2D nanosheet structures were observed in the N—Cu—MoC sample
SEM image (Figure 2f). This structure is particularly favorable for the formation of open
structures when combined with the BET test results. Interestingly, it was observed that the
morphology of the samples at different stages of carbonization (uncarbonized and primary
and secondary carbonization) was similar, indicating that the carbonization process does
not change the morphology of the samples. However, the pore structure of the samples
can be changed by the nitrogen removal process, as shown by the BET results (Table S1
(Supporting Information)). TEM images of the as—prepared samples are also presented in
Figure 3 and Figures 53-57 (Supporting Information). The uniform distribution of MoC
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nanoparticles (with a standard lattice spacing of 0.246 nm for the (111) crystal plane of
MoC) encapsulated into the nanosheet (carbon layer, as indicated by Raman spectra) can
be observed for N—MoC, MoC, N—Co—MoC, Co—MoC, Cu—MoC, and N—Cu—MoC.
On the other hand, no metal nanoparticles or clusters were found in the TEM images of
N—-M-MoC, which also supports the result that metal atoms were successfully doped
into MoC.

Figure 2. SEM image of (a) N—MoOy, (b) N—Co—MoOy, (¢) N-Cu—MoOy, (d) N—MoC,
(e) N—Co—MoC, (f) N—Cu—MoC, (g) MoC, (h) Co—MoC, and (i) Cu—MoC.

TEM and SEM images of N—Cu—MoC are shown in Figure 3. As seen in Figure 3a,
the N—Cu—MoC particles, which have an average particle size of 3.1 &+ 0.6 nm, are uni-
formly dispersed in the carbon layer. Upon comparison with other samples (as shown
in Figures S3-S7 (Supporting Information)), the average particle sizes of N—M—-MoC
(i.e., N—Cu—MoC: 3.1 £+ 0.6 nm and N—Co—MoC: 3.5 + 0.6 nm) were smaller than those
of M—MoC (i.e., Cu—MoC: 3.3 £ 0.6 nm and Co—MoC: 4.1 & 0.6 nm), and larger than the
average particle size of N—MoC (2.5 £ 0.4 nm) or MoC (2.7 £ 0.4 nm). This suggests that
the MoC particle size was regulated by the synergy of metal atoms and nitrogen atoms. As
shown in Figure 3b, the N—Cu—MoC particles also showed a crystalline surface spacing of
0.243 nm corresponding to the (111) crystal plane of MoC. It is noteworthy that the 0.243 nm
of MoC (111) crystalline plane spacing was smaller than the standard crystalline plane
spacing of 0.246 nm for MoC, which indicates that Cu atoms were doped into the lattice
of MoC and caused crystal lattice shrinkage, consistent with the XRD and Raman spectra
results. The obtained SEM image of N—Cu—MoC in different scales showed irregular
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nanosheet stacking morphology (Figure 3d,e) with a nanosheet thickness of about 40 nm
(Figure S8 (Supporting Information)). Figure 3c shows the presence of the Mxene—like
layered structure of nanosheets in the SEM image of N—Cu—MoC. This stacked 2D sheet
structure was conducive for exposing and dispersing the active site, enabling timely in-
terfacial charge transfer, and increasing the charge transfer rate, thereby enhancing the
electrocatalytic performance [47]. In Figure 3f-i, the HADDF—STEM image and element
distribution indicate that the nanosheets consist of Mo, C, N, and Cu elements and were
uniformly dispersed, confirming the successful synthesis of N—Cu—MoC, i.e., indicating
the successful doping of N and Cu atoms.
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Figure 3. Morphology and surface structure of Cu—N—-MoC. (a) HR—TEM image and MoC parti-
cle size distribution histograms; (b) MoC crystal lattice corresponding to (a); (c—e) SEM image of
N—-Cu—MoC with different magnifications; (f-i) HADDF—-STEM image of N—Cu—MoC and the
corresponding elemental mappings.

