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Superior Electrocatalyst for All-pH Hydrogen Evolution
Reaction: Heterogeneous Rh/N and S Co-Doped Carbon

Yolk—Shell Nanospheres

Xiuming Bu, Yu Bu, Quan Quan, Siwei Yang, You Meng, Dong Chen, Zhengxun Lai,
Pengshan Xie, Di Yin, Dengji Li, Xianying Wang,* Jian Lu,* and Johnny C. Ho*

Design of efficient and robust electrocatalysts for hydrogen evolution
reaction (HER) under all pH conditions has attracted significant attention.
In particular, it is still a considerable challenge since the HER kinetics

of Pt in alkaline solutions is about two to three orders of magnitude

lower than that in acidic conditions. Herein, a heterogeneous yolk—shell
nanostructure with Rh nanoparticles embedded in S, N co-doped carbon
nanospheres prepared by a facile self-template method is reported. The
optimized electrocatalyst can achieve an extremely small overpotential of
13.5 mV at 10 mA cm~2, low Tafel slope of 25.5 mV dec”, high turnover
frequency of 0.143 s7' (at —=75 mV vs. reversible hydrogen electrode),

and long-term durability for 10 h, which is the record-high alkaline HER
activity among the ever-reported noble metal based catalysts. These
striking performances are ascribed to the optimized electronic structure
and unique heterogeneous yolk—shell nanostructure. More importantly, it
is also demonstrated that the obtained electrocatalyst exhibits superior
activities in all pH range, which is better than commercial Pt/C and Rh/C
catalysts. This work proves that Rh-based nanomaterials are promising
superior electrocatalysts in a wide pH range and nanostructure design is a
powerful tool to increase the mass/electron transfer during reaction.

1. Introduction

Electrochemical water splitting to hydrogen
powered by wusing renewable energy
sources, instead of fossil fuels, is widely
considered as one of the promising high
energy density carriers for clean power in
future.'4 By now, Pt-based nanomaterials
have served as the most effective electro-
catalysts for hydrogen evolution reaction
(HER) due to its hydrogen adsorption free
energy (AGy) being close to zero, requiring
only a small overpotential to produce
hydrogen.! However, the poor stability and
unsatisfied performance of Pt in non-acidic
conditions greatly hinder its widespread
practical applications. It is particular that an
effective HER electrocatalyst is necessary to
perform well in a wide pH range because
of the different requirements in different
electrolyzer systems, such as acidic media
for proton-exchange membrane-based
water electrolyzers,®! near-neutral media
for microbial electrolysis cells! and alkaline
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media for alkaline electrolyzers,”) as well as the intense local pH
change on the electrode surface during reaction.®! Although tre-
mendous effects have been devoted to develop pH-universal elec-
trocatalysts with high electrochemical performance and robust
stability, even in terms of the current density calculated based on
geometric surface (electrode surface area), very few of them can
achieve comparable activities to commercial Pt/C electrodes./'!
In this regard, it is still challenging to develop pH-universal elec-
trocatalysts with HER activities and stability that exceed those of
commercial Pt/C materials.

Combining the previous experimental results and theoreti-
cally calculated AGy; values, Rh-based nanomaterials may serve
as a promising candidate for pH-universal HER electrocata-
lysts.”213] For example, Guo and his team reported the successful
preparation of monodisperse Rh,P nanoparticles by the colloidal
method, in which the nanoparticles showed excellent HER per-
formance in a wide pH range. In addition, Du et al. used the
laser ablation method to synthesize compressed RhO, clusters
embedded in Rh nanoparticles; the impressive performance
indicated that Rh-based noble metals are superior for alkaline
HER.®l Nevertheless, the preparation methods/techniques
employed are complex and time-consuming. Meanwhile, it
should be noted that the AGy; value of volcano plots in hydrogen
electrocatalysis is not a sufficient descriptor for intrinsic activi-
ties of electrocatalysts, since AG of some non-metal phosphides
and sulfides are also located at the top of volcano but their HER
performance is still lower than those of noble metal based elec-
trocatalysts.'®! One of the main reasons could be attributed to
the kinetic barrier, mainly associated with the low mass and elec-
tron transfer ability on the electrocatalyst surface during reac-
tion, limited the electrocatalytic performance.["”"18]

