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ABSTRACT

To enhance the performance of Ru in hydrogen evolution reaction (HER), the design and fabrication of catalytic supports become one of
the critical research topics. Carbon supports possessing the excellent conductivity and remarkable cost advantage have become one of the
primary choices in fabrications of composite catalysts. In our present studies, the NHPC (N-doped hierarchical porous carbon) supports are
fabricated by the carbonizations of soluble starch, ammonium citrate and sodium bicarbonate, and the Ru/NHPC catalysts are successfully
prepared by the reactions of RuCl;-3H,0 with NaBH,4 and NHPC in the ultrasonic treatment. As a result, it is found that Ru goodly dispersed
on the surfaces of NHPC in nano sizes, and the Ru/NHPC catalysts manifest the fabulous HER performance. For instance, the overpotential
of 11.2 %Ru/NHPC (the loading of RuCl3-3H,0 is 0.05g) is 33 mV at a current density of 10 mA cm™2, which is remarkably lower than 48 mV
of glassy carbon electrode (20%Pt/C) in alkaline medium (1M (molL™) KOH). The Tafel slope of 11.2%Ru/NHPC is 36 mVdec™ at
10 mAcm™2 in the same conditions. Although the 11.2 %Ru/NHPC is in the acidic medium (0.5 M H,S0,), it also displays the routine HER
performance. In short, this present study provides a useful approach to facilitate the application of Ru as a hydrogen evolution catalyst.
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1. Introduction

To date, over using fossil energy has caused the serious
environmental deterioration on a world-wide scale.'~* Developing
green energy is becoming an extremely urgent task in the world.
Hydrogen energy has attracted more attention than ever before due to
its resource advantage and high energy density. In comparison with
the pyrolysis of fossil raw material and biomass, water electrolysis is
an effective way to obtain green hydrogen.>” Nevertheless, in the
general electrolytic process, the slow kinetic curves of HER and large
over-potential of catalysts lead to a slow rate of water electrolysis
and an appearance of unnecessary energy consumption. Thus, it is
necessary to develop the catalysts with the high electrocatalytic
performance so as to address the aforementioned issues.

In particular, noble metals, non-noble metals and nonmetals are
used to increase the efficiency of water electrolysis.>'> Among
them, catalysts using the non-noble metals are difficult to be applied
in the HER process because their hydrogen adsorption ability is not
available.'*!> Because of the fact that Pt has the good hydrogen
binding energy, it manifests the excellent HER performance, causing
that it is widely used as a standard material for HER. However,
the reserves of Pt and reactive differences in acidic and alkaline
environments restrict its wide application in the fabrication of
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catalysts for HER.!®!7 Besides, it is well known that Ru is a
relatively inexpensive metal, and Ru also possesses the excellent
hydrogen binding energy, similar to Pt. Additionally, the ideal anti-
corrosion characteristic property of Ru further expands its applicable
perspective.'®

Although the Ru catalyst possesses the strong catalytic perform-
ance, various demerits such as high dissolution rate, and
agglomeration problems have to be addressed in practical
applications.!*?° Generally, three courses are developed and utilized
to improve the catalytic performance. (i) The particle sizes of noble
metals are decreased as far as possible, in order to increase the
density of accessible active centers. (ii) Improving the intrinsic
activity of catalyst is realized by optimizing the structures of
catalysts.>!2° (iii) Designing excellent catalyst support makes
catalysts develop their catalyst activity enough. The excellent
support materials are able to diminish the usages of catalysts,
leading to a decrease in cost. In addition, the activity and stability
of catalysts can be improved, through improving dispersions of
catalysts on the surfaces of catalyst supports.’*2® Among many
catalyst supports such as carbon black, carbon nanotubes, and MOF
materials, the carbon materials with hierarchical porous structures
have become the research focus due to their high specific surface
area and rich pore structures.’’>! Additionally, N doped carbon
materials with hierarchical porous structures can increase the active
sites not only, but the interactions between catalyst and supports can
also be strengthened.*
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Figure 1.

