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Asymmetric Rh—O-Co bridge sites enable superior
bifunctional catalysis for hydrazine-assisted
hydrogen productionf
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Hydrazine-assisted water splitting is a promising strategy for energy-efficient hydrogen production, yet
challenges remain in developing effective catalysts that can concurrently catalyze both the hydrogen
evolution reaction (HER) and hydrazine oxidation reaction (HzOR) in acidic media. Herein, we report an
effective bifunctional catalyst consisting of Rh clusters anchored on CozO, branched nanosheets (Rh-
Co30,4 BNSs) synthesized via an innovative arginine-induced strategy. The Rh-CoszO4 BNSs exhibit
unique Rh—0O-Co interfacial sites that facilitate charge redistribution between Rh clusters and the CozO4
substrate, thereby optimizing their valence electronic structures. When the current density reaches 10
mA cm~2, the Rh-Coz0,4 BNSs require working potentials of only 32 mV for the HER and 0.26 V for the
HzOR, far surpassing commercial Pt/C. Furthermore, the Rh-CozO4 BNSs can work efficiently for
hydrazine-assisted water electrolysis with a low voltage of 0.34 V at 10 mA cm~2 and excellent stability.
Theoretical calculations reveal that the optimized valence electronic structure within interfacial Rh—O-

Co sites not only reduces the adsorption energy barrier of CosO,4 for H* in the HER; but also optimizes
Received 4th November 2024 the hydrazi d ti in the HzOR and | the f h in th tential-det -
Accepted 16th December 2024 e hydrazine adsorption in the HzOR and lowers the free energy change in the potential-determining

step, where the facilitated dehydrogenation is observed in in situ Raman spectra. This work provides

DOI: 10.1039/d4sc07442d a viable approach for designing efficient bifunctional catalysts for future hydrazine-assisted hydrogen
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Introduction

Hydrogen (H,) is regarded as a promising clean energy carrier to
replace conventional fossil fuels due to its high energy density
and sustainability.** Consequently, substantial research efforts
have been focused on the production of high-purity hydrogen
through electrochemical overall water splitting (OWS), owing to
its environmental friendliness and zero carbon emission in the
cathodic hydrogen evolution reaction (HER).*” However, the
sluggish kinetics and high theoretical potential of the anodic
oxygen evolution reaction (OER, 1.23 V vs. RHE) require a cell
voltage exceeding 1.5 V to drive the OWS process, which hinders
the large-scale application.*® To address this obstacle, several
more favorable small-molecule oxidation reactions (e.g., tetra-
hydroisoquinoline oxidation,’®* wurea oxidation,”** and
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hydrazine oxidation'*'*) have been proposed as alternatives to
the OER. Among these, an overall hydrazine splitting (OHzS)
system, which integrates the hydrazine oxidation reaction
(HzOR) with a low thermodynamic voltage (—0.23 V vs. RHE, pH
= 0) and HER, offers an advantageous strategy for green
hydrogen production.’®"” Within such a system, the generation
of N, as the sole byproduct from the HzOR mitigates the risk
associated with explosive H,/O, mixtures produced by conven-
tional OWS."®

