Supplementary Information (SI) for Chemical Science.
This journal is © The Royal Society of Chemistry 2024

Supporting Information

Asymmetric Rh-O-Co bridge sites enable superior bifunctional catalysis for hydrazine-assisted

hydrogen production

Jinrui Hu,” Xuan Wang,” Yi Zhou,* Meihan Liu,® Caikang Wang,* Meng Li,® Heng Liu,® Hao Li,

Yawen Tang,*? Gengtao Fu*?

2 Jiangsu Key Laboratory of New Power Batteries, Jiangsu Collaborative Innovation Center of
Biomedical Functional Materials, School of Chemistry and Materials Science, Nanjing Normal
University, Nanjing 210023, China

E-mail: tangyawen@njnu.edu.cn (Y. Tang); gengtaofu@njnu.edu.cn (G. Fu)

b Advanced Institute for Materials Research (WPI-AIMR), Tohoku University, Sendai 980-8577,

Japan

# These authors contributed equally to this work.



Experimental

Reagents and chemicals

Cobalt(Il) nitrate hexahydrate (Co(NOs),-6H,0), arginine (C¢H4N40;), hydrazine monohydrate
(N,H4-H,0) and ethylene glycol (EG) were purchased from Aladdin Chemistry Co., Ltd (Shanghai
China). The 20% Pt/C was purchased from Johnson Matthey Corporation. Rhodium(IIl) Chloride
Hydrate (RhCl;-nH,0) was purchased from D&B Biological Science and Technology Co., Ltd
(Shanghai China). Ethanol (C,HsOH) was purchased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). All the reagents were of analytical reagent grade and used without further

purification.

Synthesis of Co;0, BNSs
Typically, 300 mg of arginine and 291 mg of Co(NOj3), were dissolved in 28 mL of deionized (DI)

water and 7 mL of ethanol by sonication and stirred for 1 h. Then, the prepared solution was transferred
into a 50 mL Teflon-lined stainless-steel autoclave, which was maintained at 160 °C for 5 h before
cooling down to room temperature. The solution was centrifuged and washed three times with a mixed

solution of ethanol and DI, and freeze-dried to obtain the Co;O4 BNSs.

Synthesis of Rh-Co;0, BNSs

For the synthesis of Rh-Co3;04 BNSs (Rhis; ww,-C0304 BNSs), 50 mg of Co3;04 BNSs was
dissolved in 50 mL of EG and ultrasound for 10 min. Then 1.2 mL of RhCl;-nH,O aqueous solution
(20 mg mL") was dropwise added to the above mixture under strong stirring. After stirring for 2 h, the
obtained mixture was heated to 160 °C and refluxed for 3 h. The Rh-Co3;04 BNSs was obtained by
washing three times and drying again. While keeping other experimental conditions and the mass of
the Co;0, BNSs precursor unchanged, the RhCl;-nH,O solution changed to 0.6 mL and 1.8 mL
respectively, for obtaining the Rh7 g y0,-C0304 BNSs and Rh3 7 y10,-C0304 BNSs.

Physicochemical characterization

The crystal phase of catalysts was investigated by X-ray powder diffraction (XRD) on a D/max-rC X-
ray diffractometer (Cu Ka radiation, A = 1.5406 A). Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) images were obtained using a JEOL JSM7500F and a

HITACHI 7800 (with an accelerating voltage of 80 kV), respectively. High-resolution transmission



electron microscopy (HRTEM), high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM), and energy-dispersive X-ray spectroscopy (EDX) were acquired on a
JEOL JEM-2100F with accelerating voltages of 200 kV. Ultraviolet and visible spectroscopy (UV—
vis) spectra were measured usig a UV-670 spectrophotometer produced by MAPYDA. X-ray
photoelectron spectroscopy (XPS) data were obtained on Thermo VG Scientific ESCALAB 250
spectrometer with an Al Ka light source. The synchrotron-based X-ray absorption spectroscopy (XAS)
was measured at the beamline 1W1B station of Beijing Synchrotron Radiation Facility (BSRF). The
XAS spectra were analysed using the ATHENA software package, with a Fourier transform in the k-
range of 3 to 10 and a window function of Hanning. The wavelet transform was performed using k-
space with a k-weight of 2. Electron paramagnetic resonance (EPR) data were obtained on Bruker
A300-10 at 77 K. In situ Raman spectra were recorded on a Raman spectrometer (Lab RAM HR800)

at the radiation wavelength of 532 nm.