Based on the above mentioned research status, we adopted the
starch as a carbon source and used a strategy of “leavening” to
fabricate the N doped hierarchical porous carbon materials.>>** As a
result, the Ru/NHPC catalysts are fabricated by the way that the Ru
catalysts are homogeneously dispersed on the surface of NHPC
materials by using the ultrasonic assisted deposition method. It is
observed that the fabricated catalysts possess large specific surface
area and complex porous structures, which are beneficial to the
exposure of active sites, acceleration of mobility of electrolytes and
release of hydrogen.

After carrying out the evaluations of HER performance, it is
found that the fabricated Ru/NHPC catalysts possess the excellent
catalytic performance in alkaline conditions. For instance, the
overpotential is 33mV, and the Tafel slope is 36mVdec™' at
10mAcm~2 in 1M KOH solution. Besides, it is found that the
overpotential is 76mV, and the Tafel slope is 48mVdec™ at
10mAcm=2 in 0.5M H,SO, electrolyte. Although the HER
performance of 11.2 %Ru/NHPC (the loading of RuCl;-3H,0 is
0.05 g) in the acidic condition is not ideal, it is close to the level of
20 %Pt/C. These results suggest that fabricated Ru/NHPC catalysts
owning relatively wide usage conditions are the expected materials
that can be applied in HER fields as a catalyst.

2. Experimental

2.1 Characterizations

The measurements of X-ray diffraction (XRD) were performed
by the X’pert powder instrument from PANalytical. The X-ray
photoelectron spectroscopy (XPS) measurements were carried out
on a K-Alpha instrument from Thermo Fisher Scientific, USA.
Nitrogen adsorption and desorption isotherms were measured by a
Quadrasorbautosorb-iQ surface analyzer which was purchased from
Quantachrome Instruments, USA. Specific surface areas were
determined in detail, according to the Brunauer-Emmett-Teller
(BET) method. The pore size distribution was assessed by a density
functional theory (DFT) model for slit pores. Morphology was
evaluated by transmission electron microscopy (TEM) using JEOL-
JEM-2010F instruments, Japan. Thermogravimetric (TG) analysis
(TG209F3, NETZSCH Group, Germany) was conducted from 30 °C
to 700 °C at a heating rate of 10 °C per minute in air.

2.2 Fabrications of NHPC (N-doped hierarchically porous
carbon)
The soluble starch (2.0 g), ammonium citrate (6.0 g) and sodium

Ultrasonic treatment

<

Filtration and drying

Schematic illustration of fabrication procedures of NHPC and Ru/NHPC materials.

bicarbonate (6.0 g) were added to a beaker, and mixed homoge-
neously. The obtained solid mixture was placed in a tube furnace
with nitrogen purging, and the temperature of the tube furnace was
increased to 800°C with a heating rate of 10°C/min, and then
maintained at 800°C for 1h. When cooling down to room
temperature, the obtained carbon materials were added to a beaker
with the deionized water (500 ml), and this mixture was stirred for
2 h. Finally, the homogeneous mixture was filtered, and the obtained
solid was washed by deionized water until the pH value of the
washed solution became neutral. The final obtained solids were
dried in a drying oven at 80°C for 12h, and the NHPC was
collected (Fig. 1a).

2.3 Fabrications of Ru/NHPC catalysts

RuCl;-3H,0 (0.05 g) and NHPC (0.10 g) were added to a beaker.
After adding the deionized water (500 mL) to the same beaker, the
sonicated mixture was dealt with by ultrasonic for 10 min. The
NaBH,4 (25mL) of 2mg/ml was slowly dropped in the aforemen-
tioned mixture. Contiguously, this mixture was dealt with by
ultrasonic for 30 min at room temperature. Finally, this mixture was
filtered, and then washed by deionized water and anhydrous alcohol
3 times. The obtained solids were placed in a dying oven and dried
at 80°C for 12h (Fig. 1b).