In terms of the HzOR, the multi-step reaction pathway in
acidic media includes the adsorption of N,H, intermediates,
successive intermediate dehydrogenation, and final nitrogen
desorption (N,H;" = N, + 5H' + 4e”). However, since the
catalytic process of the HzOR involves the coupling of 2p
orbitals of N-containing intermediates and d orbitals of metal
sites, the interaction strength of p-d coupling largely inhibits
reactant transformation, which may result in a high activation
energy barrier.'> Moreover, the challenge of activating the N-H
bond also limits the kinetics of the dehydrogenation process. At
present, pioneering studies in the HzOR converge on the use of
3d transition metals, particularly the modulation for Co-based
materials.>®** For example, Xia et al. demonstrated that tuning
the electronic structure of ordered CozTa leads to exceptional
electrocatalytic activity for the HzOR, where the Co-Ta bridge
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acts as the most active site.” Wang et al. revealed that the
Ni(Co)-Ru-P interfacial sites on Ru;-NiCoP could effectively
lower the vacant d-band center of NiCoP, which strengthens
*N,H, adsorption and decreases the reaction energy barrier,
thereby significantly improving HzOR activity.>® These findings
indicate that the formation of distinctive bridges between Co-
based materials and other transition metals has the potential to
optimize the d-band center of the Co site, thus enhancing its
adsorption capacity for nitrogen-containing intermediates.***®
Furthermore, the selection of suitable coupling species to
accelerate the dehydrogenation of continuous intermediates in
the HzOR while reducing the free energy of hydrogen adsorp-
tion (AGy+) in the HER is of paramount importance for the
development of efficient HZOR/HER bifunctional catalysts.
According to Trassati's volcano diagram, the Rh is located near
the apex, suggesting that Rh has a desirable AGyz+, and is
promising to serve as the active site for the HER on coupling
with Co-based materials.?®*” As a result, the introduction of Rh
can not only modulate the d-band center of Co-based materials,
but is also promising to accelerate the dehydrogenation reac-
tion kinetics by serving as an active site for N-H bond activa-
tion, thereby enhancing intermediate adsorption during the
HzOR and lowering the reaction energy barriers. Nevertheless,
further investigation is needed to elucidate the mode of inter-
action between Co-based hosts and Rh species, and to deter-
mine whether this interaction can achieve the predicted
bifunctional activity and stability under acidic conditions.
Herein, we present a novel arginine-induced synthesis
approach for the fabrication of Co;0, branched nanosheets
uniformly anchored with Rh clusters (Rh-Co;0, BNSs). Using
this catalyst as a model, we systematically investigated the role
of the interaction mode between Co;0, and Rh in modulating
the catalytic activities of both the HzOR and HER under acidic
conditions. X-ray absorption spectroscopy (XAS) and X-ray
photoelectron spectroscopy (XPS) analyses demonstrated that
the Rh-O-Co asymmetric unit induces charge redistribution,
effectively modulating the electronic states of both Rh and Co.
Electrochemical tests demonstrate that Rh-Coz;0, BNSs exhibit
exceptional bifunctional activity and stability for the HER and
HzOR under highly acidic conditions. Specifically, the Rh-Co;0,
BNSs require working potentials of only 32 mV for the HER and
0.26 V for the HzOR to achieve 10 mA em™>, far surpassing the
performance of commercial Pt/C. When applied in a hydrazine-
assisted water electrolysis system, the Rh-Co;O, BNSs achieve
a cell voltage of 0.34 V at 10 mA cm > and maintain excellent
stability over 20 h. Density functional theory (DFT) calculations
elucidate that the coupling between Rh and Coz;0O, leads to
electronic redistribution through the asymmetric Rh-O-Co
bridge, which not only reduces the adsorption energy barrier of
Coz;0, for H* in the HER, but also optimizes the hydrazine
adsorption of N-containing intermediates in the HzOR. With
the construction of a Rh-O-Co bridge, the potential-deter-
mining step of NyH, — N,H; is shifted to N;H, —N,H}, which
facilitated dehydrogenation with a lower free energy change. In
situ Raman spectroscopy during the HzOR process confirms
that the introduction of Rh into Co;0, BNSs enhances the
adsorption of *N,H, and promotes the low-potential driving of
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the rapid dehydrogenation process. This work presents
a promising strategy for the development of highly efficient
bifunctional catalysts aimed at advancing hydrazine-assisted
hydrogen production under acidic conditions.

Results and discussion
Synthesis and characterization

The synthesis of Rh clusters anchored on Co;O, branched
nanosheets (Rh-CozO, BNSs) is schematically illustrated in
Fig. 1a. First, the Coz;O, BNSs were obtained by a facile hydro-
thermal treatment of arginine and Co*" salt in a mixed ethanol
and water solution. Then, the as-prepared Coz;O, BNSs were
transferred to ethylene glycol containing RhCl; aqueous solu-
tion for the reflux treatment to obtain the Rh-Co;0, BNSs.
Arginine has both unique groups of guanidino and carboxyl,
which makes it easy to bind with Co*>" cations through the
coordination interaction, thereby allowing the synthesis of
Co30, BNSs to be kinetically controlled.”® The coordination
between arginine and Co*" cations is confirmed by using the
ultraviolet and visible spectroscopy (UV-vis) spectra (Fig. 1b),
where the absorption peak of Co** aqueous solution shows
a significant blue shift after the introduction of arginine. The
Fourier transform infrared (FTIR) spectrum of arginine-
Co(NOs3), shows a distinct multi-peak overlapping phenomenon
between -OH and -NH, vibrational peaks compared with that of
arginine, indicating the coordination between Co>" and argi-
nine. The crystal structures of Co;0, BNSs and Rh-Co;0, BNSs
were characterized by X-ray diffraction (XRD) analysis. All the
diffraction peaks of both samples are in good agreement with
the standard pattern of the spinal Co;0, phase (JCPDS no. 42-
1467), and no Rh-related peaks were detected in Rh-Co;0, BNSs
(Fig. 1c), indicating a high Rh dispersion with small particle
sizes.”**® The electron paramagnetic resonance (EPR) spectra
show that both samples possess strong EPR signals at g = 2.003
(Fig. 1d), which are assigned to oxygen vacancies.?**' Note that
the density of oxygen vacancies of Rh-Co;0, BNSs increase
significantly compared with that of Co;O, BNSs, which indi-
cates a strong interaction between Rh sites and the Cos;0,
support.®* The vacancies increase the disorder of the crystal, as
verified by Raman spectra, where the peaks of Rh-Co;O, BNSs
show a significant redshift compared to those of Co;O, BNSs
(Fig. S21), especially the A,, peak located at 678 cm™".
Transmission electron microscopy (TEM) characterization
shows that the Co;O, BNSs present a branched nanosheet
structure with a lateral width of about 150 nm (Fig. 2a and S31),
which is further verified by scanning electron microscopy (SEM)
images (Fig. S4t). The atomic force microscopy (AFM) image
reveals a uniform height distribution of Co;0, BNSs with an
average thickness of about 2.40 nm (Fig. S51). The formation of
the branched nanosheet structure is strongly dependent on the
appropriate concentration of arginine. Without arginine or with
an excess amount, the Co;0, substrate exhibits a non-uniform
nanosheet morphology lacking any branches (Fig. S67).
Furthermore, the substrate prepared in water exhibits a nano-
needle structure (Fig. S7t), indicating that ethanol is also
conducive to the formation of nanosheets. After the deposition

