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Experimental section 

 

1. Methods for determination of ammonia yield 

1.1 Quantification of produced NH3 using indophenol blue method. 

Regarding the known literature reports [1], the reaction was carried out by mixing 4 mL of 

reaction solution with 50 µL of catalyst solution (aqueous solution of 1% CoTiOS), 500 L of color 

developing solution (aqueous solution of 0.4 M C7H5O3Na and 0.32 M NaOH) and 50 L of oxidizing 

solution [NaClO (ρCl = 4  4.9) containing 0.75 M NaOH solution] were mixed. The mixture was 

then allowed to stand for 2 h under ambient conditions. A standard curve was obtained from the 

absorbance at 660 nm. The standard curve demonstrated a strong linear relationship (y = 0.6282x + 

0.0077, R2 = 0.999). The amount of produced NH3 was calculated by the correction curve obtained. 

 

1.2 Quantification of ammonia using the Ion chromatography method. 

As previously reported in the literature [2], ammonia concentration analysis was performed on 

an ICS-3000 ion chromatography system (Dionex, Sunnyvale, CA, USA) with an analytical column 

(Dionex IonPac CS17, 4  250 mm), protective column (Dionex IonPac CG17, 4  50 mm), and 

chemical suppressor (CSRS-300, 4 mm) were used to control the flow rate of the samples at 1.0 

mL/min. The leachate is a 20 mM methyl sulfonic acid aqueous solution. The conductivity cell was 

set at T = 35 oC, and the injection loop volume was 25 µL. The samples were injected into the 

instrument for analysis using a membrane-based syringe of 0.45 µm, and the injection was repeated 

nine times.  
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1.3 Determination of hydrazine via Watt-Chrisp method 

Configuration of hydrazine working solution: Accurately measure 0.41 g of hydrazine sulfate 

and dissolve it in 500 mL of secondary reagent water with 74 mL of concentrated hydrochloric acid, 

then transfer it to a 1 L volumetric flask. And dilute to scale with secondary reagent water. Take an 

appropriate amount of the reserve solution and dilute it one hundred times with hydrochloric acid 

solution (1: 99). 

P-Dimethylaminoanisole - Sulfuric acid solution: Measure 100 mL of concentrated sulfuric acid 

under constant stirring and slowly add it into a beaker containing 300 mL of secondary reagent water, 

then add 15 g of p-Dimethylaminoanisole after cooling. After complete dissolution, it was transferred 

into a 500 mL brown volumetric flask, and the secondary reagent water was diluted to the scale. 

Take a set of hydrazine working solution to add 5 mL p-dimethylaminoanisole-sulfuric acid 

solution, and let it stand for 30 min to develop the color. After 30 min, the UV-visible spectra of the 

sample solution corresponding to the chromogenic agent were recorded at 455 nm, and the 

concentration of N2H4 was estimated according to the standard calibration curves generated by the 

different concentrations of N2H4 (0, 0.25, 1, 2, 4, 5 mg/L). 

 

1.4 Determination of nitrate (NO3
−) 

Quantitative analysis of NO3
− ions using UV-vis spectroscopy. For NO3

− ion detection, prepare 

standard stock solutions with different concentrations of NaNO3, ranging from 0 to 10 µmol·L−1. 

Then take 1 mL of the standard solution and perform UV-vis measurements within the range of 200-

300 nm to obtain a similar calibration curve. Similarly, the amount of NO3
− in the reaction mixture 
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was measured using a UV-vis spectrophotometer, where the peak at 220 nm wavelength corresponds 

to the absorption of nitrate, and the corresponding amount is quantified relative to the measured 

absorbance value. 

 

1.5 Determination of H2O2 

According to literature reports [3, 4], the POD-DPD method was used to determine the 

concentration of H2O2 in the reactants. Usually, 0.3 mL of phosphate buffer (0.5 M K2HPO4 and 0.5 

M KH2PO4), 30 µL of DPD solution, and 30 µL of peroxidase were mixed with the collected solution. 

Then, the mixture was shaken well for 30 s and detected by UV-vis spectrophotometry at 551 nm.  

