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All the calculations were performed using the Vienna Ab-initio Simulation
Package (VASP).[!l A plane-wave basis set with an energy cutoff of 400 eV was used
to treat the valence electrons. The projected-augmented wave (PAW) pseudopotentials
were used to describe the core electrons!?l and the DFT+UB! (U= 5.0 eV) method was
utilized for the 3d orbital of Ti in TiO,. The generalized gradient approximation (GGA)
method with Perdew-Burke-Ernzerh of (PBE) functional for the exchange-correlation
term was used*. The Brillouin zone sampled with 3 x 3 x [ and 7 x 7 x 1
Monkhorst—Pack grids were adopted for reaction thermodynamics and density of states
(DOS) calculations, respectively.l’) The solvation effect was not considered in the
calculations as the energy deviations in NRR is within 0.1 eV.[% The energies of
reaction species were obtained as AE = AE i+ AEzpg —U ne,[’ 81 where AE,, is the
total energy calculated from DFT calculations, AEzpg is the zero-point energy, U is the
potential for electrochemistry process, n is the number of electrons participated in the
step, and e is the elementary charge. Reversible hydrogen electrode (RHE) was taken
as the benchmark of potential in these calculations for adjusting the total energy of
hydrogen ion to 1/2 energy of H,.[®] The thermodynamic data of H,, N, and NH3 were
obtained from NIST.°! The values of band centers were obtained from Eyand center = EppOS
wotal /L% where Eppos o1 1S the integral of the product of DOS and energy, I is the
integral of DOS. The interval from —25 eV to 5 eV were used for calculating the d band
center, the interval below the Fermi level were used for calculating the valence band
center, and the interval above the Fermi level were used for calculating the conduction
band center.

The catalyst model was built based on the mainly exposed TiO,(112) surface
which was identified as the substrate of Aug clusters from HRTEM. The constructed
TiO,(112) slab contains four atomic layers with two bottom atomic layers constrained
during relaxation. A vacuum space of 10 A thick was used to avoid the interaction
between surface slabs. An Aug cluster having two atomic layers was set on the p(2x2)
TiO,(112) surface as the initial catalyst structure. After relaxation, the Aug cluster
become flat on the surface, reflecting the extensibility of gold.
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Figure S1: Morphology and structure analysis for pure TiO, sample, (a-b) SEM images;

(c-d) TEM images with different magnifications.



Figure S2: Morphology and structure analysis for pure 1wt% Au/TiO, sample, (a-b)

SEM images; (c-d) TEM images with different magnifications.
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Figure S3: Morphology and structure analysis for 3wt% Au/Ti0, sample, (a-b) SEM

images; (c-d) TEM images with different magnifications.
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Figure S4: Raman spectra analysis for pure TiO, and Au/TiO, samples with different

gold loading amounts.
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Figure S5: XPS spectrum for pure TiO, sample, (a) XPS of C 1s; (b) XPS of O 1s.
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Figure S6: XPS spectrum for the prepared 1 wt% Au/TiO, sample, (a) XPS of C 1s; (b)
XPS of O Is; (c) XPS of Au 4f.
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Figure S7: XPS spectrum for the prepared 3wt% Au/TiO, sample, (a) XPS of C Is; (b)
XPS of O Is; (c) XPS of Au 4f.

Table S1: Au L;-edge EXAFS fitting results (R: distance; CN: coordination number; 6>: Debye-

Waller factor; AE,: inner potential correction) of 2wt% Au/TiO,.

S | Au-0O Au-Au DAY AE (V)
amplie (o2 (S
P RA) CN R(A) CN 0
2wt
> _ _ 291+0.02 %0 0.008  7.8+1.8
All/TlOz 9

R: distance; CN: coordination number; 6°: Debye— Waller factor; AE,: inner potential correction
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Figure S8: Linear sweep voltammetry (LSV) curves for 2wt% Au/Ti0; in N2-saturated
and Ar-saturated 0.01 M HCI solution.
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Figure S9: (a) UV-Vis absorption spectra of indophenol assays with NH," ions after
incubated for 2 h at room temperature. (b) Calibration curve used for estimation of