Similarly, the dosages of RuCl;-3H,O and NaBH4 (2 mg/ml)
were adjusted to (0.02 g, 10mL) and (0.10g, 50 mL), respectively.
After carrying out the same synthesis process, the Ru/NHPC
composts were also fabricated. Finally, all of the fabricated Ru/
NHPC catalysts were respectively named as 10.2 %Ru/NHPC,
11.2 %Ru/NHPC and 24.7 %Ru/NHPC, according to the loading of
Ru on the surface of NHPC.

2.4 Electrochemical measurements

The electrochemical measurements were conducted by a three-
electrode system. The glassy carbon electrode, platinum electrodes
and Hg/HgO or Ag/AgCl are the working electrode, counter
electrode and reference electrode, respectively. The 1M KOH and
0.5M H,SOy are the electrolytes, which were treated with by N,
bubbling for 30 min. The homogenous catalyst ink was constructed
by the catalysts (5mg), isopropanol (700uL), deionized water
(200 uL) and Nafion solution with 0.5wt% (100 pL), and this ink
was treated by the ultrasonic for 30 min, in order to disperse the
catalysts in solution homogeneously. Subsequently, the homoge-
neous catalyst ink was placed on the surface of the glassy carbon
electrode which was clearly treated beforehand. The glassy carbon
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electrodes were dried at room temperature. All of the measurement
data were calibrated by references on the reversible hydrogen
electrode (RHE) with an 80 % IR correction. In addition, the Ru/
NHPC catalysts were loaded on the glassy carbon electrode at
0.0025 g/cm?.

The detailed electrochemical measurements were described as the
following. Firstly, the electrodes were carried out the activation
treatment by CV (scanning rate: 100mVs~') at the hydrogen
evolution potential ranges of —1.6 V-0.8 V in the alkaline condition
and —0.7V-0V in the acidic condition. Subsequently, the linear
sweep voltammetry (LSV) measurements were performed with a
scanning rate of 5mVs~! at a potential range of —1.6 V-0.8V (in
the alkaline condition) and —0.7 V-0V (in the acidic condition).
Electrochemical impedance spectroscopy (EIS) measurements were
performed at a frequency range of 10°Hz-10"'Hz with an
amplitude of 5mV. The electrochemical stability of the catalyst
was investigated by carrying out the LSV measurements 1000
cycles at potential ranges of —1.6 V-0.8 V in the alkaline condition
and —0.7 V-0V in the acidic condition. Meanwhile, the chronoam-
perometry was used to evaluate the electrochemical stability at
10mA cm™2,

3. Results and Discussion

The structures of Ru/NHPC catalysts were investigated by XRD
measurements in detail (Fig. 2). It is obvious that two broad peaks
of 22° and 43° can be attributed to characteristic peaks of carbon
supports, revealing that the carbons exist as the amorphous state.
Compared to a standard of ICDD 01-089-3942 of Ru, it is
considerable that the peaks of 38.38°, 42.19°, 44.02°, 58.35°,
69.41°, 78.41°, 82.21°, 84.69° and 85.95° correspond to the lattice
planes of (002), (101), (102), (110), (103), (200), (112) and (201) of
Ru, respectively. Furthermore, with increasing the dosages of
RuCl;-3H,0, the intensities of characteristic peaks of Ru become
stronger, indicating that a more prominent of Ru was immobilized
on the surface of carbon supports.>

The structures of Ru/NHPC catalysts were further analyzed by
the Raman measurements (Fig. 3). Similarly, the D peak attributing
to the defects on the graphite edge and G peak from the sp?
structures on carbon shifts were observed at 1355cm™! and
1600 cm™!, respectively.’>37 Additionally, the intensity ratios
(Ip/Ig) of D and G peaks can reflect the disorder degree and
surface defects. The Ip/lg values of NHPC, 10.2 %Ru/NHPC,
11.2 %Ru/NHPC and 24.7 %Ru/NHPC are 1.18, 1.19, 1.18 and
1.16, respectively, as shown in Table S1, suggesting that dispersing
Ru on the surfaces of NHPC had little to no effect on the NHPC
structural integrity.