The surface electronic states and elemental valence bands of the as—prepared (MoC,
N—MoC, Cu—MoC, Co—MoC, N—Co—MoC, and N—Cu—MoC) catalysts were confirmed
using X—ray photoelectron spectroscopy (XPS), following established methods [48-51].
Figure 4a shows the full XPS spectra, with C 1s, N 1s, Mo 3d, Co 2p, and Cu 2p peaks
corresponding to approximately 285 eV, 396 eV, 228 eV, 778 eV, and 932 eV, respectively,
indicating the presence of C, N, Mo, Co, and Cu on the as—prepared catalyst surfaces. The
O 1s species at 527 eV is attributed to the oxide layer generated during the passivation
process [52]. Figure 4b displays high-resolution Mo 34 spectra of MoC, N—MoC, Cu—MoC,
and N—Cu—MoC, while Figure S9 (Supporting Information) displays those of Co—MoC
and N—Co—MoC. The doublet peaks have a splitting of ~3.13 eV with a ratio of Mo 3d5,
to Mo 3d3; of 3:2. Here, the distribution of surface element states is determined by using
deconvolution spectra. The surface compositions and binding energies of Mo 3d5,, peaks
are listed in Table S2 (Supporting Information). The Mo 3d spectra can be deconvoluted
into four peaks, representing four distinct surface Mo states, where Mo**, Mo®* (4 < 5 <6),
and Mo®* correspond to MoO,, MoOy, and MoOQj3, respectively, which are formed by
passivation [53]. The Mo?* species in the Mo—C bond are considered to provide the HER
active site [50,54]. Thus, the binding energy of Mo?* species affected by the N and/or
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Cu/Co doping is focused hereafter. Figure 4c summarizes the percent surface Mo?* content
of the as—prepared materials, calculated by the XPS peak area ratio. The Mo?* content
of N—Cu—MoC (33%) and N—Co—MoC (32%) was significantly increased compared to
that of MoC (26%), N—MoC (27%), Cu—MoC (24%), and Co—MoC (23%). However, the
Mo?* content of the samples doped with only metal atoms (Cu—MoC (24%) and Co—MoC
(23%)) decreased instead, indicating a synergistic effect of the dual doping of nitrogen
and metal atoms, contributing to the generation of active sites. To obtain a more detailed
understanding of the surface species, spectra of Cu 2p, Co 2p, and N 1s were also analyzed,
as shown in Figure 4d—f and Figure S9 (Supporting Information). The Cu 2p spectra
revealed the co-existence of Cu%/* and Cu?*. Specifically, the binding energy at 932.89 eV
was assigned to Cu%™, and that at 934.74 eV was assigned to Cu?* [55]. The metallic Cu°
can be involved in the Cu—C bonding, indicating the successful doping of Cu metal atoms
into the MoC matrix. Meanwhile, it should be noted that Cu* or Cu?* is involved in Cu—O
bonding, demonstrating the formation of Cu oxides on the surface during the passivation
process. The metallic state Co” involved in the Co—C bonding was also present in the Co
2p spectra (Figure S9 (Supporting Information)), but it is noteworthy that the content of the
CoV site was significantly reduced after the re—carburization process, indicating that the
re—carburization may cause the disruption of the Co—C bond. Additionally, three fitting
peaks of N 1s appear for N—MoC, N—Co—MoC, and N—Cu—MoC, corresponding to the
pyrrolic N, graphitic N, and pyridinic N, respectively, which may be preserved in the outer
carbon layer during the thermal decomposition of the precursor. Notably, the spectra of
all the above materials also contain Mo—N bonds (396.22 eV), indicating the successful
doping of N into the MoC structure [56]. Furthermore, XPS revealed that the Mo—N bond
percentage was 19.5% and 19.4% for N—Cu—MoC and N—Co—MoC, respectively, higher
than that of N—MoC (16.1%), suggesting that the interaction of Cu or Co with amino groups
increases the N doping on the molybdenum carbide surface.

