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NiFe catalysts show compelling oxygen evolution reaction (OER) activity in alkaline solution but their
hydrogen evolution reaction (HER) activity is limited. In this work Rh was incorporated in Fe-doped NizS,
nanosheets with the assistance of hydrogen plasma to significantly enhance the HER/OER catalytic
activity. The resultant catalyst, p-Rh/Fe-NizS,/NF, was composed of Rh/Rh,Ss heterostructured clusters
embedded in Fe-NizS, nanosheets; it needs overpotentials of only 108 and 237 mV to achieve HER and
OER currents of 100 mA cm™2, respectively, and drives overall water splitting at 1.79 V with a current of
100 mA cm™2 as a bifunctional catalyst. Post-characterization and density functional theory (DFT) calcu-
lation reveal its operando evolution behavior and a unique Janus catalytic mechanism for the HER and
OER. For the HER, a Rh/Rh,S3 heterointerface with strong H,O adsorption energy and optimal H adsorp-
tion energy is the active site; in the OER, it experiences surface transformation under operando con-
ditions; an in situ formed Rh/Fe-doped NiOOH layer with strengthened binding of *O facilitates the rate
determining step of *O formation to accelerate the OER process. Hydrogen plasma treatment not only
helps partially reduce Rh to form HER-active Rh/Rh,Ss heterostructures but also induces rich defects/
vacancies to facilitate surface reconstruction/phase transformation to form an active co-doped NiOOH
phase under OER conditions. This work may shed light on the promotive role of noble metals on NiFe-
based catalysts for water splitting.
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ution reaction (OER).”>* Ni/Fe based materials have been the
focus of intensive research for years due to their excellent OER

1. Introduction

Electricity-driven water splitting to hydrogen fuel is one of the
promising techniques for sustainable grid-scale energy
storage." For high energy efficient water splitting, it is an
urgent task to explore active electrocatalysts with low content/
free of precious metals for its two sluggish half-reactions,
namely hydrogen evolution reaction (HER) and oxygen evol-
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activity in alkaline solution.®> Most of these catalysts experience
operando surface reconstruction and the in situ formed Fe-
doped nickel oxyhydroxide (NiOOH) phase is the real active
phase.®” The Fe atoms in these catalysts, either added on
purpose or incidentally as contaminants, are found to be criti-
cal for the overall OER activity while the NiOOH provides a suit-
able matrix for dynamic balance.®® Despite their excellent OER
activity, Ni/Fe catalysts possess low HER activity as a conse-
quence of weak hydrogen adsorption."® To enhance their HER
activity for possible Janus/bifunctional electrocatalysis in water
electrolysis, bimetal phosphides and sulfides were synthesized
but their HER catalytic performance is far from satisfactory.' "

In recent years a new strategy has been emerging by intro-
ducing Pt-group metals in the form of single-atom dopants,
clusters or nanoparticles into NiFe catalysts to further boost
their OER while significantly improving their HER
performance.'®'*'* For the OER, precious metal species in the
high valence state were stabilized by the NiFe matrix to acceler-
ate the O-O bond formation; the adsorption energy of multiple
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oxygen-containing intermediates was also optimized.">'® For
the HER, the appropriate hydrogen adsorption energy of Pt-
group metal enables fast hydrogen evolution while the NiFe
matrix as a co-catalyst enables fast water dissociation in alka-
line solution.'®'”'®  Although the detailed mechanism
remains controversial, these encouraging works point to an
intriguing direction for the rational design of bifunctional cat-
alysts for water splitting.

Heazlewoodite (Ni;S,) is a naturally occurring mineral and
inspires considerable research interest for water splitting due
to its intrinsically high conductivity and rich yet well-controlla-
ble nanostructures.'®?*® Its OER and HER performance were
manipulated and explored via e.g., engineering of high-index
facets, incorporation of other metallic sulfide/oxide nano-
particles, etc.'®*"**> However, their electrocatalytic perform-
ance needs improvement for practical applications.

In this work, a highly active bifunctional catalyst was
reported for alkaline water electrolysis by incorporating Rh in
Ni;S, nanosheets on Ni foam with the assistance of hydrogen
plasma. As-synthesized catalyst (denoted as p-Rh/Fe-Ni;S,/NF)
shows outstanding OER and HER activity; it reaches an OER/
HER current density of 100 mA cm > at overpotentials of
237 mV and 108 mV, respectively. Its OER/HER activities do
not fade significantly after more than 50 h of operation at a
high current of 100 mA cm™>, showing excellent durability.
Detailed post-catalysis characterization and density functional
theory (DFT) calculation reveal its unique Janus catalytic
mechanism behind the Rh-enhanced OER and HER activity.

