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Experimental Section

1. Computation of apparent quantum efficiency (AQE) and solar-to-ammonia (STA) conversion

efficiency

According to the literature reports [1], the apparent quantum efficiency (AQE) is determined. The
catalytic experiments for determining AQE were performed in pure water (100 mL) without any
sacrificial reagents. 50 mg of TiCeOS-3, used as the photocatalyst, was added to the solution. A 300
W Xe lamp irradiated the reaction solution with a band-pass filter for the wavelength of 420 nm. A
CEL-NP2000 photoradiometer measured the photon flux of the incident light. The AQE is calculated

according to the equation below:

AOE Number of reacted electrons 100% 614N, 100
= X = — X
Q Number of incident photons WAt °
hv

where nay represents the molar number of generated ammonia, while W, A, t, and v are for the incident
light intensity, irradiation area, time, and frequency, respectively. Na and h are Avogadro’s constant

and Planck constant, respectively.

According to the literature reports [2, 3], to determine the Solar-to-Ammonia (STA) conversion
efficiency, reactions were performed using a solar simulator, where the efficiency was calculated as
STA = [AG for NH3 generation (J-mol™)] <[ NHz evolved (mol)] [total input energy (W)] x[reaction
time (s)] x 100% In the above equations, the AG® values for NH3 generation is 339 J-mol™. The

overall irradiance of the AM1.5G spectrum was 100 mW cm2, and the irradiation area was 4.26 cm?.



[AG for NH; generation (J -mol'l)]X[NH3 evolved (mol)]

STA=
[total input energy (W)]x[reaction time (s)]

x100%

In the above equations, the AG® values for NHz generation is 339 kJ-mol™. The overall irradiance

of the AM1.5G spectrum was 100 mW cm, and the irradiation area was 4.26 cm?.

2. NHs product characterization and qualification.
2.1 Indophenol blue method

The concentration of ammonium ions was determined via the indophenol blue method [4, 5]. The
mixed solution at the end of the photocatalytic reaction was centrifuged and filtered with a 0.02 um
PTFE (polytetrafluoroethylene) membrane, then 4 mL of the mixture solution was removed in a
colorimetric tube and 2 mL of 1M NaOH solution (containing 5 wt% salicylic acid, 5 wt% sodium
citrate) were added, followed by 1 mL of 0.05 M NaClO and 0.2 mL of 1 wt% sodium nitroprusside
solution each. After mixing all the reagents, a yellow-green solution was obtained. The mixture
solution was reacted for 2 h under light-protected conditions, and the absorbance at A= 688 nm was
recorded via a TU-1901 ultraviolet-visible spectrophotometer. According to the Lambert-Beer’s Law

calculation, the NH** concentration.

2.2 Nessler's reagent method

The concentration of ammonium ions was determined via the Nessler reagent method [6, 7]. The
supernatant was centrifuged individually at the end of the reaction and filtered with a 0.02 um PTFE
(polytetrafluoroethylene) membrane and then placed into a 10 mL colorimeter tube, to which 0.2 mL
of potassium sodium tartrate solution and Nessler's reagent was added, shaken well, and then left to

stand for 10 min. Finally, the concentration of NH*" was measured at 420 nm via a TU-1901
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ultraviolet-visible spectrophotometer. The concentration of NH* was calculated via the Lambert-

Beer’s Law.

2.3 Watt-Chrisp method conditions

The concentration of ammonium ions was determined via the Watt-Chrisp method [8]. Mix 2 g
of (dimethylamino) benzaldehyde with 10 mL of concentrated solution, HCI, and 100 mL of ethanol,
and use it as a reagent for the determination of hydrazine. Then, take 1 mL of the reagent and add the
mixture to the remaining 1 mL of the reaction mixture. After 30 min, measure the absorption of the

solution at 455nm using a UV visible spectrometer.

2.4 lon chromatography test conditions

According to the literature reports [9], The Thermo Fisher ICS-600 cationic ion chromatograph
with Pac CS12 A 4>250 mm (ICS) was further used to determine the NHs concentration. The testing
conditions are listed in Table S1.

Table S1 ICS determines the conditions of the NH3 concentration

Conditions Details Conditions Details
Analytical column lon Pac CS12 A 4>250 mm Run time 15 min
Protective column lon Pac CG12A 4>50 mm Detector Conductivity detector

20 mM Methyl sulfonic acid CDRS 600 (4 mm) Self-
Leachate ] Suppressor _ S
aqueous solution circulation inhibition
Flow rate 1.0 mL/min Sample injector AS-DV
Sample volume 10 ul Sampling mode Automatic sampling
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Fig. S1 The ultraviolet-visible absorption spectra of TiO2, TiOS, TiCeO, and TiCeOS catalysts

converted to the (ahv)2-hv plots for the direct bandgap calculation.
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Fig. S2 (a-g) Mott—Schottky curves of TiOz, TiOS, TiCeO, and TiCeOS conducting at 1000 Hz.
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Fig. S3 FTIR spectra of TiO2, TiOS, and TiCeOS catalysts.
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Fig. S4 CV curves of TiO2, TiOS, TiCeO, and TiCeOS catalysts.
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Fig. S5 The test results of (a) indophenol blue, (b) Nessler’s reagent, and (c) Watt-Chrisp methods.
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Fig. S8 'H-NMR (400 MHz) spectra of solution after photocatalytic N2 fixation through TiCeOS as

a photocatalyst in 1*N2 or N2 atmosphere.