Electrochemical Measurements
All electrochemical tests were conducted at room temperature (25°C) using a CHI 760E
electrochemical analyzer in a three-electrode configuration. A glassy carbon electrode (GCE, d = 3
mm) coated with catalyst ink was used as the working electrode, a saturated calomel electrode (SCE)
served as the reference electrode, and a graphite rod was employed as he counter electrode. To fabricate
the working electrode, 4 mg of catalyst and 1 mg of Vulcan XC-72 carbon were dispersed in a mixture
of 0.5 mL ethanol and 0.5 mL water. The resulting dispersion was homogenized by sonication to form
a uniform ink. Subsequently, 5 puL of the catalyst ink was applied to the surface of the GCE in two
sequential additions, each followed by drying. Finally, 3 pL of 20% Nafion solution was added, and
the electrode was dried to complete the fabrication of the working electrode. All electrode potentials
measured using a SCE as the reference electrode were converted to reversible hydrogen electrodes
(RHE) according to the following equation: Erpug) = Escr) + 0.059 pH + 0.242. The Tafel slope was
calculated according to the Tafel equation as follows: # = blog(j/jo), where n denotes the overpotential,
b denotes the Tafel slope, j denotes the current density, and j, denotes the exchange current density.
Hydrogen evolution reaction (HER) was conducted in a Nj-saturated 0.5 M H,SO, solution.
Linear sweep voltammetry (LSV) curves were performed at a sweep rate 5 mV s, with all data

corrected for iR losses. The overpotential (77) was calculated with following equation: # = Egyg — 0 V.



Electrochemical impedance spectroscopy (EIS) plots were conducted at the potential of 10 mA cm™
(E1) over a scanning frequency range from 100 kHz to 0.01 Hz. The electrochemical double-layer
capacitance (Cq) was obtained by a series of CV tests (scan rate 20 to 100 mV s -!) in the potential
range of -0.02 to 0.08V (vs. RHE). The accelerated durability test (ADT) was conducted in the
potential range from —0.08 to 0.02 V vs. RHE at a scan rate of 100 mV s™!. Long-term stability was
assessed by chronopotentiometry at a current density of 10 mA c¢m™ for 20 h. The Faradaic yield was
calculated from the total charge Q (C) passed through the cell and the total amount of oxygen produced
n (mol). Theoretically, the production of 0.38 ml of hydrogen at a current of 20 mA would take
approximately 300 seconds (the molar volume of gas is 24.5 L mol'! at 25 °C).

Hydrazine oxidation reactions (HzOR) and oxygen evolution reaction (OER) were performed in
N,-saturated 0.5 M H,SO4 + 0.05 M N,H,; solution and O,-saturated 0.5 M H,SO, solution,
respectively. The LSV curve sweeps were recorded at a scan rate of 5 mV s, with the data corrected
for iR losses. For HZOR, the chronoamperometric curves tracked the decay of current from 10 mA
cm 2 over 20 h. The ADT was conducted in the potential range from 0.21 to 0.31 V vs. RHE at a scan
rate of 100 mV s,

Overall water splitting (OWS) and overall hydrazine splitting (OHzS) were conducted in a two-
electrode configuration comprising a 0.5 M H,SO, solution and a 0.5 M H,SO,4 + 0.05 M N,H, solution
as the electrolyte, respectively. Both cathode and anode comprised carbon cloth (active area of 1*1
cm?) coated with 100 uL of catalyst ink. LSV curves were performed at a rate of 5 mV s™! and corrected

for iR losses. Chronoamperometric curves also recorded the decay of current from 10 mA cm™ over

20 h.