2. Experimental
2.1 Synthesis of p-Rh/Fe-Ni;S,/NF and other catalysts

A piece of Ni foam (NF, 3 cm x 4 cm x 1.5 mm) was washed
with deionized (DI) water, acetone, and 1 M of HCI for 30 min
in sequence. It was then immersed in a mixed solution con-
taining 20 mL of DMF, 8 mL of anhydrous ethanol, thioacet-
amide (TAA, 100 mg), Ni(NO3),-6H,0 (0.768 mmol), and FeCl,
(0.192 mmol) and transferred into a Teflon-lined stainless-
steel autoclave. The autoclave was heated to 150 °C for 6 h in
an electric oven. The NF was washed with DI water and dried
at 60 °C to obtain Fe-Ni;S,/NF.

As-synthesized Fe-Ni3S,/NF was immersed in a solution
containing 10 mL of DI water, 20 puL of ethylene glycol, and
200 pL of RhCl;-xH,0 (25 mg mL™") in a centrifuge tube. The
tube was sealed and gently shaken for 48 h at room tempera-
ture. After washing and drying at 60 °C in a vacuum, the Rh/
Fe-Ni;S,/NF was prepared.

As-synthesized Rh/Fe-Ni3S,/NF was placed in the reaction
chamber with a pure H, atmosphere under a pressure of 18 Pa.
At a H, flow rate of 30 mL min™", the hydrogen plasma was
activated with an RF power at 45 W for 20 min treatment to
obtain p-Rh/Fe-Ni;S,/NF.

As-synthesized Rh/Fe-Ni;S,/NF was placed in a tube furnace
with H,/Ar (5:95) at 350 °C for 2 h for annealing. After cooling
to room temperature, Rh/Fe-Ni;S,/NF-350 was prepared.
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2.2 Preparation of RuO,/NF and Pt/C/NF

RuO, (2 mg, 99.9 wt% from Alfa-Aesar) and Pt/C (2 mg,
20 wt% from Alfa-Aesar) were respectively suspended in a
mixture of absolute ethanol (985 pL) and Nafion (15 pL) to
form a homogeneous catalyst ink under ultrasonication. Then
the ink was dispersed onto NF (1 cm x 1 cm) and dried at
room temperature in a vacuum. The final RuO, and Pt load-
ings are ~2 mg ecm~? and 0.4 mg cm >, respectively.

2.3 Material characterization

The scanning electron microscopy (SEM) images of all
samples were observed on a field emission SEM from JEOL
(JSM-7800F). Transmission electron microscopy (TEM) obser-
vation was carried out on a JOEL TEM-2100 system after ultra-
sonically peeling off the materials from NF. The crystalline
structures were probed by X-ray diffraction (XRD, Shimadzu
XRD-7000 diffractometer with Cu Ka line). X-ray photoelectron
spectroscopy (XPS) measurement was performed on an
ESCALAB 250Xi system from Thermo Fisher. Inductively
coupled plasma atomic emission spectrometry (ICP-AES)
measurements were performed on a PerkinElmer Optima
8000. Raman spectra were acquired using a LabRAM HR
Evolution confocal Raman microscope from Horiba Jobin
Yvon with a 50x objective (LMPlanFL N 50x/0.50, Olympus). A
laser of 532 nm with a power of 1 mW was used as the exci-
tation light. Before measurements, the spectral shifts were cali-
brated using the 520.7 em™" peak of silicon. For electro-
chemical in situ Raman spectra, the catalyst was deposited on
a graphitic rod as a working electrode. A graphitic rod counter
electrode and a Hg/HgO reference electrode combined with a
760E potentiostat from CH Instruments, Shanghai, were
employed for electrochemical measurements. Raman spectra
were recorded from 300 to 1000 cm " at a resolution of

0.5cm™ .

2.4 Electrochemical measurements

All electrochemical experiments were tested using a 760E
workstation (CH Instrument, USA) under a three-electrode
setup. Freshly prepared 1.0 M KOH was used as the electrolyte
solution. A graphite rod and a carefully calibrated Hg/HgO
were used as the counter electrode and the reference electrode,
respectively. All polarization curves were collected at a scan
rate of 5 mV s~ and presented after iR compensation unless
otherwise specified. The electrochemical double-layer capaci-
tance of a catalyst was estimated by the slope of a linear curve
between non-faradaic capacitive current vs. scanning rate. The
electrochemical surface area (ECSA) of a catalyst was calculated
from the double-layer capacitance according to the equation,
ECSA = Cq)/Cs, where Cj is the specific capacitance of a planar
surface and is selected as 0.04 mF cm™2 in the present work.*
Electrochemical impedance spectroscopy (EIS) measurements
were carried out with an amplitude of 5 mV in the frequency
range from 100 kHz to 0.01 Hz. Alkaline electrolyzer measure-
ment was carried out in a standard two-electrode system
without 7R compensation.
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2.5 DFT calculation

All DFT calculations were conducted using the Vienna ab initio
simulation package (VASP). The generalized gradient approxi-
mation (GGA) functional of Perdew, Burke, and Ernzerhof
(PBE) was employed for the electron exchange and correlation
energy for structural relaxation.>* The cut-off energy of plane-
wave basis was set as 450 eV. The convergence criterion of total
energy was converged to 1.0 x 10™* eV per atom, and that of
force on every atom was smaller than 0.02 eV A™'. A vacuum
width of 15 A along the Z axis was created to ensure negligible
interaction.

