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Temperature-controlled synthesis of heterostructured Ru-Ru,P
nanoparticles embedded in carbon nanofibers for highly efficient

hydrogen production

Yue Wei!, Gao Xu?, Yujie Wei!, Lvlv Ji'", Tao Wang', Zhun Liu** and Sheng Wang""

ABSTRACT Developing highly efficient, cost-effective, and
stable electrocatalysts for hydrogen evolution reaction (HER)
is of considerable importance but remains challenging.
Herein, we report the fabrication of a robust Ru-based elec-
trocatalyst, which comprises heterostructured Ru-Ru,P na-
noparticles that are embedded in the N,P-codoped carbon
nanofibers (CNFs), through a synthetic strategy involving
electrospinning and temperature-controlled pyrolysis treat-
ment. The as-prepared Ru-Ru,P catalyst (Ru-Ru,P@CNFs)
shows excellent HER catalytic activities with low over-
potentials of 11 and 14 mV in acidic and alkaline media, re-
spectively, to achieve a current density of 10 mA cm™2, which
are superior to the individual components of pure Ru and
Ru,P catalysts. Density functional theory calculations de-
monstrate the existence of electronic coupling effect between
Ru and Ru,P at the heterointerfaces, leading to a well-modu-
lated electronic structure with optimized hydrogen adsorption
strength and enhanced electrical conductivity for efficient
HER electrocatalysis. In addition, the overall synthetic strat-
egy can be generalized for the synthesis of a series of transi-
tional metal phosphide-based nanofibers, thereby holding a
remarkable capacity for various potential applications.

Keywords: hydrogen evolution reaction, Ru-based electro-
catalysts, heterostructure, carbon nanofibers, electrocatalysis

INTRODUCTION

Hydrogen, which has high energy density and excellent con-
version properties, is considered an ideal energy carrier to
replace traditional fossil fuels [1]. Hydrogen production via
electrocatalytic water splitting is recognized as a promising and
sustainable process, preferably when the applied electricity is
derived from renewable energy sources (such as solar and wind
energy) [2]. Highly active electrocatalysts are indispensable for
cathodic hydrogen evolution reaction (HER) and anodic oxygen
evolution reaction to achieve efficient water splitting [3-5].
Platinum (Pt)-based materials are regarded as the benchmark
electrocatalysts for HER, but their large-scale applications are
limited by the high cost and earth rarity of Pt [6]. In the past
decade, extensive efforts have been devoted to developing var-
ious low-cost HER electrocatalysts, such as noble metal-free or
metal-free electrocatalysts, but their catalytic activities remain

unsatisfied [7].

Ruthenium (Ru), which has Pt-like hydrogen bonding
strength (~65 kcal mol™) and relatively low price (only ~4% of
Pt), has received increasing attention for HER [8]. Various Ru-
based materials, including metallic Ru, single atomic Ru, Ru-
based alloys, Ru phosphides, and Ru chalcogenides, have been
designed and synthesized for HER electrocatalysis, thereby
demonstrating excellent catalytic performances [9]. For example,
Zheng et al. [10] reported that metallic Ru exhibited a pro-
nounced effect of the crystal structure on the HER catalytic
activity, and the anomalously structured Ru catalyst showed 2.5
times higher HER turnover frequency than that of Pt in alkaline
media. Liu et al. [11] synthesized ultrasmall Ru,P nanoparticles
loaded on reduced graphene oxide nanosheets, which possessed
a lower HER overpotential than commercial 20 wt% Pt/C.

The catalytic activities of HER electrocatalysts are dominantly
dependent on the intrinsic catalytic activity of the active sites,
which are generally evaluated by the free energy of hydrogen
adsorption (AGu-). A small |AGys=| value represents a high cat-
alytic activity [12]. Various strategies have been applied to
modulate the electronic structures of active sites to boost the
intrinsic catalytic activities of Ru-based materials. The strategies
include nonmetal doping, transition metal doping, and support
engineering [8]. Interface engineering has gradually been
recognized as an effective strategy to improve the intrinsic cat-
alytic activity of hybrid nanomaterials due to the electronic
coupling and/or interfacial synergistic effect [13]. The interface
charge redistribution will be triggered by the combination of
different active components, which provide opportunities to
optimize the electronic structure for boosted catalytic perfor-
mance [14]. This strategy is effective for a diversity of transition
metal-based electrocatalysts categories [15-21]. Thus, further
promoting the intrinsic catalytic activities of Ru-based electro-
catalysts by interface engineering strategy is expected, while
related investigations are rarely reported for Ru-based electro-
catalysts.

