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Characterizations
Scanning electron microscopy (SEM, ZEISS Gemini 500) and transmission electron microscopy
(TEM, JEOL JEM-2100F) were used to characterize the microscopic morphology of the catalyst.
The crystal structure of the catalysts was determined by X-ray diffraction (XRD, DX-2700). X-ray
photoelectron spectroscopy (XPS, ULVAC PHI Quantera) was used to determine the chemical
states of the elements in the catalysts. The thickness of the catalyst was measured using an atomic
force microscope (AFM, NT-MDT Prima). Nuclear magnetic resonance (NMR) spectra were
obtained using a superconducting magnet NMR spectrometer (Germany Bruker 600MHz).
Product determination
The urea was measured by the diacetyl monoxime method.! Firstly, 30 mL H,SO4 and 10 mL
H;PO,4 were added to 60 mL deionized water, and then 10 mg FeCl; was dissolved in the above
solution (solution A). Then, 0.5 g of DAMO and 10 mg of TSC were dissolved in 100 mL
deionized water (solution B). After that, 80 uL of electrolysis solution was taken from cell and
diluted into 1 mL solution, mixing with 2 mL of solution A and 1 mL of solution B on heating at
110 °C for 15 min. The absorbance of mixed solution was measured at 525 nm using UV-vis
spectrophotometer. The Ry., and FE,., of urea synthesis were calculated by the following
equations:

Rurea = Curea* V/(t x m) (1-1)

FEurea = (16XFXCorea ¥ V)/(60.06xQ)x 100% (1-2)
where C,., and V are the measured concentration of urea and the total volume of the cathodic
electrolyte, respectively; t is the reduction time and m is the metal of the loaded electrocatalyst; F is

the Faraday constant (96,485 C mol!), Q (C) is the total electric quantity during each current
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passage.

The concentration of product NH; was determined by indophenol blue method.? Firstly, the
electrolyte is removed from the cell and diluted into 2 mL solution, followed by adding 2 mL of 1
M NaOH solution containing 5 wt% C;H¢O3 and 5 wt% C¢HsNa3;O;, 1 mL of 0.05 M NaClO
solution and 0.2 mL of 1 wt% CsFeNgNa,O solution. After reaction for 2 h at room temperature, the
absorbance of mixed solution was measured using UV-vis spectrophotometer at a wavelength of
655 nm. The Ryyz and FEyy3 of ammonia synthesis were calculated using the following equations:

Rz = Cmsx V/(t xm) (1-3)

FEnm3 = 8XFXCnp3x V/(17%Q)x100% (1-4)
where Cyys 1s the measured NH; concentrations, respectively; V is the total volume of electrolyte, t
is the time for electrocatalysis and m is the catalyst loading. F is the Faraday constant (96,485 C
mol'); and Q (C) is the total charge passed through the working electrode.

The determination of NO, was based on the reported literatures.!® In detail, 0.4 g CsHgN,O,S
and 0.02 g C;,H4N,-2HCI were dissolved in 1 mL H3PO,4 and 5 mL deionized water to prepare the
color reagent. Then 0.1 mL of the color reagent was mixed with the 5 mL diluted electrolyte for 20
min. The absorbance of mixed solution at a wavelength of 540 nm was measured by UV-vis
spectrophotometry. The calibration curve was obtained using a series of standard KNO, solutions
and the FE of NO, was calculated using the following equation:

FEno2™ = (2XFXCnoa xV)/(46%Q)x100% (1-5)
where F is the Faraday constant (96,485 C-mol!), where C is the measured concentration of NO,-
and Q is the quantity charge (C).

The amounts of CO and H, were quantified using an in-line gas chromatograph (GC, GC-2014
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Shimadzu).

The calculation of hydrogen content

The hydrogen content in H-PdZn bimetallene can be calculated according to Vegard's law.* A more
descriptive description is given by the relationship between lattice parameters and the composition
of palladium hydride, as shown in Fig. S4. The H content (x) is proportional to the guest atom
(x=H/(Pd+Zn)), and the H content can be calculated from the lattice expansion (lattice parameter, a)
caused by the introduction of H according to the Vegard’s law (a = ay + 0.19x (A)), where a, is the
lattice constant (3.868 A) of PdZn bimetallene. The constant 0.19 is derived from the lattice
parameters of Pd (PDF# 46-1043), PdH 43 (PDF# 87-0637) and PdH,, 79 (PDF# 18-0951) according
to Vegard's law.

The determination of d-band center

The Pd d-band center was determined from valence band spectrum with the Shirley background
subtraction according to a model presented in the literatures (d band center = [N(g)ede//N(e)de,>
where N(¢) is the XPS-intensity after background subtraction).

Theoretical calculations

We utilized the Vienna ab initio simulation package (VASP) to perform density functional theory
(DFT) calculations, utilizing projector augmented wave (PAW) potentials and setting a plane-wave
cutoff energy at 520 eV.7 The exchange-correlation functional was employed by generalized
gradient approximation (GGA) functional of Perdew, Burke, and Ernzerhof (PBE) with Grimme’s
semiempirical DFT-D3 dispersion correction to account for van der Waals (vdW) interactions.!”
Energy and force convergence criteria for structure optimization were set to 10-° eV and 0.02 eV A-

I, respectively. A bulk Pd model was constructed using the Fm-3m space group, followed by the
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creation of a four-layer supercell for the Pd(111) model, with the vacuum layer of 16 A.
Subsequently, a certain amount of Zn atoms was randomly replaced with Pd atoms to build the
PdZn(111) model. Then H atoms were embedded into the lattice of Pd to establish H-PdZn(111)
model. The Gibbs free energy change (AG) for urea electrosynthesis was determined using the
formula (AG = AE + AZPE — TAS), where AE represented the difference of the adsorption energy,
while AZPE and AS signify the changes of zero-point energy and entropy, respectively. The
computational hydrogen electrode (CHE) model was used for the AG of the electrochemical
reaction steps.!! The VASPKIT code was employed for post-processing of the computational data,!?

