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The hydrogen evolution reaction (HER) with transition metal alloys, as a substitute for platinum-based
catalysts, under alkaline conditions is being increasingly studied. In this paper, a high dispersion of Ru-
Ni alloy nanoparticles on an N-doped carbon layer (RuNi@CN) were synthesized by calcining a solid
mixture of D-glucosamine hydrochloride (GAH), melamine, RuClz and Ni(NOs)2-6H20 in an inert
atmosphere. The calcination temperature was an important factor that affected the electrocatalytic
performance of RUNI@CN. The RuUNi@CN electrocatalyst obtained under optimized conditions showed
high efficiency and stable activity for the HER over a wide range of pH values, especially under alkaline
conditions. The overpotentials of RuNi@CN-700 at 10 and 100 mA cm were 76.26 and 213.69 mV,
respectively, with a Tafel slope of 66.35 mV dec™®. Ruthenium is the cheapest platinum group metal, and
its content in the catalyst was only 0.1209 wt%. Thus, this study shows the high activity and competitive
price of this prepared catalyst.
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1. INTRODUCTION

With the rapid development of the social economy, the increased consumption of fossil fuels and
the subsequent increase in environmental pollution are becoming more serious. Therefore, establishing
a global sustainable energy system is the key to solving this problem while also protecting the
environment [1-3]. Hydrogen is the most promising clean energy. The use of electrolyzed water is
currently an effective way to produce hydrogen [4]. Platinum (Pt)-based materials are still the best
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catalysts for hydrogen production from electrolyzed water. However, Pt has limitations in practical,
large-scale H, production due to its high cost, scarcity and poor electrochemical stability [5,6].
Therefore, researchers are currently working on alternatives to Pt-based materials.

Nitrogen-doped carbon nanomaterials have been used in a wide range of electrocatalysis
applications due to their high specific surface area, good electrical conductivity and controllable
molecular structure [7-13]. The nitrogen atoms doped in the carbon matrix adjust the electronic
properties of adjacent carbon atoms through intramolecular charge transfer, which is beneficial for
improving the electrocatalytic performance [14]. The interaction between the supported metal core and
nitrogen-doped carbon can promote electron transfer, change the charge distribution on the surface of
the carbon layer to generate a sufficient number of local active sites and change the Gibbs free energy
of the adsorbed reactants to promote the electrocatalytic evolution of hydrogen [15,16].

Ruthenium (Ru, $290 per 0z) is a cheaper alternative to Pt (3992 per 0z), being one-third of the
price. Compared with Pt, Ru possesses a similar metal bond strength to hydrogen (~65 kcal mol™).
According to the experimental results and DFT calculations, Ru hardly decreases the catalytic efficiency
of the HER [17-19]. In addition, Ru shows good stability under both acidic and basic conditions, making
this metal extremely versatile in terms of application. As a precious metal, Ru still faces problems, such
as its high cost and scarcity. Therefore, the premise of ensuring its stability and high activity is to increase
its atomic utilization to reduce costs. From the Brewer-Engel valence bond theory, it is known that metal
elements with empty or semifilled d orbitals form alloys with metal elements that have a number of d
electrons greater than the number of d orbitals (that is, pairs of d electrons), thus generating electricity
for the hydrogen evolution reaction. Catalytic synergy greatly improves the electrocatalytic hydrogen
evolution activity of the electrode [20]. Therefore, alloying inexpensive transition metal atoms with a
small amount of precious metal (Ru), for instance producing a RUM@CN electrocatalyst, can
significantly improve the catalytic performance [21]. This result indicates that a new and efficient HER
catalyst can be prepared by the combination of a Ru-based alloy and a carbon material.

Herein, highly dispersed RuNi NPs over N-doped carbon hybrids (RUNi@CN) were directly
synthesized through the calcination of a solid mixture of D-glucosamine hydrochloride (GAH),
melamine, RuCls and Ni(NOs).-6H20. The obtained RUNi@CN was proposed as a possible cathode for
hydrogen generation in an alkaline medium, and it exhibited an electrocatalytic hydrogen evolution
performance comparable to that of commercial Pt/C. The low overpotentials of the catalyst at 10 and
100 mA cm? were 76.26 and 213.69 mV, respectively. The Tafel slope was 66.35 mV dec?, the
electrochemical capacitance (Cdl) was 7.84 mF/cm, and the charge transfer resistance was 79.27 Q.

