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Abstract: The highly efficient electrochemical hydrogen evolution reaction (HER) provides a
promising way to solve energy and environment problems. In this work, various transition metals
(Fe, Co, Ni, Cu, Ag, and Pt) were selected to support on molybdenum carbides by a simple
organic-inorganic precursor carburization process. X-ray diffraction (XRD) analysis results indicated
that the 3-Mo,C phase was formed in all metal-doped samples. X-ray photoelectron spectroscopy
analysis indicated that the binding energy of Mo?* species (Mo,C) shifted to a lower value after metal
was doped on the molybdenum carbide surface. Comparing with pure 3-Mo,C, the electrocatalytic
activity for HER was improved by transition metal doping on the surface. Remarkably, the catalytic
activity improvement was more obvious when Pt was doped on molybdenum carbide (2% Pt-Mo,C).
The 2% Pt-Mo,C required a 119 of 79 mV, and outperformed that of pure 3-Mo,C (19 =410 mV) and
other transition metal doped molybdenum carbides, with a small Tafel slope (55 mV/dec) and a low
onset overpotential (32 mV) in 0.5 M H,SOy4. Also, the 2% Pt-Mo,C catalyst demonstrated a high
stability for the HER in 0.5 M HySOj4. This work highlights a feasible strategy to explore efficient
electrocatalysts with low cost via engineering on the composition and nanostructure.

Keywords: hydrogen evolution reaction; nano-molybdenum-carbide; electro-catalysis; transition
metal

1. Introduction

To solve environmental and energy problems, development of alternatively clean energy
technology is becoming more and more important over the past several decades. Hydrogen is
considered as a promising clean and flexible energy carrier and is expected to play a key role in future
sustainable energy [1-4]. Energy from renewable sources such as sunlight and wind can be stored into
the Hy molecular chemical bond via water electrolysis, which then can be released through the reverse
process in fuel cells on demand [5]. Several processes such as hydrocarbon reforming, and the water
gas shift reaction have been applied to extract a hydrogen atom from traditional compounds such as
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diesel, gasoline, methane, and methanol [6-10]. Among those processes, the directly electrochemical
splitting of water into H, (Hydrogen Evolution Reaction, HER) is a promising way for hydrogen
production. Crucial to enabling an energy-efficient splitting of water is the development of active
and durable electrocatalysts for the HER reaction, and the electrocatalyst should work at the potential
close to the HER thermodynamic value 2H* + 2e™ — Hj; (0.198 + 0.059 pH) V versus normal H;
electrode at 298 K) [11]. A noble metal catalyst (such as platinum) is well recognized as the best
catalyst for the HER, requiring negligible overpotential to achieve reaction rate. However, due to the
high cost and scarcity, platinum is severely limited in the widespread application in Hy production
through HER. Currently, the commercial HER catalyst is Pt-C. However, the Pt mass loading amount
is usually over 20% [12,13]. Therefore, the currently crucial issue for an electrolytic conversion system
is to explore efficient non-precious metal catalysts that are cheap and earth abundant or otherwise to
sharply decease the Pt loading amount in the current catalyst system [14,15].

Recently, transition metal carbides such as tungsten and molybdenum carbides have attracted
much attention because they show catalytic activities similar to those of noble metals in various
catalytic reactions such as the hydrogenation reaction, hydrocarbon isomerization, methanol steam
reforming, water gas shift reaction, CO; reduction, and HER [7,10,16-21]. Vrubel and Hu found
that Mo,C nanoparticles showed excellent catalytic performance in HER [21]. Liu and Girault et al.
synthetized molybdenum carbide nanowires by pyrolysis of a MoOy /amine hybrid precursor with
sub-nanosized periodic structure, and found that the high activity of molybdenum carbide nanowire
was resulted from the enriched nano-porosity and large reactive surface. Compared with Mo,C
synthesized by the traditional process (e.g., temperature program carburization under CHs/Hj
atmosphere), the nano-structured Mo,C showed superior HER activity with lower onset overpotential
and higher current densities [20]. Gao and Tang et al. synthesized the Co-doped Mo,C nanowires by a
facile Co-modified MoOy-amine precursor, which also showed higher activity and stability for HER.
The Co-Mo,C nanowire with an optimal Co/Mo ratio of 0.02 displayed a low overpotential (n;9 = 140
and 118 mV for reaching a current density of —10 mA/ cm?; N1go = 200 and 195 mV for reaching a
current density of —100 mA/cm? in 0.5 M H,SO, and 1.0 M KOH, respectively). They considered
that this high catalytic performance was resulted from the effective Co inserting into the molybdenum
carbide crystal structure, which increased the Mo,C surface electron density around the Fermi level,
resulting in the reduced strength of Mo-H for facilitated HER kinetics [22].