NH; from the NH," ion concentration.
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Figure S10: (a)UV-Vis absorption spectra of the 2wt% Au/TiO, stained with
indophenol indicator after NRR electrolysis for 2 h and (b) Chronoamperometry
results of electrode recorded at various potentials
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Figure S11: Ion-chromatogram testing for the prepared 2wt% Au/TiO, hybrid catalyst,
(a) Ion chromatogram curves for the standard NH,* ions. (b) Calibration curve used for
estimation of NH,". (¢) Ion chromatogram for the electrolytes at a series of potentials
after electrolysis for 2 h. (d) NHj; yield rate and Faradaic efficiency at corresponding
potentials
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Figure S12: The standard deviation plot for NH; yield rate and FE of 2 wt% Au/Ti0O,
hybrid after 5 cycles at a potential of -0.4 V under ambient conditions.
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Figure S13: NRR testing for the prepared TiO, (a) Linear sweep voltammetry (LSV)
curves of electrode recorded in Nj-saturated and Ar-saturated 0.01 M HCI solution (b)
Chronoamperometry results at various potentials (¢) Corresponding UV-vis absorption
spectra of the electrolyte stained with indicator for NH;. (d) Faradaic efficiency and
NH3; yield rate at various potentials
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Figure S14: NRR testing for the prepared 1wt% Au/TiO, sample, (a); NHj yield rate
and Faradaic efficiency at each potential. (b) UV-Vis absorption spectra of the
electrolytes stained with indophenol indicator after NRR electrolysis for 2h.
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Figure S15: NRR testing for the prepared 3wt% Au/Ti0, sample, (a) NH; yield rate
and Faradaic efficiency at each potential. (b) UV-Vis absorption spectra of the
electrolytes stained with indophenol indicator after NRR electrolysis for 2h.
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Figure S16: CV and the calculated ECSAs results of the pure TiO, and Au/TiO,
samples with different gold loading amounts, (A-B) TiO,; (C-D) 1wt% Au/TiO,; (E-F)
2wt% Au/TiOy; (G-H) 3wt% Au/TiO,,
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Figure S17: EIS testing for pure TiO, and Au/TiO, samples with different gold loading
amounts.
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Figure S18: (a) (a) UV-vis curves of various N,H,-H,O concentrations after incubation



for 10 min at room temperature. (b) Calibration curve used for estimation of N,H,-H,O
concentration.
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Figure S19: UV-Vis absorption spectra of the electrolytes estimation by the method of
Watt and Chrisp before and after 2 h electrolysis in N, atmosphere at —0.40 V.
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Figure S20: Time-dependent current density curve for the 2wt% Au/TiO, catalyst at
—0.40 V for 24 h.
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Figure S21: XRD patterns analysis for the prepared 2wt% Au/Ti0, hybrid catalyst
before and after long-term cycling NRR



Au

¢/

d=0.231nm :
(112) :

d=0:235nm

1

Figure S22: Morphology analysis for the prepared 2wt% Au/TiO, hybrid catalyst
before and after long-term cycling NRR, (a) SEM image; (b) HRTEM image after long-

term NRR catalysis.
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Figure S23: XPS spectrum analysis for the prepared 2wt% Au/TiO, hybrid catalyst
before and after long-term cycling NRR.
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Figure S24. Structure of Aug cluster adsorbed on different site of TiO,(112) surface.
The adsorption energy relative to Aug on perfect TiO,(112) and the amount of electron
transferred from the substrate were given below.
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Figure S26. The structure and energy of the species labeled in Figure S25.
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Figure S28. The structure and energy of the species labeled in Figure S27.



Table S2. Adsorption Characteristics of Aug Cluster, N, and H" on Different Surfaces

TiO,-Vo Aug/TiO, Aug/TiO,-Vo
[ Eds-aus / €V — 0.00 —1.65
Caus | € — 0.075 0.463
U Eds-H -max / €V —-0.59 0.12 —0.59
U Eds-No-max / €V —0.47 —0.14 —0.40
Cdxn® 1 A 0.026 0.000 0.029

« Amount of electrons transferred from TiO, or TiO,-Vo to Aug cluster. # Increase of

N-N bond length with respect to that of gas-phase Nj.