Electrocatalysts with well-defined nanostructures are highly
desirable to increase the number of accessible catalytic active
sites [22]. Among various nanostructures, one-dimensional (1D)
nanostructured (such as nanofibers and nanowires) electro-
catalysts are advantageous in providing abundant active sites in
the radial direction and facilitating rapid electron transfer along
the axial direction [23,24]. Electrospinning is a simple and
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scalable method for the fabrication of 1D nanofibers with con-
trollable compositions for various applications [25]. For HER
electrocatalysis, the electrospun carbon nanofibers (CNFs) are
applied for loading catalytic active species, which is recognized
as an effective strategy to achieve increased catalytic active sites
and enhanced conductivity [26].

Herein, we report the design and synthesis of heterostructured
Ru-Rw,P nanoparticles that are in situ embedded in N,P-
codoped CNFs (denoted as Ru-Ru,P@CNFs). Nanofibers of
polyacrylonitrile (PAN) doped with phytic acid (PA) and RuCls
(denoted as Ru-PA@PAN) were first prepared by electrospin-
ning, followed by pyrolysis treatment at high temperatures to
obtain Ru-Ru,P@CNFs. Notably, the pyrolysis temperature can
significantly dominate the composition and morphology of the
resultant nanofibers. The resultant product experiences a com-
position conversion from pure Ru,P (750°C) to heterostructured
Ru-Ru,P (800°C) and pure Ru (850°C) with an increase in
pyrolysis temperature. Among these products, Ru-Ru,P@CNFs
possess the highest HER catalytic activities with ultralow over-
potentials of 11 and 14 mV at 10 mA cm™ in acidic and alkaline
media, respectively, which is even superior to the commercial
20% Pt/C and the recently reported Ru-based electrocatalysts.
Strong electronic redistribution occurs at the heterointerface of
Ru-Ru,P, which modulates the electronic structure to achieve an
optimized hydrogen adsorption strength, based on the density
functional theory (DFT) calculations. In addition, the mor-
phology of 1D nanofibers is beneficial to exposing additional
accessible active sites and facilitating mass transfer for enhanced
HER electrocatalysis. The overall synthetic strategy can be
extended to prepare a series of transitional metal phosphide
(TMP)-based nanofibers, indicating the versatility of this syn-
thetic strategy.

EXPERIMENTAL SECTION

Reagents

Ruthenium(III) chloride trihydrate (98%, RuCls-3H,0), bis
(acetylacetonate)dioxomolybdenum(VI) (97%, CioH1sMo0Og),
tungsten(VI) chloride (99.9%, WCl), and PA solution (70%,
CsH5024Ps) were purchased from Macklin Reagents Ltd. Nickel
acetate tetrahydrate (99.9%, NiC,H¢O,4H,0) and copper acet-
ate monohydrate (99.95%, C4H¢CuO,H,0) were purchased
from Aladdin Reagents Ltd. PAN (M,, = 150,000), 20% Pt/C, and
N,N-dimethylformamide (>99.5%, DMF) were purchased from
Sigma-Aldrich Co. High-purity air and argon (99.999%) gases
were purchased from Hangzhou Gases Co. All other chemical
reagents were of analytical grade and used as received without
further purification. All electrolyte solutions were prepared with
Milli-Q ultrapure water (18 MQ cm).

Characterizations
Fourier transform infrared (FT-IR) spectra were obtained on a
Nicolet 6700 spectrometer (Thermo Fisher Nicolet, USA) with
KBr pellets. X-ray diffraction (XRD) patterns were measured by
a Rigaku D/max-2200 via ceramic monochromatized Cu-Ka
radiation (A = 0.154 nm) operated at 40 kV and 40 mA. The
scanning rate was set as 2° min~!, and the scanning range was set
as 20°-80°. Raman spectra were recorded on a confocal micro-
scope laser Raman spectrometer (Renishaw inVia).

Scanning electron microscopy (SEM) images and energy-dis-
persive X-ray spectrometer (EDX) spectra were recorded at

2676

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022

ZEISS VLTRA-55 equipped with a Horiba EDX system. SEM
images and EDX spectra were respectively recorded with an
acceleration voltage of 3 and 10kV. Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images
were recorded on JEM-2010 HR.

X-ray photoelectron spectroscopy (XPS) for elemental analysis
was conducted on a Kratos Axis Ultra DLD X-ray Photoelectron
Spectrometer using 100 W monochromated Al Ka radiation as
the X-ray source for excitation. The 500-pm X-ray spot was used
for XPS analysis. The base pressure in the analysis chamber was
approximately 3 x 107! mbar (1 bar = 100 kPa). The C 1s peak
(284.6 eV) was used for internal calibration. The peak resolution
and fitting were processed with the XPS Peak 41 software.

The Brunauer-Emmett-Teller (BET) surface areas were mea-
sured on a Quanta Chrome Nova 2200e by N, adsorption at
77.4 K. The samples were degassed for 3h at 300°C before
measurements.

The inductively coupled plasma-optical emission spectrometry
(ICP-OES) measurements were conducted on a Perkin Elmer
ICP-OES Optima 8300. The sample was dissolved in con-
centrated HNOj; by oil-bath heating at 80°C for 24 h. The weight
percentage of the Ru element was calculated and analyzed by
using the working curve method.

