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Targeted Topological Routine Regulation of RuNiO, Precursors
for Excellent Alkaline Overall Water Splitting

Ziyan Cai,'?! Minghao Yang,®! Xiaoke Xu, Xiuming Bu,* Chugian Xiao,™ Yikai Yang,!
Di Yin, Yuxuan Zhang,!”) Wei Gao,!9! Johnny C. Ho,*) and Xianying Wang*!

Designing efficient and stable electrocatalysts for the hydrogen
and oxygen evolution reactions (HER and OER) is crucial for
green hydrogen production via the water-splitting system. The
bifunctional electrocatalyst offers a promising strategy due to
the simplified preparation process and reduced expenses. How-
ever, the single-component bifunctional catalysts often struggle
to match the redox potential of water and to achieve proper
adsorption/desorption of Gibbs free energy for both hydrogen
and oxygen intermediates simultaneously. Herein, through pre-
cisely controlling the topological transformation path of the

1. Introduction

The electrochemical water splitting technique driven by renew-
able energy provides a promising method for green hydrogen
production due to its environmentally friendly characteristics."
One of the significant challenges for this scenario is the design
of highly efficient and stable electrocatalysts, including anodic
oxygen evolution reaction (OER) and cathodic hydrogen evolu-
tion reaction (HER).! Currently, Pt- and Ir-based nanomaterials
still exhibit the highest electrochemical activity toward the
water splitting reaction, while the expensive cost and unsat-
isfied stability have hindered the widespread application.®! In
this regard, there is a strong interest in developing an efficient
and stable bifunctional electrocatalyst capable of catalyzing both
HER and OER to simplify the preparation process and reduce
expenses.[+¢!
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RuNiO, precursor, we successfully prepared high-performance
RuNi/Ni and Ru/NiO heterostructure electrocatalysts for the HER
and OER, respectively. The energy level matching between the
fabricated electrocatalyst and water oxidation/reduction poten-
tial confirms the feasibility of HER and OER. The synergistic effect
between the active sites ensures rapid intermediate adsorp-
tion/desorption kinetics. As a result, the assembled alkaline
overall water splitting setup achieves a current density of 1 A
cm~2 at 2 V and maintains stable operation at 100 mA cm~2 for
100 hours.

Nevertheless, bifunctional catalysts often demonstrate out-
standing catalytic performance at only one specific electrode,
while the performance at the other side is only decent, which
can be attributed to two main reasons: 1) the fixed energy level
structure of a single component catalyst makes it challenging to
simultaneously match the redox potential of water, resulting in
a greater thermodynamic barrier for one of the electrodes,”! 2)
it is difficult for a single catalyst to possess suitable adsorption
and desorption capabilities for both hydrogen and oxygen
intermediates.®) Based on the above reasons, W. Liu et al.
employed NiFeOH nanoflake arrays as the precursors to syn-
thesize NiFeO, and NiFeN,, which are applicable as cathode
catalysts for the glucose oxidation reaction (GOR) and anode
catalysts for the HER, respectively. Such a precise topological
manipulation of the precursor is more advantageous in develop-
ing highly efficient catalysts. However, reports of electrocatalysts
prepared based on this strategy for HER and OER are still
scarce; not only is there still considerable scope for enhancing
electrochemical activity and stability, but a detailed analysis of
the mechanisms behind this topological transformation is also
lacking.

Bearing this in mind, the successful preparation of highly
efficient and stable RuNi-H and RuNi-O electrocatalysts for the
HER and OER via precise control over the topological trans-
formation path of RuNiO, precursor has been achieved. The
fabricated RuNi-H and RuNi-O demonstrate a low overpotential
of 29 and 234 mV at the current density of 10 mA cm~2 for
HER and OER in 1 M KOH, respectively. Notably, the assem-
bled alkaline water electrolysis system achieves 1 A cm™2 at
2 V and maintains stable operation at 100 mA cm~2 for 100
h. Based on various characterizations, we demonstrated the
band structures of RuNi-H and RuNi-O prepared via different
topological regulation routines, which can match well with the
reduction and oxidation potentials of water, thereby reducing
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Figure 1. (a) The schematic illustration of the preparation of RuNi-H and RuNi-O electrocatalysts. (b) The SEM image and (c) the TEM image of RuNi-H; (d)
the corresponding HRTEM image; (e) the HAADF-STEM image and the corresponding elemental mappings, including Ru, Ni, and mix. (f) The SEM image

and (g) the TEM image of RuNi-O; (h) the corresponding HRTEM image; and (i) the HAADF-STEM image and the corresponding elemental mappings,

including Ru, Ni, and O.

the thermodynamic barrier. More importantly, the synergistic
effect between the active sites ensures the rapid intermediate
adsorption/desorption kinetics. The optimized regulation rou-
tine offers an efficient and economical synthesis strategy for
designing excellent HER and OER electrocatalysts.

