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Manipulating Ru oxidation within electrospun
carbon nanofibers to boost hydrogen and oxygen
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splitting+
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Developing bifunctional electrocatalysts with high efficiency and prominent durability toward overall
water splitting is a fascinating way to produce hydrogen for clean energy applications. In this work, par-
tially oxidized Ru nanoparticles integrated within electrospun carbon nanofibers (RuO,/Ru-CNFs) are pre-
pared via a convenient electrospinning—carbonization—oxidation process. Benefitting from the small size
of the active nanoparticles, the formation of a RuO,/Ru heterostructure and the introduction of a carbon
substrate, the optimized RuO,/Ru-CNFs-350 catalyst delivers excellent OER and HER performances with
ultralow overpotentials of 203 mV and 21 mV at 10 mA cm™2, respectively, along with remarkable long-
term stabilities under alkaline conditions. Moreover, we constructed an alkaline overall water splitting
electrolyzer with RuO,/Ru-CNFs-350 as both the anode and cathode, achieving a low working voltage of
1.452 V at 10 mA cm™2, superior to that of the benchmark Pt/C||RuO, couple (1.560 V). This work provides
a convenient and promising route to fabricate high-performance bifunctional electrocatalysts toward
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Introduction

Due to the environmental deterioration and the increasingly
serious energy crisis, the development of sustainable and
clean energy is of great significance to human society.'™ Since
John Bockris presented the term hydrogen economy in a
speech at the General Motors Technology Center in 1970,
hydrogen energy has captured significant attention, and thus
far, it has been broadly used in industrial production, such as
the synthesis of ammonia and the refining of fossil fuel.’
Beyond that, hydrogen-powered fuel cells have shown great
promise in automobiles and consumer electronics.® However,
most hydrogen is still obtained from coal gasification or steam
methane reforming, leading to the large emission of CO, and
high energy consumption, which is contrary to the goal of
carbon neutrality.” Electrochemical water electrolysis has
attracted widespread attention for generating hydrogen
because of its low-cost electricity produced by sustainable
energy (solar energy, wind energy, etc.).” '° This sustainable
approach solves the problem of renewable energies not being
available as continuous power sources due to their intermit-
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tent nature, and achieves zero CO, emission throughout the
process.®'*™* However, the practical water decomposition is
found to overcome the overpotentials resulting from the hydro-
gen evolution reaction (HER) and oxygen evolution reaction
(OER) at the cathode and anode, respectively. Therefore, the
actual overpotential toward the overall water splitting is far
beyond its thermodynamic potential (1.23 V), and especially
the OER as the key and bottleneck-type reaction with sluggish
kinetics hinders the overall efficiency."*™*°

In recent years, many electrocatalysts have been created to
reduce the energy barrier toward the OER or HER. Among
them, bifunctional catalysts are highly attractive in the electro-
chemical water splitting field because of their distinct capa-
bility of catalyzing both the OER and HER in the same
electrolyte.””™"® Precious metal catalysts with high electro-
catalytic activity are strongly limited for large-scale practical
applications because of their scarcity, high cost and poor
stability.”’>*" On the other hand, many non-precious metal-
based catalysts have been explored to present electrocatalytic
properties for overall water splitting, while their low intrinsic
activity still hinders their practical usage. Thus, searching for
high-efficiency and durable electrocatalysts toward overall
water splitting remains highly desirable but challenging.
Ruthenium dioxide (RuO,) with a rutile phase is well known to
exhibit remarkable performance in terms of the OER in both
acidic and alkaline electrolytes,?*>® but their HER activity is
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inferior. Recently, metallic ruthenium (Ru) materials have
been demonstrated as promising alternatives to platinum (Pt)
toward the HER because their bond strength with hydrogen is
similar to that of Pt, and they are much cheaper.?®®
Previous studies have shown that the metallic Ru exhibits
pretty good HER activity in alkaline medium due to the
higher oxophilicity of Ru®*”*° but poor OER performance.
Therefore, the integration of RuO, and metallic Ru offers a
good chance to construct an efficient bifunctional catalyst for
both the OER and HER toward overall water splitting in a
basic electrolyte. In fact, RuO, is susceptible to strong anodic
corrosion and thus unable to sustain its activity during the
OER process.>® The aggregation of RuO, nanoparticles during
the OER process is also one of the major reasons for the
decline in its electrocatalytic activity. Therefore, tagging the
active nanoparticles onto some supports is an efficient route
to address the anodic dissolution and particle aggregation.
Generally, carbon materials, such as carbon nanotubes
and graphene, are attractive as excellent supports with high
electrical conductivity, and are conductive to enhance the
electrocatalytic activity and morphological stability of
catalysts.>7*3