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1

(a) Schematic illustration of the preparation of Rh-CozO4 BNSs; (b) UV-vis absorption spectra of Co(NOs),, arginine and arginine-

Co(NOs), aqueous solution; (c) XRD patterns of CosO4 BNSs and Rh-CozO4 BNSs; (d) EPR spectra of CozO4 BNSs and Rh-Coz0O,4 BNSs.

of Rh species, the Rh-Co;0, BNSs still retain the structure and
morphology integrity of the branched nanosheet (Fig. 2b and
S8t). The magnified TEM image shows that the Rh nano-
particles are uniformly dispersed on the surface of Coz;O, BNSs
with an ultrasmall particle size of about 1.60 nm (Fig. 2¢). To
further clarify the atomic structure of Rh species on the Coz0,
substrate, aberration-corrected high-angle annular dark-field
scanning TEM (HAADF-STEM) was carried out. As shown in
Fig. 2d and e, many bright speckles appear on the surface of
Co3;0, BNSs, which are considered to be Rh cluster sites. From
the high-resolution HAADF-STEM image (Fig. 2f), the lattice
spacings of 0.219 nm and 0.214 nm correspond to the (111) and
(400) planes of Rh and Cos0,, respectively. The energy disper-
sive X-ray (EDX) element mapping images of Rh-Co;0, BNSs
show that the Rh signals are uniformly distributed on Coz0,4
BNSs without obvious segregation (Fig. 2g and S9}). The mass
loading of Rh on Rh-Co3;0, BNSs is about 15.1 wt%, determined
by inductively coupled plasma-atomic emission spectrometry
(ICP-AES). By varying the addition of RhCl;, other Rh-Co3;0,
BNSs with different Rh loadings of 7.9 wt% and 31.7 wt% could
be obtained, which exhibit a similar crystal structure and
morphology to that of Rh-Co;0, BNSs (Fig. S10 and S117). The
pure Rh sample was also synthesized for comparison (Fig.
S12%).

X-ray photoelectron spectroscopy (XPS) was performed to
understand the surface chemical and electronic states of Rh-
Co3;0, BNSs. The survey XPS spectrum shows the existence of
Rh, Co and O elements on the surface of Rh-Co;0, BNSs (Fig.

© 2025 The Author(s). Published by the Royal Society of Chemistry

S137). For the high-resolution Rh 3d spectrum (Fig. 3a), the
intense peaks observed at 306.9 and 311.7 eV are attributed to
metallic Rh® species, while the peaks centered at 308.0/313.2
and 309.7/314.7 eV respectively correspond to Rh* and Rh**.3
The geometric areas of the Rh* and Rh*' peaks obviously
increase when compared with pure Rh, indicating that the Rh
species within Rh-Co;04 BNSs has a higher oxidation state. The
Co 2p spectrum of Rh-Co;O, BNSs (Fig. 3b) corresponds to
spin-orbit splitting into 2p;, (781.0) and 2p;/, (796.2 eV), where
the peaks at 781.0 and 797.2 eV are assigned to Co®>* species and
the peaks at 784.4 and 801.6 €V correspond to Co”* species.?*3*
It is worth noting that the binding energies of Rh 3d and Co 2p
spectra in Rh-Co;0, BNSs exhibit a positive shift of about 0.23
eV and 0.65 eV compared to those in pure Rh and Co3;0, BNSs,
respectively. This shift indicates a strong interaction between
Rh and the Co;0, support, leading to the charge redistribution.
In the high-resolution O 1s spectra (Fig. S147), the peaks of O1
at 530.4 eV and O3 at 532.6 eV are attributed to the metal-
oxygen bond and surface-adsorbed water molecule, while the
02 peak at 531.3 eV is caused by oxygen vacancies.’*®*’
Compared to Co;0, BNSs, the O2 peak area in Rh-Co;0, BNSs
shows a significant increase, suggesting an increase in oxygen
vacancies of Rh-Coz;O, BNSs. X-ray absorption spectroscopy
(XAS) was conducted with the aim of distinguishing the elec-
tronic structure and the coordination environment of Rh and
Co in Rh-Co30, BNSs. As shown by the normalized Co K-edge X-
ray absorption near-edge structure (XANES), the Rh-Co30, BNSs
exhibit a lower energy compared with the Coz;O, reference

Chem. Sci,, 2025, 16, 1837-1848 | 1839
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50 nm

(a) TEM image of CosO4 BNSs; (b) and (c) TEM images of Rh-Cos0,4 BNSs with different resolutions, the inset of (c) shows the corre-

sponding particle-size distribution; (d)—(f) AC-HAADF-STEM image of Rh-Cosz0O,4 BNSs; (g) EDX element mapping images of Rh-CozO4 BNSs.