Our previous works demonstrated that supported transition metal nanoparticles (with lower
loading amount, e.g., 2% or 5%) could dramatically affect the molybdenum carbide surface properties
such as electron density or surface nano-structure, and these catalysts showed different catalytic
performances in gas-solid reactions such as methanol steam reforming, the water gas shift reaction,
and the formic acid decomposition reaction [7,8,10,23,24]. With increase in metal loading amount,
the interaction between ad-metal and molybdenum carbide substrate will be weakened. On the other
hand, the surface area could be decreased sharply in the case of a high metal loading amount. Herein,
transition metal (Fe, Co, Ni, Cu, Ag, or Pt) doped nanowire molybdenum carbide (with lower doping
amount) was synthesized via a facile method and used for the HER. Its electrocatalytic activity and
stability were investigated and compared with pure Mo,C. To understand the relationship between
catalyst surface properties and electrocatalytic performance, the catalysts were characterized by X-ray
diffraction (XRD). Brunner—Emmet—Teller measurements (BET), X-ray photoelectron spectroscopy
(XPS), Scanning electron microscope (SEM), Transmission electron microscope (TEM) , High-resolution
TEM (HR-TEM) and inductive coupled plasma (ICP).

2. Results and Discussions

2.1. Characterization of as-Prepared Catalysts

A series of transition metal doped nano-wire molybdenum carbide (M-Mo,C) samples were
fabricated via annealing of metal (M) doped MoO,/organic precursors under an Ar flow at 800 °C.
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The crystal structure was determined by X-ray diffraction (XRD) analysis. Figure 1 shows XRD patterns
of 3-Mo,C and various transition metal doped molybdenum carbide catalysts. The peaks at 26 of
34.8°,38.4°,39.8°, 52.5°, 61.9°, 69.6°, and 74.9° are attributed to the presence of hexagonal $3-Mo,C
(hcp crystal structure). The peak at 26 of 40.5° is attributed to metallic Mo. No peaks corresponding to
molybdenum oxides and metallic ferrum, cobalt, nickel, copper, silver, and platinum were observed.
As shown in Figure 1, using the present method, when transition metal (Fe, Co, and Ag) precursors
were applied, metallic Mo was formed in the final catalysts during the annealing process. However,
in the cases of the doping of Pt, Ni, and Cu, no metallic Mo peak was observed. In general, the organic
precursor of aniline is decomposed to CO, CHy, NHj3 and Hj at the high annealing temperature.
Under the reducing atmosphere (CO, CHy, NH3 and Hj), the molybdenum carbide surface could
be catalytically reduced by supported transition metal nanoparticles (e.g., Fe and Co) to metallic Mo.
The 101 peak of Mo,C in the XRD patterns (20 = 39.8°) at various metal doped molybdenum carbides
and 3-Mo,C are shown in the inserted figure in Figure 1. It can be found that compared with pure
-Mo,C, the 101 peak of Mo,C showed a slight shift to the lower diffraction angle. This indicated
that during the annealing process, the doping transition metal atoms might be replaced by some Mo
atoms in molybdenum carbide surface or inserted into the molybdenum carbide phase. The interaction
between doping metal and molybdenum carbide substrate could vary the electron feature of Mo.
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Figure 1. X-ray diffraction (XRD) patterns of various metal doped molybdenum carbides and
pure 3-Mo,C.