In situ Raman measurements

To monitor the electrochemical conversion of Rh-Co3;04 BNSs in real-time during the HzOR process,
an inverse Raman spectroscopy setup, integrating a Labram HR800 and a 532 nm laser, was employed.
In situ Electrochemical Surface-Enhanced Hyper-Raman Scattering (EC-SHINERS) was performed
using this setup along with a CHI 760E electrochemical workstation. The Raman cell used in the
experiment was obtained from Beijing Scistar Technology Co. Ltd. It was equipped with a
(Au@Si0,)@VP/CNs-modified GCE as the working electrode, a Pt wire as the counter electrode, and

an Ag/AgCl (saturated KCl) electrode as the reference. The electrode potentials in in situ Raman tests



were converted to the reversible hydrogen electrode (RHE) scale using the equation: Erug) = Eag/agci)
+0.059 pH + 0.197. Both Rh-Co3;04BNSs and Co3;04 BNSs were tested at the potentials ranging from
0.05 t0 0.25 V vs. RHE in a 0.05 M H,SO,4 + 0.05 M N,H, electrolyte solution.

Theoretical Calculations

All the spin-polarized density functional theory (DFT) calculations were performed via Vienna ab
initio Simulation Package'-3 (VASP) with the use of projector augmented-wave (PAW) method* 3. The
exchange-correlation (XC) term in Kohn-Sham DFT equation was described by revised Perdew-
Burke-Ernzerhof (RPBE) by Nerskov et al.® under the generalized gradient approximation (GGA)
framework. The wavefunction in Kohn-Sham DFT equation was expanded using plane-wave basis
sets with energy cutoff of 400 eV, which is accompanied by Gaussian smearing method with sigma
value of 0.05 eV around the Fermi level. For pseudopotentials, the Rh 4d35s!, Co 3d®4s!, and O 2s22p*
were treated as valence electrons. To describe the van deer Waals correction, the D3 dispersion term
proposed by Grimme et al.” with Becke-Johnson (BJ) damping was added upon RPBE as RPBE-
D3(BJ). To deal with the strongly on-site coulombic interaction from localized 3d and 4d electrons,
the Hubbard U correction by Dudarev et al.® was introduced by considering the effective U value (Ueg),
where 4.4, 6.7, and 2.0 eV were adopted for Co (T4)-3d, Co(Oy)-3d, and Rh-4d electrons,
respectively.®!! For geometric optimization, the force and energy convergence threshold were 0.02
eV/A and 10 eV, respectively. The first Brillouin-zone k-points sampling for bulk Co3O4 structure
was 4 x 4 x 4. According to previous work, the typical active surface of spinel oxide for OER was
(001) surface, so in this model, we mainly concentrated on the (001) surface of Co;0,. For construction
of slab model, the vacuum layer was set to 15 A to avoid the periodic self-interaction along the z-
direction.

To describe the HER process, H*/e- was treated by the computational hydrogen electrode (CHE)
model proposed by Nerskov et al.'> The free energy of H'/e™ equals to 0.5 G(H,, g) at standard
hydrogen electrode (SHE) condition (Ugyg = 0, pH = 0). At T =298.15 K and p = 0.035 bar, the free
energy of H,O(l) can be replaced by G(H,0, g). G(H,0, g) can be calculated by the H,O molecule in
a periodic box. Free energy of O, can be indirectly calculated by referring to 2H,(g) + O,(g) — 2H,O(1)
as G(0O,) = 2G(H,;0, 1) — 2G(H,) + 4.92 eV. For each oxygen intermediate, the free energy can be

calculated as G = E + ZPE — TS, where E stands for the total energy, ZPE is the zero-point energy, T



is the absolute temperature, and S represents the entropy. The bias potential acted on the free energy
of e can be treated as AG(U) = — eUryg, where Ugryg is the electrode potential versus reversible
hydrogen electrode (RHE).