 

2. Apparent quantum efficiency (AQE) and solar-to-ammonia (STA) conversion efficiency test 

methods 

The apparent quantum efficiency (AQE) indicates the rate at which a photocatalyst utilizes 

incident photons at a specific monochromatic wavelength. AQE was determined under the same 

nitrogen fixation conditions. 50 mg CoTiOS-3 catalyst was mixed with 100 mL of deionized water 

without any sacrificial agent. A 300 W xenon lamp irradiated the system, and the AQE was obtained 

under a 420 nm filter. The AQE formula for ammonia yield [5, 6] was calculated as follows: 

AQE = 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 = 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑁𝐻36

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 = 

𝑀 × 𝑁𝑎 × 6
𝐼𝐴𝑡

ℎ𝑐

 

here, M is the amount of produced NH3, Na is Avogadro’s constant, I is the light intensity, A is the 

light incident area, t is the light irradiation time, h is Plank’s constant, and c is the speed of light. 
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According to the literature [7], to determine the STA efficiency, the reaction was carried out using 

an AM1.5G solar simulator, where the conversion efficiency was calculated as 

STA = 
[𝐺 𝑓𝑜𝑟 𝑁𝐻3 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (𝐽/𝑚𝑜𝑙)]  [𝑁𝐻3 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (𝑚𝑜𝑙)]

[𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑝𝑢𝑡 𝑒𝑛𝑒𝑟𝑔𝑦 (𝑊)] [𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒(𝑠)]
 

The free energy of NH3 production is 339 kJmol–1. The energy intensity of the AM1.5G solar 

irradiation (1000 Wm–2) and the irradiated area is 4.26  10–4 m2. Therefore, the total input energy is 

0.426 W.  
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Additional tables and figures 
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Fig. S1 (a) XRD patterns of TiOS and TiO2 and standard spectrum of TiO2 (#71-1167). (b) Fully 

scanned spectrum, XPS characterization of CoTiOS nanomaterials. 
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Fig. S2 Photocatalytic N2 fixation activity test of different samples. 
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Fig. S3 (a) The picture for chromogenic reaction graphs of the indophenol blue reagent method in 

photocatalytic N2 stationary system with 0, 0.5, 1, 2, and 3 mL of standard solution (from left to right), 

respectively. (b) Color reaction diagrams of N2H4 at 0, 0.25, 1, 2, 4, and 5 mL. (c) The color change 

of the mixed solution when measuring H2O2. 
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Fig. S4 (a, b) The standard curve of indophenol blue method and (c, d) Nessler’s reagent, (e) The 

concentration of ammonium ions was detected by cation ion chromatography. N2H4 quantification 

method. (f) UV-vis absorption spectra and (g) corresponding calibration curves for the colorimetric 

N2H4 with linear fit analysis showing good linear correlation (𝑦  = 0.236𝑥  + 0.026, 𝑅 2 = 0.998). 
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Fig. S5 The test results of (a) indophenol blue, (b) Nessler’s reagent. 
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Fig. S6 Absorption spectra and calibration curve for (a, b) NO3
− ion detection. 
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Fig. S7 High-resolution XPS tests for (a) Ti 2p, (b) Co 2p, (c) S 2p, and (d) O 1s, respectively, after 

the reaction. 
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Table S1 XPS composition and physical characteristics of CoTiOS, Co/TiO2, and TiOS catalysts. 

Sample 

atomic percentage/% 
O molar 

percentage/% Co2+/Co3+ 

(%) 

Crystal 

size 

(nm) 

SBET 

(m2/g) 

Pore 

volume 

(cm3/g) Co Ti S O OLattice Ov 

CoTiOS-1 4.39 26.06 4.15 65.40 78.54 21.46 4.02 4.8 161.9 0.176 

CoTiOS-2 4.44 25.93 5.69 63.94 66.42 33.58 10.65 4.7 162.1 0.182 

CoTiOS-3 4.66 26.12 6.73 62.49 53.66 46.34 15.42 4.9 162.6 0.191 

CoTiOS-4 4.57 26.28 7.65 61.50 74.93 25.07 13.85 4.5 162.3 0.185 

Co/TiO2 4.42 26.15  69.43 100   4.6 100.8 0.114 

TiOS  32.61 6.51 60.88 80.24 19.76  4.9 106.4 0.123 

CoTiOS-3 

after reaction 
4.61 26.08 6.74 62.57 53.59 46.41 15.36 5.0   

 

Table S2 Elements contents from SEM-EDS analysis for samples. 