(Fig. 3c), indicating a slight decrease in the average valence state
of Co species in Co;0, after the introduction of Rh. The Co K-
edge Fourier-transformed extended X-ray absorption fine
structure (FT-EXAFS) of Rh-Co;0, BNSs is similar to that of
Co;0, (Fig. 3d), with three distinct peaks identified as Co-O,
octahedral Co-Co and tetrahedral Co-Co bonds, respec-
tively.***° Fig. 3e depicts the normalized XANES spectra for the
Rh K-edge of Rh-Co;0, BNSs and standard samples. The Rh K-
edge absorption edge for Rh-Co;0, BNSs is located between that
of Rh foil and Rh,0;, with a greater proximity to the line of Rh.
The Rh valence of Rh-Co;0, BNSs was quantitatively measured
by using the adsorption energy (E,) to be +0.51 (Fig. S157). This
fact proves that the coupling of Rh and Coz;0O, leads to the
transfer of electrons from the Rh sites to the Co sites via the
bridged O atoms. Furthermore, the presence of Ov as Lewis
acids, while exhibiting a weaker metal-electron withdrawing
effect than O atoms, also facilitates electron donation by Rh.*>**
The information derived from Rh EXAFS shows that the Rh-
Co3;0, BNS sample exhibits a strong Rh-Rh peak and a more
pronounced weak Rh-O peak relative to the Rh foil (Fig. 3f),
implying the existence of Rh-O-Co bridging sites between the
Rh clusters and the Co;0, BNSs.*** Consistent results were
observed from the wavelet transform (WT) analyses of the Rh-
Co3;0, BNS spectrum. The oscillation of the WT spectrum of Rh-

1840 | Chem. Sci,, 2025, 16, 1837-1848

Co30, BNSs is similar to that of pristine Co;0,, suggesting their
similar spinel structure (Fig. 3g). In addition, the Rh-O scat-
tering of Rh-Co;0, BNSs (R = 1.61 A, k = 5.65 A™%) are quite
different from those of Rh-O scattering in Rh,0; (R = 1.55 Ak
= 7.40 A™"), which further demonstrates the presence of
asymmetric Rh-O-Co bridging sites rather than pure Rh-O
bridging sites in the Rh-Co;0, BNSs (Fig. 3h).

Electrocatalytic performance towards the HER

The HER performance of Rh-Co;0, BNSs was evaluated in 0.5 M
H,SO, electrolyte using a typical three-electrode setup, where
Co30, BNSs, pure Rh, and commercial Pt/C catalysts were also
measured under the same conditions for comparison. Fig. 4a
shows the HER polarization curves of the catalysts. The Rh-
Co30, BNSs require remarkably low overpotentials of 32 mV
and 56 mV to achieve current densities of 10 mA em™> (E5o) and
50 mA cm > (Es), respectively (Fig. 4a). These values are supe-
rior to those of pure Rh (E;, = 53 mV and E5, = 90 mV), C030,
BNSs (E1o = 244 mV and E5, = 491 mV), and are even compa-
rable to those of commercial Pt/C (E;o = 38 mV and E5, = 76
mV). The reaction kinetics of the HER process on all catalysts
was revealed by the Tafel slope (Fig. S16T). As depicted in
Fig. 4b, the Rh-Co;0, BNSs exhibit a sharply decreased Tafel
slope (27.0 mV dec ") relative to those of Pt/C (48.6 mV dec™ '),

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) Rh 3d XPS spectra of Rh-Coz04 BNSs and pure Rh; (b) Co 2p XPS spectra of Rh-Coz0O4 BNSs and CozO4 BNSs; (c) the normalized Co K-

edge XANES spectra; (d) Fourier-transforms of K>-weight Co K-edge EXAFS spectra; (e) the normalized Rh K-edge XANES spectra; (f) Fourier-

transforms of the K>-weight Rh K-edge EXAFS spectra; (g) wavelet trans
for the K*-weight Rh K-edge EXAFS signals.

pure Rh (42.3 mV dec ') and Co;O, BNSs (285 mV dec %),
implying the fastest HER kinetics at the Rh-Co;04 BNS surface.
The Tafel slope of Rh-Co;0, BNSs is close to 29.9 mV dec™ ",
illustrating that the Rh-Co;O, BNSs catalyze the HER by
a Volmer-Tafel mechanism.** The low overpotentials and small
Tafel slope of Rh-Co30, BNSs are also significantly lower than
those of the Rh; g v0,-C030, BNSs and Rhj; 7 wi0-C030, BNSs
(Fig. 4c and S177), as well as most of the previously reported
typical catalysts (data confirmed by using the DigCat database:
https://www.digcat.org/; illustrated in Fig. 4d and Table S1t).
The above results suggest that the synergistic effect of Rh and
Co;0, components facilitates the HER process. To better
understand the synergistic effect of Rh and Co;0,
components, electrochemical impedance spectroscopy (EIS)
was carried out and the electrochemical double-layer
capacitance (Cyq)) were investigated. As shown in EIS Nyquist
plots (Fig. 4e), the Rh-Co;0, BNSs present the lowest electron
transfer resistance (R relative to pure Rh and Co;0, BNSs,