2. Results and Discussion
2.1. Characterization of RuNi-H and RuNi-O

The controlled topology transformation path is shown in
Figure 1a. Specifically, rod-like metal Ru nanoparticles/nickel
oxalate complexes were prepared by a one-step hydrother-
mal method (Figures S1,52). Subsequently, the precursors were
treated in a hydrogen/argon atmosphere (RuNi-H) and air atmo-
sphere (RuNi-O) to obtain final nanomaterials, respectively (the
detailed preparation process is shown in the Experimental Sec-
tion). It should be noticed that Ru and Ni elements are chosen
as precursor elements mainly because of the following reasons:
1) the theoretical calculations prove that Ru elements are in
the middle position in HER and OER volcano maps,'® 2) the
addition of Ni can reduce the proportion of precious metals, and
Ni has also been confirmed as an efficient HER and OER catalyst
in multitudinous reports."®! The morphologies of the prepared
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samples are characterized by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The SEM
and TEM images show that RuNi-H exhibits a typical nanorod
morphology with a length of several hundred nanometers and
an average diameter of about 30 nm (Figures 1b,c). Moreover,
in the high-resolution TEM (HRTEM) image, the lattice fringes of
0.226 nm and 0.205 nm correspond to the (100) crystal face of
RuNi and the (111) crystal face of Ni, respectively, confirming the
coexistence of RuNi and Ni phases in the RuNi-H, which can also
be confirmed by the selected area electron diffraction (SAED)
(Figure S3).™] The surface elemental mapping result can con-
firm that the Ru and Ni elements are uniformly distributed in
the nanorod. Nevertheless, the catalyst presents a nanochain
morphology when the precursor is treated in an air atmosphere
(Figure 1f). The TEM images show the porous nanochains are
assembled by many small particles with a diameter of about
10 nanometers (Figure 1g). Furthermore, the lattice fringe of
0.203 nm corresponds to the (101) crystal face of Ru, and the lat-
tice fringe of 0.248 nm and 0.210 nm corresponds to the (111) crys-
tal face and (200) crystal face of NiO, respectively (Figure 1h).l"6"!
Similarly, SAED can also support the existence of NiO and Ru
(Figure S4). Subsequently, the surface mapping results reveal
the Ru, Ni, and O elements distribution within the nano chains,
in which the Ru nanoparticles are anchored on the NiO surface
(Figure 1i).
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Figure 2. (a) XRD patterns of RuNi-H and RuNi-O and (b-c) XPS spectra of the different samples, including Ru 3p and Ni 2p signals. (d) UPS spectra and (e)
Tauc plots of UV-vis spectra. (f) Energy band diagram of RuNi-H and RuNi-O.

Moreover, identifying crystal structure and electronic struc-
ture of the fabricated samples is essential. The X-ray diffraction
(XRD) pattern of RuNi-H displays strong diffraction peaks cor-
responding to the (111) crystal face of Ni (JCPDS 04-001-2915)
at 445° and the (101) crystal face of RuNi (JCPDS 87-0712)
at 45.6°(Figure 2a), indicating the RuNi/Ni heterostructure of
RuNi-H.["® Additionally, the XRD pattern of the RuNi-O sample
displays the diffraction peaks of Ru (JCPDS 06-0663) and NiO
(JCPDS 47-1049), indicating the RuNi-O composed of Ru and NiO
phases.” RuNi-H and RuNi-O are studied by X-ray photoelec-
tron spectroscopy (XPS) to elucidate the chemical composition
and valence state. The full XPS spectrum reveals Ru and Ni ele-
ments in RuNi-H and Ru, Ni, and O elements in RuNi-O, which
is consistent with the element mapping results (Figures S5,56).
Additionally, the Ru loading of RuNi-H and RuNi-O was measured
to be 3.46 and 7.04 wt%, respectively, by inductively coupled
plasma-optical emission spectroscopy (ICP-OES) analysis (Table
S1). In the high-resolution Ru 3p spectrum of the RuNi-H sam-
ple (Figure 2b), the two prominent peaks located at 460.89
and 483.21 eV are assigned to the metallic Ru® 3p peaks.! Fur-
thermore, an apparent binding energy red-shift phenomenon is
observed on the RuNi-O electrocatalyst, suggesting that com-
pared with RuNi-H, RuNi-O exhibits a higher oxidation valence.
Similarly, the high-resolution Ni 2p region of the RuNi-H sam-
ple displays fitting peaks located at 852.29, 854.80, and 856.10 eV
(Figure 2¢), which are attributed to the metallic Ni°, Ni**, and
Ni**peaks, respectively.?’! Meanwhile, for RuNi-O, there are no
metallic Ni° peak, and a similar red-shift can be observed on
the binding energy, illustrating the entirely different electronic
environment between the RuNi-H and RuNi-O.