The electronic structure of a catalyst’s surface is a key factor affecting its catalytic
performance. The Mo?* binding energies of both N—MoC (228.50 eV) and Cu—MoC
(228.54 eV) were found to be lower than that of MoC (228.59 eV), suggesting an increase
in electron density around the Mo atoms due to the doping of Cu or N (as shown in
Figure 4b and Table S2 (Supporting Information)). This demonstrates that Cu or N doping
can modulate the surface electronic structure of the MoC matrix. The Mo?* binding energy
of N—Cu—MoC (228.53 eV) was shifted between that of N—MoC and Cu—MoC, indicating
that the dual doping of Cu and N synergistically regulates the density of enriched electron
density around surface Mo atoms, resulting in a change in the surface electronic structure.
A similar trend was observed for N—Co—MoC (228.54 eV), although the shift was smaller.
The increased electron density around Mo atoms can help adjust the adsorption energy of
the Mo—H bond, which promotes elevated HER activity, according to the d—band center
theory. Notably, N doping not only affects the electronic structure of the MoC matrix, but
also interacts with the doped Cu or Co atoms, as evidenced by the shift in Cu®/™* and Co?
binding energies on the surface of N—Cu—MoC and N—Co—MoC, respectively, compared
to Cu—MoC and Co—MoC (Figures 4d and S9, Supporting Information).

To explore the surface charge transfer more deeply, we also obtained XPS C 1s spectra
of the as-prepared samples (Figure 510 (Supporting Information)). Compared with the
C—Mo binding energy of MoC (283.86 eV), N doping decreased the surface C—Mo bond
binding energy (N—MoC: 283.57 eV), while Cu or Co doping increased the surface C—Mo
bond binding energy (Cu—MoC: 283.88 eV and Co—MoC: 283.87 eV). For N—Cu—Mo
(283.69 eV) or N—Co—MoC (283.77 eV), the C—Mo bond binding energy was in between
those values. Combining these results with the Mo 34, Cu 2p, Co 2p, and N 1s XPS spectra
from our previous work, we draw several conclusions: (i) For N—MoC, electrons are
transferred from the N atom to the Mo atom and then deflected to the C atom; (ii) For
Cu—MoC or Co—MoC, electrons are transferred from the C atom to the Cu or Co atom and
then enriched around the adjacent Mo atom; and (iii) The MoC content of N—M—MoC was
significantly increased relative to N—MoC as well as M—MoC, which provides more active
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sites for the HER reaction. From the perspective of electron transfer, the electron density
around the Mo atom is synergistically regulated by the doped nitrogen atom and the metal
atom, which should be beneficial for adjusting the binding energy of Mo—H, 4.
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Figure 4. (a) Full XPS spectra of MoC, N—MoC, Cu—MoC, Co—MoC, N—Co—MoC, and
N—-Cu—MoC; (b) high—resolution XPS spectra of Mo 3d of MoC, N—MoC, Cu—MoC, and
N—-Cu—MoC (c) surface Mo?+ percentages of MoC, N—MoC, Cu—MoC, Co—MoC, N—Co—MoC,
and N—Cu—MoC determined by XPS profiles; (d) high—resolution XPS spectra of Cu 2p of Cu—MoC
and N—Cu—MoC; high—resolution XPS spectra of N 1s of N—Cu—MoC (e) and N—MoC (f).

2.2. Electrochemical Performance

The hydrogen evolution reaction performance of the as-prepared materials was evalu-
ated by linear sweep voltammetry (LSV) using a three-electrode system with glassy carbon
electrodes in a 1 M KOH solution. Under the same conditions, the electrocatalytic activity
of the 20% Pt/C was also tested for comparison.