3. Results and discussion
3.1. Characterization of p-Rh/Fe-Ni;S,/NF

As illustrated in Fig. 1a, p-Rh/Fe-Ni;S,/NF was synthesized via
a three-step strategy. Fe-doped Ni3S, nanosheets were first
grown on NF (designated as Fe-Ni;S,/NF) via a hydrothermal
reaction. After that, Rh atoms were impregnated on Fe-Ni;S,
nanosheets by immersing in RhCl; solution to obtain Rh/Fe-
Ni;S,/NF. The driving force behind this incorporation is associ-
ated with the cation exchange and/or hetero-epitaxial growth
of Rh,S;.%° In the third step, Rh/Fe-Ni;S,/NF was processed in
hydrogen plasma for 20 min to obtain p-Rh/Fe-Ni;S,/NF. The
Rh loading is ~44 pg cm™ on the resultant p-Rh/Fe-Ni;S,/NF
catalyst as measured by ICP-AES.

Fe-Ni,S,/NF shows dense and uniform nanosheets vertically
grown on the NF skeleton and these ultrathin nanosheets
interconnect with each other to form a porous layer (see the
SEM image on the left in Fig. 1a). After Rh*" impregnation,
these nanosheets retained their morphology in Rh/Fe-Ni;S,/NF
(SEM image in the middle in Fig. 1a). After hydrogen plasma
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Fig. 1 (a) Schematic illustration of the three-step synthesis of p-Rh/Fe-
NizSo/NF with SEM images of Fe-NizS,/NF (left), Rh/Fe-NizS,/NF
(middle), and p-Rh/Fe-NizS,/NF (right); (b) XRD patterns and (c) Raman
spectra of Fe-NizS,/NF, Rh/Fe-NizS,/NF, and p-Rh/Fe-NizS,/NF.
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treatment, remarkably the space between the nanosheets
becomes larger on resultant p-Rh/Fe-Ni;S,/NF (SEM image on
the right in Fig. 1a); the lateral planes of nanosheets were
destroyed, leaving behind the nanoframes with rough surfaces
and increased thicknesses (see high-resolution SEM images in
Fig. S1t). The morphological change is more obvious with pro-
longed treatment duration (Fig. S1f), suggesting the recon-
struction of the nanosheets in hydrogen plasma due to the
etching effect of highly corrosive H species produced via the
ionization of H,.>®*” This unique reticular structure of p-Rh/
Fe-Ni;S,/NF is beneficial for mass transport and offers a large
specific surface area for expediting the electrochemical
reactions.”®°

In the XRD pattern, all diffraction peaks of Fe-Ni;S,/NF
nanosheets are well indexed to the rhombohedral phase Ni;S,
(PDF no. 44-1418) and metallic Ni (from NF substrate, PDF no.
04-0850, Fig. 1b). After incorporation of Rh, new diffraction
peaks from the Rh,S; phase (PDF no. 35-0736) appear besides
those from Ni;S, and metallic Ni.*" After hydrogen plasma
treatment, the XRD pattern of p-Rh/Fe-Ni;S,/NF shows charac-
teristic peaks of both Ni;S, and Rh,S; phases. Meanwhile, a
new peak at 41° from metallic Rh (PDF no. 05-0685) appears,
suggesting Rh formation under reductive hydrogen plasma.
The weak characteristic peaks of the Rh,S; phase suggest a low
loading of Rh on the nanosheets and low Rh,S; crystallinity.

In the Raman spectra in Fig. 1c, Fe-NizS, shows several
peaks in the 260-380 cm™" range from the vibration of the
Ni(Fe)-S bond. The broad peaks at around 530 cm™" can be
attributed to the Ni**-O vibration formed on the surface of Fe-
Ni;S,/NF in the air.?* After Rh incorporation, the Raman spec-
trum of Rh/Fe-Ni;S,/NF displays two additional peaks at 199
and 220 cm™', indicating the formation of a Rh-S bond, con-
sistent with its XRD pattern in Fig. 1b.>* After hydrogen
plasma treatment, the peaks in the low wavenumber region
were considerably weakened for p-Rh/Fe-Ni;S,/NF, indicating
the partial damage of M-S (M = Rh, Ni and Fe) bonds due to
the strong etching effect and reducing ability of hydrogen
plasma; meanwhile a broad peak arises at around 500 cm™,
implying the reduction of surface oxide species. During this
process, partial surface S atoms were removed by active H rad-
icals and abundant S vacancies were formed on the
nanosheets, accompanied by the reduction of metal atoms
and the decrease of sulfide crystallinity, in accordance with the
XRD results in Fig. 1b.**