Inspired by these ideas, in this work, we report an efficient
and durable electrocatalyst of Rh/N,S co-doped carbon yolk—
shell nanospheres (denoted as Rh/NSC YSS) via a facile self-
template synthesis method for all-pH HER. The prepared elec-
trocatalyst exhibits superior performance to most of state-of-
the-art HER electrocatalysts at all pH ranges, especially in alka-
line conditions. Rh/NSC YSS only requires an extremely small
overpotential of 13.5 mV at 10 mA cm™ with a low Tafel slope
of 25.5 mV dec™, high turnover frequency (TOF) of 0.143 s7! (at
—75 mV per RHE) and long-term durability for 10 h, which is
the best alkaline HER activity among the ever-reported noble
metal based catalysts to the best of our knowledge. Importantly,
the observed underpotential deposition hydrogen (H,yq) and
gas bubbles generation/desorption behaviors have evidently
proved the excellent intrinsic activities of Rh/NSC YSS coming
from the optimized binding energies of hydrogen interme-
diates and unique heterogeneous yolk—shell nanostructure
design, which accelerates the HER kinetics and gas bubbles
transfer during reaction. All these results demonstrate that Rh
based nanomaterials is a promising superior electrocatalyst for
a wide pH range while nanostructure design is a powerful tool
to enhance the mass/electron transfer during reaction.

2. Results and Discussion

The preparation process of the Rh;s/NSC YSS electrocata-
lyst (15 mg of RhCl; used) was conducted with a self-template
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method as shown in Figure 1a. The Rh;5/NSC YSS precursor
was first obtained with the nanosphere structure through a facile
hydrothermal method by using RhCl; and thiourea as the Rh, N,
S and, C sources (Figure S1, Supporting Information). Then, the
precursor was in situ transformed into Rh;s/NSC YSS by a heat
treatment in air atmosphere. As illustrated in the X-ray diffraction
(XRD) pattern (Figure S2, Supporting Information), the crystallo-
graphic structure of the obtained final product can be matched
well with the standard pattern of cubic Rh phase (JCPDS NO.
87-0714). The typical scanning electron microscopy (SEM) image
of Rhy5/NSC YSS is shown in Figure 1b—d. The average size and
shell thickness of Rh;s/NSC YSS is 145.1 £ 4.4 nm (Figure le)
and 77 £ 0.1 nm (Figure 1f), respectively. The interior structure
of as obtained Rh;s/NSC YSS was further elucidated by TEM
(Figure 1g,h). A representative interplanar spacing of 0.22 nm is
revealed in the HRTEM image (Figure 1i), suggesting the asso-
ciation with (111) plane of the cubic Rh phase. It should be noted
several atomic layers of RhO, (with the lattice spacing of 0.17 nm
corresponding to (211) plane of RhO,, JCPDS NO. 43-1026)
was observed on the surface of Rh;s/NSC YSS. The presence of
carbon can be confirmed by Raman spectrum (Figure S3, Sup-
porting Information). The ratio between the D (1350 cm™) and
G band (1580 cm™) intensities (Ip/Ig) is 1.13, implying the pres-
ence of partial graphitization and many structural defects on
the carbon shells, thus favoring electroconductivity and H*/H,
absorption.”” The high-angle annular dark field (HAADF) STEM
image clearly proves the porosity and heterogeneity, and the core
has a higher Rh content compared to the shell (Figure 1j). The
atomic ratio of Rh and S obtained on the grinded Rh;5/NSC
YSS can also support the heterogeneous composition of the YSS
structure (Figure S4, Supporting Information). Elemental map-
pings of Rh;s/NSC YSS in Figure lk—n indicate that C, Rh, S, and
N elements are unevenly distributed on the catalyst surface.

