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Experimental section

1 Materials

Bismuth nitrate pentahydrate (Bi (NOs);:5H,0, 99%), polyvinylpyrrolidone
(PVP), glucose (CsH1,04°H,0), copper acetate monohydrate (C4;HsCuO4-H,0, 99%),
phosphotungstic acid (H;PW;,049°xH,0), 1,3,5-benzenetricarboxylic acid (CoHgOs,
98%), ethylene glycol (EG) and anhydrous ethanol were purchased from Sinopharm
Chemical Reagent Co. Cetyltrimethylammonium bromide (CTAB, 99%), L-glutamic
acid (CsHygNOy4, 99%) were purchased from Aladdin Chemical Reagent Co. The

experimental water was deionized water (DI).
2 Determination of NH;

The NH;* production was determined spectrophotometrically using Nessler's
reagent [1]. Nessler's reagent was purchased from Aladdin Chemical Reagents Ltd.
Potassium sodium tartrate (KNaC4HgOg) was added to minimize the interference of
other ions (Fe**, Ca, Mg?', Cr3", Ag®, S* etc.). 25 g of KNaC4H¢O¢ and 50 mL of
deionized water were added to a distillation flask and sonicated for 30 min to form a
homogeneous solution, then 0.5 mL of 5 moles/liter sodium hydroxide solution was
added, and about 20-30% of the original volume of solvent was evaporated by heating
at 110°C. The solution was then cooled to room temperature and fixed to a volume in
a 50 mL volumetric flask to prepare it for use. A calibrated concentration-absorbance
curve of standard ammonia solution was obtained using 5 ml of gradient concentration
of ammonium chloride solution, 0.1 mL of KNaCsHsO¢ solution and 0.1 mL of
Nessler's reagent (Fig. S1). The absorbance value of the fitted curve (y = 2.7797 x +
0.0167, R* = 0.9999) showed a good linear relationship with the ammonia
concentration. Ammonia production from the synthesized photocatalysts was detected
by mixing 5 mL of centrifugally filtered reaction solution with 0.1 mL of KNaC4H¢Og
solution and 0.1 mL of Nessler's reagent under dark conditions for 15 min and then

detected by UV-visible spectrophotometer at 420 nm.

3 Determination of N,Hy



The hydrazine content in the solution after photocatalysis was determined by
Watt's and Crisp's methods [2]. The color developer was prepared by dissolving p-
dimethylaminobenzaldehyde and hydrochloric acid in ethanol. Hydrazine standard
solution of gradient concentration was mixed with the color developer to obtain the
standard curve. Then 2 mL of the colorant was added into 2 mL of centrifugal reaction
solution, which was allowed to stand for 20 min and then detected by UV-visible

spectrophotometer at 460 nm.
4 N, temperature-programmed desorption (N,-TPD)

100 mg of catalyst was placed in a u-shaped quartz tube and He gas flow was
pretreated to 300 °C at a ramp rate of 10 °C/min, preheated at a flow rate of 50 mL/min
for 1 h, and then cooled to 50 °C. After pretreatment, feed N, was passed and adsorbed
to saturation at 25 °C at a flow rate of 50 mL/min. Then, the physical adsorption of N,
was removed by He flow (50 mL min') at 50 °C for 1 h. The catalyst was then passed
through the catalyst at a flow rate of 50 mL/min for 1 h to remove the N, physically
adsorbed. Finally, the catalyst was heated at a rate of 10 C min"! from 50 °C to 600 °C.
An on-line analytical heat transfer detector (TPD, microcrystalline AutoChem II 2920)

was used.
5 Inductively coupled plasma atomic emission spectroscopy (ICP-AES)

5 mg of the sample was dissolved in 5 ml of aqua regia, stirred for 30 minutes and

kept in an oven at 100° C for 6 hours. The cooled solution was filtered and fixed in a

25 ml volumetric flask for testing.
6 Electrochemical tests

Electrochemical testing was performed using a CHI661D electrochemical
workstation. The light source was a 300 W xenon lamp with an AM1.5 filter and a >700
nm visible cut-off filter. The working electrode was a photocatalytic material, the
reference electrode was Hg/HgCl, and the counter electrode was a platinum foil.

Typically, 50 mg of sample, 100 mg of geraniol and 5 mg of ethyl cellulose were



thoroughly mixed with 5 ml of ethanol in an onyx mortar and then uniformly covered
on the FTO glass sheet as the working electrode. The photoelectric properties of these

materials were studied using 0.5 M Na,SO, aqueous solution as the electrolyte solution.
7 DFT calculations

The first-principles calculations are performed using the framework of density
functional theory (DFT) within the Vienna Ab-initio simulation package (VASP) [3].
The exchange-correlation interaction was processed using a generalized gradient
approximation (GGA) in the form of Perdew-Burke-Ernzerhof (PBE) [4]. The
thickness of the vacuum layer in the Z-direction was fixed at 20 A using IOPTCELL to
avoid the effect of interactions between adjacent fragments. The kinetic energy cutoff
of the plane wave used to extend the Kohn-Sham electron wave function was set to 450
eV. The iterative convergence of energy is 10> eV. All atoms were allowed to relax
until the Hellmann-Feynman force was less than 0.01 eV/A. The Brillouin zone was
sampled by a 3 x 2 x 1 k-point grid for C-BOB and Cu/WO,/C-BOB. The change in
Gibbs free energy (AG) of NRR intermediates was calculated using

AG = AE + AZPE - TAS

Where AE is the energy change at each step of the reaction, AZPE is the zero point
energy, T is the temperature (298.15 K), and AS is the change of entropy. The AZPE
was calculated by using the vibrational frequency of intermediates. The corrected

values of the free energy are calculated by VASPKIT, a plug-in for VASP.