Synthesis of Ru-PA@PAN and PAN nanofibers
The hybrid Ru-PA@PAN nanofibers were synthesized by the
electrospinning method. Briefly, RuCl;-3H,0O (1 mmol), PA
(0.5g), and PAN (1g) were dissolved in 9 mL of DMF by
continuous stirring overnight at room temperature to obtain the
homogeneous mixed solution. Afterward, the mixed solution
was loaded into a plastic syringe equipped with a stainless steel
needle. A revolving Al foil was applied for the collection of
electrospun nanofibers, and the distance between the needle tip
and Al foil was maintained at 20 cm. A high voltage of 13 kV
was applied between the needle and Al foil to trigger the elec-
trospinning, and the solution feeding speed was set as
0.25 mL h™". The temperature and humidity were respectively
controlled at around 30°C and 44% during the electrospinning.
The obtained Ru-PA@PAN nanofibers were dried in a vacuum
oven at 60°C for 12 h after electrospinning for 10 h.

In a control experiment, pure PAN nanofibers were synthe-
sized under identical conditions without RuCl;-3H,O and PA.

Synthesis of Ru-Ru,P@CNFs, Ru,P@CNFs, Ru@CNFs, and CNFs
The hybrid Ru-PA@PAN precursor was first pre-oxidized at
270°C in the air for 1 h with a heating rate of 1°C min™" to
synthesize Ru-Ru,P@CNFs, followed by pyrolysis at 800°C
under Ar atmosphere for 2 h with a heating rate of 2°C min™".

Ru,P@CNFs and Ru@CNFs were synthesized in the control
experiments under identical conditions, except for the pyrolysis
temperature at 750 and 850°C, respectively. CNFs were syn-
thesized by the identical synthetic procedure for Ru-
Ru,P@CNFs, except that pure PAN nanofibers were used as
precursors instead of Ru-PA@PAN.

Synthesis of Ni;,Ps-Ni,P@CNFs, Cu-Cu;P@CNFs, MoP@CNFs, and
WP@CNFs

Briefly, the precursors Ni-PA@PAN, Cu-PA@PAN, Mo-
PA@PAN, and W-PA@PAN were first synthesized by the
identical electrospinning method for the synthesis of Ru-
PA@PAN, instead Of RUC13'3H20, NiC4H6O4'4H20, C4H6'
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CuO4+H,0, C;oH1sMo0Og, and WClg were used. Afterward,
Ni;,P5-Ni,P@CNFs, Cu-Cu;P@CNFs, MoP@CNFs, and
WP@CNFs were accordingly synthesized by the identical syn-
thetic procedure for Ru-Ru,P@CNFs with Ru-PA@PAN, Ni-
PA@PAN, Cu-PA@PAN, Mo-PA@PAN, and W-PA@PAN as
the precursors.

Electrochemical measurements

Electrochemical measurements were conducted on an electro-
chemical workstation (CHI 660E, Chenhua, China) with a
standard three-electrode setup. The setup comprised a working
electrode, a carbon rod counter electrode, and a saturated
calomel reference electrode. The electrocatalyst (4 mg) and
Nafion solution (5 wt%, 80 uL) were first dispersed in 1 mL of
4:1 (v/v) water/ethanol to prepare the working electrode. Then,
the electrocatalyst suspension (5puL) was dropped onto the
surface of the glassy carbon electrode (mass loading:
~0.26 mg cm™2), followed by drying at room temperature.

The HER performances of electrocatalysts were evaluated in
N,-saturated 0.5 mol L™' H,SO, and 1molL™ KOH. The
reported potentials were referred to the reversible hydrogen
electrode (RHE) via the Nernst equation: Egpg = Escg + 0.059pH
+ 0.244, which were experimentally calibrated considering RHE
in the high-purity H,-saturated electrolyte with a Pt sheet as the
working electrode. In 0.5 mol L™ H,SO4, Ergr = 0.273 V + Escg;
in 1 mol L7! KOH, Egur = 1.05V + Egcg. Unless stated other-
wise, linear sweep voltammetry (LSV) was conducted at a scan
rate of 2 mV s™'. The Tafel slope was obtained from the LSV plot
using a linear fit applied to points in the Tafel region. Electro-
chemical impedance spectroscopy (EIS) measurements were
conducted from 1072 to 10° Hz with an amplitude of 5 mV at the
applied potentials. The electrochemical stability of the electro-
catalyst was conducted by cyclic voltammetry (CV) scanning
and long-term electrolysis. CV scanning with different scan rates
within the potential range of 0-0.2 V vs. RHE in 1 mol L' KOH
was also conducted to evaluate the electrochemical double-layer
capacitance (Ca) of the electrocatalysts. Unless stated otherwise,
LSV and Tafel data plots were corrected with 90% iR compen-
sation. The experiments were all performed at 22 + 2°C.