Surface Pourbaix diagrams'3 were investigated to unveil the realistic surface state by functioning
electrode potential and pH effect. To be specific, various electrochemical intermediates were included:
*OH, *O, and *H. The different monolayer (ML) coverages of these intermediates were determined
in equilibrium with H,O and H"/e" via xH,O + * — *O,H, + 2x —y) (H" + &):

AG = G(*OHy) + (2x —y) [0.5G(H;) — eUgrpe] — xG(H,0) — G(*)
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Figure S1. FTIR measurements of argnine-Co(NO3), and argnine.
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Figure S2. Raman spectra of Rh-Co3;04 BNSs and Co;04 BNSs.



Figure S3. TEM images of Co3;04 BNSs.

Figure S4. SEM images of Co3;04 BNSs.
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Figure S5. AFM image of Co3;04 BNSs
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Figure S6. (a) SEM and (b) TEM images of Co;0,4 synthesized in the absence of arginine; (¢) SEM

and (d) TEM images of Co;0, synthesized at a high amount of arginine (600 mg).



Figure S7. TEM images of the precursor prepared in pure water.

Figure S8. TEM images of Rh-Co3;04 BNSs with different resolutions.



Figure S9. EDX element mapping images of Rh-Co;04 BNSs in the locally magnified region.
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Figure S10. XRD patterns of Rh; g y,-C0304 BNSs and Rh3; 7 y10,-C0304 BNSs.
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Figure S12. (a) XRD pattern and (b) TEM image of pure Rh.
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Figure S13. Full XPS spectra of Rh-Co3;04 BNSs and Co3;04 BNSs.
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Figure S14. High-resolution O 1s XPS spectra of Rh-Co3;04 BNSs and Co3;04 BNS:s.
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Figure S15. (a) Absorption threshold energy of Rh K-edge; (b) Calculated valence states of Rh

electrocatalysts.
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Figure S16. (a) Tafel slope of Rh-Co304 BNSs, pure Rh, Pt/C and (b) Co304 BNSs.
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Figure S17. (a) HER polarization curves and (b) the corresponding Tafel slope of Rh7g y,-C0304
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Figure S18. CV curves obtained for (a) Co;04 BNSs, (b) pure Rh and (c) Pt/C in 0.5 M H,SOy, at
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Figure S19. TEM images of of Rh-Co3;04 BNSs after the HER stability test.
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Figure S20. (a) Full XPS spectra, (b) Co 2p XPS spectra, and (c) Rh 3d XPS spectra after HER
stability.



Figure S21. The volume change of produced H, obtain from the drainage method.
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Figure S22. Polarization curves of Rh-Co3;04 BNSs with different concentrations of hydrazine.
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Figure S23. Tafel slope of Rh-Co3;04 BNSs, Co3;04 BNSs, pure Rh and Pt/C recorded from HzOR

polarization curves.
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Figure S24. EIS Nyquist plots of HzOR.
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Figure S26. HER polarization curves of Rh-Co304 BNSs in 0.5 M H,SO,4 with and without 0.05 M
N,H,.




Figure S27. TEM images of of Rh-Co304 BNSs after the HzOR stability test.
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Figure S28. (a) Full XPS spectra, (b) Co 2p XPS spectra, and (¢) Rh 3d XPS spectra after HZOR.
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Figure S32. Calculated surface Pourbaix diagram at 25 °C and pH = 0.



Table S1. Comparison of HER activity of catalysts with reported catalysts.