To investigate the interaction between various doping transition metals and molybdenum carbide
in more details, Mo 3d spectra of various metal doped molybdenum carbides (2% M-Mo,C) and the
pure 3-Mo,C were measured by XPS. As shown in Figure 2 (the XPS spectra of pure 3-Mo,C is not
shown in this paper), the doublet peaks have a splitting of ~3.13 eV and a Mo 3ds,, to Mo 3d3,,
ratio of 3:2. Meanwhile, the binding energy of the corresponding Mo 3ds,, peak was obtained and is
summarized in Table 1. By means of deconvolution, the carbide states distribution of the as-prepared
catalyst surface can be estimated. There are four molybdenum species for 2% Ni-Mo,C, 2% Cu-Mo,C,
and 2% Pt-Mo,C catalysts: the one with Mo 3d5,, binding energy (BE) of 228.0-228.6 is attributed to
the Mo?* species involved in Mo-C bonding (Mo,C); three others with Mo 3ds,, binding energy of
228.9-229.3,230.6-232.2, and 232.3-233.3 are identified as Mo** (M0O,), Mo®* (M0O,Cy), and Mo®*
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(MoO3), respectively. The 6 is the intermediate oxidation state between 4 and 6 (4 < 6 < 6). The existence
of molybdenum oxide should be attributed to the surface oxide formed during the passivation process.
It should be noted that, for 2% Fe-Mo,C, 2% Co-Mo,C and 2% Ag-Mo,C catalysts, not only the above
four molybdenum species (e.g., Mo,C, MoO,, MoO,C, and MoO3) were found, but also metallic Mo
was detected by XPS. The Mo 3ds,, binding energy (BE) of 228.0, 228.1, and 228.1 were identified as
metallic Mo species in 2% Fe-Mo,C, 2% Co-Mo,C and 2% Ag-Mo,C catalysts surface, respectively.
This observation is consistent with the previous XRD result. Regarding the consistent binding energy
of the molybdenum oxide species and metallic species, it can be considered that the binding energy
of Mo?* species, e.g., Mo,C, should be affected by the transition metal doping, which are the active
species for electrocatalytic HER [25,26]. For the pure 3-Mo,C sample, the Mo 3d5,, binding energy (BE)
at 228.6 eV presents the Mo?* species. By contrast, these peaks for Mo?" are obviously shifted to the
lower binding energy in the transition metal doping molybdenum carbide catalyst surface, in which
the Pt doping leads to the lower binding energy (228.0 eV), indicating the enriched electrons around
the Mo atom. This indicates that the doping metal affected the molybdenum carbide surface electron
density structure. For the catalytic reaction, the catalyst surface electron density structure and surface
nano-structure always play a crucial role, which can influence the catalytic activity and selectivity.
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Figure 2. XPS spectra of (a) 2% Fe-Mo,C, (b) 2% Co-Mo,C, (c) 2% Ni-Mo,C, (d) 2% Cu-Mo,C,

(e) 2% Ag-Mo,C and (f) 2% Pt-Mo,C.
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Table 1. Mo 3d5/, binding energy of 2% Fe-Mo,C, 2% Co-Mo,C, 2% Ni-Mo,C, 2% Cu-Mo,C, 2%
Ag-Mo,C, 2% Pt-Mo,C and pure 3-Mo,C catalyst.

Mo 3d5/, (eV)

Catalysts Mo2+ Mo+ Mob+ Mo+ Mo?
(Mo,C) (MoO3) (MoOxCy)  (MoO3) (Mo)

-Mo,C 228.60 229.30 232.20 233.30 -
2% Fe-Mo,C 228.40 229.10 231.60 232.70 228.00
2% Co-Mo,C 228.50 229.20 231.70 232.80 228.10
2% Ni-Mo,C 228.58 229.20 231.80 232.90 -
2% Cu-Mo,C 228.58 229.20 232.00 232.60 -
2% Ag-Mo,C 228.40 229.10 231.60 232.70 228.20
2% Pt-Mo,C 228.00 228.90 230.60 232.30 -

The standard deviation of Mo 3d5/, binding energy (BE) was less than 0.1 eV.