24.7% Ru/NHPC

11.2% Ru/NHPC

10.2% Ru/NHPC

Intensity / a.u.

NHPC
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[ | | l Ll
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Figure 2. XRD patterns of NHPC and Ru/NHPC with different
Ru contents.
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Figure 3. Raman spectra of NHPC and Ru/NHPC with different
Ru contents.

To inquire into the morphologies and structures of NHPC and
Ru/NHPC catalysts, the SEM and TEM measurements were
performed thoroughly (Fig. 4). Figure 4b clearly demonstrated that
Ru/NHPC catalysts possess distinct hierarchical porous structures.
The SEM-EDS images indicate that N and Ru elements are
homogeneously dispersed on the surface of the carbon supports of
NHPC (Figs. 4e—4g). The HRTEM images of 11.2 %Ru/NHPC
show that the sizes of Ru are around 2.5 nm (Fig. 4j), and the lattice
fringe spacing is 0.214 nm which corresponds to the (002) plane of
the hexagonal close-packed (hcp) Ru.*® In addition, compared to the
11.2 %Ru/NHPC and 24.7 %Ru/NHPC, the lattice fringe images of
10.2 %Ru/NHPC are not distinct, suggesting that the degree of
crystallinity increased with the dosages of RuCl; in reaction cases
(Figs. 41-4m). This tendency is consistent with the results of XRD
measurements.

After carrying out the evaluations of BET methods, it is found
that all samples show a type IV isotherm with type H1 hysteresis
loops, indicating the existences of mesoporous structures
(Fig. S1a).* As shown in Table S2, the specific surface areas of
NHPC, 10.2 %Ru/NHPC, 11.2 %Ru/NHPC and 24.7 %Ru/NHPC
are 1392.08m?g~!, 1082.92m?>g~!, 1023.23m?g~! and 859.84
m?g~!, respectively, revealing that the specific surface areas
decrease with a rise in the catalyst loading amount. The pore size
distribution curves exhibit that Ru/NHPC catalysts possess a lot
of micropores (1.17nm) and mesopores (2.53 nm) (Fig. S1b). As
mentioned above, the relatively high specific surface areas of NHPC
supports are beneficial to disperse the Ru catalyst, and complex pore
structures are conducive to transfer the electrolytes.

The chemical states of Ru/NHPC were investigated by the XPS
measurements. As per the Fig. 5a, it is found that peaks of C, N,
O, and Ru of 11.2 %Ru/NHPC were 248.8 ¢V, 400.5¢V, 532.0eV
and 462.5eV, respectively, suggesting that 11.2 %Ru/NHPC was
constructed by the C, N, O, and Ru elements. The fitting method is
used to further investigate the detailed chemical states of elements.
As shown in Fig. 5b, two peaks of 280.4eV and 280.8 eV can be
ascribed to the Ru® and Ru™* belonging to the Ru-N bonds.?® This
result suggests that the doped N element has a coordination effect on
the Ru, which increases the reaction activity of Ru. It is observed
that three peaks of 398.5¢V, 400.5e¢V and 401.9eV are the
characteristic peaks of pyridine-N, pyrrole-N, and graphitic N,
respectively (Fig. 5¢). The nitrogen functionalities on the surface are
expected to enrich the electron density of the metallic Ru atom.**-4?
The fitting peaks of Ru 3p were illustrated as shown in Fig. 5d. The
3p32 and 3py,, of Ru’ of 11.2%Ru/NHPC were observed at
462.5eV and 484.6¢V, respectively. Meanwhile, the peaks of
465.8eV and 487.2 eV respectively corresponding to the 3p3/, and
3pis> of Ru™ were also observed in the 11.2 %Ru/NHPC. The
characteristic peaks of Ru 3ps/, and 3p;,, were also observed in

3
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Figure 4. SEM images of NHPC (a) and 11.2 %Ru/NHPC (b).
(c) and (d) are the EDS images of NHPC. (e), (f) and (g) are EDS
images of 11.2 %Ru/NHPC. TEM images of NHPC (h). (i)—(j) are
the HRTEM images of 11.2 %Ru/NHPC. (k) is the corresponding
metal particle size distribution histograms of (i). (I)-(m) are the
HRTEM images of 10.2 %Ru/NHPC and 24.7 %Ru/NHPC.