Table S3 (Supporting Information) provides a summary of all the HER performances
in alkaline electrolytes. As depicted in Figure 5a,b, the doped system significantly en-
hanced HER activity compared to pure MoC. The N—Cu—MoC catalyst exhibited excellent
HER performance, achieving a low overpotential of 158 mV and 222 mV to attain cur-
rent densities of 10 mA cm~2 and 50 mA cm 2, respectively. These values were much
lower than those of MoC (255 mV and 339 mV), N—MoC (227 mV and 315 mV), Co—MoC
(214 mV and 287 mV), Cu—MoC (200 mV and 265 mV), and N—Co—MoC (178 mV and
238 mV). The Tafel slope was calculated using the linear region of the Tafel diagram
and is commonly used to investigate electrocatalytic kinetics (Figure 5c). The kinetic
process in alkaline HER usually consists of two steps: electrochemical adsorption, i.e.,
H,O + e~ — H,g + OH~ (Volmer reaction, 118.2 mV dec™!); electrochemical desorp-
tion HyO + e~ + Hogs — Hy + OH™ (Heyrovsky reaction, 39.4 mV dec™!), or chemi-
cal desorption H,qs + Hygs — Hp (Tafel reaction, 29.6 mV dec™1). The calculated Tafel
slope of the prepared catalysts was between 39.4 and 118.2 mV dec™!, indicating that
the catalytic mechanism of HER obeyed a Volmer-Heyrovsky mechanism [57]. Further-
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more, the Tafel slope of N—Cu—MoC (58 mV dec™!) was significantly lower than that of
MoC (83.6 mV dec™1), N—MoC (76.8 mV dec™!), Co—MoC (73.2 mV dec~!), Cu—=MoC
(65.5mV dec™!), and N—Co—MoC (64.7 mV dec™!), confirming the improved Heyrovsky
step in hydrolysis kinetics. Compared with Cu (or Co) doping or N doping alone, the
Tafel slope of the N—Cu (or Co) dual—doping system could effectively improve the
desorption ability of H,4s by decreasing the Tafel slope significantly. Table S4 (Sup-
porting Information) presents the comparison of the HER performance of N—Cu—MoC
with other reported electrocatalysts in 1 M KOH, which indicates the excellent HER
performance of N—Cu—MoC [58-75]. To further explore the intrinsic properties of the
as—prepared catalysts, the exchange current density (jp) was calculated by extrapolating
the linear part of the Tafel plots. The value of jj reflected the rate of conversion of the
substance at electrochemical equilibrium, so a larger jy value means better catalytic per-
formance. The obtained jy values for MoC, N—MoC, Co—MoC, Cu—MoC, N-Co—MoC,
and N—Cu—MoC were 1.20 x 1072 mA cm ™%, 1.29 x 1072 mA cm ™2, 1.31 x 1072 mA
cm~2,1.45 x 1072 mA cm 2, 1.80 x 1072 mA cm 2, and 1.85 x 1072 mA cm ™2, respec-
tively. From Table S3 (Supporting Information), it can be seen that the variation pattern of
jo was consistent with the activity variation pattern of the LSV curve. The highest exchange
current density of N—Cu—MoC suggested that metal-nitrogen dual—doped systems can
boost the intrinsic electron transfer capability of MoC for HER catalysis. Combining the
above XPS analysis, the electronic structure of Mo atoms on the surface of N—Cu—MoC
was optimized due to the copper—nitrogen dual—doping effect, increasing the electron
cloud density of its Mo atoms and promoting the hydrogen adsorption process after the
dissociation of water molecules, thus improving the HER performance.
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Figure 5. (a) Polarization curves of MoC, N—MoC, Cu—MoC, Co—MoC, N-Co—MoC, and
N—-Cu—MoC in 1M KOH electrolyte.; (b) Overpotential corresponding to a current density of
10 mA cm~2; (c) Tafel plots; (d) Estimation of Cg; by plotting the current density variation;
(e) Nyquist plots; (f) Polarization curves of N—Cu—MoC and commercial 20% Pt/C; (g) The stabile
operation of N—Cu—MoC in 1M KOH electrolyte; (h) LSV curves before and after 1000 cycles of
voltametric testing.
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To gain a deeper understanding of the enhanced HER activity, the electrochemical
active surface area (ECSA) of the samples was determined by measuring the non-faradaic
electrical double—layer capacitance (Cq4;) derived from the cyclic voltammetry (CV) mea-
surements at different scan rates. The CVs of the as-prepared samples with varying scan
rates were recorded at the Faradic silence potential, as shown in Figure S11 (Supporting
Information). In Figure 5d, the C4; of N—Cu—MoC is 26.1 mF cm~2, which is higher
than that of MoC (10.5 mF cm~2), N—MoC (12.6 mF cm~2), Co—MoC (14.0 mF cm™2),
Cu—MoC (19.2 mF cm~2), and N—Co—MoC (20.1 mF cm~2). This indicates that the
dual-doped N—Cu—MoC system could significantly expand the electrochemically active
region, providing more catalytically active sites that contribute to the HER performance.
To further understand the electrode kinetics during the HER process, the electrochemical
impedance spectroscopy (EIS) measurement was carried out at —200 mV vs. RHE from
100 kHz to 0.01 Hz. Then, the EIS results were fitted using the simplified equivalent circuit
shown in Figure 5e to obtain the charge transfer resistance (R¢t). It could be seen that
in the low—frequency region MoC, N—MoC, Co—MoC, Cu—MoC, N-Cu—MoC, and
N—-Cu—MoC all showed a distinct capacitive arc, which is usually considered to be gen-
erated by the two hydrogen precipitation steps of Volmer and Heyrovsky, i.e., the charge
transfer process. Evidently, the Rt value of N—Cu—MoC (3.30 (2) was smaller than that of
MoC (11.35 Q2), N—MoC (8.37 (), Co—MoC (6.57 Q2), Cu—MoC (5.44 1), and N—Co—MoC
(4.84 ), indicating that N—Cu—MoC had a faster charge transfer ability during hydrogen
precipitation. Therefore, the N—Cu dual—doping system could effectively modify the MoC
surface and improve the charge transfer process. To study the stability of the N—Cu—MoC
structure, 1000 cycles of continuous cyclic voltammetry tests were performed. As shown
in Figure 5h, the LSV curves before and after the test did not change significantly, indicat-
ing that N—Cu—MoC has good stability during HER. The stability of the N—Cu—MoC
catalyst was also evaluated at a constant voltage of 200 mV, and it maintained its activity
for up to 30 h, surpassing the stability of the commercial 20% Pt/C catalyst (as shown
in Figures 5g and S12). It can be found that, although the activity of N—Cu—MoC was
lower than that of commercial Pt/C catalyst (Figure 5f), its stability was much higher than
that of 20% Pt/C catalyst (Figure 5f-h). To evaluate the intrinsic activity of the individual
active site, j;—normalized and jpcs4 —normalized polarization curves were also calculated
(Figure 513, Supporting Information). One can see that the N—Cu—MoC also exhibits the
largest jrcsa and js values compared with the others, confirming its highly intrinsic activity.