Table S3. The adsorption energies of N, on different adsorption sites of TiO,-Vo,

Aug/TiO,, and Aug/TiO,-Vo. The number (n) means the n stable adsorption site in
Figure 1(d - f).

TiOz - V() Au6/Ti02 Au6/Ti02 - V()

AEadS/CV AdN_N/A AEads /eV AdN_N/A AEads/eV AdN_N/A

Site 1 —0.47 0.026 —0.14 0.000 -0.40 0.029

Site 2 —0.22 0.000 —0.06 0.001 -0.21 0.002

Site 3 —0.04 0.001 —0.05 0.001 —-0.05 0.001




Table S4. The adsorption energies of H* on different adsorption sites of TiO,-Vo,
Aug/TiO,, and Aug/TiO,-Vo. The number (n) means the n stable adsorption site in
Figure 1(g —1).

TiO-Vo Aug/TiO, Aug/TiO,-Vo
Site 1 —0.59 eV 0.12eV -0.59ev
Site 2 0.07 eV 0.84 eV —-0.36¢ev
Site 3 0.00 eV 0.71 eV —-0.53 ev
Site 4 0.13 eV 0.17eV -0.17ev
Site 5 — — —-0.11eV

Table S5. The d band center, valence band center and conduction band center
of Ti and Au atoms participated in the adsorption of Nj.

band center diotal dyy d,, dy, dy vy dy
Ti d  -141 -1.75 -0.71 -1.51 262  -0.81
TiO»-Vo Ti V. 554 635 -5.04 456 ~7.83 -3.46
Ti _ C 071 1.12 0.40 0.73 1.07 0.64
Au_d  -401  -381 4.1 -398 389 438

Au_V —4.25 —4.00 —4.38 —4.23 —4.06 —4.69

Au_C 165 2.12 1.73 1.52 1.64 1.36
Au/TiO-Vo | Ti _d 033 -0.38 —0.11 —0.16 —0.44 -1.53
Ti V. 431 —4.81 -5.11 -2.67 -6.72  -6.27

Ti _C 1.83 1.82 1.43 1.53 2.69 1.98




Table S6: NRR Comparison of our catalysts with previously reported
electrocatalysts



Catalyst Electrolyte NH; yield FE (%) Ref.
hgh mg
2 W% Au/TiOz 0.01 M HC1 64.6 29.5 This work
TiO, 01M NaZSO4 5.6 2.5 1
Ti0,-rGO 01M NaZSO4 15.13 33 2
V-TiO, 0.5 M LiClO4 17.76 15.3 3
C-doped TiO, 0.5M NaZSO4 16.22 1.84 4
Au-Fe;04 0.1 M HCI 21.42 10.54 5
B-doped TiO, 01M NaZSO4 14.4 3.4 6
Ti0,/Ti;C, Ty 0.1 M HCI 32.17 16.07 7
Au/TizC, 0.1 M HCI1 30.06 18.34 8
Au nanorods 0.1 M KOH 1.648 4.02 9
AuSAs-NDPCs 0.IM HC1 2.32 12.3 10
Au HNCs 0.5 M LiClO4 3.96 359 11
a-Au/CeOx-RGO 0.1 M HC1 8.3 10.1 12
Au Nanoclusters 0.1 M HCI 21.4 8.11 13
on TiO2
Au/CeO, 0.01 M H,S0O4 28.2 9.5 14
Au/Ni 01M NaZSO4 9.42 13.36 15
Au flower 0.1 M HCI 35.57 6.05 16



Ru SAs/N-C 0.05 M H,S0q, 120.9 29.6 17
Ru NPs 0.01 M HC1 21.4 5.4 18
Defect-rich 0.1 M Na SO 29.28 8.34 19
MOSz 2 4

Au/NCM 0.1 M HCI 36 22 20
Aul/C3N4 5 mM HZSO4 1.96 11.1 21
Au nanocage 0.5 M LiClO4 2.35 30.2 22
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