The BET surface areas of pure 3-Mo,C and various metals doped molybdenum carbide catalysts
are summarized in Table 2. It can be found that comparing to the pure 3-Mo,C, the surface area
decreased sharply when Fe and Co was doped. It is possible that the Fe and Co nanoparticles
could block some micro-structure pores during the synthesis process. This can be demonstrated
from the measured pore size results as shown in Table 2. One can find that comparing with pure
3-Mo,C catalyst, the average pore size increasing sharply when Fe and Co were doped. This indicates
that the smaller size pores were blocked by the doped Fe and Co nanoparticles. For 2% Ni-Mo,C,
2% Cu-Mo,C, and 2% Ag-Mo,C, the surface areas decreased to some extent when the metal was
doped. Relating to the average pore size results, the same reasons can be deduced as above mentioned
(e.g., for 2% Fe-Mo,C and 2% Co-Mo,C). Notably, from the Table 2, it can be observed that compared
with pure B-Mo,C, the surface area was increased from 20.7 to 48.3 m?/g while the average pore
size was decreased from 16.3 to 3.0 nm. The high surface area of 2% Pt-Mo,C might be due to the
high dispersion of Pt nanoparticles which cannot block the micro-structure pores. On the other
hand, the crystalline sizes of Mo,C were approximately 18.59 nm and 25.6 nm for 2% Pt-Mo,C and
2% Fe-Mo,C, respectively, calculated by using Scherrer’s equation based on the 101 peak of Mo,C
shown in Figure 1. The smaller nanoparticle size of Mo,C also could result in the higher surface
area. Generally, the higher surface area indicates more catalytically active site exposure. The Co/Mo,
Ag/Mo, and Pt/Mo molar ratios in metal doped molybdenum carbide are determined by inductively
coupled plasma (ICP) as shown in Table 2. For other metals (e.g., Fe, Ni, and Cu) the signal cannot
be detected by ICP. This might be due to much less metal atom doped into the molybdenum carbide
phase during the synthesis process.

Table 2. Brunner—Emmet—Teller measurements (BET) surface area and inductive coupled plasma
(ICP) of various metal doped molybdenum carbides and 3-Mo,C.

Catalyst M/Mo?  Specific Surface Area (m?/g) Pore Volume (cm3/g)  Average Pore Size (nm)

3-Mo,C \ 20.7 0.09 16.3
2% Fe-Mo,C \ 32 0.01 50.7
2% Co-Mo,C 0.5 9.7 0.06 44.1
2% Ni-Mo,C \ 15.3 0.08 33.4
2% Cu-Mo,C \ 14.9 0.07 19.9
2% Ag-Mo,C 1.9 14.3 0.1 329
2% Pt-Mo,C 0.2 48.3 0.06 3.0

2 M: Fe, Co, Ni, Cu, Ag, and Pt. Data calculated from ICP results.

The morphology of as-prepared catalyst was confirmed using SEM technology. Figure 3 shows
the SEM images of various metal doped molybdenum carbides. They clearly indicate that different
doped transition metals lead to distinct particle shapes and sizes. As shown in Figure 3a, Mo,C doped
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by Fe had a random morphology, and obviously agglomerated. In contrast, other metals (Co, Ni, Cu,
Ag, and Pt) doped molybdenum carbide catalysts show wire-like morphology. On the other hand, one
can see that small particles are attached on the molybdenum carbide wire surface for Co, Ni, Cu, Ag,
and Pt doped molybdenum carbide catalysts. The small particles were of Mo,C which were formed
during the synthesis process. Based on the SEM results (see in Figure 3b—f), one can see that the wire
diameter is about 50-100 nm with a length of about 1-3 pm.

Figure 3. SEM images of various metal doped molybdenum carbide catalysts (a) 2% Fe-Mo,C;
(b) 2% Co-M0,C; () 2% Ni-Mo,C; (d) 2% Cu-MoyC; (e) 2% Ag-Mo,C; (f) 2% Pt-Mo,C.

Taking 2% Pt-Mo,C as the model sample, the nanostructure was analyzed by scanning electron
microscopy (SEM) as well as transmission electron microscopy (TEM). As shown in the Figure 4a,b
the wire-like morphology can be clearly observed with the nanoparticles on the wire surface.
The nanoparticle sizes in 100-200 nm is observed in Figure 4c. The TEM (Figure 4d) image further
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displays that such a wire-like molybdenum carbide is composed by nanoparticles (the particle size is
about 3-10 nm). The small particle size should result in high surface area and more active sites.
The (101) and (002) lattice fringes with the interplanar spacing of 0.221 and 0.232, respectively,
of 3-Mo,C are identified in the high-resolution TEM (HR-TEM, Figure 4e). The absence of a platinum
nanostructure in the TEM and HR-TEM image is consistent with the XRD results. Furthermore,
the energy dispersive spectrum (EDS) of 2% Pt-Mo,C confirmed the main composition of Mo, Pt,
and C (the results not shown in this paper [8]). Scanning transmission electron microscopy (STEM)
and corresponding elemental mapping (Figure 4g) clearly show the uniform distribution of Mo and
Pt elements (due to the fact that a carbon film was used in the TEM investigation, C element was not
detected in this study), indicating the homogeneous Pt-doping into molybdenum carbide. Analogously,
other samples (pure 3-Mo,C and Fe, Co, Ni, Cu, Ag doping molybdenum carbides) composed of
well-defined nanoparticles were also observed by TEM analysis.

