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Evaluation of photocatalytic H, evolution performance

The photocatalytic hydrogen evolution test was taken on a sealed system with
100 mg catalyst and 100 mL 25 vol% methanol aqueous solution. Generally, under
the magnetic stirring, the catalyst was uniformly suspended in a sealed quartz reactor.
The 300 W Xenon lamp was selected as irradiation light, the reactor was placed 15
cm away from the lamp. Prior to the photocatalytic reaction, the system must be
thoroughly degassed to a vacuum state to eliminate the interference of air. The
integral area of the produced H, was recorded by the online detection system of the
gas chromatograph (GC 7920) and nitrogen was used as a carrier gas in the

conductivity detector (TCD).
Evaluation of photocatalytic N, reduction performance

The photocatalytic nitrogen fixation experiments were detected in a sealed reactor
with 100 mL of 2.5 vol % methanol solution and 50 mg of catalysts. Before
irradiation, purity N, (>99.999%) was continuously bubbling in a sealed reactor for
30 min to remove oxygen contaminants and ensure to acquire a nitrogen-saturated
solution. Whereafter, 300 W Xe lamp (CEL-HXF300-T3) was used as the simulated
light source to illuminate the reactor for 2.5 h at full spectrum. Over the reaction, the
5 mL sample was filtered through a 0.22 pm organic filter membrane to remove the
residual solid catalyst. Additionally, the concentration of NH;* produced by the

photocatalytic N, reduction experiment was detected by Nessler's reagent method.
Photoelectrochemical measurements

The photoelectrodes were prepared on fluorine-doped tin oxide (FTO) glass
slides. 5 mg of the prepared samples were added into 100 pL. of methanol and then
ultrasonic treatment for a short while to form homogeneous slurry. Thereafter, the
prepared slurry was uniformly applied to the conductive side of FTO glass and the
drop area was kept at 2 cm?2 After drying at room temperature, the
photoelectrochemical responses of the obtained electrodes were tested in a typical

three-electrode system by electrochemical workstation CHI 760 (Shanghai Chen Hua).



During the test process, the prepared electrode, Pt wire, and Ag/AgCl electrode served
as the working, counter, and reference electrode, respectively. The electrolyte was
prepared with 0.5 M Na,SO4 aqueous solution. In this system, the transient
photocurrent responses were tested using the amperometric (i-t curves) technique
under 300 W Xe light irradiation. LSV test was performed to evaluate the
photocatalytic activity of the prepared catalyst. Electrochemical impedance
spectroscopy of the catalyst was tested under light and dark conditions to evaluate the

photoelectrochemical properties.
Instrumentation

The morphology and structure of the fabricated samples were characterized by
field emission scanning electron microscope (FESEM, Hitachi S-4800H),
transmission electron microscope (TEM and HRTEM, FEI Tecnai G2F20), selected
area electron diffraction (SAED) and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM, FEI Themis Z). The composition
of samples was determined by Energy Dispersive Spectrometer (EDS), Fourier
transform infrared spectroscopy (FTIR, Bruker VERTEX 70), Raman spectroscope
(Renishaw Micro-Raman), and X-ray diffractometer (XRD, Bruker D§ Advance, Cu
Ka). The loading mass of Cu cocatalyst was detected by inductively coupled plasma
optical emission spectrometry (ICP-OES, Optima 8000). The chemical composition
and valence states of the samples were analyzed by X-ray photoelectron spectroscopy
(XPS, Thermo Fisher Scientiffc ESCALAB250Xi1). UV—Vis absorption spectra were
measured by Hitachi U-3900H spectrophotometer. The ability of the species to
separate photo-generated electron-hole pairs was tested on steady-state fluorescence
spectrometer (F-4500, Hitachi, Japan). The carrier lifetime of the as-prepared species
were tested on transient fluorescence spectrometer (Edinburgh FLS-1000). Unpaired
electrons were examined by electron paramagnetic resonance (EPR, Bruker EMX
nano) spectroscopy. The surface photovoltage spectroscopy (SPS) response of catalyst
was detected by a surface photovoltage system (CEL-SPS1000). Recorded the

Nitrogen adsorption/desorption isotherms on Quantachrome autosorb IQ to determine



the specific surface area, pore size and pore volume of catalysts, which were

calculated based on Brunauer-Emmett-Teller (BET) method.

The concentration and rate of NH;* produced by photocatalytic N, reduction

reaction

It can be seen from the experiment that the standard curve equation is
(y=0.2155x-0.0048, R?>=0.9994). In order to compare with the literature, the unit of

NH,4" concentration is converted from mg/L to umol/g, according to the formula.

C(NH)xV
—= %1000
n= 18 x Meqt,

where n is the amount of nitrogen fixation at time t in pmol g! and ¢ in mg L!; 18
corresponds to the molar mass of NH;" in g/mol. V is the initial volume of the
solution, which is 0.1 L in this paper, and m is the initial mass of catalyst added,

which is 0.05 g in this paper, respectively.
Calculation

The load of metal copper:
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Fig. S1 The image of the selected area electron diffraction about T-N-Cul.5 sample.
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Fig. S2 EDS analysis of T-N-Cul.5 sample.

Table S1. ICP-OES patterns of T-N-Cul.5 sample.
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Fig. S3 SEM images and particle size distribution results of TiO,, T-N and T-N-Cul.5%

samples.



Table S2. Average diameter data of TiO,, T-N and T-N-Cul.5% samples.