2. EXPERIMENTAL

2.1 Synthesis of RUNI@CN

First, GAH (100 mg), melamine (2 g), RuCls-3H,0 (10 mg) and Ni(NOs)2:6H20 (110 mg) were
fully mixed in the proper amount of deionized water. After evaporative drying, the mixture was
transferred to a high temperature tube furnace at a heating rate of 3 °C/min and then kept at 600 ‘C for 1
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h. Next, the sample was heated to X “C at a rate of 2 “C/min and kept at that temperature for 1 h to obtain
RuNi@CN-X (600< X =<1000). RuNi@CN-600, RuNi@CN-700, RuNi@CN-800, and RuNi@CN-
1000 were obtained according to the above method.

2.2 Characterization

The samples were characterized by scanning electron microscopy (SEM, SIGMA HD,
Germany), transmission electron microscopy (TEM, JEM-2010F, JEOL, Japan), X-ray diffraction
(XRD, X’Pert PRO, PANalytical B.V., Cu Ko radiation source, A=1.5418 A), X-ray photoelectron
spectroscopy (XPS, Newcastle, U.K.), nitrogen adsorption-desorption isotherms (Quantachrome, USA)
and inductively coupled plasma optical emission spectrometry (ICP-OES, IRIS Intrepid I1 XSP, USA).

2.3 Electrochemical measurements

Typically, 3 mg of catalyst was dispersed in a solution containing 1 mL of a 4:1 VIV
water/isopropanol mixed solvent and 30 uL. of a Nafion solution (5 wt%) via ultrasonication for at least
30 min in an ice bath. Then, 5 pL of the dispersion (loading ~0.0425 mg cm) was loaded onto a glassy
carbon electrode with a diameter of 3 mm, and the modified electrode was dried at room temperature.

The HER electrochemical measurements were tested using a three-electrode system on an
electrochemical workstation (lvium Vertex. One. EIS) with 1 M KOH, 0.5 M H3SO4 and 1 M PBS
solutions at room temperature. Ag/AgCl and graphite rods were used as the reference and counter
electrodes, respectively, and the prepared samples were directly used as working electrodes. Before each
test, nitrogen (N2) was injected into the electrolyte to remove dissolved oxygen. N2 gas was also injected
during the experiment. The scanning rate of the linear sweep voltammetry test was 5 mV s*, and the
polarization curves were compensated and corrected by IR. The long-term stability was tested by cyclic
voltammetry (CV) at a scanning rate of 50 mV/st. Additionally, electrochemical impedance
spectroscopy (EIS) was performed (100 kHz~0.01 Hz).

3. RESULTS AND DISCUSSION

The structural characteristics of the RUNI@CN samples and the distribution of Ru-Ni alloy
particles were studied by scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). In the low temperature range (< 600° C, Fig. 1a), melamine, as a template, is thermally
polymerized to form layered graphite carbonitride (g-C3N4). At the same time, GAH is condensed in
the middle layer of g-C3N4 to form a carbon skeleton, so the sample shows a large number of
accumulated layers [22]. The sandwich structure can effectively prevent the agglomeration of Ru-Ni
NPs and Ni NPs; however, the effect is limited [23]. With an increasing pyrolysis temperature (=700°C,
Fig. 1b), carbon nitride decomposes due to its thermal instability, forming a carbon layer of slightly
wrinkled nanoflakes. The nitrogen atoms produced by the decomposition of carbon nitride are partially
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doped into the carbon skeleton, thus increasing the amount of nitrogen doping [24]. When the pyrolysis
temperature is 800°C (Fig. 1c), a small number of carbon nanotubes are formed because the excess
number of Ni atoms catalyze the crimping of the carbon layer to form carbon nanotubes.

Figure 1. (a ~ d) SEM image of RuUNi@CN-600, RuUNi@CN-700, RuNi@CN-800, and RuNi@CN-
1000; (e, f) TEM and HRTEM images of RUNi@CN-700; (g) SEM image of RUNi@CN-700
and the corresponding EDS elemental maps.

When the pyrolysis temperature is 1000°C (Fig. 1d), nickel atoms catalyze the transition of
carbon layers into carbon nanotubes for their deposition. Figure 1e further reveals that RUNi@CN-700
is a layered structure composed entirely of wrinkled nanowires. From Fig. 1f, we can see the lattice
stripes of the Ru-Ni alloy with a 0.230 nm plane spacing, the Ni-metal lattice stripes with a 0.200 nm
plane spacing and the graphite layer with a 0.360 nm layer spacing. The Ni-Ru alloy with diameters of
10-20 nm and Ni nanoparticles are uniformly dispersed on the layered carbon materials, which may be
due to the good anchoring of the sandwiched structure and the negatively charged N in the carbon
material [25, 26]. Figure 1g shows that the Ni and Ru elements evenly cover the selected area on the
material, which is consistent with the TEM results. The specific content of both elements can be
determined by ICP-OES. The content of Ni is approximately 1.951 wt.%, and the Ru content is
approximately 0.1209 wt.%.
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Figure 2. (a) XRD spectra of the RUNi@CN samples at different annealing temperatures; (b) XPS full

spectrum of RUNI@CN-700; (c~ f) are the high-resolution spectra of C 1s, N 1s, Ni 2p, and Ru
3d of RUNi@CN-700.