Figure 4. (a) and (b) SEM, (c) TEM, (d) TEM and (e) HR-TEM of 2% Pt-Mo,C catalyst, and (f) the STEM
image and the corresponding elemental mapping.

2.2. HER Catalytic Performance of Various Metal Doped Catalysts

To investigate the HER catalytic performance in an acidic electrolyte, the as-prepared pure 3-Mo,C
and various metal doped molybdenum carbide catalysts were loaded onto glassy carbon electrodes
(GCEs) with a mass loading of 0.272 mg/cm?. Figure 5a displays their polarization curves with
IR-drop correction in 0.5 M H,SOy, along with that of the commercial 20% Pt/C catalyst for reference.
The HER activities of pure 3-Mo,C and various metals doped molybdenum carbide catalysts in 0.5 M
H,S04 are summarized in Table 3. The commercial 20% Pt/C catalyst shows a high HER activity,
featured by a low overpotential (1719) of 34 mV for reaching a current density (-j) of —10 mA/cm?.
In contrast, the wire-like molybdenum carbide catalyst showed a low HER activity, featured by a high
overpotential (1719) of 410 mV for reaching a current density (-j) of —10 mA/cm?. However, the HER
catalytic activity was obviously improved by doping transition metal onto the molybdenum carbide
surface. The 2% Fe-Mo,C, 2% Co-Mo,C, 2% Ni-MoyC, 2% Cu-Mo,C, and 2% Ag-Mo,C required
1110 of 377, 243, 205, 227, and 210 mV, respectively, lower than that of pure 3-Mo,C (1719 = 410 mV).
Remarkably, the catalytic activity improvement was more obvious for Pt doped molybdenum carbide
catalyst (2% Pt-Mo0,C). One can see that the 2% Pt-Mo,C required a 719 of 79 mV, outperforms that of
pure 3-Mo,C and other transition metal doped molybdenum carbides. Although this HER activity
for 2% Pt-Mo,C catalyst is still lower than the commercial 20% Pt/C catalyst, the economic cost (the



Catalysts 2018, 8, 294

8 of 14

Pt loading amount in as-prepared 2% Pt-Mo,C catalyst is much less than the commercial 20% Pt/C
catalyst) and the earth-abundance of Mo metal highlights its promising prospect as a highly efficient

HER electrocatalyst.
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Figure 5. (a) Polarization curves of various metal doped molybdenum carbide catalysts and 3-Mo,C
and (b) Tafel plots for HER on modified with GCEs comprising various metal doped molybdenum
carbides, pure 3-Mo,C, and commercial 20% Pt/C. (c) Estimation of Cy; by plotting the current density
variation (Aj = (ja — jc)/2, at 150 mV versus RHE; data obtained from the CV in Figure 6) against scan
rate to fit a linear regression, and (d) Nyquist plots (at # = 200 mV) of the above carbide electrocatalysts.
Table 3. Summary of the HER activity of pure 3-Mo,C and various metal doped molybdenum carbide
catalysts in 0.5 M HpSOy4.
Catalyst 710 (MV)  #onset (MV)  Tafel Slope (mV/dec) Rt @ () Cal ®) (mF/cm?) jo © (mA/cm?)
Mo,C 410 245 124 148.40 0.54 1.1 x 1072
2% Fe-Mo,C 377 226 132 290.90 0.56 1.4 x 1072
2% Co-Mo,C 243 150 89 129.90 2.63 2.0 x 1072
2% Ni-Mo,C 205 120 81 64.04 2.96 2.8 x 1072
2% Cu-Mo,C 227 146 84 52.33 3.37 1.7 x 1072
2% Ag-Mo,C 210 108 83 61.73 6.00 3.0 x 1072
2% Pt-Mo,C 79 32 55 54.19 6.59 44 %1071
20% Pt/C 34 23 32 \ 28.2 85x 1071

@ Data were measured at 1 = 200 mV; ® Data were calculated according to the CV results (Figure 6); () Exchange
current densities (jo) were obtained from Tafel curves by using extrapolation methods.