The TEM image in Fig. 2a shows an individual p-Rh/Fe-
Ni;S, nanosheet with a lateral dimension of hundreds of nano-
meters. There are rich clusters embedded in the nanosheet.
The diameter of most clusters is between 2.0 and 5.0 nm
according to the statistical size distribution (inset in Fig. 2a).
The high-resolution TEM images in Fig. 2b and c show several
crystalline domains with clear lattice fringes for the clusters in
the p-Rh/Fe-NizS, nanosheet. Two crystalline domains
assigned to metallic Rh and Rh,S; are shown in Fig. 2b with
clear Rh/Rh,S; interfaces. In Fig. 2c, the clear lattice fringes
could be assigned to Ni3S, and Rh,S;, respectively. Meanwhile,
some regions as indicated with white circles in Fig. 2b and ¢
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Fig. 2 TEM images (a, b, c) and elemental mapping images (d) of p-Rh/
Fe-NisS,/NF; inset in (a) shows the size distribution of the nanoclusters;
XPS Ni 2p (e) and Rh 3d spectra of p-Rh/Fe-NizS,/NF and other catalysts.

on the nanosheet show no clear lattice pattern, manifesting
the amorphous nature of these areas as a result of hydrogen
plasma treatment. The selected area electron diffraction
(SAED) pattern in Fig. S2f shows three distinct diffraction
rings from NizS, (PDF44-1418), Rh,S; (PDF35-0736), and
metallic Rh (PDF05-0685), further verifying the hybrid compo-
sitions of the p-Rh/Fe-Ni;S, nanosheets. Besides, the corres-
ponding EDX mapping images (Fig. 2d) of an individual p-Rh/
Fe-Ni;S,/NF nanosheet display that Ni, Fe, Rh, and S elements
are distributed on the p-Rh/Fe-Ni;S, nanosheets.

The Ni 2p XPS spectrum of Fe-Ni;S,/NF (Fig. 2e) shows two
peaks at 872.3 and 854.8 eV, each with a satellite peak that can
be assigned to Ni 2p;,, and Ni 2p;,,, respectively.>>> After Rh
incorporation, the binding energy of Ni 2p in Rh/Fe-Ni;S,/NF
is considerably increased, indicative of the electronic inter-
action between Ni and Rh. In the Rh 3d spectrum of Rh/Fe-
Ni3S,/NF (Fig. 2f), two peaks at 309.9 and 314.5 eV are well
assigned to Rh 3ds/, and 3d;.,. Both peaks of Rh 3d in p-Rh/
Fe-Ni;S,/NF are negatively shifted after hydrogen plasma treat-
ment, suggesting the reduction of Rh*' to Rh (0)."****” The
binding energy of Ni 2p remains unchanged after plasma treat-
ment, which may be due to the fact that Rh is easier to be
reduced than Ni and plasma reduced metallic Ni, if any, is apt
to be re-oxidized after exposure to air. For S 2p, the peak inten-
sity at 168.2 eV from the oxidized S species on p-Rh/Fe-Ni;S,/
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NF is considerably decreased compared to Fe-NizS,/NF and
Rh/Fe-Ni;S,/NF (Fig. S31), indicating the reduction of SO,
species by hydrogen plasma, in line with the Raman spectra in
Fig. 1c. For Fe 2p spectra, no evident difference is observed
among p-Rh/Fe-Ni;S,/NF, Fe-Ni3S,/NF, and Rh/Fe-Ni;S,/NF
(Fig. S4t).

3.2. OER performance of p-Rh/Fe-Ni;S,/NF

The OER performance of p-Rh/Fe-Ni;S,/NF was evaluated in
1.0 M KOH. As shown in Fig. 3a, all the catalysts show an
anodic peak at ~1.32 V on linear scan voltammetry (LSV)
curves due to the nominal oxidation of Ni*" to Ni**, followed
by a sharply increased anodic OER current with a further
polarized potential. p-Rh/Fe-Ni;S,/NF clearly shows advan-
tageous OER activity over Fe-Ni;S,/NF, Rh/Fe-Ni;S,/NF, and
RuO,/NF. To achieve 100, 200, and 300 mA cm™ current, p-Rh/
Fe-Ni;S,/NF needs overpotentials of 237, 251, and 259 mV,
much lower than those of Fe-Ni;S,/NF, Rh/Fe-Ni;S,/NF, and
RuO,/NF, respectively (Fig. 3b). The Tafel slopes of all catalysts
were calculated and are presented in Fig. 3c, showing the
lowest Tafel slope of 49 mV dec™" of p-Rh/Fe-Ni;S,/NF, indicat-
ing its favorable OER kinetics over its rivals. In EIS collected at
1.524 V shown in Fig. 3d, p-Rh/Fe-Ni;S,/NF possesses a
smaller charge transfer resistance (R.) than its two analogues,
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Fig. 3 OER performance of p-Rh/Fe-NizS,/NF in 1 M KOH. (a) iR-com-
pensated polarization curves at 5 mV s, (b) overpotentials required at a
given current density, (c) Tafel plots, (d) Nyquist plots of various catalysts
collected at 1.524 V with the corresponding equivalent circuit, (e) multi-
step chronoamperometric curve (without iR correction), and (f) chrono-
potentiometric curve of p-Rh/Fe-NisS,/NF at 100 mA cm™2.
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indicating faster OER kinetics. This comparison clearly
demonstrates that Rh-incorporation in Fe-Ni;S,/NF efficiently
enhances the OER performance of the resultant Rh/Fe-Ni;S,/
NF, and subsequent hydrogen plasma treatment further pro-
motes the catalytic activity.