© 2025 The Author(s). Published by the Royal Society of Chemistry

forms for the K*-weight Co K-edge EXAFS signals; (h) wavelet transforms

indicating that the interaction between Rh and Co3;0,
enhances the charge transfer efficiency of Rh-Co;O, BNSs.
The Cq4 was calculated by using cyclic voltammetry (CV)
measurements at different scan rates in the non-faradaic
region (Fig. S181). The Rh-Co;0, BNSs exhibit a high Cy of
about 10.32 mF cm > (Fig. 4f), which is higher than those of
Pt/C (8.49 mF cm™?), pure Rh (5.85 mF cm ), and Co;0,4
BNSs (3.24 mF cm ™ ?). Given the linear relationship between
the Cq; and the electrochemical surface area (ECSA), Rh-Co30,
BNSs exhibit a larger ECSA and expose more active sites, thus
increasing HER activity. To evaluate the stability of Rh-Co;0,
BNSs, the accelerated durability test (ADT) was performed by
2000 CV cycles in the voltage window from —0.08 to —0.02 V
(vs. RHE) with a scan rate of 100 mV s™'. As shown in Fig. 4g,
the overpotential at 10 mA cm? in the HER polarization
curve of Rh-Co;0, BNSs after 2000 cycles only increases by 3
mV compared with the original one, which is smaller than
that of Pt/C (13 mV), pure Rh (5 mV), and Co;0, BNSs (65

Chem. Sci., 2025, 16, 1837-1848 | 1841


https://www.digcat.org/
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07442d

Open Access Article. Published on 16 December 2024. Downloaded on 6/14/2026 3:16:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Chemical Science Edge Article
a 20 b C
Tafel slope (mV dec™) 180 & Rh;g,6,-Co0, BNSs
01 80 o * Rhys 4 9-C030, BNSs
-20 Rh-Co,0, BNSs 8 81507 ¢ Ry, 7 e-Cos0, BNSs
—~ 2 o i B e e, R *
& -40 [ Co,0, BNSs E 120 "
5 601 I Pure Rh £ -
< -80- [ Pt/C 08)_ 90
-Z-1001__Rh-Co,0, BNSs ;" @ 60+
-120{— Co,0, BNSs ..g 50
- *
-140{—— E;fce Rh 120 80 [
-160 . . . ; . 0 . —— -
05 04 -03 -02 01 00 Eso (MV) Eio (MV) 25 30 35 40 45 50
Potential (V vs. RHE) Overpotential (mV)
70 12
d * e 124 2 Rh-Co,0O, BNSs f 4 Rh-Co;0, BNSs
T RuO,-WC NPs « Co,0, BNSs . ‘ 1.04 ¢ Co;0,BNSs
o 107 + Pure Rn - e o Pure Rh W
& ol PdCU/C .COP/NiZP@Co(OHlZ £ & ” g
> " Rusiw S . ’ <
S N-CoP, 4 Co-Pd-MoS, = 61 L c
;0/ 40 = ™ f\ll P e —
[ Te.C.2 A RhSe 4 . Y 2
= RFTeOS wEce © 4 . 2. <
30 Au-Pt-Ni 2 o A e
* 1 . o
Rh-Co,0, BNSs o NN
20 A——————————————— 0+ . , . 0.0 . ‘ . ; .
25 30 35 40 45 50 55 60 65 70 5 10 15 20 25 0 20 _40 60 80 . 100 120
Overpotential (mV) Z'(ohm) Scan rate (mV s™)
I 10+
g 0+ 9 ™ Qo ) Q 'QDF\
=i 8 Faraday effciency C\O
201 S B 80
& , = >
e 40 Rh-Co,0, BNSs 8 6] =
o After 2000 cycles o Measured H,, 60 .©
E -601 — Co,0, BNSs 5, %
J o 4
T ] o T 041 . Rh-Co,0, BNSs e 40 5,
= / 054 =
- - - After 2000 cycles E 051 - Co,0, BNSs o 2 20 @
-1009 _ pyc i 0 6] * PureRh > ' ®
- - - After 2000 cycles  / o « PUC o
-1204— r . : 07 , : 0- 0
-04 -0.3 -0.2 -0.1 0.0 5 .10 15 20 10 20 30 40 50 60
Potential (V vs. RHE) Time (h) Time (min)

Fig.4 (a) HER polarization curves of the catalysts in 0.5 M H,SO, at a scan rate of 5 mV s™%; (b) Tafel slope and overpotential at 10 mA cm™