To shed light on the underlying mechanism for the forma-
tion of yolk—shell structure with self-template method, Rhs/NSC
and Rh;,/NSC electrocatalysts were prepared through changing
the mass ratio between RhCl; and thiourea (Figure S5, Sup-
porting Information), and the mass content of Rh in Rhs/NSC,
Rh;5/NSC and Rh3,/NSC is found to be 774, 82.1, and 85.2 wt%,
respectively (Figure S6, Supporting Information). As shown in
Figure 2a,b, Rhs/NSC exhibits a typical sphere-like nanoparticle
(NP) morphology with a size of 290 + 1.9 nm (Figure S7, Sup-
porting Information). The HRTEM image and corresponding
EDS mapping reveal that the Rh atoms are evenly distributed
on the N, S co-doped carbon surface (Figure 2c,d). When the Rh
mass was increased, porous nanoparticles (PP) with a size of
42.5 + 0.7 nm were obtained (Figure 2e,f; Figure S8, Supporting
Information). The HRTEM and corresponding EDS map-
ping suggest that the increased Rh content did not change the
chemical composition of the product (Figure 2gh). Figure 2i
shows the relationship between particle size and Rh/C ratio.
Obviously, when the Rh/C ratio was increased, the particle size
would decrease exponentially, fitting well with the Von Veimarn
equation (detailed explanation shown in Note S1, Supporting
Information). It should be noted here, when the Rh/C ratio
is 10 (Rh;y/NSC) and 20 (Rh,y/NSC), the prepared electrocat-
alysts still show the yolk—shell structure (Figures S9 and S10,
Supporting Information). Combined with the FT-IR spectra
(Figure S11, Supporting Information), the sharp peak around
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Figure 1. a) Schematic diagram of the preparation of Rh;s/NSC YSS electrocatalysts. Orange colored balls stand for Rh3* while grey colored balls refer
to the precursor of Rh;s/NSC YSS; b—d) SEM image of the Rh;s/NSC YSS catalyst. The scale bars in (c) and (d) are both 100 nm; (e) and (f) are the
statistics on size distribution and shell thickness distribution of the catalysts, respectively; g,h) TEM images of the Rh;s/NSC YSS catalyst with dif-
ferent magnification; i) HRTEM image of the Rh;s/NSC YSS catalyst and j—n) high-angle annular dark field (HAADF) STEM image and corresponding
elemental mapping of C, Rh, S, and N of the Rh;s/NSC YSS catalyst, respectively. The scale bar in (j) is 50 nm.

611 cm™ is caused by Rh-S(O), indicating the strong electronic
effect between Rh and S, N co-doped carbon.?”! Based on the
above characterization, the possible formation mechanism of
Rh/NSC is proposed (Figure 2j): I) when the Rh/C mass ratio is
low, the copolymerization reaction between Rh3* ions and thio-
urea dominates the reaction (Figure S12, Supporting Informa-
tion). In this case, thiourea can get into carbon nanospheres in
the presence of Rh3* ions under high temperature and pressure
until the Rh3* ions are consumed completely. It is also noted
that there would be no product obtained if only thiourea is
involved in the hydrothermal reaction. IT) When the Rh/C mass
ratio increases, Rh3* ions tend to perform homogeneous nucle-
ation because of the positive redox potential of Rh**. Therefore,
in the initial stage, the homogeneous nucleation of Rh*" ions
dominates the reaction. When Rh3* ions are continuously con-
sumed and drop to a critical value, the remaining Rh3* ions
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and thiourea repeat the stage I) and proceed copolymerization
reaction on the surface of the core via Rh—S bonds to form the
Rh/NSC shell. Finally, under heat treatment, compared with
the shell with low Rh/NSC mass ratio, the evaporation rate and
volatile products of the core are more pronounced, leading to
the generation of voids and the formation of Rh/NSC yolk—
shell structure. III) If the Rh/C mass ratio keeps increasing, the
homogeneous nucleation of Rh*" ions dominates the reaction
in the whole process. Thiourea would then participate in the
reaction through copolymerization with Rh3" ions and acts as a
structural indicator. Thus, after high-temperature carbonization
treatment, a porous nanostructure is formed.

The HER electrocatalytic performance of Rh;s/NSC YSS was
next evaluated via a typical three electrode system. For compar-
ison, we have also included the data collected on Rhs/NSC nano-
particles (NP), Rh;o/NSC porous particles (PP), commercial
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Figure 2. a,b) TEM images, c) HRTEM image and d) corresponding EDS mappings of the Rhs;/NSC NP. e,f) TEM images, g) HRTEM image and
h) corresponding EDS mappings of the Rh;o/NSC PP. i) The plot of size versus ratiopc). j) Schematic illustration of the nanostructure formation
mechanism in different stages, including NP, YSS, and PP. Orange: carbon. Blue: Rh.