Electrospinning technology is a facile method to fabricate
one-dimensional (1D) elongated carbon-based materials with
large aspect ratios, high electrical conductivity, tunable com-
positions and morphologies, and has been broadly used in a
variety of electrocatalytic reactions.?**” Herein, based on the
above concepts, we adopt a novel electrospinning-carboniz-
ation-oxidation process to construct a highly efficient bifunc-
tional catalyst in which partially oxidized Ru nanoparticles
are embedded within the 1D carbon nanofibers (RuO,/Ru-
CNFs). Owing to the configuration of the heterostructure
between RuO, and metallic Ru as well as the favorable electri-
cal conductivity of the CNFs, the obtained RuO,/Ru-CNF cata-
lyst only requires low overpotentials of 203 mV for the OER
and 21 mV for the HER at 10 mA cm ™ in 1 M KOH. Our cata-
lyst also shows remarkable durability in both the OER and
HER processes. In addition, a home-made overall water split-
ting electrolyzer assembled by using RuO,/Ru-CNFs as both
the anode and cathode presents a low applied voltage of
1.452 V at 10 mA cm >, superior to the benchmark Pt/C||
RuO, electrolyzer. In addition, the electrolyzer also presents a
prominent stability for over 100 h, illustrating the potential of
the RuO,/Ru-CNFs catalyst in the field of energy storage and
conversion devices.

Experimental section

Chemicals and reagents

Polyacrylonitrile (PAN, M,, = 150 000), ruthenium(m) chloride
(RuCl3-xH,0), commercial ruthenium oxide (RuO,) and Nafion
solution (5 wt%) were obtained from Sigma-Aldrich. N,N-
Dimethylformamide (DMF) was provided by Tianjin Tiantai
Fine Chemicals Co. Ltd. Commercial Pt/C (20 wt%) was pur-
chased from Johnson Matthey.
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Preparation of RuO,/Ru-CNFs

The RuO,/Ru-CNF catalyst was prepared through the oxidation
of Ru-CNFs by controlling the temperature during the calcina-
tion process. Firstly, a typical electrospinning technology was
used to prepare the Ru precursor-PAN nanofibers. In detail,
15 mg of RuCl;-xH,0O was put into 2 g of DMF solution con-
taining PAN (10 wt%) under constant stirring to form a homo-
geneous electrospinning precursor. Then a flexible Ru precur-
sor-PAN-15 fiber membrane was obtained through an electro-
spinning process performed at a voltage of 16 kV and a tip-to-
collector distance of 20 cm. After that, the prepared light
brown Ru precursor-PAN-15 membrane was put into a tube
furnace for the pyrolysis process. The membrane was pre-oxi-
dized in air at 240 °C for 2 h, and then carbonized under an Ar
atmosphere at 800 °C for 2 h to acquire the black Ru-CNFs-
15 membrane. The heating rate for the entire process was
fixed at 2 °C min~". Subsequently, Ru-CNFs-15 underwent an
oxidative calcination process at 300, 350, 400 and 450 °C in
air for 1 h, and the as-collected products were named RuO,/
Ru-CNFs-300, RuO,/Ru-CNFs-350, RuO,/Ru-CNFs-400 and
RuO,/Ru-CNFs-450, respectively. For comparison, the
control samples were produced through a similar route with
the fabrication of RuO,/Ru-CNFs-350 but with a difference of
the addition of RuCl;-xH,O during the preparation of the
electrospinning precursor, which contained 7.5 and 22.5 mg of
RuCl;-xH,0 respectively. The final samples were denoted as
RuO,/Ru-CNFs-350-7.5 and RuO,/Ru-CNFs-350-22.5.

Characterization

The morphologies of the prepared catalysts were observed by
field-emission scanning electron microscopy (FESEM) (FEI
Nova NanoSEM) and transmission electron microscopy (TEM)
(JEOL JEM-2100). An FEI Tecnai G2 F20 electron microscope
with an acceleration voltage of 200 kV was used to obtain the
TEM and high-resolution TEM (HRTEM) images, selected area
electron diffraction (SAED) patterns, energy dispersive X-ray
(EDX) spectra and elemental mapping images of RuO,/Ru-
CNFs-350. The crystal structures of the fabricated catalysts
were determined by X-ray diffraction (XRD) (PANalytical B.V.
Empyrean) with Cu Ka radiation. Fourier transform infrared
(FT-IR) spectra were obtained on a Thermo Scientific Nicolet
iS10. X-ray photoelectron spectra (XPS) were recorded on a
Thermo ESCALAB 250 spectrometer to analyze the surface oxi-
dation states of the as-prepared samples.