Catalyst Co (%) Ti (%) S (%) O (%) Ti/Co (%) 

CoTiOS-1 3.47 25.75 4.25 66.53 7.42 

CoTiOS-2 3.35 25.86 5.87 64.92 7.72 

CoTiOS-3 3.29 26.02 7.12 63.57 7.91 

CoTiOS-4 3.32 25.94 7.85 62.89 7.81 

Co/TiO2 3.44 26.28  70.28 7.64 

TiOS  31.97 6.54 61.51  
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Table S3 Element analyses tested by XRF. 

Catalyst Co (%) Ti (%) S (%) O (%) Ti/Co (%) 

CoTiOS-1 3.99 26.54 4.01 65.43 6.65 

CoTiOS-2 4.02 26.56 5.43 63.99 6.61 

CoTiOS-3 4.10 26.79 6.75 62.36 6.53 

CoTiOS-4 4.17 26.85 7.69 61.29 6.44 

Co/TiO2 4.06 26.86  69.18 6.62 

TiOS  32.02 6.14 61.84  

 

Table S4 Statistics of test results of catalyst CoTiOS on Nessler’s reagent, indophenol blue, and cation 

ion chromatography methods. 

Catalyst 
Nessler’s reagent 

(molg–1h–1) 

indophenol blue 

(molg–1h–1) 

ion chromatography 

(molg–1h–1) 

CoTiOS-1 240.63 244.78 221.43 

CoTiOS-2 380.81 369.85 354.12 

CoTiOS-3 491.56 472.42 464.48 

CoTiOS-4 325.74 310.77 308.64 

Co/TiO2 20.12 19.52 18.56 

TiOS 86.56 78.46 73.21 
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Table S5 Overview of reduction of N2 to NH3 by other photocatalysts. 

Photocatalyst  Light source  
Reaction 

media  

NH3 yield rate 

(molg–1h–1) 
AQE (%) 

N2 

Source  
Refs.  

FeN-CDs/TiO2@CN 300 W Xe 
5 wt% aqueous 

methanol 
550.9  N2 [8] 

Bi-CdMoO4 300 W Xe 
Methanol 

solution 
118  N2 [9] 

MoS2/UiO-66(SH)2 
visible light  

λ > 400 nm 
Water 54.08 

5.1%  

400 nm 
N2 [10] 

TiO2-x-Ag@HKUST-

1/carbon paper 

visible light  

λ = 450 nm 
Water 624.7 

2.08% 

450 nm 
N2 [11] 

GO/MoS2/Ag3PO4 
300 W Xe 

 λ > 420 nm 

Na2SO3 

solution 
17.5 

0.063% 

400 nm 
N2 [12] 

CeCO3OH Visible light Water 650 
1% 

300 nm 
N2 [13] 

BiCNx-5 

300 W Xe 

 λ > 420 nm 

Na2SO3 

solution 
576.11 

0.53%  

400 nm 
N2 [14] 

TiO2/CuO 400 W Hg Water 1.58 – N2 [15] 

SrTiO3 300 W Xe Water 206.0 
0.38% 

420 nm 
N2 [16] 

Au/TiO2 
300 W Xe 

λ> 420 nm 

10% methanol 

aqueous 
78.60 

0.82% 

550 nm 
N2 [17] 

Ru1/TiO2-Vo 300 W Xe Water 18.9 – N2 [18] 

MXene/TiO2 300 W Xe Water 110 – N2 [19] 

Ni-doped TiO2 300 W Xe Water 46.8 – N2 [20] 

TiO2 NBAs 300 W Xe Water 178 
0.12%  

405 nm 
N2 [21] 

TiO2 Vo@PNIPAm 400 W Hg Water 11.12  N2 [22] 

1 wt% Ru-TiO2 300 W Xe 
20% ethanol 

solution 
3.31  N2 [23] 

Cu-doped TiO2 300 W Xe Water 78.90 
0.23%  

420 nm 
N2 [24] 

AgPt-TiO2 300 W Xe Water 38.4  N2 [25] 

CoTiOS-3 

300 W Xe  

(λ > 420 nm) 
Water 491.56 

1.89%  

420 nm 
N2 

This 

work 
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