10.2 %Ru/NHPC and 24.7 %Ru/NHPC materials (Figs. 5e-5f).
Additionally, after carrying out calculations, the peak area ratio
of Ru’ (462.5¢eV, 484.6eV) with Ru"* (465.8 eV, 487.2¢eV) in the
11.2 %Ru/NHPC is around 70 %, which is higher than that in
10.2 %Ru/NHPC (54.4 %) and 24.7 %Ru/NHPC (60 %), respec-
tively. To further investigate the Ru® amount in the Ru/NHPC, the
TG measurements were conducted. As shown in Fig. S2, the mass
losses before 100 °C are naturally attributed to the water loss, and
remarkable mass losses occurring at a temperature range of (100 °C—
500°C) are ascribed to the burning of carbons in the Ru/NHPC.
After calculations, the contents of Ru in the Ru/NHPC are 10.2 %,
11.2 %, and 24.7 %, respectively. The TG results indicate that the
contents of Ru in Ru/NHPC show an increase trend, with increasing
dosages of RuCl;. In addition, associated with the ratios of
Ru®/Ru"™" by XPS results, the Ru’ contents in 10.2 %Ru/NHPC,
11.2 %Ru/NHPC and 24.7 %Ru/NHPC were calculated as 3.6 %,
4.7 %, and 9.3 %, respectively.

Although the contents of Ru’ in 24.7 %Ru/NHPC are higher
than that of 11.2 %Ru/NHPC, the lower specific surface area of
24.7 %Ru/NHPC (859.84m?/g) causes that the agglomeration
phenomenon among the Ru’ in 24.7 %Ru/NHPC is stronger than

4

that in 11.2%Ru/NHPC and 10.2 %Ru/NHPC, respectively. A
relatively serious agglomeration phenomenon of 24.7 %Ru/NHPC
could be observed in Fig. 4m. The aforementioned analyses and
results indicate that the content of the independent Ru® in Ru/NHPC
catalysts is an important factor in enhancing the HER performance
of Ru/NHPC catalysts. On the present stage, the percentage of
Ru’/Ru"* on the surface could be only controlled by adjusting the
weight ratios of RuCl;-3H,0 with NaBH4 and NHPC in reactions.

The HER performances of Ru/NHPC catalysts in 1M KOH
were firstly performed by the three-electrode system (Fig. 6).
The overpotential of 10.2%Ru/NHPC, 11.2%Ru/NHPC and
24.7%Ru/NHPC were 49mV, 33mV and 46mV at a current
density of 10mA cm™2, respectively, indicating that 11.2 %Ru/
NHPC possesses the more excellent HER performance than the
others (Fig. 6a). Furthermore, the overpotential of 11.2 %Ru/NHPC
is 33mV at a current density of 10mA cm™2, which is remarkably
lower than the 48 mV of glassy carbon electrode (20 %Pt/C)
(Fig. 6b).