Electrochemical measurements

The electrochemical measurements for the OER and HER were
carried out on a CHI 760E workstation in 1 M KOH using a
typical three-electrode system at ambient temperature, in
which a calibrated Hg/HgO electrode (the electrode was cali-
brated in 1 M H,-standard KOH through a chronoamperometry
method (Fig. S1f)) and a modified rotating disk electrode
(RDE, made of glassy carbon, 5 mm in diameter) were used as
the reference electrode and working electrode, respectively. In
addition, a Pt wire and a graphite rod were employed as the
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counter electrodes for the OER and HER, respectively. To form
the catalyst ink, 4 mg of catalyst was homogeneously dispersed
in 1 mL of mixed solvent containing 985 pL of ethanol and
15 pL of Nafion solution with sonication. Then, 50 pL of cata-
lyst ink was loaded onto a polished RDE and dried under infra-
red light, yielding a mass loading of around 1.0 mg cm™>. The
control sample-modified working electrodes were prepared in
the same way. All the measured potentials were transformed to
a reversible hydrogen electrode (RHE) according to the Nernst
equation: Erpg = Engmgo + 0.928 V. The linear sweep voltam-
metry (LSV) method was used at a sweep rate of 2 mV s™' and
a rotation rate of 1600 rpm. Before that, cyclic voltammetry
(CV) measurements were conducted for several cycles to active
and stabilize the catalyst-modified working electrode.
Electrochemical impedance spectroscopy (EIS) was carried out
after a quiet time for 10 s with the amplitude of the sinusoidal
perturbation fixed at 5 mV. Notably, the data points of EIS for
the OER were recorded at a potential of 0.54 V vs. Hg/HgO in a
frequency range from 10 kHz to 0.01 Hz, while for the HER,
the points were collected at a potential of —1.0 V vs. Hg/HgO in
a frequency range from 10 kHz to 0.1 Hz. Unless otherwise
specified, the polarization curves tested through the LSV
method were corrected for 100% iR-compensation, following
the equation E.orrected = Emeasured — iRa (Rgq is the solution re-
sistance obtained from EIS measurements). The electro-
chemical surface area (ECSA) values were estimated by a CV
method which is illustrated in depth in the ESI.¥ The i-t tests
for both the OER and HER were performed using the catalyst-
loaded Ni foam (0.4 cm x 0.5 cm, mass loading of 3 mg cm™?)
as the working electrode at the required potentials. Overall
water splitting was performed in 1 M KOH in a two-electrode
configuration with two pieces of catalyst-loaded Ni foam
(0.4 cm x 0.5 cm, mass loading of 3 mg cm™?) as both the
anode and cathode. The polarization curves were acquired by
the LSV method at a sweep rate of 2 mV s~ without iR-com-
pensation. The i-¢ test was also conducted at a desired applied
voltage.

Results and discussion
Synthesis and characterization of RuO,/Ru-CNFs

As illustrated in Scheme 1, a facile electrospinning technique
is used to produce uniform and smooth Ru precursor-PAN-15
nanofibers with an average diameter of 313 nm from FESEM
measurements (Fig. S2a and bt). After a high-temperature car-
bonization process, the average diameter of the obtained Ru-
CNFs-15 shrinks to 216 nm (Fig. S2¢ and df), which is ascribed
to the pyrolysis of PAN. With the subsequent calcination treat-
ment, the surface of the nanofibers becomes obviously rough
(Fig. 1a). Meanwhile, there is a significant shrinkage of the
fiber diameter, especially at a higher calcination temperature,
which is due to the partial loss of the carbon substrate
(Fig. S31). Moreover, the control samples with different con-
tents of the Ru component are also investigated for their mor-
phologies. In addition to the shrinkage of the fiber diameter
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Scheme 1 Schematic diagram of the fabrication of RuO,/Ru-CNFs.