Sample Ti0O, T-N T-N-Cul.5

Average diameter (nm) 30.96 29.43 32.83

The particle size of the sample was analyzed, and the results were shown in
Table S2 and Fig. S3. The analysis revealed that there was almost no change in

particle size of the substrate TiO, after incorporating Cu,O QDs.

The images in Fig. S3 and Table S2 revealed that the deposition of Cu,O QDs
and subsequent adsorption of hydrazine hydrate did not result in significant
morphological changes, with the original homogeneous particle shape remaining
unchanged. Particle size analysis data indicated that the particle sizes of the three

specimens were 30.96 nm, 29.43 nm, and 32.83 nm, respectively.
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Fig. S4 XRD patterns of TiO, and T-N-Cu (0.5%, 1%, 1.5%, 2%) samples.
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Fig. S5 The peak position of each sample in XRD: (a) (111) plane of rutile, (b) (101) plane of
anatase, (c) (210) plane of rutile, (d) (200) plane of rutile, (e) (110) plane of rutile, (f) (211) plane

of rutile.
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Fig. S6 The calculated lattice constant of each sample from XRD.
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Fig. S7 The calculated lattice volume and density of as-obtained sample from XRD.
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Fig. S8 (a) N, adsorption-desorption isotherms, (b) pore-size distribution curves of TiO,, T-N and
T-N-Cul.5% samples.



Table S3 Surface area, pore diameter and pore volume of TiO,, T-N and T-N-Cul.5 samples.

Surface area Pore diameter Pore volume
Sample
(m%/g) (cm¥/g) (nm)
TiO, 53.2 3.4 0.14
T-N 62.6 23.8 0.56
T-N-Cul.5 51.9 23.8 0.4

The nitrogen adsorption—desorption procedure was systematically employed to
characterize the mesoporous structure of the catalysts. As displayed in Fig. S8, the
TiO,, T-N and T-N-Cul.5 samples all manifested a type IV adsorption-desorption
curve, featuring a discernible loop that attested to the presence of mesoporous
structure. The elucidation of pore size distribution and pore volume of the catalysts
were accomplished by the application of the Brunauer-Emmett-Teller (BET) and
Barret-Joyner-Halenda (BJH) methods. Upon careful comparison of Table S3 and Fig.
S9b, it can be seen that there are minimal changes in specific surface area, pore
diameter, and pore volume for the three specimens. The adsorption of hydrazine
hydrate and the incorporation of Cu,O QDs co-catalysts have no significant impact on
the specific surface area, pore size and pore volume of TiO,. This observation lends
further support to the notion that these specific structural characteristics of specific
surface area, pore size distribution, and pore volume do not play a decisive role in

modulating the energy band structure.



Fig. S9 (al,a2) TEM and HR-TEM images, (a3,a4) lattice spacing of T-N-Cul.5 sample. (b1,b2)
TEM and HR-TEM images, (b3,b4) lattice spacing of T-N-Col.5 sample. (c1,c2) TEM and HR-
TEM images, (c3,c4) lattice spacing of T-N-Nil.5 sample. (d1,d2) TEM and HR-TEM images,
(d3,d4) lattice spacing of T-N-Snl.5 sample. (el,e2) TEM and HR-TEM images, (e3,e4) lattice
spacing of T-N-W1.5 sample. (f1,f2) TEM and HR-TEM images, (f3,f4) lattice spacing of T-N-
Bil.5 sample.



Fig. S10 (al,a2) TEM and HR-TEM images, (a3,a4) lattice spacing of T-N-Mn1.5 sample. (b1,b2)
TEM and HR-TEM images, (b3,b4) lattice spacing of T-N-Znl1.5 sample. (c1,c2) TEM and HR-
TEM images, (c3,c4) lattice spacing of T-N-Bil.5 sample. (d1,d2) TEM and HR-TEM images,
(d3,d4) lattice spacing of T-N-Inl1.5 sample. (el,e2) TEM and HR-TEM images, (e3,e4) lattice
spacing of T-N-Agl.5 sample. (f1,f2) TEM and HR-TEM images, (f3,f4) lattice spacing of T-N-
Cd1.5 sample.
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Fig. S11 Comparison the amount of photocatalytic hydrogen evolution of TiO, and T-N-Cu

(0.5%, 1%, 1.5%, 2%) samples.
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Fig. S12 Comparison the rate of photocatalytic hydrogen evolution of TiO, and T-N-Cu (0.5%,

1%, 1.5%, 2%) samples.
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Fig. S13 Comparison the amount of photocatalytic hydrogen evolution of TiO, and T-N-Cul.5

samples under different wavelength of light irradiation.
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Fig. S14 Standard curve of NH,4* detection by Nessler’s reagent colorimetric method.
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Fig. S15 Photocatalytic nitrogen fixation of T-N-Cul.5 samples under different atmospheres
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Fig. S16 Comparison rate of NH4" evolution with recently reported superior TiO,-based catalysis
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Fig. S17 Comparison of UV-vis absorption and corresponding Tauc plot of TiO, and T-N-
Cu (0.5%,1%, 1.5%, 2%) samples.
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Fig. S18 Transient photocurrent density versus time (I-T) curve of T-N-Cu (0.5%, 1%, 1.5%,
2%) samples.
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Fig. S19 EIS curves of TiO,, T-N and T-N-Cul.5 samples under lighting condition.
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Fig. S20 Photoluminescence spectra of TiO, and T-N-Cu (0.5%, 1%, 1.5%, 2%) samples.
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Fig. S22 Ultraviolet electron spectra (UPS) of TiO,.
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