The catalytic activities of 20 %Pt/C and Ru/NHPC -catalysts
were further evaluated by the Tafel slopes. As shown in Fig. 6c, the
20%Pt/C, 10.2%Ru/NHPC, 11.2%Ru/NHPC and 24.7 %Ru/
NHPC manifested the Tafel slopes at 46 mV dec™!, 55mV dec™,
36mVdec™! and 80mV dec™!, respectively, which also suggests
that 11.2 %Ru/NHPC owns the best catalytic activity, compared
with the 20%Pt/C and other Ru/NHPC catalysts. The over-
potentials and Tafel slopes of 20%Pt/C, 10.2%Ru/NHPC,
11.2%Ru/NHPC and 24.7%Ru/NHPC were comprehensively
illustrated in the Fig. 6d. It is observed that the 11.2 %Ru/NHPC
possesses the more excellent HER performance than the other
Ru/NHPC catalysts in our studies and reported catalysts containing
Ru (Table S3).

The stability of 11.2 %Ru/NHPC in 1 M KOH was evaluated by
CV and chronoamperometry measurements. It is observed that
two polarization curves before and after 1000 cycles overlapped
approximately, indicating that 11.2 %Ru/NHPC owns remarkable
electrochemical stability (Fig. 7). The chronoamperometry measure-
ment also exhibits that 11.2 %Ru/NHPC shows the excellent
stability for 12h under a potential of 33 mV (inset in Fig. 7).

The capacitances of the double layer at the solid-liquid interface
(Cq)) were derived by the cyclic voltammetry (CV) curves of
20 %Pt/C and 11.2 %Ru/NHPC at scanning rates of 20, 40, 60, 80,
100 and 120mV s~! in KOH (1 M), respectively (Figs. 8a-8b). The
relationships between the scanning rates and the half of the
capacitive current are illustrated in the Fig. 8c. After calculating
by CV measurements, it is aware of that the capacitance of the
double layer at the solid-liquid interface (Cq) of 11.2 %Ru/NHPC
is 44.6mFcm™2, which is higher than the Cq 24.8mFcm™2 of
20 %Pt/C.

EIS measurements were used to evaluate the kinetic character-
istics of 20 %Pt/C and Ru/NHPC catalysts in 1 M KOH. Figure 8d
exhibited that 11.2 %Ru/NHPC possessed the smaller diameters of
semicircle loop at a high frequency region than 20 %Pt/C and other
Ru/NHPC materials, suggesting that 11.2 %Ru/NHPC showed a
more excellent conductivity than the others. In addition, the R
values of 20%Pt/C, 10.2%Ru/NHPC, 11.2%Ru/NHPC and
24.7 %Ru/NHPC were simulated and determined with values of
6.8, 139, 6.5Q and 8.5%, respectively, revealing that the
11.2 %Ru/NHPC owns more marvelous charge transfer properties
(Table S4). Associated with the analyses of XPS and BET, it is
considered that more notable dispersion of Ru® and complex porous
structures lead to the fabulous charge transfer properties of
11.2 %Ru/NHPC.

Likewise, the HER performances of Ru/NHPC and 20 %Pt/C
catalysts in an electrolyte solution of 0.5M H,SO4 were thoroughly
investigated. As shown in Figs. S3a—S3b, the overpotentials of
10.2%Ru/NHPC, 11.2%Ru/NHPC, 24.7%Ru/NHPC and
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20 %Pt/C were 125mV, 76 mV, 84 mV and 30mV, respectively.
Meanwhile, the 10.2 %Ru/NHPC, 11.2 %Ru/NHPC, 24.7 %Ru/
NHPC and 20 %Pt/C exhibited the Tafel slopes at 72mV dec™,
48mV dec™!, 87mV dec™! and 31 mV dec™! at a current density of
10mA cm™2, respectively (Fig. S3c). The overpotential and Tafel
slope results were also comprehensively illustrated in (Fig. S3d).
The aforementioned results indicate that 11.2 %Ru/NHPC has better
HER properties than that of the other Ru/NHPC materials in 0.5 M
H,SO,4, however, the HER performance of 11.2 %Ru/NHPC is
inferior to the 20 %Pt/C.