due to original carbonization and oxidative calcination pro-
cesses, the diameter of the nanofibers in each preparation
process varies with different Ru contents (Fig. S4-S67) because
the addition of RuCl;-xH,O significantly affects the viscosity of
the electrospinning precursor solution, leading to a larger
nanofiber diameter during the electrospinning process with
the increase of the addition amount of RuCl;-xH,O. The
interior morphology of the as-prepared samples is further
explored using TEM images. As displayed in Fig. S7a,} plenty
of small nanoparticles are embedded in Ru-CNFs-15. After the
oxidative calcination process, the sizes of the nanoparticles
slightly increase, but are still small (Fig. 1b and Fig. S7b-df).
With the increase of the oxidation temperature in air, the
nanoparticles gradually aggregate in the case of decreased
carbon preservation, accompanied by a diameter shrinkage of
the nanofibers. For comparison, the influence of the pro-
portions of the Ru component on the morphologies of the Ru-
CNFs and RuO,/Ru-CNFs has also been investigated. As shown
in Fig. S8a and b,} more nanoparticles with larger sizes are
observed in Ru-CNFs-22.5 with a higher Ru content. On the
other hand, as the Ru-CNFs-7.5 sample with a low Ru content
suffers from greater carbon losses and less presence of Ru
species during the oxidation process, the obtained RuO,/Ru-
CNFs-350-7.5 possesses a smaller diameter (Fig. S8c and df).
This result demonstrates that a higher metal content in the
precursor nanofibers is beneficial in maintaining the mor-
phology of the products during the calcination treatment.
Furthermore, the HRTEM image presents well-defined
crystal plane spacings of 0.318 and 0.234 nm (Fig. 1c), which
correspond to the (110) plane of rutile RuO, and the (100) crys-
tallographic plane of metallic Ru, demonstrating the coexis-
tence of RuO, and Ru. The strong Ru signals in the EDX spec-
trum (Fig. 1d) confirm the presence of the Ru element in
RuO,/Ru-CNFs-350. The SAED pattern is further employed to
calculate the d-spacings for RuO,/Ru-CNFs-350, in which the
data of the diffraction rings match well with those obtained
from the following XRD results. Moreover, the high-angle
annular dark-field scanning TEM (HAADF STEM) and EDX
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Fig. 1 (a) SEM image, (b) TEM image, (c) HRTEM image, (d) EDX spectrum, (e) SAED pattern, (f) HAADF-STEM micrograph and EDX mappings of syn-

thesized RuO,/Ru-CNFs-350.

mappings (Fig. 1f) show that Ru, O and C elements
distribute uniformly along the nanofibers, suggesting the
homogeneous distribution of Ru and RuO, nanoparticles in
the CNFs.

The XRD patterns of the catalysts at different heating temp-
eratures during the oxidation process are used to reveal their
crystal types. As presented in Fig. 2a, after a heat-treatment in
air for 1 h, there are several new diffraction peaks appearing at
28.0°, 35.1° and 54.4° at a heating temperature of 350 °C or
higher, which belong to the (110), (101) and (211) planes of
the rutile RuO, phase (JCPDS no. 43-1027), respectively.
Remarkably, the characteristic peaks of RuO, become notably
stronger with the increase of the heating temperature, demon-
strating that under the condition of a heating time of 1 h, the
Ru nanoparticles tend to be partially oxidized with the heating
temperature over 350 °C, and this also discloses that as the
temperature rises, the RuO, content increases. However, the
remaining peaks, assigned to the Ru phase (JCPDS no. 06-
0663), can be clearly observed in RuO,/Ru-CNFs, which is
stronger than that in the original Ru-CNFs-15 and RuO,/Ru-
CNFs-300. There are two possible reasons for this result: (1) as
the treatment temperature increases, the crystallinity of the
metallic Ru phase increases. (2) The loss of the carbon sub-
strate causes more exposure of Ru nanoparticles, resulting in
the increase of signal intensity. The XRD patterns also confirm
the coexistence of the RuO, component and metallic Ru nano-
particles in RuO,/Ru-CNF catalysts. Fig. S91 displays the XRD
patterns of Ru-CNF and RuO,/Ru-CNF samples with different
Ru contents, revealing that the diffraction peaks corres-
ponding to Ru and RuO, crystals become more obvious with
the increase of the Ru content, demonstrating the formation
of more nanoparticles embedded in the nanofibers. Due to the
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oxidation of carbon in air, FT-IR spectroscopy is used to detect
the persistence of carbon in the final RuO,/Ru-CNF products.
According to the FT-IR spectrum of Ru-CNFs-15 (Fig. 2b), the
peak located at 1636 cm™' is associated with the C=C and
C=N stretching vibrations,***° and the peak at 1450 cm™" is
assigned to C-H bending vibrations.*>*' The Ru-CNFs present
a wide absorption peak near 1100 cm™", matching with the
OH bending vibrations and C-OH stretching.*® It can be seen
that the peaks at 1636 and 1450 cm™" still exist in the spectra
of RuO,/Ru-CNFs-300/350/400 samples, indicating that a part
of the carbon is preserved in the oxidized samples. However,
there are almost no peaks observed at a similar wavenumber
in RuO,/Ru-CNFs-450, resulting from the slight carbon preser-
vation at a high oxidation temperature. Additionally, the peak
appearing at 1250 cm™" in the FT-IR spectra of RuO,/Ru-CNFs
corresponds to the in-plane bending vibrations or C-N
vibrations.?**® Because of the oxidation treatment, the peaks
detected at 1200-1000 cm™' may correspond to C-O
vibrations.*%*H*