20% Pt/C and commercial 5% Rh/C (C-Rh/C). Among these
five samples, Rh;5/NSC YSS exhibits the best electrocatalytic
performance in the 1 M KOH electrolyte (pH = 14), with the
lowest overpotential (13.5 mV at 10 mA c¢cm™2, Figure 3a) and
Tafel slope (24.9 mV dec™, Figure 3b), which is better than those
of commercial 20% Pt/C and outperforming the state-of-the-art
HER electrocatalysts (Figure 3c, detailed values are summarized
in Table S1, Supporting Information). Importantly, systematic
studies based on experimental data and DFT calculations have
proved that hydrogen binding energy (HBE) provides a key
descriptor for HER activity.??? In order to evaluate the origin
of the superior HER activity of Rh;s/NSC YSS, correlations
were established between HER activities and experimentally
measured HBE using the CV method under the corresponding
electrochemical conditions. Figure 3d exhibits the CV curves
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of Rhs/NSC NP, Rh;s/NSC YSS, Rhy/NSC PP, and commer-
cial Pt/C in the 1 m KOH, which reveal well-defined patterns,
including the adsorption/desorption of underpotential deposi-
tion hydrogen (H,,q) below 0.4 V (vs. reversible hydrogen elec-
trode (RHE)) and wide double-layer potential region between
0.4and 0.6 V (vs. RHE). Based on previous results, the potential
of Hy,q desorption peak (Epe) could be directly related to the
HBE of active site by AHBE = —FE,, (F is Faraday constant),
which yielded a superior HBE of —0.163 eV for Rh;5/NSC
YSS as compared with that of Pt/C (-0.246 eV for Pt(110) and
—0.356 eV for Pt(100)) in 1 m KOH.?3 Thus, the enhanced HER
intrinsic activity of Rh;s/NSC YSS can be ascribed to a weaker
H chemisorption strength as compared to Pt/C, triggering the
acceleration of the hydrogen desorption step. Meanwhile, with
the assistance of X-ray photoelectron spectroscopy (XPS), when
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Figure 3. a) Polarization curves of the Rh;s/NSC YSS electrocatalyst in 1 M KOH with a scan rate of 5 mV s™, along with Rhs/NSC NP, Rh;,/NSC PP,
Pt/C and commercial Rh/C for comparison. (b) are the corresponding Tafel slope. c) The electrocatalytic performance comparison among various noble
metal-based materials in the 1 M KOH electrolyte. d) Cyclic voltammograms tested in the range of 0 and 1V (vs RHE). e) TOF plots of the Rh;s/NSC
YSS, Pt/C and commercial Rh/C. f) Time-dependent current density plots versus time without iR correction at a static current density (10 mA cm™).
g) The variation of Tafel slopes and over potential (10 mA cm™2) of Rh;s/NSC YSS and Pt/C catalysts with the pH values (0-14).

the Rh/C mass ratio increases, the change of the coordination
environment of Rh (the covalent bonds formed between S and
Rh and possible hydrogen bonds formed between N and Rh)
results in the improvement of the percentage of oxidized Rh
(located at 309.8 and 314.8 eV) (Figure S13, Supporting Infor-
mation), indicating that the electronic structure of active sites
can be controlled via changing the Rh/C mass ratio.

