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Experimental section

Raw materials

Ammonium citrate, ethylenediamine, melamine (ME), phosphoric acid, nitric acid, ethanol, ethylenediaminetetraacetic acid disodium (EDTA-2Na), tetracycline (TC), rhodamine B (RhB) and ciprofloxacin (CIP) were purchased from China National Pharmaceutical Industry Co. Ltd. The tetrabutyl titanate (TBOT), p-benzoquinone (p-BQ), and isopropanol (IPA) were supplied by Aladdin Chemical Reagent Co. Ltd. All reagents used for the preparation and analytical testing of photocatalysts were not further purified.
Preparation methods
The N-GQDs solution was prepared according to the method of our previously reported work [1]. Precisely, 1.2188 g ammonium citrate was dissolved into 10 mL deionized water, followed by 7 drops of ethylenediamine drop by drop. The mixed solution was stirred and transferred into a Teflon-lined autoclave and held at 200°C for 6 h. The resulting tan color N-GQDs stock solution was filtered with 0.22 μm filters and dialyzed (3500 Da cutoff) for 24 h and then dried at 75°C under vacuum. Finally, solid N-GQDs were obtained. The N-GQDs powder was prepared into a 0.1 mg/mL solution and set aside.
The P-doped g-C3N4 hollow nanotubes (PCN) were fabricated by improving on the already reported procedure [2]. First, 1.0 g melamine (ME) and 1.0 g H3PO4 were added into 70 mL deionized water and stirred magnetically for 60 min. Then, the mixed solution was transferred into a Teflon-coated autoclave and held at 180°C for 12 h. The obtained white needle-like supramolecular precursors were cooled to room temperature, washed several times with deionized water, and dried under vacuum at 60°C. Finally, the resulting supramolecular precursors were put into a quartz boat with a cover and heated to 500°C under N2 ambiance at a rate of 2.3 °C/min and held for 4 h. The light-yellow product acquired after cooling was the P-doped hollow tubular g-C3N4 (denoted as PCN). Direct calcination of ME using the same calcination regime yielded bulk g-C3N4 (CNB). The obtained PCN sample was subjected to a secondary heat treatment under an air atmosphere, i.e., heated to 450°C for 2 h with a heating rate of 2 °C/min. The PCN after the second heat treatment is noted as PCN-450.
The N-TiO2 was prepared via an improved synthesis method reported previously [3]. 2 mL HNO3 was mixed with 70 mL ethanol and stirred for 10 min, followed by 4 mL tetrabutyl titanate drop by drop and sonicated for 1 h. The resulting mixture was transferred to a Teflon-coated autoclave and held at 180°C for 12 h. After cooling down, the product was washed several times with deionized water and ethanol, followed by centrifugation, and collected after drying at 60°C. The obtained brownish-yellow solid was N-TiO2, which was ground into powder and set aside. Pure TiO2 was produced by the same preparation method as above but without the addition of HNO3. The resulting N-TiO2 sample was transferred to a crucible and heated to 450°C for 2 h with a heating rate of 2 °C/min. The N-TiO2 after heat treatment is noted as N-TiO2-450.
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Fig. S1.  CIP photodegradation performance of the binary composites under visible light.
Characterization