DFT calculations
DFT calculations were conducted with the Vienna ab initio
simulation package. The revised Perdew-Bruke-Ernerhof

approach within the generalized gradient approximation was
employed for the electronic exchange-correlation functional.
The kinetic plane-wave cutoff was set as 520 eV, and the con-
vergence threshold of the atoms was set as 107°eV and 2 x

~> eV A~!in energy and force, respectively. The Brillouin zone
was sampled by the Monkhorst-Pack method with a grid spacing
of less than 2mt x 0.02 A~%. The in-plane heterostructure of Ru-
Ru,P [110] was created by connecting the lattice surfaces of Ru
(110) and Ru,P (110). The surface slab model can be obtained by
a vacuum spacing larger than 30 A to avoid the spurious inter-
actions along the [111] direction. Thus, the (111) surface of the
Ru-Ru,P [110] heterostructure was constructed by a 5 x 2
orthorhombic supercell to compare the adsorption differences
with the pure Ru,P and Ru (111) surfaces. The hydrogen
adsorption energies on the (111) surfaces of Ru-Ru,P [110]
heterostructure, Ru,P, and Ru were calculated considering the
gas phase of hydrogen using the following equation:
AE,.=EMH*) - E(*)—-E(H,)/2, (1)
where E(H*), E(*), and E(H,) are the calculated energies of the
adsorbed hydrogen atom on the surface, a clean surface, and
molecule hydrogen in the gas phase, respectively.

The Gibbs free energies of hydrogen adsorption on the sur-
faces of Ru-Ru,P [110] heterostructure, Ru,P, and Ru were
calculated using the following:

AG .= AEy.+ AE,,— TAS, ©))

where the AEzpg is the change in zero-point energy of surface
vibrations upon hydrogen adsorption, T is the temperature and
AS is the entropy of adsorption, which is approximated by half
the entropy of molecular hydrogen in the gas phase. The cal-
culated value of (AEzpr — TAS) ~ 0.24 eV was adopted in this
study by reasonable estimation; therefore, AGux = AEys +
0.24 eV [27].

RESULTS AND DISCUSSION

Synthesis and characterization of electrocatalysts

The synthesis procedures of Ru,P@CNFs, Ru-Ru,P@CNFs, and
Ru@CNFs are shown in Scheme 1. RuCl;-3H,0, PA, and PAN
were first dissolved in DMF, and the mixed solution was then
electrospun with a high applied voltage of 13kV to form a
hybrid PAN nanofiber membrane. PA crosslinked Ru complexes
were homogeneously distributed in PAN nanofibers during the
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Temperature-controlled synthesis route of Ru,P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs.
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electrospinning process. The as-prepared Ru-PA@PAN hybrid
precursor was first preoxidized in the air at 270°C for 1 h and
then further pyrolyzed under an Ar atmosphere at a high tem-
perature for 2 h. Ru,P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs
were respectively prepared at 750, 800, and 850°C based on the
pyrolysis temperature in an Ar atmosphere.

Fig. 1a, b show the SEM images of Ru-PA@PAN, which
exhibits continuous nanofiber structures with a diameter of
around 500 nm. Fig. 1c shows the FT-IR spectra of PAN, PA,
RuCls, and Ru-PA@PAN. The FT-IR spectrum of Ru-PA@PAN
exhibits two characteristic peaks of PAN at 1450 and 2243 cm™,
which can be ascribed to the characteristic peaks of -CH, and
C=N in PAN [28]. Moreover, the feature peaks of PA at around
1000 and 1640 cm™ are observed in the FT-IR spectrum of Ru-
PA@PAN [29], whereas that of RuCl; is hardly identified,
indicating the formation of PA crosslinked Ru complexes in the
PAN matrix.

Fig. 1d exhibits the XRD patterns of samples obtained by
pyrolyzing the Ru-PA@PAN precursor at 750, 800, and 850°C.
These patterns reveal that the pyrolysis temperature could sig-
nificantly dominate the composition and crystal phase of the

electrocatalysts. The product at 750°C comprises a pure crystal
phase of Ru,P (JCPDS no. 65-2382). An additional crystal phase
of metallic Ru (JCPDS no. 06-0663) appears along with Ru,P by
elevating the temperature to 800°C. The crystal phase of Ru,P
disappears at a high temperature of 850°C, and only a pure
crystal phase of Ru is obtained. The XRD results demonstrate a
crystal phase conversion from Ru,P to Ru by increasing the
pyrolysis temperature from 750 to 850°C.