To differentiate the current from the OER and oxidation of
Ni**, a multi-step chronoamperometric measurement was
carried out. As shown in Fig. 3e, when the potential of the
p-Rh/Fe-Ni;S,/NF electrode was held at 1.404 V, nearly constant
anodic current was observed on the electrode for 600 s.
Stepping to 1.424 V and higher results in a prompt increase in
the anodic current, verifying that the observed anodic current
is indeed from the OER but not from possible oxidation of
surface metal species as the latter cannot afford such high and
continuous currents. Chronopotentiometric measurement in
Fig. 3f further highlights the excellent durability of p-Rh/Fe-
Ni;S,/NF. The potential increases slightly from 1.49 V to 1.54 V
during 50 h of uninterrupted electrolysis at a constant current
density of 100 mA cm ™2,

3.3. Mechanism of enhanced OER activity of p-Rh/Fe-Ni,S,/
NF

To investigate the intrinsic OER activity of p-Rh/Fe-Ni;S,/NF,
the electrochemical surface areas (ECSAs) of these catalysts
were measured by the double-layer capacitance (Cq4;) method.
As shown in Fig. S5, p-Rh/Fe-Ni;S,/NF exhibits the highest Cq
(25.53 mF cm™?) compared to those of Rh/Fe-NisS,/NF and Fe-
Ni;S,/NF, suggesting an increase in the active area of p-Rh/Fe-
Ni;S,/NF to promote its OER performance.’® Remarkably, the
intrinsic OER activity of p-Rh/Fe-Ni3S,/NF is still higher than
its two rivals after ECSA-normalization (Fig. S6t), manifesting
that its high OER performance is associated not only with its
high surface areas but also with its promoted intrinsic activity.

Post-OER characterization was carried out to investigate the
possible mechanism of the enhanced intrinsic activity of p-Rh/
Fe-Ni;S,/NF. From the SEM image in Fig. S7,1 the p-Rh/Fe-
Ni;S,/NF nanosheets become clumpy nanoparticles after the
long-term OER, indicating dramatic reconstruction of the
nanostructure during the harsh OER process. The Rh content
in the catalyst remains almost unchanged (~42 pg cm™?) after
the long-term OER, as measured by ICP-AES, indicating negli-
gible Rh dissolution. The XRD pattern in Fig. 4a proves that
after the long-term OER, p-Rh/Fe-Ni;S,/NF exhibits newly-
appeared peaks of NiOOH and Rh,0; (PDF no. 41-0541). The
characteristic peaks of Ni;S, remain but those from metallic
Rh and Rh,S; disappear. The Rh 3d XPS spectrum of p-Rh/Fe-
Ni;S,/NF after the OER demonstrates positively shifted
binding energy (Fig. S8f), again suggesting the formation of
the Rh,0; phase from metallic Rh and Rh,S; after the OER
process. The TEM image in Fig. S91 also shows that the pris-
tine nanosheet morphology was partly destroyed, and some
nanoparticles were retained on the nanosheets to form
agglomerations, in good agreement with SEM in Fig. S7.1 The
high-resolution TEM image in Fig. 4b displays clear lattice
fringes with inter-planar distances corresponding to the
NiOOH (101), Rh,0; (202) and Ni;S, (110) planes, respectively.
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Fig. 4 Post-OER characterization of p-Rh/Fe-NizS,/NF after 50 h of the
OER at 100 mA cm™2: (a) XRD pattern and (b) TEM images. (c and d) OER
in situ Raman spectra of (c) p-Rh/Fe-NizS,/NF and (d) Fe-NizS,/NF at
different polarized potentials.

The SAED pattern confirms the same crystalline compositions
of p-Rh/Fe-Ni;S,/NF after the OER (Fig. S10t). These post-OER
characterization studies unambiguously suggest that p-Rh/Fe-
Ni;S,/NF experiences surface transformation and nano-
structure reconstruction during the long-term OER; NiOOH
and Rh,0; are in situ formed on p-Rh/Fe-Ni;S,/NF during the
OER;*'® meanwhile, the partial Ni;S, phase survives to
support the catalytically active phase in the OER.