2and

50 mA cm™~2 of the catalysts; (c) comparison of the Tafel slope and overpotential for Rh-Coz0O4 BNSs at different Rh loadings; (d) comparison of
the Tafel slope and overpotential of Rh-Coz0O,4 BNSs and the reported catalysts; (e) EIS Nyquist plots of the catalysts; (f) Cq values of the catalysts;
(g) HER polarization curves of the catalysts before and after 2000 CV cycles; (h) chronopotentiometric curves of the catalysts at 10 mA cm™2; (i)

Faraday efficiency of Rh-CoszO,4 BNSs.

mV). The chronopotentiometry measurement was further
applied to evaluate the long-term durability of Rh-Co;0, BNSs
at a current density of at 10 mA em ™2 (Fig. 4h). In comparison
to the other three catalysts, the superior alkaline HER activity
is well retained on Rh-Co;0, BNSs after continuous hydrogen
production for more than 20 h. After chronopotentiometry,
the Rh-Co;O, BNSs still retain the branched nanosheet
structure and uniform height distribution of Rh particles on
the Co30, surface (Fig. S197). The XPS spectra of recovered
Rh-Co3;0, BNSs show a slight decrease in the proportion of Rh
in the oxidized state with no significant change for Co species
(Fig. S20%). In addition, the Rh-Co3;0, BNSs exhibit a high
faradaic efficiency (FE) of about 100% during the HER,
indicating the high HER selectivity of Rh-Co3;0, BNSs (Fig. 4i
and S217).

Electrocatalytic performance towards the HZOR

The electrochemical performance of Rh-Coz;O, BNSs for the
HzOR was then evaluated in H,SO,/N,H, electrolyte. We first

1842 | Chem. Sci,, 2025, 16, 1837-1848

determined that the HzOR activity of Rh-Co;0, BNSs is optimal
in 0.5 M H,S0, + 0.05 M N,H, electrolyte (Fig. S22}). When the
concentration of N,H, exceeds 0.05 M in H,SO, solution,
hydrazine sulfate precipitation is easily observed.”* Fig. 5a
shows the HzOR and OER polarization curves of the Rh-Coz0,
BNS electrode in 0.5 M H,SO, with and without 0.05 M N,H,. It
can be seen that the Rh-Co;0, BNSs require a low working
potential of 0.26 V vs. RHE to reach a current density of 10 mA
cm™? for the HzOR, which is 1.39 V less than that of the OER
and other reported small-molecule oxidative reactions (Table
S2t), indicating that the Rh-Co30, BNSs possess excellent HZOR
activity and can be utilized as an alternative OER catalyst to
reduce the electrical energy consumption. The HzOR activity of
Rh-Co3;0, BNSs was then compared with that of Co;0, BNSs,
pure Rh and Pt/C control samples (Fig. 5b). As observed in
Fig. 5¢c, the working potentials at a current density of 10 and 50
mA cm 2 for Rh-Co;0, BNSs are merely 0.26 V and 0.44 V, which
are much lower than that of Co;0, BNSs and pure Rh, and even
exceeds that of commercial Pt/C, suggesting the significantly

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) The polarization curves of Rh-CoszO4 BNSs in 0.5 M H,SO,4 with and without 0.05 M N,H,4 at a scan rate of 5 mV s™%; (b) HzOR
polarization curves of the catalysts in 0.5 M H,SO,4 + 0.05 M N,H,4 electrolyte; (c) comparison of the Tafel slope and working potential at 10 mA
cm~2and 50 mA cm ™2 recorded from panel (c); (d) CV curves of Rh-Cos04 BNSs in 0.5 M H,SO4 + 0.05 M NoH, electrolyte at different scanning

rates from 20 to 100 mV s, the inset shows the /,, vs. »*/

plot; (e) HzOR polarization curves of the catalysts before and after 2000 CV cycles; (f)

chronopotentiometry curves of the catalysts for the HzOR recorded at 10 mA cm™2in 0.5 M H,SO,4 + 0.05 M NH electrolyte; (g) schematic
illustration of a homemade OhzS electrolyzer; (h) OHzR polarization curves of Rh-CozO4 BNSs||Rh-Coz04 BNSs and Pt/C||Pt/C; (i) chro-

nopotentiometry curves for OHzR recorded at 10 mA cm™2.

improved HzOR activity by the synergistic effect of Rh and
Co3;0, components. The corresponding Tafel slope value of Rh-
Co,0, BNSs is about 76.0 mV dec " (Fig. 5¢c and S237), which is
considerably smaller than that of Pt/C (168.9 mV dec "), pure
Rh (204.5 mV dec '), and Co;04 BNSs (264.5 mV dec '), proving
the faster HzOR kinetics of Rh-Co;0, BNSs. The interfacial
electron transfer kinetics of catalysts during the HzOR was
investigated by EIS, where the Rh-Co;0, BNSs exhibit a smaller
charge-transfer resistance than that of pure Rh and Co;0, BNSs
(Fig. S247). Based on the CV measurement at varying scan rates
(v) shown in Fig. 5d, the peak oxidation current density (J;,) of
the HzOR increases in proportion to the square root of » (v*/?);
while the E}, value increases linearly with log(v) from 20 to 100
mV s~ (Fig. $257), indicating that the HzOR of Rh-Co;0, BNSs
is a diffusion-controlled irreversible process.** The Rh-Co;0,