8 Apparent quantum efficiency (AQE) calculation

Photocatalytic experiments to calculate AQE were carried out in a photocatalytic
double-layer quartz bottle reactor. The catalyst mass, solution volume, reaction time,
and simulated solar irradiation area were 10 mg, 100 mL, 1 h, and 30 cm? respectively.
The monochromatic filters of 420 nm was used to filter the light. The AQE was

calculated through the following equation:



N 6 XN 6Xn X N
AQEz—e: NH3 _ NH3 A
Np~ N PXSXt
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Where, N., N, and Nyg;3 represent the number of reacted electrons, incident photons,
and generated NHj3, respectively; Ny was Avogadro's constant; 4 was Planck's constant;

P, S, and t were the incident light intensity, irradiated area, and reaction time

respectively.
a 030 b .
y =2.7797x +0.0167 — 0.00935 mmol/L
0.25- ——0.01496 mmol/L
1 R2=0.9999 0.8 —— 0.01870 mmol/L
W Y ——0.03739 mmol/L
2 0207 2 0.6 0.05609 mmol/L
s s ——0.07478 mmol/L
<015 = —— 0.09348 mmol/L
=) c 04
z z
0.10
< <02
0.05 -
0.0 |
0.00 T T T T T . ; | . . .
0.00 002 0.04 006 008 0.10 380 400 420 440 460 480 500
Concentration of NH4+ (mmol/L) Wavelength (nm)

Fig. S1. Standard curves for NH," with Nessler’s reagent.
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Fig. S2. (a) XRD spectra of NENU-3. (b, ¢) XRD spectra of C-BOB samples with
different glucose additions. (d) XRD spectra of WO, and Cu/WO,.

Fig. S3. SEM image of NENU-3.



Fig. S4. SEM images of Cu/WO,/C-BOB-x (x being the mass fraction ratio of
Cu/WO, doping).

Fig. SS5. Energy-dispersive X-ray (EDX) spectrum of samples.



Fig. S6. Elemental mapping of Cu/WO,.
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Fig. S7. Elemental mapping of C-BOB.
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Fig. S8. (a) High-resolution XPS spectra of the Bi 4f peaks of Pure BOB and C-BOB. (b)
High-resolution XPS spectra of the Br 3d peaks of C-BiOBr and Cu/WO,/C-BiOBr.
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Fig. S9. (a) Nitrogen adsorption/ desorption isotherms and (b) pore size distribution of

samples.
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Fig. S11. Transient photocurrent responses of samples (A > 700 nm).
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Fig. S12. (a) Yields of NH;* from C-BOB samples with different glucose additions.
(b) Yields of NH4" from Cu/WO,/C-BOB-x (x being the mass fraction ratio of
Cu/WO, doping).
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Figure S13. (a) NH; and O, production of Cu/WO,/C-BOB. (b) The apparent quantum
efficiency of different samples at a wavelength of 420 nm.



Fig. S13. (a) SEM and (b) TEM images of Cu/WO,/C-BOB after cycling experiments.
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Fig. S14. XRD images of Cu/WO,/C-BOB before and after cycling experiments.
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Fig. S16. The adsorption diagrams of the N, fixation process over C-BOB.
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Fig. S17. The adsorption diagrams of the N, fixation process over Cu/WO,/C-BOB.



Table S1. Analysis of consequence of element molar content in Cu/WO,/C-BOB
through EDS and ICP-AES.

Flement Bi Cu \\Y%

Molar EDS 0.71 1 0.26 | 0.15
Percentage (%)

ICP-AES | 0.74 | 0.28 | 0.19

Table S2. Oxygen vacancy peak area values for samples.

Samples Peak area of oxygen vacancies
Pure BOB 2733.9
Cu/WO, 8633.4
C-BOB 7674.1
Cu/WO,/ C-BOB 10358.0




Table S3. Comparison of photocatalytic nitrogen fixation performance of reported
bismuth-based materials.

Catalyst sacrificial reagent NH; production Ref.
rate (umol g h')

C-BiOI Ethanol 31.1 [5]

BiOB1/Bi405Br; None 66.87 [6]

Bi,0,CO; (OVs) 0.5 M Na,S0y (aq) 58.9 [7]

Cu-Bi,Mo0Og Methanol 314 [8]

Bi-Bi,03/ Methanol 46.62 [9]

KTay sNbgs0;

Bi,Sn,0; QDs None 334.8 [10]

BSO-UNPs None 231 [11]

Bi,Sn,0,/BiOBr None 459.04 [12]

BOB-001-OVs None 2233 [13]

Bi,MoOg/ None 90.7 [14]

OV-BiOBr

Vo-BiOBr None 54.7 [15]

Pt/BOB-VO None 23.8 [16]

Bi/BiOBr 0.025 M H,SO4 / 55.65 [17]
0.025 M Na,S0s3 (aq)

Bi-Bi,03/ Methanol 43.49 [18]

CdWO,

OVs-BiVO, Methanol 32.4 [19]

Cu/W0,/C-BOB None 477.5 This work
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