The crystal structure of the as-prepared samples was studied by X-ray diffractometer with Cu Kα radiation (XRD, Ultima IV, Japan). Fourier transform infrared (FT-IR) spectra were measured on a spectrometer (Thermo Fisher Nicolet iS10, USA). The microscopic morphology of the prepared photocatalysts was analyzed by field emission scanning electron microscopy (FESEM, ZEISS EVO 18, Germany) and field emission transmission electron microscopy (FETEM, JEM-2200FS, Japan). The element distribution of the samples was characterized by FETEM equipped with an energy-dispersive X-ray (EDX) detector. The surface chemical properties of the samples were characterized by X-ray photoelectron spectrometer (XPS, Thermo Scientific, USA) with a monochromatic Al Kα radiation source. The upconversion spectra of N-GQDs were monitored on a fluorescence spectrometer (Nanolog FL3-2iHR, France) with excitation wavelengths of 500–900 nm. The UV–vis diffuse reflectance spectra (DRS) were collected on a spectrophotometer (Shimadzu, UV3600IPLUS, Japan) using BaSO4 as the reflectance standard. The steady-state/time-resolved photoluminescence (PL) spectra were obtained by a fluorescence spectrometer (Hitachi F-7100, Japan) with an excitation wavelength of 325 nm. The average decay time (τave) of the samples can be calculated by the following Eq. (S1) [4]:
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Where, τ1 and τ2 are the decay time, and B1 and B2 are the pre-exponential factor.
Photoelectrochemical tests
The photochemical properties were tested by an electrochemical workstation (CHI 660E) equipped with a standard three-electrode system, in which a Pt electrode was used as the counter electrode, an Ag/AgCl (saturated KCl) electrode as the reference electrode, and a NaSO4 solution (0.5 M) as the electrolyte. A 300 W Xenon lamp (λ > 420 nm) was applied as the light source for the photocurrent test system. Electrochemical impedance spectroscopy (EIS) was measured at a frequency from 105 Hz to 0.01 Hz without illumination. The Mott-Schottky (M-S) plot was measured at 103 Hz. The charge carrier density (ND) can be calculated from the M-S plot according to the following Eq. (S2) [5].
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Where ε, ε0, q, E, in the formula respectively represents the dielectric constant (ε (g-C3N4) = 5.25), the permittivity of free space (8.85×10–14 F cm–1) of the semiconductor, elementary electron charge (1.60 × 10–19 C) and testing potential. C represents the capacitance of space charge layers.
Photocatalytic degradation experiment
The photocatalytic activity of the as-prepared samples was investigated by photocatalytic degradation of CIP (10 mg·L–1), TC (20 mg·L–1), and RhB (10 mg·L–1). A 500 W Xenon lamp (CEL-S500) was used as the visible light (420 nm cutoff filter). Firstly, 50 mg photocatalyst and 100 mL contaminant solution were placed in a glass reactor with continuous stirring in dark for 60 min to achieve adsorption–desorption equilibrium. Subsequently, the lamp was turned on to start the photocatalytic reaction. 4 mL of the suspension was extracted at specified time intervals and the photocatalyst powder was removed by filtration with a microporous filter (0.22 μm). The photocatalytic degradation efficiency was calculated by measuring the absorbance of the filtrate at characteristic absorption peaks (272 nm for CIP; 357 nm for TC; 554 nm for RhB) by UV–Vis spectrophotometer (TU1900, China). The degradation efficiency and the corresponding kinetic function of the contaminant were calculated based on the following Eq. (S3) and (S4) [6, 7]:
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Where C0 (mg·L−1) and Ct (mg·L−1) represent the initial and real-time t (min) concentrations of pollutant solution, respectively; A0 and At represent the initial and real-time absorbance of pollutant solution, respectively, and k is the pseudo-first-order rate constant (min−1).
The total organic carbon (TOC) of the filtrate was determined with a TOC analyzer (Vario TOC, Elementar, Germany).

The trapping experiment was used to study the active species produced during photocatalytic degradation. Specifically, p-BQ, EDTA-2Na, and IPA were employed as trapping agents to capture ·O2–, h+, and ·OH, respectively [6]. The different trapping agents (0.1 mM p-BQ, 1 mM EDTA-2Na, and 0.1 M IPA) were dissolved in a certain volume of contaminant solution, respectively, and then subjected to photocatalytic degradation as aforementioned. In addition, the reactive radicals were also detected by electron spin resonance (ESR, Bruker Emxplus, Germany). Therein, the 5,5-dimethyl-1-pyrroline N-oxide (DMPO) was used as the capturer of ·OH and ·O2–.