XPS measurements are further employed to reveal the
surface composition and oxidation states of Ru-CNFs-15 and
RuO,/Ru-CNFs-350. The full surveys of the catalysts confirm
the appearance of Ru, O and C elements (Fig. S10a and bf¥). As
illustrated in the narrow-scan XPS spectrum of Ru 3p of Ru-
CNFs-15 (Fig. 2c), the spin-orbit peaks at 484.2 and 462.3 eV
correspond to Ru’ 3p;, and Ru® 3psj,, respectively.”” For
RuO,/Ru-CNFs-350, the appearance of Ru*" 3p;, and Ru*"
3ps2 in the RuO, phase located at 486.6 and 464.2 eV demon-
strates the partial oxidation of catalysts after the heating
process.'®** Furthermore, Fig. 2d shows that the deconvolu-
tion of the O 1s spectrum of Ru-CNFs-15 provides three major
peaks at binding energies of 533.4 (04), 532.0 (03) and

This journal is © the Partner Organisations 2022
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Fig. 2 (a) XRD patterns and (b) FT-IR spectra of Ru-CNFs-15 and different
1s of Ru-CNFs-15 and RuO,/Ru-CNFs-350.

531.6 eV (02) corresponding to the C-O bond, the surface
molecular water and the surface hydroxyl group,
respectively.>*> In particular, there is a characteristic peak
appearing at 530.0 eV (O1) indexed to the lattice oxygen (Ru-O)
in the O 1s spectrum of RuO,/Ru-CNFs-350, further verifying
the formation of RuO, on the catalyst.*®*” The peaks centered
at 284.1 and 280.6 eV in the narrow-scan Ru 3d spectrum of Ru-
CNFs-15 (Fig. S10ct) can be resolved to Ru 3dsz,, and Ru 3ds,,
respectively.”>*®*  For RuO,/Ru-CNFs-350 presented in
Fig. S10d,7 the binding energy peaks of Ru 3d are observed at
284.5 and 280.9 eV, which exhibit positive shifts compared to
those of Ru-CNFs-15, thus demonstrating the change of the
electronic structure of Ru due to the construction of the RuO,/
Ru heterostructure. The C 1s spectrum, which is partially over-
lapped with Ru 3dj),, is deconvoluted into three binding energy
peaks at 287.6, 285.5 and 284.6 eV, which are ascribed to C=0,
C-0 and C-C/C=C, respectively.>”**

Oxygen evolution activity

The OER property is measured by coating the catalyst on the
RDE and then assembling a typical three-electrode configur-
ation in 1 M KOH. After the 100% iR drop compensation, the
RuO,/Ru-CNFs-350 catalyst exhibits the best OER activity with
an overpotential of 203 mV at 10 mA cm? (Fig. 3a), which is
the lowest value among all the catalysts including RuO,/Ru-
CNFs-300 (over 470 mV), RuO,/Ru-CNFs-400 (212 mV), RuO,/
Ru-CNFs-450 (256 mV), Ru-CNFs-15 (over 470 mV), and com-

This journal is © the Partner Organisations 2022
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RuO,/Ru-CNF catalysts. Narrow-scan XPS spectra of (c) Ru 3p and (d) O