The elemental compositions and electronic states of
Ru,P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs were probed by
XPS. The XPS survey spectra in Fig. S1 exhibit the coexistence of
P, Ru, C, N, and O in these pyrolyzed samples, and Fig. 1e shows
their high-resolution Ru 3p XPS spectra. The doublet peaks of
Ru 3ps,, and Ru 3py;; in Ru,P@CNFs are respectively located at
462.4 and 484.5 eV, whereas these peaks are increasingly nega-
tive shifted in Ru-Ru,P@CNFs (462 and 484.2¢eV) and
Ru@CNFs (461.6 and 483.6 eV). The negative shift of Ru 3d
peaks with an increase in pyrolysis temperature reveals a
decrease in Ru valence state in the resultant pyrolyzed samples.
The high-resolution P 2p XPS spectra of these samples are
shown in Fig. 1f. The P 2p XPS spectra can be all fitted into two

[
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Figure 1

(a, b) SEM images of Ru-PA@PAN. (c) FT-IR spectra of PAN, PA, RuCl;, and Ru-PA@PAN. (d) XRD patterns, (e) high-resolution Ru 3p XPS

spectra, (f) high-resolution P 2p XPS spectra, (g) Raman spectra and (h) EDX spectra of Ru;P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs.
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peaks located at 133.5 and 134.3 eV, which are indexed to the
bonding state of P-C and P-O, respectively [30]. Notably, the
peak intensity/area of P-C is decreased with the increase in the
pyrolysis temperature, whereas that of P-O is contrarily
increasing. The Ru-P feature peaks at the region of 129-131 eV
for Ru,P@CNFs and Ru-Ru,P@CNFs are not observed [31],
which may be ascribed to the dominant existence of P-C and P-
O bonding states at the sample surface. The peak fitting of high-
resolution C 1s and N 1s XPS spectra in Fig. S2 suggests that the
carbon matrix arising from the pyrolysis of PAN has been
codoped with N and P atoms. The N,P-codoped carbon matrix
can endow the catalyst with high conductivity and hydro-
philicity, which respectively favor the electron transfer and
electrolyte contact [30].

Fig. 1g shows the Raman spectra of Ru,P@CNFs, Ru-
Ru,P@CNFs, and Ru@CNFs. Two distinct peaks at around 1355
and 1610 cm™ are respectively attributed to the D- and G-bands
of the carbon-based materials [32]. The D- and G-bands for the
Raman spectra are respectively related to the disordered gra-
phitic and graphite carbons. The Ip/Is peak intensity ratios for
Ru,P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs are 0.83, 0.68, and
0.57, respectively, indicating that a high degree of graphitization
can be obtained at a high pyrolysis temperature. Fig. 1h shows

that the EDX spectra of these samples reveal a decrease in P
content and an increase in Ru content by raising the pyrolysis
temperature, which is consistent with the XRD results. More-
over, the weight percentage of the Ru element in these samples
was determined by ICP-OES. The analysis of the working curve
reveals 25.8, 36.4, and 75.6 wt% of Ru element in Ru,P@CNFs,
Ru-Ru,P@CNFs, and Ru@CNFs, respectively. The interesting
phase conversion from Ru,P to Ru may be attributed to the
carbothermal reduction based on the aforementioned char-
acterizations. In carbothermal reduction, the carbon source acts
as the reducing agent to decrease Ru,P into metallic Ru at a high
pyrolysis temperature (for instance, 850°C).

The morphologies of Ru,P@CNFs, Ru-Ru,P@CNFs, and
Ru@CNFs were characterized by SEM and TEM. Fig. 2a, b
respectively reveal the SEM images of Ru,P@CNFs and Ru-
Ru,P@CNFs, which demonstrate that the morphologies of
nanofibers are well retained after the pyrolysis. However, the
nanofibers in the SEM image of Ru@CNFs obtained at 850°C
(Fig. 2c) are fractured and aggregated. Fig. 2d-f show the TEM
images of a single nanofiber for these pyrolyzed samples. The
diameter of resultant nanofibers is decreased from around 210 to
120 nm with an increase in pyrolysis temperature from 750 to
850°C. Numerous small nanoparticles with a diameter of around

Figure 2 (a-c) SEM images, (d-f) TEM images, and (g-i) HRTEM images of the pyrolyzed samples: (a, d, g) Ru,P@CNFs, (b, e, h) Ru-Ru,P@CNFs, and
(¢, f, i) Ru@CNFs. (j) TEM-EDX elemental mapping images of Ru, P, C, and N on Ru-Ru,P@CNF.
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5nm in the TEM image of Ru,P@CNFs (Fig. 2d) are uniformly
distributed in the carbon matrix (Fig. S3a). Fig. 2e and Fig. S3b
show that the diameter of nanoparticles is increased to around
12 nm for Ru-Ru,P@CNFs and is further grown and aggregated
to large-sized particles for Ru@CNFs (Fig. 2f). The HRTEM
image of Ru,P@CNFs in Fig. 2g exhibits lattice fringes with a d-
spacing of 0.24 nm, consistent with the (112) crystal plane of
Ru,P [11]. Fig. 2h reveals that the HRTEM image of Ru-
Ru,P@CNFs demonstrates the heterointerface between the (101)
plane of Ru and the (112) plane of Ru,P, which is in accordance
with the lattice fringe spacing of 0.21 and 0.24 nm, respectively.
Moreover, the HRTEM image of Ru@CNFs identifies the (101)
plane of Ru (Fig. 2i). The HRTEM results are consistent with the
XRD, XPS, and EDX characterizations, confirming the success-
ful fabrication of Ru,P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs.
Fig. 2j shows that the TEM-EDX elemental mapping images of
Ru-Ru,P@CNFs illustrate the uniform distribution of Ru, P, C,
and N elements throughout the nanofiber. This finding further
demonstrates that numerous heterostructured Ru-Ru,P nano-
particles are uniformly embedded on the N,P-codoped carbon
matrix. Fig. S4 shows that the BET surface area of
Ru-Ru,P@CNFs is 39.8 m* g~!, which is higher than those of
Ru,P@CNFs (21.3 m* g') and Ru@CNFs (26.3 m? g™%).