Photocatalytic H2 production experiment
A series of photocatalytic H2 production experiments were carried out using a Labsolar 6A photocatalytic system (Perfect Light, China). Firstly, 50 mg photocatalyst was dispersed in 100 mL aqueous solution containing 10vol% triethanolamine. Then, 3wt% Pt was loaded on the surface of the photocatalyst by in situ photodeposition using chloroplatinic acid solution (H2PtCl6·6H2O). Subsequently, the reaction system was bubbled with N2 to remove the air before irradiation. A 300 W Xenon lamp (PLS-SXE300C, Perfect Light, China) equipped with a filter (λ > 420 nm) was used as the light source. The amount of H2 produced from the continuously irradiated reaction system for 4 h was determined using gas chromatography (GC9790II with thermal conductivity detector (TCD) and N2 carrier).
Identification of CIP degradation products
For the identification of CIP degradation intermediates, the photocatalytic reaction solutions at different irradiation times were filtered through a 0.22 μm membrane. The collected filtrates were analyzed by liquid chromatography–mass spectrometry (LC–MS). The LC column was a Shimadzu LC-30A C18 column (2.2 μm, 100 × 2.1 mm). The column temperature was 40°C. The flow rate was 0.2 mL·min–1. The feed volume was 2 μL. 0.1% formic acid aqueous solution and acetonitrile were used as mobile phases A and B, respectively. Electrospray ionization source in positive ion mode (ESI+) was performed as the MS detection (AB Sciex Triple TOF 5600+), and the m/z range was set from 100 to 1500.

Results and discussion
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Fig. S2.  XRD patterns of PCN and N-TiO2 before and after heat treatment.
The XRD patterns of PCN and N-TiO2 before and after heat treatment are shown in Fig. S2. The diffraction peaks of PCN-450 show no significant changes compared to PCN, indicating that the secondary heat treatment does not further change the crystal structure of P-doped g-C3N4 hollow nanotubes. Compared to N-TiO2, the peak shape of N-TiO2-450 gets sharper, which is attributed to the coarsening of TiO2 particles due to sintering.
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Fig. S3.  FETEM image of PCN sample.
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Fig. S4.  The high-resolution XPS spectra of (a) Ti 2p, (b) O 1s, (c) C 1s, (d) N 1s, and (e) P 2p for TPCN-1.
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Fig. S5.  UV–vis DRS of PCN and N-TiO2 before and after heat treatment.

The DRS results of PCN and N-TiO2 before and after heat treatment are presented in Fig. S5. There is no obvious difference in the photoabsorption capacity of PCN-450 compared to PCN, suggesting that the secondary heat treatment has no significant effect on its optical properties. Compared to N-TiO2, the photoabsorption edge of N-TiO2-450 has not shifted apparently, but the photoabsorption ability in the range of 430–800 nm is considerably reduced. This is due to the sintering of N-TiO2 after heat treatment, resulting in larger grains, lower specific surface area, and a significant reduction in exposed atoms on the surface, which in turn causes a decrease in photoabsorption capacity [8].
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Fig. S6.  UV–vis DRS of x%G-TPCN samples.
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Fig. S7.  Steady-state PL spectra of PCN and N-TiO2 before and after heat treatment.

The steady-state PL spectra of PCN and N-TiO2 before and after heat treatment are shown in Fig. S7. The peak intensity of PCN-450 is slightly reduced compared to PCN. This may be related to the thinning of a small number of tube walls caused by thermal exfoliation and thus shortening the distance of carrier transfer to the reaction site, which ultimately contributes to some inhibition of electron–hole recombination. The peak intensity of N-TiO2-450 is higher compared to that of N-TiO2, representing a higher recombination rate of its internal carriers. This is attributed to the coarsening of grain sintering in the secondary heat treatment of N-TiO2 so that the diffusion time of electrons from the bulk phase to the surface gets longer, resulting in a higher probability of e––h+ recombination.
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Fig. S8.  Steady-state PL spectra of x%G-TPCN samples.

[image: image14.png]3 ——N-TiO,
S04l —o—N-Ti0,-450
—o— PCN

0.2 F ——PCN-450

0.0 | | | | | | |

-60 -30 0 30 60 90 120
Irradiation time / min

150





Fig. S9.  Photocatalytic degradation curves of PCN and N-TiO2 before and after heat treatment on CIP under visible light.
The photocatalytic degradation properties of PCN and N-TiO2 samples before and after heat treatment were evaluated on CIP, respectively, as shown in Fig. S9. It is found that the photodegradation performance of N-TiO2-450 is instead decreased compared to that of N-TiO2. This is attributed to the sintering phenomenon of N-TiO2-450, which results in larger grains and reduced specific surface area. In turn, there is a decrease in photoabsorption ability, an increase in e––h+ recombination probability, and a reduction in catalytic active sites exposed on the surface. Eventually, the photocatalytic degradation performance of N-TiO2-450 deteriorated [8]. In addition, the photocatalytic performance of PCN-450 is slightly improved compared to that of PCN, but still significantly lower than that of TPCN-1 composite. This is because, compared to N-TiO2 and PCN, the improved performance of TPCN-1 is mainly attributed to the dramatic increase in e––h+ separation efficiency caused by the formed Z-scheme heterojunction. 