Overpotential Tafel

Catalyst Electrolyte @1(; :: é )cm'z (mV dec) Ref.
Rh-Co;0,BNSs 0.5 M H,SO4 32 27.0 This work
Pure Rh 0.5 M H,SO4 53 42.2 This work
Co030,4BNSs 0.5 M H,SO4 244 285 This work
RuO,-WC NPs 0.5 M H,SO4 58 66 14
RhSiW 0.5 M H,SO4 46 49.9 15
Co-Pd-MoS, 0.5 M H,SO4 493 43.2 16
PdCu/C 0.5 M H,SO4 40 48 17
N-CoP, 0.5 M H,SO,4 38 46 18
RhSe, 0.5 M H,SO4 49.9 39 19
Ru-Te-C-2 0.5 M H,SO4 39 32 20
Pts;Lazo@KB 0.5 M H,SO4 38 29 21
CoP/Ni,P@Co(OH), 0.5 M H,SO4 68 49 2
Ir-rEGO 0.5 M H,SO4 423 25.7 23
Au-Pt-Ni 0.5 M H,SO4 60 33 24

Table S2. Comparison of small-molecule-oxidation activity of catalysts with reported catalysts.

Working potential
Catalyst Electrolyte @10 mA cm? Ref.
(V vs.RHE)

Rh-Co30;BNSs 0.5 M H,SO4+ 0.05 M N,Hy 0.26 This work
Pure Rh 0.5 M H,SO,4+ 0.05 M N,H, 0.36 This work
Co3;0,BNSs 0.5 M H,SO4+ 0.05 M N,H, >0.70 This work
Rh,P uNSs 0.5 M H,SO,+ 0.05 M N,H, 0.30 25
Rh,S3/NC 0.5 M H,SO4+ 0.1 M N,H,4 0.53 26
Ir-SA/NC 0.5 M H,S0,+0.33 M N,H, 0.39 27
CoNiP-NIE 1 M KOH + 10 mM HMF 1.29 28
NiClO-D 1 M KOH + 0.33 M Urea 1.34 29
NiMoP,@NisP, 1 M KOH + 1 M CH;0H 1.36 30

Ru@MnO,._ 1 M KOH + 0.5 M Glycerol 1.13 31




Table S3. Comparison of OHzS performance with OWS promoted by reported catalysts.

Cell voltage
Catalyst Electrolyte @10 mA cm? Ref.
Rh-Co3;04 BNSs||Rh-Co;0, BNSs 0.5 M H,SO4+ 0.05 M N,Hy (??21 This work
PY/C|[Pt/C 0.5 M H,SO4+ 0.05 M N,H, 0.51 This work
Rh-Co0304 BNSs||Rh-Co3;04 BNSs 0.5 M H,SO4 1.72 This work
Ir@SrIrOs-175||Ir@SrIrO;-175 0.5 M H,SO4 1.49 32
Co-Rulr||Co-Rulr 0.1 M HCIO, 1.52 33
Rh,P uNSs|| Rh,P uNSs 0.5 M H,SO, + 0.05 M N,H, 0.38 25
Rh;S;5/NC|| Rh,S3/NC 0.5 M H,SO4+ 0.1 M N,H,4 0.38 26
Ir-SA/NC|| Ir-SA/NC 0.5 M H,SO,4+0.33 M N,H, 0.39 27
Rh/RhOx-500|| Rh/RhOx-500 0.5 M H,SO4 + 0.5 M N,H,4 0.35 34
MnO,/CP|| MnQ,/CP 0.005 M H,SO4+0.2 M Glycerol 1.38 35
Pd/NiC0,04-2|[IPd/NiCo0,04-2 1 M KOH + 0.5 M N,H, 0.35 36
Ni—MOoN/NF-6|[Ni—MoN/NF-6 1 M KOH + 0.5 M Methanol & 0.5 0.56 37
M H,S0,4
O-NiMoP/NF|| O-NiMoP/NF 1 M KOH + 0.5 M Urea 1.36 33
Co-Rh,||Co-Rh, 1 M KOH + 1.0 M CH;0H 1.55 39
PtCu NF/C|| PtCu NF/C 1 M KOH +0.5 M Ethanol 0.58 40
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