3. Materials and Methods
3.1. Materials Synthesis

Preparation of N—MoOy precursor: Mo—NH), precursor (N—MoOy) was synthesized
using the organic-inorganic hybrid method. Firstly, a certain amount of ammonium molyb-
date tetrahydrate (2.48 g, (NH4)sMo70,4-4H,0; >99%, Sigma— Aldrich, Guangzhou, China)
was dissolved in 40 mL deionized water containing m—Phenylenediamine
(CeH4(NH3)2; >99%, Sigma—Aldrich, Guangzhou, China) with Mo/NH, molar ratio of 1:3,
stirring evenly. Then, 1 M HCI was added to adjust the pH value to 2.5~3. The resulting
mixture was stirred in an oil bath at 65 °C until dry. The solid product was dried in a
vacuum oven at 65 °C overnight after being washed with ethanol and water.

Preparation of N—MoC electrocatalysts: N—MoC was prepared via the temperature—
programmed carburization of the obtained N—MoOy in a fixed—bed quartz microreactor
with an inner diameter of 8 mm and kept under Ar flow (50 mL min~!) to remove air for
4 h. Then, the sample was calcinated at 700 °C for 5 h with a ramping rate of 2 °C min !
from room temperature (RT). After that, the obtained powder was quenched to RT in a flow
of Ar (50 cm3® min~!) and passivated at RT in a flow of 1% O, /Ar (5 cm3 min~1!) for 12 h.

Preparation of N—M (M = Cu or Co)—MoOy precursor: Firstly, the copper nitrate
trihydrate (Cu(NO3);-3H,O; >99%, Aladdin, Guangzhou, China) or cobalt nitrate hexahy-
drate (Co(NO3),-6H>0; >99%, Aladdin, Guangzhou, China) corresponding to 3% mass
fraction of Cu or Co (molar ratio of M/(M + Mo) = 1:18, M = Cu or Co) in the catalyst was
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dissolved in 10 mL deionized water and then added to 30 mL of the above mixture solution
with a Mo/NH, molar ratio of 1:3. Then, 1M HCl was added to adjust the pH value to
2.5~3. The resulting mixture was stirred in an oil bath at 65 °C until dry. The solid product
was dried in a vacuum oven at 65 °C overnight after being washed with ethanol and water.

