Electronic Supplementary Material (ESI) for Journal of Materials Chemistry A.
This journal is © The Royal Society of Chemistry 2023

Electronic Supplementary Information

Characterizations

Scanning electron microscopy (SEM) images were performed on a ZEISS SUPRA 55. The
morphology and structural features of the synthesized samples were further analyzed by transmission
electron microscopy (TEM) on a JEM-2010 microscope as well as high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM). X-ray powder diffraction (XRD)
patterns were obtained in PANalytical X'Pert PRO with Cu Ka radiation at A = 0.154056 nm. X-ray
photoelectron spectroscopy (XPS) measurements were carried out on an ESCALAB MK I
spectrometer using Al Ko X-ray radiation excitation. Raman spectroscopic characterization was
performed on a Labram HR UV800. Atomic ratios were calculated by using an inductively coupled
plasma emission spectrometer (ICAP PRO). Nuclear magnetic resonance (NMR) was performed on
an Avance III HD 500 (Bruker). Inductively coupled plasma emission spectroscopy (ICP-OES) was

performed on a Thermo Fisher iCAP PRO.
Calculations of FEs for H, and formate

As for HER-MOR co-electrolysis system. FE of the electrocatalytic production of H, by HER is
determined by the drainage method, and FE of MOR conversion to formate was tested using 'H NMR

spectroscopy. Here is the equation'-2:
FE (HZ) = (NH2 production X Zl X F) /Qtotl (1)
FE (formate) = (Nformate yield x Z2 x F) / Qtot2 (2)

Where Q is the total charge passing through the electrode during HER, and Qy, is the total charge

passing through the electrode during MOR, N is the number of moles of H, or formate generated,
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7,=2 and Z,=4 are the transfer of one mole H, and one mole formate, respectively, F=96,485 C mol-!

is Faraday's constant.
Theoretical calculations

All the DFT calculations are performed by the Vienna Ab initio Simulation Package (VASP)? with
the projector augmented wave (PAW) method. # The generalized gradient approximation (GGA) for
the Perdew Burke-Ernzerhof (PBE)> generalized function is used to process the exchange generalized
function. To ensure the accuracy of the calculation results the plane wave basis expansion cutoff
energy is set to 400 eV. The convergence criterion is 0.05 eV/A. The Gaussian smearing method
(width of 0.2 eV) is used to optimize the partial occupation of the Kohn - Sham (KS) orbitals. The p
(4x4) Ni (111) surface was built with 4 layers, where 3 Ni was replaced by Gd to form NiGd (111)
surface. The plane structure of graphene with Pyrrole nitrogen was established, loading on the top of
metal surfaces. The Brillouin zone was sampled with a Monkhorst grid. A convergence energy
threshold of 10* eV was applied for the self-consistent calculations. The reaction free energy for
elementary steps in OER is obtained by the computational hydrogen electrode (CHE) approximation.®

The adsorption energy is calculated according to the following equation:

Ead = Esurf+adsorbate - Esurf - Eadsorbate—ref (3 )

where the surface with adsorbate is denoted by Egy;fragsorbate, the bare surface is denoted by Eg,f, and
the reference energy of the adsorbate is denoted by E,gsomatrer- The correction equation for the free

energy is as follows (298 K):

AG = AE + AGzpg + AGy - TAS 4)
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where AE is the energy change, AGzpg is the correction for zero-point energy, AGy is the correction

from inner energy, and AS the correction from entropy.’

S-3



Fig. S2 SEM image of the Ni-MOF/NF.

Fig. S3 SEM image of the Ni@N-C/NF.
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Fig. S4 XRD patterns of NiGd@N-C and Ni@N-C composite nanosheets.

N

600 1200 1800 2400
Raman shift (cm)

Intensity(a.u.)

Intensity (a.u.)

Fig. S5 Raman spectrum of NiGd@N-C composite nanosheets.
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Fig. S6 The require overpotentials for various catalysts at a cathodic current density of 10 mA cm2.
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Fig. S7 EIS results of various catalysts in 1.0 M KOH with and without 3.0 M methanol under
different applied potentials: (a) -0.05 V (vs. RHE), (b) 1.4 V (vs. RHE).
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Fig. S8 Electrochemical Cy measurements of (a) NiGd@N-C/NF and (b) Ni@N-C/NF at scan rates
of 50, 60, 70, 80, 90 and 100 mV s!. Capacitance current density versus scan rate for (¢) NiGd@N-
C/NF and (d) Ni@N-C/NF at 0.92 V (vs. RHE).
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Fig. S9 HER polarization curves of NiGd@N-C/NF in 1.0 M KOH solution in the presence or absence
of 3 M methanol.

Fig. S10 SEM images of the post-HER NiGd@N-C/NF.
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Fig. S11. XRD patterns and Raman spectra of the initial and post-HER NiGd@N-C.
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Fig. S12 V-t curve of NiGd@N-C/NF with constant current of 10 mA cm for 50 h (without iR

correction).

Fig. S13 SEM images of the post-MOR NiGd@N-C/NF.
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Fig. S14 XRD patterns and Raman spectra of the initial and post-MOR NiGd@N-C.
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Fig. S15 LSV plots for NiGd@N-C/NF|NiGd@N-C/NF system and Ni@N-C/NF||Ni@N-C/NF in
1.0 M KOH solution with 3.0 M methanol.
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Fig. S16 The FEs of NiGd@N-C/NF|NiGd@N-C/NF system for formate production electrolysis at
different cell voltages for 2 h.
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Fig. S17 The 'H NMR results for the NiGd@N-C/NF|NiGd@N-C/NF system during different

electrolysis times at 1.8 V. Maleic acid is used as an internal standard for the quantification of formate.
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Table S1. Comparison of the chemical-assisted hydrogen evolution reaction performance for

NiGd@N-C/NF and some other previously reported bifunctional catalysts.

Main anode Cell voltage (V)
Bifunctional catalysts Electrolyte Ref.
product 10 mA cm?
1.0 M KOH+ This
NiGd@N-C/NF formate 1.34
3.0 M methanol work
Ni(OH),/NF 1 M KOH + 0.5 M methanol formate 1.52 8
Ir-Co;04/NF 1.0 M KOH+ 0.1 M glycerol formate 1.40 9
1 M KOH +
CoNi alloy gluconic acid 1.39 10
0.1 M glucose
1 M KOH + potassium
C03S4-NSs/Ni-F 1.48 11
0.5 M ethanol acetate
1 M KOH +
Co-S-P/CC acetic acid 1.63 12
1.0 M ethanol
Os-NixP/N-C/NF 1.0 M KOH+ 1.0 M methanol formate 1.43 13
1 M KOH +
CoxP@NiCo-LDH/NF formate 1.43 14
0.5 M methanol
1.0 M KOH +10 mM benzyl
Cog g3Nig 17/AC benzoic acid 1.43 15

alcohol
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