An ultraviolet photoelectron spectrometer (UPS) and
ultraviolet-visible diffuse reflectance spectroscope (UV-vis)
were employed to further explore the effects of treatment
conditions on the electronic structure of materials. As depicted
in Figure 2d, the secondary electron cutoff energies (Ecuofr) Of
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RuNi-H and RuNi-O are measured at 18.00 and 16.00 eV, respec-
tively. Thus, the work function (#) of RuNi-H and RuNi-O can
be calculated as 3.22 and 5.22 eV, respectively, via the following
formula:

?=hv— (Ecutoﬂ - E?) M

where hv is the excited photon energy (21.22 eV), E? is the Fermi
level (E? = 0) of the spectrometer after calibration. Addition-
ally, considering that the energy level difference of the obtained
valence band and E; position in the valence band region of the
UPS spectrum is 2.00 and 2.40 eV, respectively, the Eyg positions
of RuNi-H and RuNi-O relative to the vacuum level are —5.22 and
—7.62 eV. Meanwhile, according to the UV-vis spectrum results
(Figure 2e, Figure S7), the band gaps of RuNi-H and RuNi-O are
220 and 2.70 eV. Furthermore, the E; of RuNi-H and RuNi-O
relative to the vacuum energy level are —3.02 and —4.92 eV.
Based on the above analysis, the energy level diagram was con-
structed as shown in Figure 2f. The theoretical HER potential is
located between RuNi-H energy levels, and the OER potential is
located between RuNi-O energy levels (Figure 2f), demonstrating
that the former is more conducive to HER and the latter is more
inclined to OER regarding the energy level matching the band
structure.!!

2.2. Electrocatalytic Performance in 1 M KOH

To verify the energy band theory mentioned above, the elec-
trocatalytic performance of the prepared catalyst was tested
with a three-electrode system in 1 M KOH solution. For com-
parison, Pt/C catalysts and commercial RuO, catalysts were also
tested. As shown in Figure 3a, the linear voltammetry curve
indicates that the RuNi-H sample exhibits better HER catalytic
activity than that of RuNi-O (n,, = 95 mV) and commercial
Pt/C (10 = 30 mV); the overpotential is only 29 mV when the
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Figure 3. (a) Polarization curves of the RuNi-H, RuNi-O, and commercial Pt/C and (b) corresponding Tafel slopes. (c) Multichronoamperometric curves for
RuNi-H. (d) Polarization curves of the RuNi-H, RuNi-O, and commercial RuO, and (e) corresponding Tafel slopes. (f) Multichronoamperometric curves for

RuNi-O. (g) Chronopotentiometric curves for HER and OER. Inset is the OWS performance of RuO, (+) || Pt/C (—) and RuNi-O (+) ||RuNi-H (—) with a

two-electrode electrolyzer in 1 M KOH and photograph of the OWS test.

current density is 10 mA cm™2. Furthermore, the Tafel slopes
reveal that RuNi-H has faster reaction kinetics during HER reac-
tion with a Tafel slope of 18 mV dec™', which is smaller than
that of RuNi-O and commercial Pt/C, providing evidence for the
Volmer-Heyrovsky mechanism with faster kinetics.?? Similarly,
the Nyquist diagram (Figure S8) also displays that RuNi-H has
higher electrical conductivity and faster charge transfer during
the HER process.>! The double-layer capacitance (Cyq) of RuNi-
H are 1.6 times higher than those of commercial Pt/C, revealing
that RuNi-H has a more significant number of active sites (Figure
S9). Moreover, RuNi-H exhibits a high turnover frequency (TOF)
of 1.16 s7' at —0.05 V (Figure S10), which is 5.3 times higher than
that of Pt/C (0.22 s7"), respectively. Furthermore, stability tests
for RuNi-H were also performed. The multiple current density
test demonstrates the RuNi-H remains stable over a wide voltage
range from 10 to 400 mA cm~2. The recorded profile shows an
immediate increase in current density as the voltage increases.
Subsequently, it remains stable within each voltage range, sub-
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stantiating the fast charge/mass transfer, electrical conductivity,
and mechanical robustness of RuNi-H (Figure 3c).*?! After-
ward, RuNi-H displays excellent stability after 100 h at 100 mA
cm~2 in chronopotentiometric measurements (Figure S11). After
the long-term stability test, RuNi-H still maintains its nanochain
morphology and chemical composition (Figures S12-S14). These
results confirm that RuNi-H has excellent HER activity and sta-
bility, making it a promising catalyst for water electrolysis to
produce hydrogen.