Accordingly, the Tafel plots of above catalysts could be divided into two categories in HER
kinetics (Figure 5b and Table 3). As compared with pure 3-Mo,C and 2% Fe-Mo,C, the promoted
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kinetic metrics with low onset overpotentials (#onset) and small Tafel slopes (b) are observed on other
catalysts. For pure 3-Mo,C and 2% Fe-Mo,C, 245 mV and 226 mV for onset overpotentials (onset), and
124 mV /dec and 132 mV /dec for Tafel slopes (b), respectively. When Co, Ni, Cu, and Ag were doped
on molybdenum carbide surfaces, the #onset Were decreased to 150-110 mV, and the Tafel slopes (b) also
decreased to 90-80 mV /dec. Remarkably, the lowest onset overpotentials (#onset) and smaller Tafel
slopes (b) are observed on 2% Pt-MoyC (#onset = 32 mV, b = 55 mV /dec) catalyst. The small Tafel slope
indicates a fast increase of the hydrogen generation rate with the applied overpotential, corresponding
to the high catalytic activity shown in the polarization curves. It is commonly known that HER in
acidic aqueous media proceeds in two steps [12,13]. The first step is an electrochemical reduction step
(H* reduction, Volmer reaction) with a Tafel slope of about —118 mV /dec, and the second one (H,qs
desorption) is either the ion or atom reaction (Heyrovsky reaction) with a slope of about —40 mV/dec
or the atom combination reaction (Tafel reaction) with a slope of 30 mV/dec [22]. Based on the results,
one can see that the high Tafel slopes on pure 3-Mo,C and 2% Fe-Mo,C suggest a rate-determining step
of the H* reduction (Volmer reaction). However, compared with 3-Mo,C and 2% Fe-Mo,C, low Tafel
slopes were obtained for other metal doped molybdenum carbide catalysts. This indicates that for Co,
Ni, Cu, Ag, and Pt doped molybdenum carbide catalysts, the rate-determining step is H,45 desorption.
These results suggest that the HER kinetics on the molybdenum carbide-based catalyst surface could
be influenced by doping of transition metal on its surface.

Extrapolating the above Tafel plot (see in Figure 5b), the calculated exchange current density (jo)
can be used to show the most inherent HER activity (as show in Table 3). The jj of 4.4 X 10~ mA /cm?
on 2% Pt-Mo,C is obviously higher than those of 3-Mo,C (1.1 x 1072 mA/cm?), 2% Fe-Mo,C
(1.4 x 1072 mA/cm?), 2% Co-Mo,C (2.0 x 1072 mA/cm?), 2% Ni-Mo,C (2.8 x 1072 mA/cm?),
2% Cu-Mo,C (1.7 x 1072 mA/cm?), and 2% Ag-Mo,C (3.0 x 1072 mA/cm?). This result indicates
that the intrinsic activity of as-prepared 2% Pt-Mo,C is higher than the others.

As shown in Figure 5 candd, the electrochemical surface area (ECSA) and resistant charge transfer
(Ret) were further measured. Here, ECSA was calculated based on double-layer capacitances (Cq;)
and the capacity behavior of the catalyst. However, the capacity behavior of molybdenum carbide is
still unclear based on our knowledge. Therefore, the accurate measurement of ECSA of as-prepared
catalyst cannot be determined directly by using electrochemical methods. An alternative calculation of
double-layer capacitances (Cq4;) was herein employed, which is proportional to ECSA and provides a
relative comparison. Derived from the cyclic voltammograms (CVs) versus scan rate in 0.5 M HySO4
(as shown in Figure 6), the Cq4; of 28.2 mF/ cm? was detected for 20% Pt/C catalyst. However, the
Cq1 of 6.59 mF/cm? on 2% Pt-Mo,C is higher than those on 3-Mo,C (0.54 mF/ cm?), 2% Fe-Mo,C
(0.56 mF/cm?), 2% Co-Mo,C (2.63 mF/cm?), 2% Ni-Mo,C (2.96 mF/cm?), 2% Cu-Mo,C (3.37 mF/cm?)
and 2% Ag-Mo,C (6.0 mF/cm?), as shown in Figure 5c and Table 3. The high Cq; value implies enriched
active sites on 2% Pt-Mo,C catalyst surface for HER. Furthermore, their electrochemical impedance
spectroscopy measurements (Figure 5 d) show the order in R, in which compared with other metals
(e.g., Fe, Co, Ni, Cu and Ag) and pure molybdenum carbide, a Rt as low as 54.19 Q) delivered by 2%
Pt-Mo,C suggests rapid electron transport for hydrogen evolution. This result is consistent with the
above experimental result.