Preparation of N—M (M = Cu or Co)—MoC electrocatalysts: N—M—MoC was pre-
pared via the temperature—programmed carburization of the obtained N—M—-MoOy in a
fixed—bed quartz microreactor with an inner diameter of 8§ mm and kept under Ar flow
(50 mL min~1) to remove air for 4 h and then calcinated at 700 °C for 5 h with a ramping
rate of 2 °C min~! from room temperature (RT). The obtained powder was quenched to RT
in a flow of Ar (50 cm® min~!) and passivated at RT in a flow of 1% O,/ Ar (5 cm® min~!)
for 12 h.

Preparation of M—MoC (M = Cu or Co) and MoC electrocatalysts: In brief, the
as—prepared N—MoC and N—M—MoC catalyst powders were filled into the above mi-
croreactor and subjected to a nitrogen removal process under 20% CH4/H; atmosphere
with a flow rate of 150 cm® min~! at 700 °C with a ramping rate of 10 °C min~! and held at
the final temperature for 2 h. The resulting black powder was then quenched to RT in the
20% CH4/H; flow and finally passivated at RT in 1% O, /Ar for 12 h. These samples were
denoted as M—MoC (M = Cu or Co) and MoC.

3.2. Catalyst Characterizations

X-ray diffraction (XRD) patterns were recorded on a Bruker D8 ADVANCE diffractome-
ter using Cu Ka radiation (A = 1.5406 A). Phase identification was achieved by comparison
of the obtained patterns with those of the Joint Committee on Powder Diffraction Stan-
dards (JCPDS). Brunauer—-Emmett-Teller (BET) surface area was measured through N,
adsorption isotherms recorded at 77 K, using a Micromeritics Tristar II Plus automatic
absorption instrument. Sample nanostructures and morphologies were characterized using
transmission electron microscopy (TEM) (Talos F200S, FEI) at 200 kV and scanning electron
microscopy (SEM) (SU8220, Hitachi) at 15 kV. Surface chemical states were determined by
XPS (Thermo Fisher Escalab 250Xi) using the C 1s (284.8 eV) peak as a reference and Al K«
radiation as a photon source. The binding energies of Mo 3d, Co 2p, Cu 2p, and C 1s were
analyzed by using the Shirley baseline correction.

3.3. Electrochemical Measurements

Firstly, 4 mg catalyst powder was dispersed in 1 mL ethanol solvents. Then, the
solution was mixed with 25 pL 5 wt% Nafion solution and sonicated for at least 30 min.
Finally, 5 pL catalyst ink was loaded on a glassy carbon electrode (GCE: diameter = 5 mm)
at a catalyst loading of about 0.49 mg cm~2. The obtained electrocatalyst was tested in
1M KOH (pH = 14) solutions using a typical three-electrode setup. Hg/HgO electrode
and graphite rod were used as the reference and counter electrodes, respectively. The LSV
(linear sweep voltammetry) curves were maintained at a scan rate of 2 mV s~ ! with GAMRY
Interface1010 workstation. All potentials were referenced to a reversible hydrogen electrode
(RHE): Erng = Eng/ngo + (0.098 + 0.059 pH) V. Long-time stability was measured using a
chronoamperometry method at a constant voltage of 200 mV for 30 h and a continuous CV
for 1000 cycles. EIS was performed at 1 = 200 mV overpotential with a frequency range
from 0.01 to 100,000 Hz.

Electrochemical Active Surface Area (ECSA) Calculation: The ECSA was calculated
using the double-layer capacitances (Cg;), in which the specific capacitance for a flat catalyst
surface was supposed to be ~40 uF cm 2, and the ECSA was obtained using Equation (1):

ECSA — Specific capacitance (uF cm’z)

)

40 pF cm—2 per ecmZ g,

Specific Activity Calculation: The specific activity (js, mA cm ™2 ) calculation was
based on Equation (2), where j is the current density (mA cm~2), A is the electrode area
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(cm?), Spet the BET surface of the obtained catalysts, and the 4. is the loading amount

on the GCE. ’

_ jxA
SBET X Mcat.