while the VESTA package was used for visualization of the crystal structure.!3
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200 nm

Fig. S1 (a) SEM and (b) HAADF-TEM images of PdZn bimetallene. (¢) HRTEM image and the
insets in (c) are the corresponding FFT pattern and the lattice distance. (d) HAADF-STEM image

and the corresponding elemental mapping images of PdZn bimetallene.
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Fig. S2 TEM image of H-PdZn bimetallene and corresponding SAED pattern.
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Fig. S3 The EDS spectra of samples and corresponding atom ratios of Pd and Zn.
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Fig. S4 The relationship between lattice constant and H content for PdH,.
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Fig. S5 Scheme of the urea electro-synthesis by coupling CO,RR with NOs;RR on H-PdZn

bimetallene.
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Fig. S6 LSV curves of H-PdZn bimetallene and PdZn bimetallene in 0.1 M KNOj electrolyte with

CO, feeding.
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Fig. S7 (a) UV-vis absorption spectra of different concentrations of urea solutions (0, 0.5, 1.0, 2.0,

3.0, 4.0 and 5.0 ppm) after heating at 110 °C for 15 min. (b) Calibration curve used to estimate

concentration of urea.

Fig. S8 (a) Ry.. values of samples at different potentials
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Fig. S9 (a) SEM images of H-PdZn bimetallene after testing.
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Fig. S10 (a) XRD images of H-PdZn bimetallene after and before the testing.
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Fig. S11 FE values of different products on the H-PdZn bimetallene at various potentials

FE (%)

Fig. S12 FE values of different products on the PdZn bimetallene at various potentials.
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Fig. S13 (a) UV-vis absorption spectra of different concentrations of NO, solutions and (b)
corresponding calibration curve. (c) UV-vis absorption spectra of different concentrations of NH4"

solutions and (d) corresponding calibration curve.
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Fig. S14 FE values of H; and CO production after electrolysis in CO,-saturated 0.1 M KHCOs.
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Fig. S15 FE values of the formation of NO,  and NHj after electrolysis in CO,-saturated 0.1 M

KHCO:;.
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Fig. S16 (a) Faradaic efficiencies for CO production after electrolysis in 0.1 M KHCO; with CO,
and 0.1 M KNOj; with CO, on H-PdZn bimetallene. (b) Faradaic efficiencies for NH; synthesis after

electrolysis in KNO; without CO, and with CO, over the H-PdZn bimetallene.
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Fig. S17 CO stripping voltammetry curves of (a) H-PdZn bimetallene and (b) PdZn bimetallene in 1
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Fig. S18 Cyclic voltammogram curves for (a) H-PdZn bimetallene (b) PdZn bimetallene at various scan
rates. (c) Plots of the current density versus the scan rate for H-PdZn bimetallene and PdZn bimetallene. (d)

Nyquist plots of samples at -0.5 V in CO,-saturated 0.1 M KNOs.
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Fig. S19 Visualizing graph for Bader charge of H-PdZn bimetallene.
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Fig. S20 Optimized structural models of H-PdZn bimetallene for electrocatalytic (a) nitrate

reduction reaction, (b) carbon dioxide reduction reaction and (c) C-N coupling reaction.
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Fig. S21 Optimized structural models of PdZn bimetallene for electrocatalytic (a) nitrate reduction

reaction, (b) carbon dioxide reduction reaction and (c) C-N coupling reaction.

S16



Table S1. Electrocatalytic urea synthesis from N, and CO, co-reduction on heterogeneous catalytic

systems in published works.

Catalyst Electrolyte FEurea Rurea Potential Reference
PdCu/TiO, 0.1 M KHCO; 8.92 3.36 mmol g'' h! -04 14
Bi/BiVO, 0.1 M KHCO; 12.55 5.91 mmol g h™! -0.4 15
BiFeO;/BiVO, 0.1 M KHCO; 17.18 4.94 mmol g~! h™! -0.4 16
Ni;(BOs),-150 0.1 M KHCO; 20.36 9.70 mmol h™! g! -0.5 17
Cu-Bi alloy 0.1 M KHCO;, 8.7 5.27 mol s”! cm? -0.4 18
Rice-like InOOH 0.1 M KHCO; 20.97 6.85 mmol h! g! -04 19
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Table S2. Electrocatalytic urea synthesis from nitrogen oxides and CO, co-reduction on

heterogeneous catalytic systems in published works.

Catalyst Reactants Flue, Ryrea Potential Reference
(%) (V vs. RHE)

Te-Pd NCs NO,+ CO, 12.2 - -1.1 20
Cu-TiO,-Vo NO,+ CO, 43.1 20.8 pmol h! -0.4 21
Zn0O-Vo NO,+CO, 23.26 16.56 pumol h! -0.79 22
Zn nanobelts NO + CO, 1126  15.13 mmol g' h! -0.92 23
Vo-InOOH NO; + CO, 51.0 592.5 ugh'mg™! -0.5 2
Cu@Zn NO; + CO, 9.28 7.29 umol cm™2 h! -1.02 24
Vo-Ce0,-750 NO; + CO, - 943.6 ugh™ ' mg™! -1.6 25
B-FeNi-DASC NO; + CO, 17.8 20.2 mmol h'! g! -1.5 26
AuPd NO; + CO, 15.6 204.2 pg mg'h! -0.5 27

H-PdZn bimetallene NO; +CO, 2439 314.17 pgmg 'h! -0.5 This work
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