Figure 2a shows that a weak and wide peak appears at 26°, which is the characteristic diffraction
peak of the graphite lattice (002), indicating that an ultrathin graphitized carbon layer has been formed.
The Ru-Ni alloy is dispersed on the carbon layer at peak positions of 44, 52 and 76°. The crystal structure
of the Ru-Ni alloy depends on the relative content of Ru and Ni. The Ru-Ni alloy shows a face-centered
cubic (fcc) structure for the most part, so the crystal structure of RUNI@CN samples is fcc [27]. In
addition, there is no diffraction peak corresponding to Ru in the spectrum, indicating that Ru is alloyed
with nickel.

To further analyze the elemental composition and chemical valence of RUNi@CN samples, XPS
analysis was carried out on RuNi@CN-700. As shown in Fig. 2b, the sample carbonized at high
temperature contains five elements: C, N, O, Ni and Ru. Figure 2c shows the high-resolution XPS
spectrum of C 1s. The C 1s orbitals include a C = C bond at 284.53 eV, a C-C bond at 285.54 eV, a C-
N bond at 287.27 eV and a C = O bond at 290.38 eV, in which the C = C bond and C - C bond come
from the carbon skeleton of GAH. The existence of a C-N bond shows that N has been successfully
doped into the carbon structure [28]. The existence of a C=0 bond indicates that there are a certain
number of oxygen-containing functional groups on the sample surface, which can effectively improve
the hydrophilicity of the carbon material and is beneficial to the preparation of catalyst ink for improving
the electrical conductivity. From Fig. 2d, three typical types of nitrogen can be observed: pyridinic
nitrogen at 398.80 eV, pyrrolic nitrogen at 400.80 eV, and graphitic nitrogen at 401.63 eV, in which the
pyridinic nitrogen is dominant. These results show that nitrogen atoms are successfully doped into the
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carbon skeleton, which enhances the interaction between the sample and adsorbed hydrogen atoms.
Figure 2e is the Ni 2p fitting XPS spectrum. It can be seen from the figure that Ni® and Ni** coexist in
the sample. The characteristic peaks of 854.93 and 872.14 eV correspond to the Ni2ps2 and Ni2pis
orbitals, respectively. The characteristic peaks at 855.13 and 874.12 eV are the characteristic peaks of
Ni**, and the peaks at 861.01 and 880.31 eV are the characteristic satellite peaks of Ni2ps/2 and Ni2p1,
respectively. Figure 2f shows the Ru 3D-fitting XPS spectrum, and it is found that Ru® and Ru** coexist.
The characteristic peaks of Ru®3ds, and Ru®3ds» are at 280.17 and 283.13 eV, respectively. The
characteristic peaks at 280.92 and 285.16 eV can be attributed to Ru**3ds;> and Ru**3ds. The fitting
peak at approximately 287.0 eV is the C 1s peak.
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Figure 3. N> adsorption/desorption isotherms and the BJH pore-size distribution curves of RUNI@CN-
700.

The specific surface area and channel information of the RUNi@CN-700 samples were analyzed
by the N2 adsorption-desorption method. Figure 8a shows the N, adsorption-desorption isotherm of the
sample. The isotherm shows a typical type-1V curve. The specific surface area of the sample measured
by the specific surface area method is 167.657 m? g, indicating that the sample has a high specific
surface area. Figure 8b shows the pore size distribution of the sample calculated by the BJH method.
The sample mainly contains two types of pores: mesopores, which are predominant, and macropores.
The average pore volume and pore diameter of the samples are 0.801 cm? g* and 3.412 nm, respectively,
which are consistent with the results of the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) results. The detailed analysis of the adsorption isotherm shows that when
the relative pressure P/P0 < 0.1, the adsorption isotherm increases slightly, indicating that there is a small
number of micropores in RUNi@CN-700, and the pore size distribution is not well reflected. A large
hysteresis loop appears in the isotherm near P/PO = 0.5, indicating that the sample has a mesoporous
structure. The existence of mesopores improves the process of catalytic mass transfer. When P/P0 =
0.8, the isotherm suddenly increases, which further indicates that the sample has a very porous structure.
The macropores mainly come from the stacked pores between graphene layers. It can be inferred that



Int. J. Electrochem. Sci., Vol. 15, 2020 11775

the sample has many lamellar structures. Therefore, the RUNi@CN-700 sample has a multistage pore
structure.