© 2025 The Author(s). Published by the Royal Society of Chemistry

BNSs also present excellent electrocatalytic stability for the
HzOR, as verified by ADT and chronopotentiometry measure-
ments. The ADT measurement shows that the working potential
of Rh-Co;0, BNSs at 10 mA cm ™2 only increases by 3 mV after
2000 CV cycles (Fig. 5¢), which is significantly lower than that of
other comparative samples. Meanwhile, the chronoampero-
metric curve at 10 mA cm™ remains relatively stable over 20 h
(Fig. 5f). In addition, the Rh-Co;0, BNSs show superior stability
in the HzOR in comparison to their performance in the OER
(Fig. S267). After the prolonged HzOR process, the Rh clusters
on Co;0,4 BNSs exhibit a slight tendency to aggregate, while the
dispersion remains relatively homogeneous (Fig. S277). The XPS
full spectra of Rh-Co;0, BNSs after the HzOR show that the Co
and Rh species still exist after the long oxidation process (Fig.
$28at). The main peaks of Co 3d and the ratio of Co®**/Co** for

Chem. Sci., 2025, 16, 1837-1848 | 1843
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recovered Rh-CozO, BNSs did not change significantly (Fig.
S28bt). For the Rh3d XPS spectrum, the peaks of recovered Rh-
Co3;0, BNSs shift to higher binding energies compared with
those of the original one, accompanied by an increase in the
oxidized state (Fig. S28ct). The preferential oxidation of Rh
clusters facilitates the HzOR process by avoiding excessive
oxidation of Co®" in Co0,0, to acidic soluble Co*".*¢
Considering the excellent bifunctional performance of Rh-
Co304 BNSs for both the HER and HzOR, an overall hydrazine
splitting (OHzS) electrolyzer was constructed to explore the
possibility of hydrazine-assisted hydrogen production, as
schematically illustrated in Fig. 5g. The HER polarization curves
of Rh-Co;0, BNSs remain unchanged before and after the
introduction of 0.05 M N,H, (Fig. S297), indicating a high HER
selectivity of Rh-Co3;0, BNSs.! The OHzS electrolyzer achieves
a current density of 10 mA cm™> at a lower cell voltage of 0.34 V
(Fig. S307), which is 1.38 V lower than that of overall water
splitting (OWS), demonstrating the great potential of the Rh-

View Article Online
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Co30, BNS-based OHzS electrolyzer to reduce the energy
consumption. In addition, the Rh-Co;0, BNSs||Rh-Co;0, BNS-
based OHzS outperforms the Pt/C||Pt/C-based OHzS (Fig. 5h),
and many reported OWS systems (Table S31). During the
chronopotentiometry measurement, the driving current of the
OHZzR electrolyzer on Rh-Co30, BNSs||Rh-Co;0, BNSs decays at
a slower rate than that of the Pt/C||Pt/C-based OHzR electro-
lyzer, further implying the superior stability of Rh-Co;O, BNSs

(Fig. 5i).

Insights into the catalytic mechanism

DFT calculations were conducted to investigate the HER and
HzOR mechanisms on Rh-Co;0, BNSs. As shown in Fig. 6a, the
projected density of states (PDOS) of Rh-Co;0, reveals that the
Rh 4d states are closer to the Fermi level (Ef), than the Co 3d
states below the Ey, indicating the main contribution of Rh 4d
states for catalytic performance. Furthermore, the d-band
center of Co in Rh-Co;0, BNSs exhibits an increasing trend
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Fig. 6 (a) PDOS of Rh-Co3z04 (100); (b) charge density difference of Rh-Cos0,4 (100) upon the combination of two counterparts (yellow color

represents charge accumulation, and blue color represents charge depletion in the space); (c) surface Pourbaix diagram at 25 °C; (d) Gibbs free
energy diagrams of CozO,4 and Rh-Co3z04 (100) for the HER; (e) Gibbs free energy diagrams of CozO4 and Rh-Coz0,4 (100) for the HzOR; in situ