Electrocatalytic HER performance

A typical three-electrode setup was applied to evaluate the HER
catalytic performances of Ru,P@CNFs, Ru-Ru,P@CNFs, and
Ru@CNFs in 0.5 mol L™! H,S0,. For comparison, commercial
20% Pt/C and Ru-free CNFs were also examined under identical
experimental conditions. The LSV curves of the electrocatalysts
are shown in Fig. 3a. CNFs show a negligible catalytic activity,

but their catalytic performance is significantly enhanced by
loading with catalytic active nanoparticles. Ru-Ru,P@CNFs
exhibit higher catalytic activity than Ru,P@CNFs, Ru@CNFs,
and even 20% Pt/C. The required overpotentials are 11, 12, 25,
and 152 mV for Ru-Ru,P@CNFs, 20% Pt/C, Ru,P@CNFs, and
Ru@CNFs, respectively, to achieve an HER catalytic current
density of 10 mA cm™. In line with the LSV results, Ru-
Ru,P@CNFs show a smaller Tafel slope of 24.5 mV dec™" than
20% Pt/C (33.5mV dec™!), Ru,P@CNFs (44.5 mV dec™!), and
Ru@CNFs (94.5 mV dec™"), revealing the most favorable HER
catalytic kinetics for Ru-Ru,P@CNFs (Fig. 3b). In addition, the
HER catalytic performance of Ru-Ru,P@CNFs is even superior
to the recently reported Ru-based electrocatalysts in acidic
media (Fig. 3c and Table S1).

EIS measurements were conducted to provide further insight
into the catalytic kinetics [33]. Nyquist plots of Ru,P@CNFs, Ru-
Ru,P@CNFs, and Ru@CNFs under an overpotential of 50 mV
are shown in Fig. 3d. The figure reveals that the electrode of Ru-
Ru,P@CNFs possesses the smallest charge-transfer resistance
(Re) of around 36 Q) compared with that of Ru,P@CNFs (62 Q)
and Ru@CNFs (153 Q2), which is consistent with the superior
catalytic activity of the former.

Continuous CV scans were conducted from —0.1 to 0.1 V
versus RHE at a scan rate of 100 mV s~ in 0.5 mol L™! H,SO, to
evaluate the catalytic durability of Ru-Ru,P@CNFs. Fig. 3e
shows that the LSV curve of Ru-Ru,P@CNFs is well-preserved
with negligible degradation after 3000 cycles. Moreover, the
catalytic durability of Ru-Ru,P@CNFs was further evaluated by
long-term electrolysis at an overpotential of 10 mV (Fig. 3e
inset). The HER catalytic current density is sustainable for more
than 10 h, confirming the high catalytic durability of Ru-
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Figure 3 (a) LSV curves and (b) Tafel plots of the electrocatalysts for HER in 0.5 mol L™! H,SO,. (c) Comparison of overpotential at 10 mA cm™ (77;0) and
Tafel slope (b) for Ru-Ru,P@CNFs with the recently reported Ru-based electrocatalysts in 0.5 mol L' H,SOq. (d) Nyquist plots of Ru,P@CNFs, Ru-
Ru,P@CNFs, and Ru@CNFs at an overpotential of 50 mV in 0.5 mol L™! H,SO, (inset: equivalent electrical circuit used to model the EIS data). () LSV curves
of Ru-Ru,P@CNFs before and after 3000 CV cycles in 0.5 mol L™ H,SO,. Inset: Long-term electrolysis of Ru-Ru,P@CNFs at an overpotential of 10 mV in
0.5 mol L' H,SO,. (f) XRD pattern and TEM image (inset) of Ru-Ru,P@CNFs after long-term electrolysis in 0.5 mol L™' H,SO,.
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Ru,P@CNFs in acidic media. The structure and morphology of
Ru-Ru,P@CNFs were respectively characterized by XRD and
TEM after the long-term electrolysis. The XRD pattern and TEM
image in Fig. 3f respectively show the unchanged crystal phases
and the well retained nanofiber morphology, demonstrating the
excellent catalytic stability of Ru-Ru,P@CNFs.