For the OER occurred at anode, compared with RuNi-H
(mo = 356 mV) and RuO, (1710 = 245 mV), RuNi-O (1o = 234 mV)
has superior catalytic activity (Figure 3d). During the OER reac-
tion, the Tafel slope of RuNi-O is 67 mv dec™' (Figure 3e), which
is lower than that of RuO, (88 mV dec™") and RuNi-H (155 mV
dec™), indicating that RuNi-O has faster reaction kinetics in the
OER reaction.?®! The Nyquist diagram of RuNi-O also reflects that
it has faster OER reaction kinetics (Figure S15).1”! This excellent
performance is also superior to some recently reported Ru-based
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OER catalysts. To further study the catalytic activity of the RuNi-
O catalyst, the electrochemically active surface area is estimated
by Cy from cyclic voltammetry curves in the non-Faraday poten-
tial region (Figure S16). Additionally, RuNi-O exhibits the largest
electrochemical active area (33.57 mF cm~2) among several
catalysts, much higher than that of RuO, (7.22 mF cm™2). These
results indicate that more active sites are exposed on the surface
of RuNi-O, increasing the utilization of Ru and further enhancing
its OER activity.?®! To evaluate the intrinsic per-site activity of the
obtained catalyst, the mass activity (MA) and TOF are obtained
by normalizing the current density against the mass of the Ru
species and the number of Ru sites, respectively (Figure S17). The
MA of RuNi-O is calculated to be 1529 A gg,~' at n = 234 mV,
which is four times that of RuO, (382 A gg, ). The TOF of RuNi-O
is calculated to be 0.24 s~! at n = 234 mV, which is considerably
higher than that of commercial RuO, (0.11 s at n = 234 mV).
These electrocatalytic results confirm that the energy level of
RuNi-O is more inclined to OER. As shown in Figure 3f, the mul-
tiple current density test of RuNi-O was measured over a wide
voltage range. The result shows the current density immediately
rises with increasing voltage and remains stable in each voltage
interval, confirming the excellent durability and fast charge/mass
transfer of RuNi-O catalysts.”! In addition to electrocat-
alytic activity, the durability of RuNi-O is evaluated using the
chronoamperometric method. The chronopotentiometric test
results of RuNi-O show a stable state instantly as the current den-
sity changes (Figure S18). Moreover, the durability of the catalysts
is strongly related to their structural stability. The morphology
and composition of RuNi-O after durability tests were studied
by TEM and XPS, and no noticeable changes were found in the
structure and chemical composition (Figures $19,520). However,
it is worth noting that the XRD pattern (Figure S21) after the reac-
tion displays that the crystal phase of the Ru element changes
from elemental Ru (JCPDS 06-0663) to RuO, (JCPDS 21-1172).

Because of superior HER and OER performance of the
fabricated electrocatalysts, the overall water splitting (OWS)
performance is assessed with RuNi-H as the cathode and RuNi-O
as the anode. As shown in Figure 3g, the potential of 1.58,
1.66, and 1.81 V are needed for the OWS system to achieve
the current density of 100, 200, and 500 mA cm~2, which are
much smaller than those of the commercial RuO,/Pt/C (100,
200, and 500 mA c¢cm~2 for 173, 1.83 and 1.98 V). More impor-
tantly, the OWS system exhibits negligible current density
fluctuations at the current density of 100 mA cm=2 for 100 h,
indicating the potential practical application of the fabricated
electrocatalysts (Figure 3g). These results demonstrate the out-
standing activity and stability of RuNi-H/RuNi-O as a HER/OER
catalyst.