In situ Raman spectroscopy was used to investigate the
surface reconstruction of p-Rh/Fe-Ni;S,/NF under OER oper-
ando conditions. As shown in Fig. 4c, there are two obvious
peaks at 476 and 559 cm™' on p-Rh/Fe-Ni;S,/NF at 1.38 V and
higher, corresponding to two vibration modes (e, bending and
A, stretching) of the Ni*’-O bond, both of which indicate the
formation of the NiOOH phase at the anodic potential.>®>°
The Fe-Ni;S,/NF catalyst also exhibits similar potential-depen-
dent Raman spectra, as in Fig. 4d. Notably, the e, and A,
wavenumbers of p-Rh/Fe-Ni;S,/NF are shifted to higher values
compared to Fe-Ni;S,/NF, which implies that the Ni**~-O bond
in p-Rh/Fe-Ni;S,/NF was compressed to possess a shorter bond
length.*® The NiOOH formation starts at 1.38 V for p-Rh/Fe-
Ni3S,/NF, which is earlier than that of Fe-Ni3S,/NF (1.42 V),
manifesting that the Rh incorporation is beneficial for Ni oxi-
dation, which is able to promote the OER process.*" The inten-
sity ratio between the A, peak (~560 cm™') and the e, peak
(~475 cm™") of p-Rh/Fe-Ni;S,/NF at 1.46 V reaches 0.64, which
is considerably lower than that of Fe-Ni;S,/NF (0.77) at the
same potential, indicating the higher order level of NiOOH.%*°
Previous work has revealed that too many Fe dopants in
NiOOH result in a higher disorder level and impair the OER
activity.®*® In the present work, it is believed that Rh atoms
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are doped into the NiOOH matrix to form di-p-oxo bridged Ni-
O-Rh sites while keeping the NiOOH with a high order level to
enhance the OER activity. The Rh atom possesses higher elec-
tron affinity compared to Fe and Ni atoms, resulting in a
shorter and stronger Ni-O bond in Ni-O-Rh and a lower oxi-
dative potential for the conversion of Ni*" to Ni**. The formed
Ni-O-Rh sites together with the Ni-O-Fe sites contribute to
the OER activity of p-Rh/Fe-Ni;S,/NF. Without hydrogen
plasma, such active sites cannot be formed efficiently, and
that is the case for Rh/Fe-Ni3S,/NF.

DFT calculations were performed to rationalize the
enhanced OER activity of p-Rh/Fe-Ni3S,/NF. Rh/Fe-doped
NiOOH was employed to model the OER process in contrast to
Fe-doped NiOOH. The optimal surfaces on two catalysts were
first calculated and determined, respectively, as shown in
Fig. 5a and b. A conventional four-step mechanism (*OH, *O,
and *OOH; * denotes the active site) was adopted to describe
the OER process.*>** For Fe-doped NiOOH without Rh, the
process of *OH to *O is the rate determining step of the OER
(Fig. 5c), and the overpotential is calculated to be 0.71 eV,
which is lower than that of the pure NiOOH surface
(Fig. S11f%), suggesting a tremendous improvement of Fe-
doping on the OER activity. With Rh incorporated, the rate
determining step remains unchanged but the overpotential
required further decreases to 0.63 eV (Fig. 5d), indicating that
Rh-doping strengthens the binding of *O to facilitate the rate
determining step and accelerates the whole OER process.

3.4. HER performance of p-Rh/Fe-Ni;S,/NF

p-Rh/Fe-Ni;S,/NF shows excellent HER activity in alkaline solu-
tion as well. As depicted in Fig. 6a, Fe-Ni;S,/NF requires an

c Fe-NiOOH d

Rh/Fe-NiOOH
6 6
J——; 1V} 0,(9) =0V 0,(9)
—1.23V
s _ 4] —186V OOH*
$ 3
= < o
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P &
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o- 0.2
n=071V n=063V
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Reaction Pathway Reaction Pathway

Fig. 5 DFT calculation of the OER process on Fe-doped NiOOH and
Rh/Fe-doped NiOOH surfaces. Side (upper) and top views (bottom) of
the model surfaces of Fe-doped NiOOH (a) and Rh/Fe-doped NiOOH
(b); free energy diagrams of the OER on Fe-doped NiOOH (c) and Rh/
Fe-doped NiOOH (d).
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Fig. 6 HER performance of p-Rh/Fe-NizS,/NF in comparison to other
catalysts in 1 M KOH. (a) iR-corrected polarization curves at 5 mV s, (b)
overpotentials required at a given current density, (c) Tafel plots, (d)
Nyquist plots of various catalysts collected at —0.296 V with an equi-
valent circuit, (e) chronopotentiometry curve at 100 mA cm™2, and (f)
LSV curves of p-Rh/Fe-NizS,/NF before and after 1000 cycles of CV,
scanning rate: 5 mV s%,