Based on the above characterization and electrochemical measurement, it can be deduced that
comparing with 3-Mo,C and other metals (Fe, Co, Ni, Cu, Ag) doped molybdenum carbide catalysts,
the high HER catalytic activity of 2% Pt-Mo,C catalyst might be due to its large surface area, large
metal dispersion, higher double-layer capacitances (Cq1) and more catalytically active sites. On the
other hand, based on the Mo 3d XPS profiles (Figure 2 and Table 1), enriched electrons around Mo?*
(Mo,C) can be seen that the after an effective metal-doping, especially for Pt-doping (Mo?* binding
energy is 228.6 and 228.0 for 3-Mo,C and 2% Pt-Mo,C, respectively). Considering the strong hydrogen
binding on Mo,C [27], the excessive electrons in Mo would transfer to the anti-bonding orbitals of
Mo-H, resulting in relatively moderate Mo-H for promoting H,4s desorption and further increasing
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HER activity. Comparing with Tafel slopes in 3-Mo,C (124 mV /dec), the obviously reduced Tafel
slope in 2% Pt-Mo,C (55 mV /dec), indicates accelerated HER kinetics by Pt-doping.
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Figure 6. Cyclic voltammograms of (a) 3-Mo,C, (b) 2% Fe-Mo,C; (c) 2% Co-Mo,C; (d) 2% Ni-Mo,C;
(e) 2% Cu-Mo,C; (f) 2% Ag-Mo,C; (g) 2% Pt-Mo,C and (h) commercial Pt/C with various scan rates in

0.5 M H,S0;.
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Another important criterion for a good electrocatalyst is its stability. The long-term stability of 2%
Pt-Mo,C was examined using continuously cycling for 3000 cycles in 0.5 M H,SO4 aqueous medium,
as shown in Figure 7. One can see that at the end of the cycles, the catalyst affords a similar j-V curve
to the initial cycle with negligible loss of the cathodic current. The above results confirm the excellent
stability in acidic electrolyte.

O Initial
O  After 3000 cycles

-0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.1
Potential (V vs RHE)

Figure 7. Stability of the 2% Pt-Mo,C modified electrode with an initial polarization curve and after
3000 cycles in 0.5 M H,SOy.

3. Materials and Methods

3.1. Catalyst Preparation

The metal (M) doped MoO,/organic precursors (M: Fe, Co, Ni, Cu, Ag, and Pt ) were prepared
as follows: firstly, 2.48 g of ammonium heptamolybdate ((NH4)sMo07074-4H,O; Aladdin Co., 99%,
(Shanghai, China)) was dissolved in 40 mL of distilled water at room temperature, and followed by
introduction of transition metal precursors ((Fe(NO3)3-9H,0, Aladdin Co., 99%; Co(NO3),-6H,0,
Aladdin Co., 99%; Ni(NO3),-6H,0, Aladdin Co., 99%; Cu(NO3),-3H,0, Aladdin Co., 99%; AgNOs3,
Aladdin Co., 99% and H,PtCls-6H,O Aladdin Co., 99%, (Shanghai, China)) The molar ratio of M to
(M + Mo) was 2%. The mixed aqueous solution was stirred at room temperature for 30 min, and then
3.28 mL of aniline (C¢H7N; Macklin Co., AR, (Shanghai, China)) was dropwise added into the above
solution. Thereafter, 1 M HCl aqueous solution was added to adjust the pH level to 2—4. The mixed
solution was continually stirred at room temperature for 30 min, and then the above mixed solution
was heated in an oil bath. After a reaction at 50 °C for 4 h, the obtained precipitate was washed with
ethanol and distilled water until the pH value was 7, and then dried at 50 °C overnight. Such solids
were transferred into a fixed-bed quartz micro-reactor with an inner diameter of 10 mm. Firstly, air in
the reactor was purged out Ar (100 mL/min) at room temperature (25 °C) for 1 h, and then heated to
the final carburization temperature (800 °C) with a ramping rate of 2 °C/min in an Ar atmosphere and
a flow rate of 50 mL/min, and remained at the final temperature for 5 h. As-obtained catalyst was
cooled down to room temperature in the Ar flow and finally passivated in 1% O, /Ar for 12 h at room
temperature. The final products were denoted as 2% M-Mo,C (M: Fe, Co, Ni, Cu, Ag and Pt).