2.3. Activity Origin
The electrochemical performance characterization proves that

the energy level matching could confirm the feasibility of elec-
tron transfer. However, the catalytic processes on the catalyst
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surface need further exploration. Firstly, in situ Raman spec-
troscopy was conducted for the RuNi-H from 0 to —0.7 V (vs.
Ag/AgCl). As shown in Figure 4a, no peaks are observed in
the open circuit potential. With the applied potential increased
to —0.2 V (vs. Ag/AgCl), new peaks located at 692, 725, and
878 cm™' are observed, which can be attributed to the Ni-H
tensile vibration and Ru-H tensile vibration, respectively.%3"
Importantly, the peak intensity is enhanced with the increase of
cathode potential, indicating that the Ru and Ni in the RuNi-H
both function as active sites during the HER process.’?! Den-
sity functional theory (DFT) was used to gain insight into the
underlying synergistic effect between the multicomponent. For
the RuNi-H (RuNi/Ni heterostructure), Ru and Ni sites in the
RuNi component and Ni site in the Ni component are both
considered (Figure S22). As shown in Figure 4b, the Gibbs free
energy of adsorbed hydrogen (AGy*) at the Ru and Ni sites on
the RuNi (101) crystal face is —0.51 and —0.28 eV (vs. Ag/AgCl),
while AGu* at the Ni site on the Ni (111) crystal face is 0.13 eV
(vs. Ag/AgCl). Compared with RuNi alloy, AGy* at the Ni sites
of the Ni component is closer to zero, indicating an optimal
balance between the adsorption and desorption processes. At
the same time, it should be noticed that the positive AGy*
on the surface of RuNi and the negative AGL* on the surface
of Ni indicate that the H intermediate is more easily detached
to form hydrogen at the interface of RuNi/Ni heterojunction
(Figure 4c).

Similarly, in situ Raman spectroscopy was conducted on the
RuNi-O sample during the OER range of 1.3 to 1.8 V (vs. Ag/AgCl)
to monitor the surface reconstruction process (Figure 4d). Only
Ru-O peaks at 528 and 646 cm~' were observed in the open-
circuit potential state. When the potential is applied to 1.3 V
(vs. Ag/AgCl), a new characteristic peak can be observed at
716cm~", which is assigned to the Ru-OOH intermediates.!®! As
the applied anode potential gradually increases, new Raman
peaks at 477 and 557cm~' can be detected when the poten-
tial is applied to 1.4 V (vs. Ag/AgCl), which can be attributed to
the presence of the hypervalent state y-NiOOH.?* In addition,
due to the surface reconstruction during the OER process, the
RuO, and NiO phase are observed in the reacted RuNi-O (Figures
$21,523). Therefore, the Gibbs free energy profiles of the four-
electron pathway are investigated on the Ru site on the RuO,
component and the Ni site on the NiO component (Figure S24),
respectively. As shown in Figure 4e, the rate-determining steps
(RDS) on the Ni and Ru sites are obviously different. Specifi-
cally, for the Ni site, the RDS is the adsorbed *OH converts to
*0 after removing H,O and e- pairs with an energy change of
0.95 eV. In contrast, for the Ru site on the RuO, component, the
excessively strong adsorption of *O (reaction from *O to *OOH)
results in a high energy barrier of 0.99 eV. Therefore, the syner-
gistic effect could occur in the interface between RuO, and NiO:
the adsorbed *OH is converted to *O after the removal of H,0,
and e pairs mainly happen at the Ru site, and then *O is trans-
ferred from the Ru site to the Ni site, where the transformation
from *O to *OOH is completed, and then the formation of O, is
completed (Figure 4f).
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Figure 4. (a) In situ Raman spectroscopy was recorded on RuNi-H in 1 M KOH with the potential range from 0 to —0.7 V versus Ag/AgCl. (b) The calculated
H* adsorption Gibbs free energies on RuNi-H. (c) The HER mechanism in alkaline media. (d) In situ Raman spectroscopy was recorded on RuNi-O in 1 M
KOH with the potential range from 1.3 to 1.8 V versus Ag/AgCl. (e) The adsorption energies of oxygen intermediates on RuNi-O. (f) The OER mechanism in

alkaline media.

3. Conclusion

In summary, by precisely controlling the topological transfor-
mation path of the RuNiO, precursor, we successfully prepared
high-performance electrocatalysts RuNi-H and RuNi-O for the
HER and OER, respectively. Based on the band structure diagram
analysis determined by UV-vis and UPS measurement, the
energy level matching between the fabricated electrocatalyst
and the water oxidation/reduction potential ensures the feasibil-
ity of hydrogen and oxygen evolution reactions. The active sites
of Ru and Ni in the RuNi-H nanochain have been demonstrated
via in situ Raman spectroscopy. DFT calculation results have
also proved the synergistic effect promoting the H intermediate
adsorption/desorption kinetics. On the other hand, the sur-
face reconstruction phenomenon was observed on the RuNi-O
during the OER, and the tandem process that occurs on the
interface between RuO, and NiO was proposed. Ultimately, an
excellent and stable alkaline overall water-splitting system was
assembled, with the RuNi-H and RuNi-O serving as the cathode
and anode. Our work suggests the potential practical application
of the fabricated electrocatalyst for water-splitting devices and
enriches the preparation method for other catalytic systems.
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