Table S2 Crystallinity, crystal size, Sget, and XPS analyses of TiOz, TiOS, and TiCeOS catalysts

ce®/ Crystal

Elements percentage (%) o/ | crystattinity y S
Catalyst 0,40 Ce>™+ Ce (%) size (mlg)

: m
Ti Ce (0] S L v (%) 0 (nm) 9
TiO; 34.18 -- 65.82 -- -- -- 86.11 5.10 119.28
TiOS 33.76 -- 62.59 | 3.65 4.63 -- 82.66 4.30 130.54
TiCeO 31.89 | 3.86 | 64.25 -- 1.03 2.48 83.52 5.02 123.63
TiCeOS-1 | 31.96 | 4.03 | 59.83 | 4.18 7.48 18.46 80.92 4.30 162.43
TiCeOS-2 | 31.88 | 4.12 | 59.48 | 452 | 13.56 35.64 79.63 4.50 183.35
TiCeOS-3 | 31.81 | 4.23 | 59.04 | 492 | 22.24 56.89 77.68 4.10 197.68
TiCeOS-4 | 31.39 | 447 | 58.79 | 535 | 11.91 63.58 76.64 4.30 175.31

TiCeOS-3
. 31.82 | 4.14 | 59.44 | 460 | 22.12 57.12 77.72 4.10 196.92
after reaction
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Table S3 Element analyses tested by XRF

Catalyst Ti (%) Ce (%) 0O (%) S (%)

TiO2 34.43 -- 65.57 --
TiOS 34.03 -- 62.50 3.47
TiCeO 32.26 3.92 63.82 --

TiCeOS-1 32.04 4.06 59.81 4.09
TiCeOS-2 31.91 4.16 59.51 4.42
TiCeOS-3 31.85 4.25 59.02 4.88

TiCeOS-4 31.47 4.54 58.69 5.30

TiCeOS-3
after reaction

31.94 4.20 59.50 4.36

Table S4 Element analyses tested by SEM-EDX

Catalyst Ti (%) Ce (%) 0O (%) S (%)

TiO2 35.76 -- 64.24 --
TiOS 34.68 -- 62.04 3.28
TiCeO 32.58 4.26 63.16 --

TiCeOS-1 32.23 4.33 59.48 3.96
TiCeOS-2 3211 4.49 59.18 4.22
TiCeOS-3 31.92 4.65 58.57 4.86

TiCeOS-4 31.26 4.82 58.48 5.44

TiCeOS-3
after reaction

32.15 4.48 59.10 4.25

Table S5 The testing results via indophenol blue, Nessler’s reagent, and ion chromatography methods

Catalysts indophen_(l)l tﬂue Nessler’s-rlea_glent ion chroma_tlog_r;aphy
(Hmol g~ 1) (Hmol g~ +™) (bmol g~ +™)
TiOS 60.3 68.8 56.0
TiCeOS-1 126.8 133.2 122.5
TiCeOS-2 257.5 262.5 251.8
TiCeOS-3 382.4 395.9 378.1
TiCeOS-4 215.1 220.3 211.7
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Table S6 The literature-reported catalysts for photocatalytic N2 fixation

o ) AQE and STA
) ) ) Sacrificial | NHs evolved NHs analysis )
Photocatalyst Light source Reaction medium conversion Ref.
agent pmol-g* h? methods o
efficiency
. 117.77 Nessler’s reagent
CeO2-BiFeOs UV-—vis Water none - [10]
pumol-g* h? method
TiO2/SrTiOs/g- | Simulated solar | Water, ethanol 2192.0 Nessler’s reagent
) ethanol -- [11]
CsNg light (10%, viv) pmol-gt ht method
Simulated solar Water, ethanol 385.0 Nessler’s reagent
Ag-KNbOs . ethanol -- [12]
light (10%, viv) umol-g* ht method
AQE=0.74% at
Nessler’s reagent
Cu-doped 78.90 ] 380 nm
) 300 W Xe lamp Water none method and ion [13]
TiO: pumol-gt hl STA=0.23% at
chromatography
420 nm
o Simulated solar 86.0 Nessler’s reagent
Bi-Bi2WOs . Water none - [14]
light umol-g* ht method
) 300 W Xe lamp | Water, methanol 78.60 Indophenol-blue AQE=0.82%
Au/TiO2 methanol [15]
(2> 420 nm) (10%, v/v) umol-gt ht method at 550 nm
2 kW Xe lamp lon
P-doped g-CsN4 Water none 0.20 umol-h? STA=0.1% [2]
(A> 420 nm) chromatography
Water, methanol 5990 Nessler’s reagent
S-doped g-C3Ns | 500 W Xe lamp methanol - [16]
(4%, viIv) umol g h? method
35.8 ion
WOs3/CdS 300 W Xe lamp Water none -- [17]
umol gt h? | chromatography
209 ion
La/M0Os3-x 300 W Xe lamp Water none -- [18]
umol-g*h? | chromatography
. 38.4 ion
AgPt-TiO2 300 W Xe lamp Water none -- [19]
umol-g*h? | chromatography
Water, methanol 133.8 Nessler’s reagent
Pt/N-MoS; 300 W Xe lamp methanol -- [20]
(10%, viv) umol-g?* ht method
) 206 ion AQE=0.38%
F-Vo-TiO2 300 W Xe lamp Water none [21]
umol-gt ht | chromatography at 420 nm
Water, methanol 324.86 lon AQY=1.1%
Reduced TiO2 300 W Xe lamp methanol [22]
(10%, viv) umol-gt ht | chromatography at 365 nm
. 32.2 Indophenol blue
Sh/TiO2 300 W Xe lamp Water none - [23]
umol-g* ht method
Nessler’s reagent
AQE= 3.32%
Method,
) 300 W Xe lamp 382.4 ) at 420 nm This
TiCeOS-3 Water none indophenol blue
(2> 420 nm) umol-g* ht ) STA=0.058% | work
method, and ion
at AM1.5G

chromatography
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