For comparison, the commercial HER catalyst of 20%Pt/C (Macklin) was used.

3.2. Characterization

Crystal structures of the as-prepared catalysts were determined by X-ray diffraction (D8, Bruker,
Germany). The radiation used was Cu K« with an operating potential of 30 kV, a current of 30 mA,
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and the scanning rate of 4 deg/min; phase identification was achieved through comparison of XRD
patterns to those of the Joint Committee on Powder Diffraction Standers (JCPDS). The surface structure
of the catalyst was analyzed by using a transmission electron microscope (TEM; JEM-2100F, JEOL,
Tokyo, Japan) operating at 300 kV. Scanning electron microscope (SEM) image was obtained using a
JEOL Field Emission Scanning Electron Microscope, (JSM-7500F, JEOL, Tokyo, Japan). The catalyst
surface chemical situation was analyzed by using X-ray photoelectron spectroscopy (XPS, Escalab
250Xi, Thermo Fisher Scientific Co., Waltham, MA, USA), using Al Ka radiation (hv = 1486.6 eV) as the
photon source, generation at 150 W, and using C 1s (284.6 eV) as a reference. The binding energies of
Mo 3d were analyzed by using the Shirley baseline correction. Brunauer-Emmett-Teller (BET, Tristar I
Plus, Micromeritics, Atlanta, USA) surface area was measured through nitrogen adsorption at 77 K,
using a Micromeritics Tristar II Plus automatic absorption instrument. The doped metal (Fe, Co, Nij,
Cu, Ag, and Pt) and Mo contents of M-Mo,C nanowires were determined by inductively coupled
plasma (ICP, Thermo ICAP RQ, Waltham, MA, USA).

3.3. Electrode Preparation and Its Performance Test for HER

The 2% M-Mo,C (M: Fe, Co, Ni, Cu, Ag and Pt) catalysts were loaded onto a glassy carbon
electrode (GCE) for testing in 0.5 M H,SO; solution using a typical three-electrode setup. Typically,
4 mg of as-prepared catalyst and 40 uL of 5 wt% Nafion solution were dispersed in 1mL of 4:1 v/v
water/ethanol by 30 min sonication to form a homogeneous ink. Then 5 pL of catalyst ink was loaded
onto a GCE of 3 mm in diameter. As such, the catalyst loading amount was 0.272 mg/cm?. Finally,
the as-prepared electrode was dried at room temperature for 30 min. Linear sweep voltammetry was
conducted with a scan rate of 2 mV /s on a potentiostat of CHI 760 (CH Instruments, Shanghai, China),
using an Ag/AgCl/saturated KCl as the reference electrode, and a graphite electrode as the counter
electrode. All the potentials reported in this study were referenced to a reversible hydrogen electrode
(RHE) by adding a value of (0.198 + 0.059 pH) V.

4. Conclusions

In summary, HER was performed on various transition metals (Fe, Co, Ni, Cu, Ag, and Pt) doped
on molybdenum carbides by an organic-inorganic precursor carburization process. Comparing with
the undoped molybdenum carbide, metal doped molybdenum carbides showed higher electrocatalytic
activity for HER. Especially, Pt doped molybdenum carbide (2% Pt-Mo,C) showed the highest catalytic
performance (catalytic activity and stability in 0.5 M H,SO,4) among the prepared metal doped catalysts.
The highly catalytic performance of 2% Pt-Mo,C is due to its high surface area, high metal dispersion,
electron transfer, and more active sites. Although the catalyst with the highest activity in this report
is still using Pt as the main composition for HER, the ultra-low loading amount (comparing with
the commercial 20% Pt/C) and high earth-abundance of Mo metal highlight its promising prospect
as a highly efficient electrocatalyst. Based on the XPS, SEM, BET, and electrochemical properties
results, the surface physicochemical properties of molybdenum carbide could be influenced by the
doping-metal. This work is expected to open up a new opportunity to develop lower cost catalysts
with high-performance via engineering on composition, nanostructure, and surface state.
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