Moreover, electrochemical impedance spectroscopy (EIS)
analyses of the catalysts have been employed to further under-
stand the reaction kinetics for HER with the equivalent circuit
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depicted in Figure S14 (Supporting Information). The semi-
circles in the high-frequency range and low-frequency range
are associated with charge-transfer resistance (R.) and mass-
transfer resistance (R,), respectively.? Among these three
samples, Rh;5/NSC YSS exhibits the lowest R, (8.37 Q) and R,
(1.74 Q), indicating a faster HER process (Figure S15, Supporting
Information). The elements of the value in the equivalent circuit
are summarized in Table S2 (Supporting Information). To eval-
uate the electrochemical surface area (ECSA) of the prepared
catalysts, the electrochemical double-layer capacitances (Cy) of
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the catalysts are measured via a simple cyclic voltammetry (CV)
method (Figure S16, Supporting Information).?) The Rhys/
NSC YSS exhibits the largely increased ECSA, which can be
attributed to the optimized electronic structure of the Rh active
centers. The mass activity is also considerable for evaluating
the activity of electrocatalysts. As shown in Figure S17 (Sup-
porting Information), it can be observed that the Rh;5/NSC YSS
electrocatalyst requires a small overpotential of only 51 mV to
attain a current density of 500 mA cm™ mg™!, being much lower
than the corresponding Rhs/NSC NP and Rh;,/NSC PP cata-
lysts, respectively. The intrinsic activities of electrocatalysts are
then evaluated by the turnover frequency (TOF) by assuming all
the noble metal atoms to be catalytically active.?’l Among these
samples, Rh;5/NSC YSS achieves the highest TOF of 0.143 s at
the overpotential of 75 mV, which is larger than those of Pt/C
(0.131 s and C-Rh/C (0.075 s7!) (Figure 3e). Notably, the Rhys/
NSC YSS also displays long-term stability with a degradation
rate of 147.5% during 10 h, which is better than the ones of Pt/C
(161.7%) and C-Rh/C (150.0%), verifying the promotion effect
of yolk-shell structure to stabilize architectural morphology and
effectively avoids the coverage of active sites during reaction
(Figure 3f). It should be noticed the slight degradation may be
attributed to the existence of few RhO, layers on the surface.
Previous reports has proved that the intrinsic HER activity of
Rh oxides is higher than that of pure Rh.™ Thus, the activity
loss is expected to be observed since RhO, is unstable and
readily reduced into metallic states during the HER process.
Then, the physical characterization results for reacted electro-
catalysts demonstrated the stability of the yolk—shell structure
and surface reconstruction phenomenon (Figure S18, Sup-
porting Information). An ideal HER electrocatalyst should not
only possess excellent performance in 1 M KOH electrolyte, but
also exhibits high efficiency over a wide pH value, even at all
pH values. The polarization curves of Rh;s/NSC YSS and Pt/C
obtained for entire pH range are compiled in Figure S19 (Sup-
porting Information) (acid condition), Figure S20 (Supporting
Information) (neutral condition), and Figure S21 (Supporting
Information) (alkaline condition). Figure 3g records the overpo-
tential (current density is 10 mA cm™) and corresponding Tafel
slopes of the electrocatalysts in the whole pH range. In specific,
Rh;5/NSC YSS shows a faster kinetic process than that of Pt/C
in all the electrolyte of different pH values. Therefore, even in
the strong acid condition (pH = 0.36 and 1.08) where the over-
potential of Rh;s/NSC YSS exceeds that of Pt/C, Rh;s/NSC YSS
still exhibits a higher electrocatalytic performance than Pt/C.

In addition to the electronic structure optimization of the
Rh active sites, the unique yolk—shell structure is also con-
sidered to play an important role in the HER process. Sur-
prisingly, the Rh;s/NSC YSS exhibits the best hydrophilicity
among these three kinds of nanostructures that can be con-
tributed to the existence of capillary force in the small voids.
This way, this capillary force would significantly improve the
electrolyte infiltration into the voids compared with NP and
PP nanostructures, resulting in a smaller contact angle with
electrolytes (Figure 4a—c). Also, the Rh;s/NSC YSS exhibits
the excellent aerophobic property, which is beneficial for the
H, desorption (Figure 4d—f). To gain a further insight into the
effect of nanostructures on the HER performance, the gas bub-
bles release behavior is further investigated during the in situ
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electrochemical process. Taking the HER recorded at —0.05 V
(vs RHE) as an example, hydrogen bubbles escaped easily from
the Rh;5/NSC YSS surface with a size of 28.7 £ 0.1 nm that are
obviously smaller than those of Rhs/NSC NP (36.0 + 2.7 nm)
and Rh;5/NSC PP (61.2 £ 2.1 nm) (Figure 4g—i). This phenom-
enon is closely related to the gas bubbles nucleation, transfer
and desorption process. Specifically, for the Rhs/NSC NP elec-
trocatalyst, typical gas bubbles behavior is occurred on the sur-
face. The bubbles nucleate and grow on the active sites, and
after reaching the critical size, they will directly desorb and
diffuse into the electrolyte (Figure 4j). While for the Rh;5/NSC
YSS electrocatalyst, compared with the larger bubbles gener-
ated on the outer shell, more gas bubbles are quickly generated
and restricted on the surface of the core part because of the spa-
tial confinement effect and heterogeneous composition. Based
on the Young-Laplace equation, Py = 2y/R, the pressure of a
bubble is inversely proportional to its radius (P, % and R pre-
sent the pressure, surface tension coefficient and radius of cur-
vature, respectively). The small gas bubbles inside can diffuse
into the large bubbles easily through the shell because of the
pressure difference, then bubbles on the outside will be quickly
released.l”’l The ion transfer rate is positively correlated to the
rate of gas escape; hence, the rapid desorption of gas bubbles
for Rhis/NSC YSS is beneficial for accelerating the catalytic
reaction (Figure 4k). In addition, the generated gas bubbles on
the inner surface of yolk—shell system would result in the dif-
ference in electrolyte concentration between the surface and the
interior space. The presence of electrolyte concentration differ-
ence is a source of penetration pressure that facilitates rapid
mass transfer at the interface, which is consistent with the EIS
analysis. For the Rh;,/NSC PP electrocatalyst, the generated gas
bubbles are easily trapped in the porous channel, covering the
active sites and reducing the catalytic performance (Figure 41).