Js @)

4. Conclusions

In this study, we successfully synthesized a copper-nitrogen dual-doped molybdenum
carbide (N—Cu—MoC) electrocatalyst through a simple organic-inorganic hybridization
method. Our results demonstrate that this material exhibits remarkable hydrogen evolu-
tion reaction (HER) catalytic activity and stability, which can be attributed to its unique
layer—stacked sheet structure and the synergistic modulation of the electronic structure
of the molybdenum carbide surface via copper-nitrogen dual doping. The N—Cu—MoC
electrocatalyst only required 158 mV at a —10 mA cm~2 current density and maintains
stability for a long time. Both SEM and TEM images revealed that the thin lamellar struc-
ture offers more channels and area for the mass transfer of the reaction. Furthermore, XPS
analysis demonstrated that both Cu and N doping alone can enrich the electrons around
the Mo atoms, thereby effectively reducing the strong Mo—H banding energy according to
the d-band center theory. However, the dual doping of both can synergistically regulate
the electron cloud density around Mo, effectively improving the HER performance. These
findings suggest that metal-nonmetal dual doping could provide a novel approach for
designing high—performance metal-carbide catalysts for HER evolution.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13060931/s1, Figure S1: Standard XRD patterns of MoO, (a);
MoOs (b); MoC (c); metallic Mo (d); metallic Co (e); and metallic Cu (f); Figure S2: Compari-
son of pore size, pore volume and specific surface area of N—Co—MoC, Co—MoC, N—Cu—MoC,
and Cu—MoC; Figure S3: Morphology of N—MoC (a) TEM image and N—MoC particle size dis-
tribution; (b) corresponding Crystal lattice stripe pattern of the (a); (c) TEM image of N—MoC;
Figure S4: Morphology of MoC (a) TEM image and MoC particle size distribution; (b) correspond-
ing crystal lattice stripe pattern of the (a); (c¢) TEM image of MoC; Figure S5: Morphology of
N—-Co—MoC (a) TEM image and N—Co—MoC particle size distribution; (b) corresponding crystal
lattice stripe pattern of the (a); (c) TEM image of N—Co—MoC; Figure S6: Morphology of Co—MoC
(a) TEM image and Co—MoC particle size distribution; (b) corresponding crystal lattice stripe pat-
tern of the (a); (c) TEM image of Co—MoC; Figure S7: Morphology of Cu—MoC (a) TEM image
and Cu—MoC particle size distribution; (b) corresponding crystal lattice stripe pattern of the (a);
(c) TEM image of Cu—MoC; Figure S8: SEM images of N—Cu—MoC; Figure S9: Mo 3d high—resolution
XPS spectra of Co—MoC (a) and N—Co—MoC (b); (c) Co 2p high—resolution XPS spectra of Co—MoC
and N—Co—MoC; (d) N 1s high resolution XPS spectra of N—Co—MoC; Figure 510: C 1s High res-
olution XPS spectra of N—MoC (a), MoC (b), N—Cu—MoC (c), Cu—MoC (d), N—Co—MoC (e),
and Co—MoC (f); Figure S11: Cyclic voltammograms of (a) MoC; (b) N—MoC; (c) Co—MoC;
(d) N—Co—MoC; (c) Cu—MoC; and (d) N—Cu—MoC with various scan rates in 1 M KOH solution;
Figure 512. The stabile operation of 20% Pt/C in 1M KOH electrolyte; Figure S13. Specific activity
(a) js—normalized polarization curves (calculated based on BET surface area); (b) jrcs4 —normalized
polarization curves (calculated based on ECSA). The stabile operation of 20% Pt/C in 1M KOH
electrolyte; Table S1: Summary of BET specific surface area, pore volume, and pore size of MoC,
N—-MoC, Cu—MoC, Co—MoC, N—Co—MoC, and N—Cu—MoC; Table S2: Mo binding energy and
Mo—N bonding energy of MoC, N—MoC, Co—MoC, N-—Co—MoC, Cu—MoC, and N—Cu—MoC,
and the percentage of surface composition of surface Mo>* and Mo—N Species; Table S3: Summary of
HER activity of MoC, N—MoC, Cu—MoC, Co—MoC, N—Co—MoC, and N—Cu—MoC in 1 M KOH;
Table S4: Comparison of HER performances of N—Cu—MoC with other electrocatalysts in 1 M KOH.
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