overpotential of 191 mV to achieve an HER current of 10 mA
em™?, indicating its limited HER activity. After Rh incorpor-
ation, the overpotential of Rh/Fe-Ni;S,/NF largely decreases to
91 mV at the same current density. p-Rh/Fe-Ni;S,/NF itself, in
sharp contrast, needs overpotentials of only 25 and 108 mV to
achieve HER current values of 10 and 100 mA cm™>, respect-
ively (Fig. 6b). Although still inferior to the benchmark Pt/C
catalyst, it significantly outperforms those of Fe-Ni;S,/NF and
Rh/Fe-Ni;S,/NF, indicating the important role of Rh incorpor-
ation and hydrogen plasma treatment. The Tafel slope of the
p-Rh/Fe-Ni;S,/NF was found to be 66 mV dec™, which is
smaller than that of Rh/Fe-Ni;S,/NF and Fe-Ni;S,/NF, as shown
in Fig. 6¢, indicating the fast HER kinetics of p-Rh/Fe-Ni;S,/
NF. The EIS spectrum of p-Rh/Fe-Ni;S,/NF in Fig. 6d shows a
smaller charge transfer resistance than those of Rh/Fe-Ni;S,/
NF and Fe-Ni;S,/NF due to the promotion effect of Rh-doping
and plasma treatment on HER activity. Meanwhile, during
50 h of HER operation at a constant current of 100 mA cm ™2,
the overpotential of p-Rh/Fe-Ni;S,/NF slightly increases by
49 mvV (Fig. 6e). The polarization curve of p-Rh/Fe-Ni;S,/NF
after a 1000-cycle accelerated stability test completely overlaps
with that of the pristine one (Fig. 6f), again implying its excel-
lent HER durability.
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3.5. Mechanism of enhanced HER activity of p-Rh/Fe-Ni;S,/
NF

As shown in Fig. S12,f p-Rh/Fe-Ni;S,/NF displays a higher
ECSA than Rh/Fe-Ni;S,/NF and Fe-Ni;S,/NF upon an HER test,
suggesting that Rh incorporation and subsequent hydrogen
plasma treatment introduce abundant defects and vacancies
in the nanosheets.** ECSA-normalized LSV curves in Fig. S137
further confirm that the intrinsic HER activity of p-Rh/Fe-
Ni;S,/NF is also improved compared to Rh/Fe-Ni;S,/NF and Fe-
Ni3S,/NF. The XRD pattern (Fig. S141) shows that all the diffr-
action peaks of p-Rh/Fe-Ni;S,/NF remain after HER catalysis;
no new crystalline phase was detected. At the same time, it
maintains a nanosheet morphology after the long-term HER
according to the SEM image in Fig. S15.f In XPS spectra
(Fig. S167), no obvious shift in the binding energy of Ni 2p, Rh
3d, Fe 2p and S 2p was observed for p-Rh/Fe-Ni;S,/NF after
long-term HER catalysis. The Rh content in the catalyst slightly
decreases to ~34 pg cm™> after 50 h of the HER, indicating
mild Rh leakage. Therefore, p-Rh/Fe-Ni;S,/NF preserves its
compositional and structural properties during the HER,
which is in sharp contrast with the situation for the OER.

Rh,S; has been reported to be highly active for the HER
and hydrogen oxidation reaction (HOR).*>** Meanwhile,
metallic Rh supported on various substrates such as Si,
SWCNTSs, MoS,, etc. in the form of clusters, nanoparticles or
single atoms demonstrates excellent HER activity.>”*>*® In the
present work the enhanced HER activity of p-Rh/Fe-Ni;S,/NF
over Rh/Fe-Ni;S,/NF and Fe-Ni;S,/NF suggests that the co-exist-
ence of metallic Rh and Rh,S; is critical for the HER activity.
Therefore, the Rh/Rh,S; heterostructure may be responsible
for the HER activity due to its optimal hydrogen adsorption
strength.

DFT calculation was carried out to verify this synergistic
effect between Rh and Rh,S;. The optimal structural model of
the Rh,S;/Rh interface was first determined by considering the
lattice matching of Rh and Rh,S; planes, as shown in Fig. 7a
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Fig. 7 DFT calculation of the HER process on p-Rh/Fe-NizS,/NF. (a)
Side (left) and top view (right) of the model surface used for the Rh,Ss/
Rh heterointerface. Blue and yellow balls represent Rh and S atoms,
respectively; calculated water adsorption energies (b) and AGy« (c) on
Rh,S3/Rh, Rh,Ss and Rh.
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(model surfaces of pure Rh and pure Rh,S; shown in
Fig. S17}). At such a heterointerface, the water adsorption
energy was first calculated as it is important to initiate the
HER in an alkaline environment.”” As in Fig. 7b, the H,O
adsorption energies on the Rh part, Rh,S; part and interface
of the Rh,S;/Rh heterojunction are —0.570, —0.592, and —0.659
eV, respectively; all are higher than those of pure Rh,S;
(-0.544 eV) and Rh (—0.447 eV), suggesting stronger H,O
adsorption energy, which is capable of speeding up the HER
process.*® The hydrogen adsorption energy (AGy.) on the
model surface was further calculated (Fig. 7c). The AGy~ on
the interface of the Rh,S;/Rh heterojunction is ~—0.05 eV,
which is smaller than that on the Rh surface (—0.185 eV) and
the Rh,S; part (0.476 eV) of the Rh,S;/Rh heterojunction, and
is also lower than that on pure Rh,S; (0.540 eV) and Rh
(=0.272 eV). This result indicates that the most active site is
the Rh-Rh,S; interface, where the favorable H* adsorption
energy leads to excellent HER activity. Notably, the charge
density differential image reveals that a strong interaction
occurred at the interface of Rh,S;/Rh (Fig. S187), leading to
lattice distortion and electron rearrangement of Rh,S; and Rh,
and improving their HER activity compared to their corres-
ponding pure phases.