3. Conclusion

In summary, heterogeneous Rh/S, N co-doped carbon elec-
trocatalysts with yolk-shell nanostructures are successfully
prepared by a facile self-template method. The optimized
electrocatalyst can achieve an extremely small overpotential of
13.5 mV at 10 mA cm™, a low Tafel slope of 25.5 mV dec, a
high TOF of 0.143 s7! (at =75 mV per RHE) and long-term dura-
bility for 10 h, which is the best alkaline HER activity among
the ever-reported noble metal based catalysts to the best of our
understanding. More importantly, it also exhibits superior elec-
trocatalytic activities at all pH, which is better than commer-
cial Pt/C and Rh/C catalysts. These striking performance can
be ascribed to the optimized electronic structure and unique
yolk—shell structure. All these results demonstrate the Rh based
nanomaterials as promising superior electrocatalysts in a wide
pH range while the nanostructure design is a powerful tool to
increase the mass/electron transfer during reaction.

4. Experimental Section

Preparation of Rh/C Yolk-Shell Nanospheres: Typically, 15 mg of
RhCl; and 2 g of thiourea were dissolved in 10 mL of distilled water,

© 2022 Wiley-VCH GmbH
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Figure 4. a—c) Images of the water contact angle measurement of 5 uL of 1 M KOH drop on the Rhs/NSC NP, Rh;5/NSC YSS and Rh;o/NSC PP film.
d-f) Images of the bubble contact angle measurement of 1 M KOH solution of Rhs/NSC NP, Rh;5/NSC YSS and Rh3,/NSC PP film. g-i) Digital photos
of the hydrogen bubbles produced on the surface of different samples during HER at —0.05 V versus RHE. Insets show the statistics on the gas bubble
size distribution. All scale bars are 500 mm. j-I) Schematic illustration of the gas bubbles formation and release process on the surface of different

electrocatalysts.

respectively. The RhCl; solution was then added to the thiourea solution
slowly under stirring until the clear transparent solution was obtained.
The mixture solution was sealed into a 35 mL Teflon-lined stainless steel
autoclave reactor, which was next heated at 140 °C for 12 h in an electric
oven. After cooling the system to room temperature naturally, the brown
precipitates were gathered and washed several times with ethanol and
deionized water by centrifugation, followed by vacuum dry at 60 °C
overnight. Finally, the Rh;s/NSC YSS were transformed from brown
precipitates by a heat treatment method in air atmosphere at 450 °C for
6 h with a heating rate of 2 °C min™". For comparison, Rhx/NSC (x = 5,
10, 20, and 30) electrocatalysts were prepared as control samples using
the same methods except for changing the feeding amount of RhCl; for
5,10, 20 and, 30 mg, respectively.