Raman spectrum of (f) CosO4 BNSs and (g) Rh-CozO4 BNSs.
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towards the Fermi energy level, from —2.92 to —2.81 eV, in
comparison to that of the PDOS of Co;0, (Fig. S317), confirming
the effective electronic interaction within the [Rh-O-Co] site.
This upshift is considered to favor the adsorption of interme-
diates during the HER and HzOR process, thereby improving
the kinetic performance.””*” The charge density difference plot
of Rh-Co;0, was further obtained to understand the electronic
redistribution (Fig. 6b). It can be observed that Rh atoms show
directional charge depletion, while the O atoms and partially Co
atoms exhibit charge accumulation, which is consistent with
the XANES analysis. The surface Pourbaix diagrams were ob-
tained to confirm the surface state for initiating the reaction
process, including oxygen vacancies, *H, and hydroxyls cover-
ages (Fig. 6¢c and S321). Although the formation of oxygen
vacancies is facilitated at low bias potential, the coverage of 2
monolayer (ML) *H shares the lowest energy below the bias
potential of 0 Vgyyg, where the exposed surface unsaturated
lattice oxygen atoms can be covered by *H. Based on such
a surface state, the HER process of Rh-Co;0, BNSs was further
discussed. Generally, the free energy of hydrogen adsorption
(AGy») is regarded as a descriptor to characterize the HER
activity. As shown in Fig. 6d, Co;0, exhibits a high AGy+ of 1.67
eV, implying that adsorption of hydrogen atoms is challenging.
Conversely, Rh-Co;0, exhibits a low AGy« of —0.68 eV, which is
closer to 0 eV, implying the low reaction energy barrier of the
HER on the Rh-Coz;0, surface. Fig. 6e describes the stepwise
dehydrogenation process of N,H, with various intermediates on
Rh-Co;0, and the Co;0, surface. It is revealed that when the
HzOR takes place on the Coz;0, surface, the first dehydrogena-
tion step (N,H; —>N,Hj) serves as the potential-determining
step (PDS) with a change in Gibbs free energy (AG) of 0.79 eV.
After the introduction of Rh, the PDS on the Rh-Co;0, surface
turns into the third dehydrogenation step (NyH,—NyH;),
whose AG significantly decreased to 0.38 eV. Therefore, the
reaction pathway of Rh-Coz;0, is more favorable than that of
Co30, in the HzOR process.

To gain insights into the role of the Rh-O-Co unit in the
HzOR mechanism, electrochemical in situ Raman spectroscopy
was employed to monitor surface transformations and reaction
intermediates of Rh-Co;0, and Co;0, BNSs at different poten-
tials in a 0.5 M H,SO, + 0.05 M N,H, solution (Fig. 6f and g). The
peaks at ~191 cm ™ > and ~475 cm ™ in in situ Raman spectra
correspond to the F,, and E; modes of spinel Co;0,, respec-
tively.** An intense peak at ~976 cm ' corresponds to the
symmetric stretching vibrational mode of SO,>~, indicating that
the Rh-Coz;0, BNSs and Co;0, BNSs possess excellent wetta-
bility. Compared with Co;04 BNSs, the Rh-Co;0, BNSs exhibit
increased peak intensities associated with N,H, (~1050 cm ™)
bond absorption, which suggests that the introduction of Rh
into Co30, enhances the adsorption of N,H,.*** When the
working potential of Rh-Co;0, BNSs increases to 0.20 Vvs. RHE,
the Co-N bond exhibits a slight weakening, and a scattering
peak representing the vibrational mode of Rh-O stretching
appeared at 460 cm™ 2% Note that the Raman spectra of Rh-
Co;30, BNSs display a new peak (~1013 cm™2) between the N,H,
and SO,>” peaks corresponding to the *N,H; intermediate
produced after the first dehydrogenation step. However, this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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peak is unobservable in Raman spectra of Co;0, BNSs. The in
situ Raman results indicate that Rh clusters anchored on Co;0,
BNSs are susceptible to exhibit a high oxidation state during the
HzOR, which can serve as an important active site to lower the
continuous dehydrogenation energy barrier of Co;04 BNSs.

Conclusion

In summary, we have developed a highly effective bifunctional
catalyst by anchoring Rh on Co;0, branched nanosheets (Rh-
Co30, BNSs) synthesized through an innovative arginine-
induced strategy. The prepared Rh-Co;0, BNSs require ultra-
low working potentials of only 32 mV for the acidic HER and
0.26 V for the acidic HzOR to achieve current densities of 10 mA
em >, and significantly outperform commercial Pt/C and other
reported catalysts. When used in two-electrode hydrazine-
assisted water electrolysis, it delivers a current density of 10 mA
cm? at a low voltage of 0.34 V, which is 1.38 V lower than that of
traditional overall water splitting, and provides excellent
stability over 20 h. XAS and XPS analyses demonstrated that
charge redistribution between Rh clusters and Co;0, substrates
occurs via distinctive Rh-O-Co sites. This optimizes their
valence electronic structures, which has the potential to
enhance their catalytic activity and stability. Theoretical calcu-
lations further confirmed that the optimized valence electronic
structure within the Rh-O-Co sites not only reduced the
adsorption energy barrier of Co;0, for H* in the HER, but also
enhanced hydrazine adsorption in the HzOR with an acceler-
ated dehydrogenation process, as indicated by in situ Raman
spectroscopy. This work provides new ideas for the construction
of bifunctional catalysts with excellent performance and
stability for efficient hydrogen production under acidic
conditions.
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