mercial RuO, (339 mV). Moreover, at the current densities of
100 and 200 mA cm™?, the RuO,/Ru-CNFs-350 catalyst pos-
sesses ultralow potentials of 256 and 280 mV, respectively, out-
performing many other reported noble metal-based catalysts
(Table S1f). Furthermore, the RuO,/Ru-CNFs-350 -catalysts
display far better performance than the Ru-CNFs-15 sample,
indicating that the heterostructure constructed with Ru and
RuO, is beneficial for boosting the OER activity and the opti-
mized heating temperature during the oxidation process is
350 °C. In addition, the RuO,/Ru-CNF catalysts calcined at
temperatures of 350 °C and 400 °C exhibit much better electro-
catalytic activity than those heated at 450 °C. This is because
the calcination temperature can regulate the oxidation state of
metallic Ru and further affect the construction of RuO,/Ru
heterostructures, which provide main active sites during the
electrochemical process.® Moreover, the preserved-carbon
matrix can not only avoid the aggregation of active nano-
particles to expose more active sites but also improve the
charge transfer of catalysts, which benefits the promotion of
the electrocatalytic performances.” Tafel slopes, a vital para-
meter to evaluate the reaction mechanism of the catalysts,*®
are calculated according to the following Tafel equation: 5 =
blog|j| + a, where b is the Tafel slope value. As shown in
Fig. 3b, RuO,/Ru-CNFs-350 presents the lowest Tafel slope of
40.0 mV dec™' compared with RuO,/Ru-CNFs-300 (188.2 mV
dec™), RuO,/Ru-CNFs-400 (46.3 mV dec™ "), RuO,/Ru-CNFs-450
(52.9 mV dec™) and commercial RuO, (91.5 mV dec™'). In
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scan rates at 1.154 V vs. RHE. (f) Polarization curves before and after 500 and 1000 CV cycles and (f, inset) the i—t curve of RuO,/Ru-CNFs-350 at

1.448 V vs. RHE.

general, a smaller Tafel slope means that the rate-determining
step (RDS) is closer to the end of the multi-electron transfer
reaction.>’™? The Tafel slope of 40 mV dec™" suggests that the
RDS is the chemisorption and dissociation of OH™ (M — OH +
OH™ - M — O + H,0O + e, where M is the active site of the
catalyst).>*® Subsequently, the overall performances of our
RuO,/Ru-CNFs-350 catalyst and some recently reported Ru-
based catalysts are visualized in Fig. 3c (the details are listed
in Table S1t), revealing that RuO,/Ru-CNFs-350 exhibits out-
standing electrocatalytic activity toward the OER, superior to
many other mentioned catalysts. Furthermore, Fig. S11} pre-
sents the OER performances of RuO,/Ru-CNFs-350 catalysts
obtained by adding different Ru contents during the electro-
spinning procedure, and the RuO,/Ru-CNFs-350-15 catalyst
apparently shows the best OER activity.

EIS measurements are further performed to study the
charge transfer resistance (R.) of the obtained electrocatalysts
for the OER, and it is generally reflected by the semicircle in
the low frequency range from the Nyquist plots. As illustrated
in Fig. 3d and Fig. S12,f after the obtained experimental
points are fitted by a typical equivalent circuit (Fig. S131), the
R of as-prepared RuO,/Ru-CNFs-350 is determined to be 6.37
Q, which is the lowest value among all the measured samples
(Table S271). The smaller R, value means faster charge transfer
capacity and outstanding reaction kinetics.>” In particular, the
RuO,/Ru-CNFs-300 catalyst exhibits a large charge transfer re-
sistance for the OER process, indicating its sluggish OER kine-
tics, and almost no activity of the OER over the entire applied
potential range also corresponds to this result (Fig. 3a). From
the afore-mentioned morphology and chemical composition
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analyses, it can be inferred that the construction of the RuO,/
Ru heterostructure and the excellent electrical conductivity of
carbon matrix are beneficial for the electron transfer to
improve the OER performance.’® Furthermore, the electro-
catalytic activity of our fabricated catalysts is assessed via the
ECSA value estimated from the double layer capacitance (Cq),
which is evaluated by a simple CV method (Fig. S14a-ef).
Based on the plots of capacitive current density versus scan
rates (Fig. 3e), the Cq of the RuO,/Ru-CNFs-350 catalyst is
found to have the largest value of 140.6 mF cm™> compared
with RuO,/Ru-CNFs-300 (28.3 mF c¢cm™?), RuO,/Ru-CNFs-400
(118.9 mF cm™?), RuO,/Ru-CNFs-450 (30.7 mF ¢cm™?) and Ru-
CNFs-15 (16.2 mF cm?) (Fig. S14f%). Therefore, the ECSA and
roughness factor (RF) values are estimated and exhibited in
Table S3,7 where the RuO,/Ru-CNFs-350 catalyst still displays
the largest values, significantly exceeding those of other
control samples. A higher ECSA suggests larger surface rough-
ness and more exposed active sites, generally resulting in
better electrocatalytic performance.’®°