3.6. Influence of H, plasma treatment

To further clarify the effect of H, plasma treatment on the syn-
thesis of p-Rh/Fe-Ni;S,/NF, thermal treatment of Rh/Fe-Ni;S,
was carried out in a H,/Ar atmosphere at 350 °C to obtain the
catalyst of Rh/Fe-Ni;S,-350. The XRD pattern indicates the
same crystal phases (metallic Rh, Rh,S;, and Ni3S,) of as-pro-
duced Rh/Fe-Ni3S,-350 as p-Rh/Fe-Ni;S,/NF, suggesting the
partial reduction of Rh,S; to metallic Rh after thermal treat-
ment (Fig. S19t). However, the Rh/Fe-Ni;S,-350 is inferior to
the p-Rh/Fe-Ni3S,/NF in terms of HER and OER activity
(Fig. S207), even though both catalysts are composed of the
same components. This comparison implies that plasma treat-
ment for the synthesis of p-Rh/Fe-Ni;S,/NF is necessary and
cannot be displaced by thermal annealing in H,. Meanwhile,
the duration of H, plasma treatment was also investigated and
an optimal duration of 20 min was found, at which the resul-
tant p-Rh/Fe-Ni3S,/NF exhibits the best HER and OER perform-
ance (Fig. S217). Ar plasma was also investigated but it cannot
afford the same enhancement effect on OER or HER activity as
hydrogen plasma (Fig. S22t). These observations indicate that
H, plasma treatment is used not only to simply reduce some
sulfides to metal, but also results in rich surface defects and
nanostructure reconstruction to facilitate electrocatalysis;
there is a balance between the etching/reducing effects of
plasma treatment to maximize the electrocatalytic activity of
this catalyst.

3.7. Overall water splitting of p-Rh/Fe-Ni;S,/NF

Electrochemical evaluations suggest that p-Rh/Fe-Ni;S,/NF is a
highly active HER/OER bifunctional electrocatalyst even
though its real active phase is different under two electro-
chemical environments. As shown in Fig. 8a, p-Rh/Fe-Ni;S,/NF
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Fig. 8 Performance comparison of p-Rh/Fe-NisS;/NF and other
bifunctional catalysts. (a) Overpotential at a current density of 10 mA
cm™2 for the HER and 100 mA cm™2 for the OER, respectively. (b) polar-
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5 mV s7%; (c) chronopotentiometric curve of p-Rh/Fe-NizS,/NF||p-Rh/
Fe-NisS,/NF at 100 mA cm~2 without iR-compensation. The inset in (c)
shows the optical image of this electrolyzer under operation.

was among the best HER/OER bifunctional catalysts reported
in the literature."®'%>>197%

Due to its good OER/HER activity, p-Rh/Fe-Ni,;S,/NF was
employed to assemble an alkaline electrolyzer as both an
anodic and a cathodic catalyst. As shown in Fig. 8b, the as-
assembled electrolyzer achieves higher electrolytic current
than the one with commercial Pt/C and RuO, on NF as catho-
dic and anodic catalysts at the same cell voltage. It needs a low
cell voltage of 1.79 V to obtain an electrolytic current of
100 mA cm™2, while the precious-metal based one needs 2.0 V
to achieve the same current, unambiguously confirming the
high activity of p-Rh/Fe-Ni;S,/NF. Meanwhile, this electrolyzer
is able to stably operate at 100 mA cm™> for 40 h (Fig. 8c),
showing excellent catalytic stability of p-Rh/Fe-Ni;S,/NF as the
bifunctional catalyst. The faradaic efficiency of p-Rh/Fe-Ni,S,/
NF was found to be close to 100% by a drainage method, as
shown in Fig. $23.1 ¢

4. Conclusions

In summary, we reported p-Rh/Fe-Ni3S,/NF synthesized via wet
impregnation and subsequent hydrogen plasma treatment as
an excellent HER/OER bifunctional catalyst. By introducing a
low content of Rh, the resultant p-Rh/Fe-Ni;S,/NF exhibits out-
standing HER and OER catalytic performance in alkaline
media. Remarkably, a unique Janus catalytic mechanism is
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revealed for p-Rh/Fe-Ni3S,/NF; it catalyzes the OER and HER
with different active phases. For the OER, the doped Rh atoms
in the in situ formed Ni oxyhydroxide matrix collaborate with
the Ni-O-Fe sites to enhance the OER activity; for the HER,
the heterostructured Rh/Rh,S; clusters offer active centers
while the NisS, nanosheets offer high conductivity and large
surface areas. Hydrogen plasma was demonstrated to manip-
ulate the compositional and structural properties of a catalyst
under mild conditions with broad flexibility and good controll-
ability, thus providing a novel and elegant tool for fabricating
efficient catalysts.
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