The stability of 11.2 %Ru/NHPC in 0.5M H,SO4 was also
evaluated by CV and chronoamperometry measurements. Compared
with the initial LSV measurement, it is found that there is a slight
left-shift (17mV) of overpotential of 11.2%Ru/NHPC after
carrying out CV measurements 1000 cycles, revealing that
11.2 %Ru/NHPC owns electrochemical stability to a great extent.
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The chronoamperometry measurement exhibits that 11.2 %Ru/
NHPC possesses excellent stability for 12h under a potential of
76 mV (Fig. S4).

The CV measurements about 11.2 %Ru/NHPC and 20 %Pt/C
were conducted under a potential range (0.1-0.23 V) with changing
the scan rates from 20 to 120mVs~! in 0.5M H,SO, The
relationships between the scan rates and current densities were
obtained, in accordance with CV measurements (Figs. S5a—S5b).
After calculations, the Cg; values of 11.2 %Ru/NHPC and 20 %Pt/C
are 38.4mFcm™ and 29.8 mF cm™2, respectively, suggesting that
the electrochemical activity of 11.2 %Ru/NHPC approaches to the
20 %Pt/C in the acidic condition (Fig. S5c¢).

The conductivities of 11.2 %Ru/NHPC and 20 %Pt/C were
finally conducted by the electrochemical impedance spectroscopy
(EIS) measurements (Fig. S5d). After simulations, the R
of 10.2%Ru/NHPC, 11.2%Ru/NHPC, 24.7%Ru/NHPC and
20 %Pt/C were determined with values of 10.1 €2, 16.9%, 13.2Q
and 15.1 €, respectively, indicating that 11.2 %Ru/NHPC possesses
the similar conductivity to the 20 %Pt/C in 0.5 M H,SO, (Table S5).
The fact that 11.2 %Ru/NHPC shows a more excellent HER
performance in the alkaline medium than that in the acidic medium
indicates that N-doping is an effective way to enhance the HER
performance of Ru on the NHPC surfaces because the H" probably
decreases the contribution of N on the NHPC surfaces.

4. Conclusions

Ru/NHPC catalysts with high HER performance were success-
fully fabricated by dispersing the Ru on the surfaces of NHPC
carbon supports which are fabricated by carbonizations of soluble
starch, ammonium citrate and sodium bicarbonate. It is found that
fabricated 11.2 %Ru/NHPC possesses the more impressive HER
performance in the 1 M KOH electrolyte than that in 0.5M H,SO4
electrolyte. For instance, the overpotential of 11.2 %Ru/NHPC is
33mV at a current density of 10mA cm™2, which is remarkably
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Figure 8. Cj measurements from cycles voltammetry in 1 M KOH of 11.2 %Ru/NHPC (a), 20 %Pt/C (b). Current versus scan rate for
11.2 %Ru/NHPC and 20 %Pt/C (c). Nyquist plots of 20 %Pt/C and Ru/NHPC with different Ru contents (d). In this model, Rs represents the
electric resistance of the solution, wires and the contact resistance between the glassy carbon electrode and the catalysts, and the Rs connects
in series with three additional branches: one relates to the surface porosity (R;), another one relates to the bulk resistance (Ry), the third one
relates to the charge-transfer process (R.). The CPE1, CPE2 and CPE3 belong to constant phase element of the electrode-electrolyte interface.
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lower than the 48 mV of glassy carbon electrode (20 %Pt/C). The
Tafel slope of 11.2 %Ru/NHPC is 36 mV dec™ at 10mA cm™2 in
1 M KOH solution, which is lower than the 48 mV dec™! of 20 %Pt/
C under the same conditions. It is also observed that 11.2 %Ru/
NHPC exhibits more excellent HER performance in 1M KOH
electrolyte than that in 0.5M H,SO4. Although the HER perform-
ance of 11.2 %Ru/NHPC in the acidic condition is not ideal, but it is
close to the level of 20 %Pt/C. These results suggest that fabricated
Ru/NHPC materials own relatively wide usage conditions,
suggesting that fabricated Ru/NHPC catalysts possess the extremely
desirable prospect in the applications of fabrications of fuel cells.
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