Durability is critical for catalysts to assess the OER perform-
ance in practical applications. Fig. 3f presents the polarization
curves of RuO,/Ru-CNFs-350 before and after 500 and 1000 CV
cycles. Apparently, the current density only slightly decreases
after 500 CV cycles and then hardly changes until 1000 CV
cycles, verifying the excellent cycling stability of RuO,/Ru-
CNFs-350. The i-t curve of RuO,/Ru-CNFs-350 also illustrates
the outstanding long-term durability for 35 h at 1.448 V vs.
RHE (inset plots in Fig. 3f). Generally speaking, the nano-
particles tend to aggregate during electrochemical processes,
causing a decline in electrocatalytic activity.°® However, the
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RuO,/Ru-CNFs-350 catalysts exhibit prominent electrocatalytic
stability, which implies that the carbon matrix in our syn-
thesized catalyst may restrict the aggregation of active nano-
particles. To investigate the changes of the RuO,/Ru-CNFs-350
catalyst during the OER process, the catalyst after i~ measure-
ments is collected and subjected to a series of characterization
processes. The SEM image (Fig. S15at) reveals the well-pre-
served nanofibrous morphology of the RuO,/Ru-CNFs-350
catalyst, confirming its structural robustness, and the diffrac-
tion peaks of Ru and RuO, crystals are consistent with the
initial ones from the XRD pattern (Fig. S15b¥), further demon-
strating the structural stability of the RuO,/Ru-CNFs-350 cata-
lyst. Since the OER process usually occurs at the catalyst
surface, XPS analysis is carried out to study the oxidation state
changes on the surface of the catalyst after the OER procedure.
As illustrated in Fig. S15c,T the Ru 3p state of RuO,/Ru-CNFs-
350 after the long-term OER test exhibits similar features to
those before the test while the ratio of Ru’/Ru®" slightly
decreases, indicating the oxidation of partial metallic Ru in
the RuO,/Ru-CNFs-350 catalyst because of the anodic poten-
tials.** Moreover, the increase of the percentage of O1 species
(lattice oxygen contribution) observed in the O 1s spectra
(Fig. S15df) further confirms the oxidation during the OER
process.

Hydrogen evolution activity

The electrocatalytic performances of the concerned catalysts
toward the HER in 1 M KOH are further investigated, aiming
to use them as high-efficiency bifunctional catalysts for overall
water splitting. As illustrated in Fig. 4a and b, the RuO,/Ru-
CNFs-350 catalyst only requires an overpotential of 21 mV to

View Article Online
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deliver a current density of 10 mA cm™? after the 100% iR drop
compensation, lower than those of RuO,/Ru-CNFs-300
(41 mV), RuO,/Ru-CNFs-400 (40 mV), RuO,/Ru-CNFs-450
(45 mV) and Ru-CNFs-15 (23 mV) catalysts, and greatly outper-
forms many other similar reported electrocatalysts (Table S47).
This result demonstrates the promising prospects of our par-
tially oxidized Ru-based catalysts for HER applications in alka-
line electrolytes. It is worth mentioning that the RuO,/Ru-
CNFs-350 catalyst displays the best HER overpotential of only
99 mV at a high current density of 150 mA cm™>, surpassing
those of the prepared control catalysts by a great margin,
which is probably ascribed to the construction of the distinct
RuO,/Ru heterostructure and the favorable electrical conduc-
tivity of the preserved carbon matrix. Additionally, the required
overpotential of the RuO,/Ru-CNFs-350 catalyst is slightly
lower than that of commercial Pt/C at certain current densities
in the applied potential range, indicating that the synthesized
RuO,/Ru-CNFs-350 catalyst exhibits comparable electro-
catalytic activity to the best commercial HER catalyst. To study
the mechanism of the HER process, the following Tafel ana-
lysis is performed. Fig. 4c reveals that the RuO,/Ru-CNFs-350
catalyst displays a Tafel slope of 25.1 mV dec™", which is less
than those of other prepared catalysts and similar to that of Pt/
C. In particular, the Tafel slope value decreases from 46.5 mV
dec™ for Ru-CNFs-15 to 25.1 mV dec™" for RuO,/Ru-CNFs-350
after the oxidation process, which suggests that the mecha-
nism of the HER process changes from the Volmer-Heyrovsky
mechanism to the Volmer-Tafel mechanism, leading to a sig-
nificant improvement of HER performance. The Tafel step
(M — Hygs + M — Hygs — H, + 2M, where M is the active site of
the catalyst) is the RDS in this case.®’® Among the RuO,/Ru-

a
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Fig. 4 HER measurements in 1 M KOH. (a) Polarization curves of different catalysts. (b) Comparison of the overpotentials of different catalysts at 10
and 150 mA cm™2. (c) Tafel plots of different catalysts. (d) Nyquist plots of different catalysts at a potential of —1 V vs. Hg/HgO. The dots and lines
represent the experimental and fitting data, respectively. (e) Polarization curves before and after 1000 CV cycles and (f) the i—t curve of the RuO,/