Characterization: The purity and crystalline structure of prepared
samples were evaluated by powder X-ray diffraction (XRD) with a scan
rate of 0.05°s™" in a 26 scan ranging from 20 to 90° using a Bruker
D2 Phaser (Bruker, Billerica, MA, USA) instrument equipped with a
monochromatic Cu—Kor radiation. The morphology and dimension of
obtained products were observed by scanning electron microscopy (SEM,
Phenom Pro, Phenom-World, The Netherlands) with an accelerating
voltage of 10 kV and field-emission SEM (SU-8010, Hitachi, Tokyo,
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Japan) with an accelerating voltage of 15 kV. Water and gas contact angle
were tested by Dataphysics Contact Angel Tester. Transmission electron
microscopy (TEM) and high-resolution (HR) TEM were conducted by
a Tecnai G? F30 (FEI, Hillsboro, or, USA) using an accelerating voltage
of 200 kV. X-ray photoelectron spectroscopy (XPS) was performed with
a VG Multilab 2000 (Thermo Fisher Scientific, Waltham, MA, USA)
photoelectron spectrometer using a monochromatic Al-Ke radiation
under vacuum at a pressure of 2 X 10 Pa. All the binding energies
were referenced to the Cls peak at 284.8 eV of the surface adventitious
carbon.

Electrochemical Measurements: For electrochemical measurement, the
well-dispersed catalyst ink was prepared by ultrasonication with 3 mg
of fabricated electrocatalyst, 50 UL of distilled water, 170 uL of ethanol,
10 puL of Nafion for 2 h. Then, 5 pL of the catalyst ink was pipetted onto
the glass carbon electrode surface (5 mm in diameter, S = 0.19625 cm?).
All electrochemical characterization was investigated with a Gamry
300 electrochemical workstation connected with a standard three-
electrode configuration under 25 °C using a constant temperature bath.
The fabricated electrode sample was used as the working electrode. A
saturated calomel electrode (SCE) and a carbon rod were employed as the
reference electrode and counter electrode, respectively. All the reported
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potentials were calibrated versus the reversible hydrogen electrode (RHE)
using the equation of Epyg = Esce + (0.2415 + 0.059 x pH) V, where Epye
is the potential referred to RHE and Esc is the measured potential
against the SCE reference electrode. The electrochemical activity of the
samples toward HER and OER were surveyed in 1 m KOH aqueous
solution (pH = 14) by linear sweep voltammetry (LSV) at a scan rate of
5 mV s7. To keep the electrode surface in a relatively stable state, several
cyclic voltammetry (CV) cycles were operated before the assessment of
electrochemical activity until the hydrogen evolution currents showed the
unnoticeable change. Unless otherwise mentioned, the voltammograms
were recorded with the iR drop compensation automatically on the
workstation.  Electrochemical impedance spectroscopy (EIS) was
conducted at 1.5 V (vs RHE) over a frequency range of between 0.05 Hz
and 100 kHz at 5 mV s™". Turnover frequency (TOF) is calculated from

. _ IxXA
the equation of TOF = TXEXN

exposed surface area of the electrocatalyst, F is the Faradic constant and
n is the moles of the active materials. Herein, the noble metal atoms
for each catalyst loaded on the glass carbon electrode are considered as
active sites.

At the same time, the electrolyte was prepared as following:
05 M H,SO, (pH = 0.36), 0.05 M H,SO, + 045 M Na,SO,
(pH = 108), 5 mm H,SO, + 049 M Na,SO, (pH = 188),
0.5 mm H,SO, + 049 M Na,SO, (pH = 2.88), 0.05 mm
H,SO, + 0.49 M Na,SO, (pH = 3.91), 5 mm H,SO, + 0.49 m Na,SO,
(pH =4.95), 0.5 mm H,SO, + 0.49 m Na,SO, (pH =5.79), 0.5 m Na,SO,
(pH =6.8), 1M KOH (pH =14), 0.1 M KOH + 0.6 M K,SO, (pH = 13.05),
0.01 M KOH + 0.66 M K,SO, (pH = 12.14), 1 mm KOH + 0.66 M K,SO,
(pH = 1075), 0.1 mm KOH + 0.66 m K, SO, (pH = 10.12),
0.01 mm KOH + 0.66 M K,SO, (pH = 9.04), 1 mm KOH + 0.66 m K,SO,
(pH = 8.28). All pH range was covered in this investigation.

, where [ is the current density, A is the
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