The HER catalytic performances of the samples were also
evaluated in 1 mol L™! KOH. Ru-Ru,P@CNFs in Fig. 4a, b show
a higher HER catalytic performance than 20% Pt/C,
Ru,P@CNFs, and Ru@CNFs, featuring a small overpotential of
14 mV to achieve a current density of 10 mA cm™ and a small
Tafel slope of 24.2 mV dec™ in 1 mol L™' KOH. The values
found herein are also superior to the recently reported Ru-based
electrocatalysts in alkaline media (Fig. 4c and Table S2). In
addition, a summary of the HER catalytic performances of
Ru,P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs is listed in
Table S3. Nyquist plots in Fig. S5 show that Ru-Ru,P@CNFs
possess a decreased value for Ry than Ru,P@CNFs and
Ru@CNFs, demonstrating a high HER catalytic activity for Ru-
Ru,P@CNFs in alkaline media. The HER catalytic durability of
Ru-Ru,P@CNFs was examined by continuous CV scans and
long-term electrolysis in 1molL™' KOH. Electrocatalysis
degradation is hardly observed for Ru-Ru,P@CNFs after
3000 CV cycles or 11h electrolysis (Fig. 4d), and the XRD
pattern of Ru-Ru,P@CNFs is unchanged after the electrolysis
(Fig. S6), demonstrating the excellent catalytic stability of Ru-
Ru,P@CNFs in alkaline media.

The electrochemical double-layer capacitance (Ca) at the
solid-liquid interface was measured by CVs with different scan
rates within the potential range of 0-0.2V versus RHE in
1 mol L™! KOH (Fig. S7) to assess the electrochemically active
surface area (ECSA) of the catalysts. Fig. 4e shows that the Cy
value of Ru-Ru,P@CNFs is calculated as 64.1 mF cm™2, which is

larger than those of Ru,P@CNFs (23.5 mF cm™?) and Ru@CNFs
(10.1 mF cm™?), indicating a large ECSA and additional abun-
dant catalytic active sites for Ru-Ru,P@CNFs. LSV curves of
Ru,P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs were normalized
by the ECSA to compare the specific activity. Fig. 4f shows the
ECSA-normalized LSV curves, revealing the higher intrinsic
catalytic activity for Ru-Ru,P@CNFs than Ru,P@CNFs and
Ru@CNFs.

DFT calculations

The DFT calculations were conducted to provide deep insights
into the excellent HER catalytic activity of Ru-Ru,P@CNFs. A
reasonable model of Ru-Ru,P [110] heterostructure was con-
structed with a small interfacial strain of less than 1% based on
finite strain theory [16-19]. In addition, the reference models of
pure Ru,P and Ru were fabricated for comparison. Fig. 5a shows
the schematic models of Ru-Ru,P [110] heterostructure, Ru,P,
and Ru with an adsorbed hydrogen atom (H") at their optimal
sites. Fig. 5b reveals that the calculated AGy+ value of Ru-Ru,P is
0.034 eV, which is superior to that of pure Ru,P (—0.178 eV) and
Ru (—0.226 V), demonstrating the highest intrinsic activity for
the Ru-Ru,P heterostructure. Notably, the optimal catalytic
active site for Ru-Ru,P is the P site at their interface, which is
rationalized via the comparison with the AGy» values at other
sites (Fig. S8). Considering the initial step of HER electro-
catalysis in alkaline media is H,O adsorption on a catalyst sur-
face, the H,O molecule adsorption energies (AEHZO*) on various
sites of the Ru-Ru,P [110] heterostructure were also calculated.
Fig. S9 shows that the Ru site at the heterointerface possesses a
lower AEy o value of —0.239 eV than other sites, indicating the
favorable H,O adsorption site located at the heterointerface.
Therefore, we tentatively propose the possible HER electro-
catalysis route for Ru-Ru,P heterostructure in alkaline media.
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Figure 4 (a) LSV curves and (b) Tafel plots of the electrocatalysts for HER in 1 mol L™' KOH. (c) Comparison of overpotential at 10 mA cm™ (17;0) and Tafel
slope (b) for Ru-Ru,P@CNFs with the recently reported Ru-based electrocatalysts in 1 mol L™ KOH. (d) LSV curves of Ru-Ru,P@CNFs before and after
3000 CV cycles in 1 mol L™! KOH. Inset: Long-term electrolysis of Ru-Ru,P@CNFs at an overpotential of 10 mV in 1 mol L™! KOH. (e) Capacitive currents as
a function of scan rate and (f) ECSA-normalized LSV curves for Ru,P@CNFs, Ru-Ru,P@CNFs, and Ru@CNFs in 1 mol L™! KOH.
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Figure 5 (a) Schematic models of Ru-Ru,P heterostructure, Ru,P, and Ru with H" at their optimal catalytic active sites. (b) Calculated AGy+ values for
Ru-Ru,P heterostructure, Ru,P, and Ru. (c) Charge density-difference plots at the Ru-Ru,P heterointerface. (d) The calculated electronic DOS for Ru-Ru,P

heterostructure, Ru,P, and Ru. The Fermi level was set as 0 eV.