Ru-CNFs-350 catalyst at —0.027 V vs. RHE.
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Fig. 5 Overall water splitting measurements in 1 M KOH. (a) Digital graph of the RuO,/Ru-CNFs-350||RuO,/Ru-CNFs-350 electrolyzer. (b)
Polarization curves of the RuO,/Ru-CNFs-350||RuO,/Ru-CNFs-350 and the benchmark Pt/C||RuO, electrolyzers. (c) Cell voltage of the RuO,/Ru-
CNFs-350]||RuO,/Ru-CNFs-350 electrolyzer at 10 mA cm~2 in contrast to the reported electrolyzers. (d) The i—t curves of RuO,/Ru-CNFs-350]|

RuO,/Ru-CNFs-350 at a voltage of 1.47 V.

CNFs-350 catalysts with different Ru contents, the RuO,/Ru-
CNFs-350-15 catalyst exhibits the best performance for the
HER (Fig. S167).

Furthermore, the R. of the RuO,/Ru-CNFs-350 catalyst is
acquired from the fitted Nyquist plot, which is the smallest
value of 3.26 Q among all the control catalysts (Fig. 4d and
Table S5%). This result also discloses its prominent kinetics
and excellent activity for the HER. Fig. 4e displays the satisfac-
tory cycling stability of RuO,/Ru-CNFs-350 for the HER with
little decrease in current density after 1000 CV cycles.
Moreover, the RuO,/Ru-CNFs-350 catalyst also presents a
remarkable long-term stability for 58 h with a slight decline
during the i-t measurements for the HER (Fig. 4f). The mor-
phology and chemical structure of the RuO,/Ru-CNFs-350 cata-
lyst after the HER process are characterized as follows. First of
all, the SEM image shows that the fibrous structure of RuO,/
Ru-CNFs-350 is well maintained after the long-term measure-
ment, suggesting the structural stability for the HER
(Fig. S17at). In addition, the diffraction peaks of Ru and RuO,
crystals are still well preserved and are clearly observed from
the XRD pattern (Fig. S17b¥). Finally, from the XPS spectra of
Ru 3p and O 1s before and after the i—¢ test of the HER
(Fig. S17c and dt), there is no significant change in the posi-
tions of the characteristic peaks, demonstrating the prominent
stability of our RuO,/Ru-CNFs-350 catalyst during the HER
process.

4888 | Inorg. Chem. Front., 2022, 9, 4881-4891

Overall water splitting

The overall water splitting measurements are conducted in
1 M KOH on a two-electrode configuration equipped with Ni
foam-supported RuO,/Ru-CNFs-350 as both the cathode and
anode. A lot of bubbles are generated from electrodes during
the overall water splitting process, which can be clearly
observed from the digital graph and video of the RuO,/Ru-
CNFs-350||RuO,/Ru-CNFs-350 electrolyzer (Fig. 5a and ESI
Videot). Fig. 5b illustrates that the RuO,/Ru-CNFs-350||RuO,/
Ru-CNFs-350 device requires a low cell voltage of 1.452 V to
achieve 10 mA cm™2, about 110 mV less than that of the bench-
mark Pt/C||RuO, system, outperforming many other reported
Ru-based electrolyzers (Fig. 5c¢ and Table S6t). Moreover, the
RuO,/Ru-CNFs-350||RuO,/Ru-CNFs-350 electrolyzer exhibits
prominent durability in the continuous i~¢ measurement for
over 100 h (Fig. 5d). It confirms that our water-splitting device
can extremely reduce the energy consumption, proving its
broad prospects for practical application in the water
decomposition field.

Conclusions

In summary, the 1D elongated RuO,/Ru-CNFs-350 catalyst is
prepared via an electrospinning-carbonization procedure and
the oxidation process of the obtained Ru-CNFs as a bifunc-
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tional electrocatalyst toward overall water splitting. Our investi-
gation reveals that the formation of the heterostructure
between RuO, and metallic Ru provides more catalytically
active sites, which are beneficial for enhanced OER and HER
performances. In addition, the preserved carbon matrix in the
RuO,/Ru-CNFs-350 catalyst not only promotes the electrical
conductivity but also restrains nanoparticle aggregation
during the electrocatalytic reactions, endowing it with a
remarkable durability toward both the OER and HER.
Particularly, the overall water splitting electrolyzer constructed
with RuO,/Ru-CNFs-350 as the electrode presents a much
better electrocatalytic performance than the benchmark Pt/C||
RuO, system. This work affords new inspiration to fabricate
more efficient electrocatalysts for advanced energy-related
applications.
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