Table 1. Overpotentials of the different samples

Samples pH=0.34 pH=14 pH=7
nwo (MV vs. RHE)  mio(MV vs. RHE)  nio (MV vs. RHE)

RuUNi@CN-600 - - -
RUNi@CN-700 96.59 76.26 143.58
RuNi@CN-800 183.84 323.64 597.37

RUNi@CN-

1000 332.36 336.64 603.54
20% Pt/C 17.49 30.68 58.57

To study the catalytic performance of the samples at different pyrolysis temperatures, the results
of hydrogen evolution of the samples over the whole pH range are shown in Table 1. It can be seen from
Table 1 and Fig. 4a that the sample shows better hydrogen evolution performance when the pyrolysis
temperature is 700°C. Especially in 1 M KOH, the overpotential of commercial Pt/C is 76.26 and 213.69
mV at 10 and 100 mA cm, respectively. As seen from the Tafel slope diagram in Fig. 4b, the Tafel
slope of RUNI@CN-700 is 66.35 mV dec? in 1 M KOH. The HER reaction follows the Volmer-
Heyrovsky mechanism, and desorption (Heyrovsky reaction) is the rate-controlling step [29,30]. Fig. 4c
shows that under alkaline conditions, the double layer capacitances of RUNi@CN-700, RuNi@CN-800
and RuNi@CN-1000 are 7.84, 1.61 and 1.285 mF cm?, respectively. It is known that the electric double
layer capacitance of an electrocatalyst is proportional to the effective catalytic area of the catalyst.
Therefore, when the pyrolysis temperature is 700°C, the effective catalytic area is larger, and there are
more bare surfaces [31]. The AC impedance spectra under alkaline conditions are fitted with the
equivalent circuit model shown in Fig. 4d, where Rs is the solution resistance, Rct is the charge transfer
resistance, and CPE is the constant phase element [32]. The charge transfer resistance (Rct) of the
RuNi@CN-700 sample is the smallest, which is close to that of Pt/C, so its charge transfer rate is the
fastest. Furthermore, the Nyquist curve of RUNI@CN-700 is a semicircle with the smallest radius, and
the higher the pyrolysis temperature is, the larger its Rct [33]. These results are consistent with the
electrochemical catalysis performance of RUNIi@CN-700. Stability is another important index to
evaluate electrocatalysts. The durability of RUNI@CN-700 was studied by scanning 2000 cycles at a
scanning rate of 5 mV/s™. As shown in Fig. 4e, the performance at 700 s declines slightly before and
after 2000 cycles. These results show that the RuNi@CN-700 catalyst has good stability. Moreover, the
HER catalytic activity of RUNi@CN-700 is close to or higher than that of other reported ruthenium
catalysts (see Table 2) when measured at the same current density.
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Figure 4. HER polarization curves (a) and Tafel plots (b) for the RuUNi@CN samples and Pt/C catalyst.
(c) Current density as a function of the scan rate for RUNi@CN samples. (d) Nyquist curves for
the RuNi@CN samples and Pt/C catalyst at n=10 mV. (e) HER polarization curves of
RuNi@CN-700 recorded before and after 2000 potential cycles.

Table 2. Comparison of some recently reported Ru-based and other representative HER electrocatalysts
in alkaline electrolytes.

Tafel slope
Catalyst Overpotential at (mV decade-1) References
corresponding
jn10 (mV vs. RHE)
RuNi@CN 76.26 66.35 This work
Ru-CoNi@NC-2 268 63
[34]
SrRuOs/CNT 109 +3.39 45
[35]
N, Ru codoped Sh2S3 72 193
[36]
NisS2 nanorods 162 106 [37]
Pdssslries 73 43.6
[38]
Cu2-xS@RUNPS 82 48 [39]
Ru/CP 78 50
[40]
83 80 [41]
Porous Ru nanomaterial
Ru/C3N4/C 79 - [42]
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4. CONCLUSION

In summary, we show a simple method for preparing RuUNi@CN by pyrolysis. RUNi@CN-700
is a highly efficient electrocatalyst that shows good HER activity over a wide range of pH values.
Especially in alkaline solution, its catalytic activity is close to that of Pt/C. Ru is a platinum group metal,
but its cost is much lower than that of Pt. Therefore, the study of these potential RUNI@CN
electrocatalysts provides research value in the exploration of electrocatalysts that can replace Pt catalysts
in the field of energy conversion.
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