Fig. S10 illustrates that the H,O molecule adsorption first occurs
at the heterointerface Ru site. Afterward, the site may experience
H,O splitting with the transfer adsorption of the H atom on the
adjacent P site and desorption of OH™ into the electrolyte, fol-
lowed by the H, generation process.

The differential charge transfer analysis for the Ru-Ru,P het-
erostructure was investigated. Fig. 5¢ shows that the interface
charge redistribution along with electron transfer from Ru,P to
Ru is due to the formation of Ru-Ru,P heterostructure, thereby
effectively modulating the electronic structure at the hetero-
interface region. Furthermore, the density of the states (DOSs)
for the Ru-Ru,P heterostructure, pure Ru,P, and Ru was calcu-
lated. Fig. 5d shows that the Ru-Ru,P heterostructure possesses a
higher electron density at the Fermi level than pure Ru,P and
Ru, indicating a high electrical conductivity for the Ru-Ru,P
heterostructure to achieve rapid electron transfer during the
HER electrocatalysis [18]. The aforementioned DFT analysis
indicates that the integration of Ru and Ru,P to form Ru-Ru,P
heterostructures could optimize the electronic structure with
enhanced catalytic active sites and increased electrical con-
ductivity in comparison with the individual components Ru and
Ru,P, thereby achieving a significantly boosted intrinsic HER
catalytic activity.

Extension to other TMP-based nanofibers

Ni, Cu, Mo, and W phosphide-based nanofibers have been
identically synthesized by only altering the feeding source from
RuCl; to other transition metal salts to demonstrate the versa-
tility of the overall synthetic strategy. Fig. S11 shows the SEM
images of the continuous electrospun hybrid nanofibers of Ni-
PA@PAN, Cu-PA@PAN, Mo-PA@PAN, and W-PA@PAN. The
resultant TMP-based nanofibers of Ni;;P5-Ni,P@CNFs, Cu-
Cu3;P@CNFs, MoP@CNFs, and WP@CNFs have been success-
fully obtained after the pyrolysis, as first evidenced by the XRD
patterns in Fig. 6a—d. SEM images of these samples show that the
1D nanofiber morphologies are well maintained, except for the
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decreased diameter of nanofibers (Fig. 6e-h). Fig. 6i-1 indicate
that the corresponding TEM images confirm their nanofiber
morphologies decorated with numerous small nanoparticles.
The HRTEM images in Fig. 6m-p reveal the effectively resolved
lattice fringes consistent with the formation of Ni;,Ps-Ni,P, Cu-
CusP, MoP, and WP nanoparticles embedded in carbon nano-
fibers for Ni;,P5-Ni,P@CNFs, Cu-Cu;P@CNFs, MoP@CNFs,
and WP@CNFs, respectively. In addition, the XPS and EDX
characterizations in Figs S12-S14 further demonstrate the suc-
cessful fabrication of Ni;,P5-Ni,P@CNFs, Cu-Cu;P@CNFs,
MoP@CNFs, and WP@CNFs.

CONCLUSIONS

In summary, we demonstrate the fabrication of Ru-Ru,P@CNF
catalysts via a synthetic strategy involving electrospinning and
temperature-controlled pyrolysis treatment. The pyrolysis tem-
perature plays a dominant role in the morphology and compo-
sition of resultant catalysts. The catalysts experience a
composition conversion from pure Ru,P to heterostructured Ru-
Ru,P and pure Ru with an increase in pyrolysis temperature. The
optimized catalyst Ru-Ru,P@CNFs comprise heterostructured
Ru-Ru,P nanoparticles that are embedded in N,P-codoped
CNFs. This result indicates the outstanding HER catalytic per-
formances in acidic and alkaline media, which are superior to
those of Ru,P@CNFs, Ru@CNFs, 20% Pt/C, and the recently
reported Ru-based electrocatalysts. DFT calculations reveal that
the electronic coupling interactions between Ru and Ru,P
components could achieve a well-modulated electronic structure
at the heterointerface, which results in optimized catalytic active
sites and promotes electrical conductivity for enhanced HER
electrocatalysis. Moreover, the overall synthetic strategy has been
extended to fabricate TMP-based nanofibers, which may find
broad applications in the fields of catalysis and energy storage
and conversion. This study not only demonstrates a deep insight
into the electronic structure modulation by interfacial engi-
neering but also provides a facile strategy to develop 1D
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nanostructured catalysts with high conductivity and activity for
electrocatalysis and beyond.
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