[image: image15]
Fig. S10.  (a) UV–Vis absorption spectra of CIP in the 0.1%G-TPCN system under dark and visible light conditions; Photodegradation efficiency and corresponding degradation kinetic for (b, c) RhB and (d, e) TC of samples under visible light (k is the rate constant).


[image: image16]
Fig. S11.  (a) Photostability test of 0.1%G-TPCN for CIP photodegradation; (b) XRD patterns and (c) FT-IR spectra of original and recycled 0.1%G-TPCN; (d) TOC removal efficiency of the samples in CIP solution; (e) Photostability test of 0.1%G-TPCN for photocatalytic H2 production.


[image: image17]
Fig. S12.  Mass spectra of CIP solution treated for different times in 0.1%G-TPCN system: (a) initial CIP solution; (b) after adsorption for 60 min; (c–e) photodegradation after 60, 120, and 150 min.
Table S1.  Comparison with other TiO2/g-C3N4-based composite photocatalysts for photocatalytic degradation performance
	Samples
	Light source
	Degradation conditions
	Degradation efficiency
	k (min–1)
	Enhanced times
	Ref.

	0.1%G-TPCN
	500W Xe lamp, λ>420 nm,

100 mW·cm–2.
	Cat. dosage=0.5 g·L–1, 

CIP (10 mg·L–1), 

RhB (10 mg·L–1), 

TC (20 mg·L–1).
	CIP: 89.6% (150 min)

RhB: 98.5% (60 min)

TC: 94.8% (90 min)
	CIP: 0.0142

RhB: 0.0617

TC: 0.0289
	CIP: 7.9

RhB: 14.0

TC: 13.1
	This work

	TiO2/g-C3N4/CuO
	500W Xe lamp.
	Cat. dosage=0.5 g·L–1,

RhB (30 mg·L–1)
	90.3% (120 min)
	0.0095
	4.52
	[9]

	g-C3N4-TiO2@

CsPbBr3
	300W Xe lamp.
	Cat. dosage=0.2 g·L–1,

TC (20 mg·L–1).
	75.6% (120 min)
	0.01171
	2.8
	[10]

	Cu2O-TiO2-g-C3N4
	LED light source
	Cat. dosage=0.2 g·L–1,

TC (30 mg·L–1).
	93.28% (150 min)
	0.0200
	9.1
	[11]

	TiO2@g-C3N4@ biochar
	250 W metal halide lamp, λ>400 nm.
	Cat. dosage=0.5 g·L–1, 

CIP (20 mg·L–1).
	89.2% (60 min)
	—
	6.16
	[12]

	TiO2@N-hollow carbon spheres/g-C3N4
	300 W Xe lamp, 

λ>420 nm.
	Cat. dosage=1 g·L–1, 

TC (20 mg·L–1).
	85% (120 min)
	0.0125
	6
	[13]

	TiO2/g-C3N4
	14 W UV lamp, 

λ=254 nm, 2.5 mW·cm–2.
	Cat. dosage=0.3 g·L–1,

TC (20 mg·L–1).
	97% (60 min)
	0.058
	6.4
	[14]

	Graphene/TiO2/g-C3N4
	300 W Xe lamp, 

λ>400 nm, 300 mW·cm–2.
	Cat. dosage=0.6 g·L–1, 

TC (15 mg·L–1),

CIP (3 mg·L–1),

RhB (20 mg·L–1).
	TC: 83.5% (80 min)

CIP: 61.7% (60 min)

RhB: 98.0% (50 min)
	TC: 0.0244

CIP: 0.0168

RhB: 0.0559
	TC: 1.63

CIP: 1.89

RhB: 4.18
	[15]

	g-C3N4/TiO2
	150 W Xe lamp
	Cat. dosage=0.25 g·L–1, 

TC (20 mg·L–1).
	99.40% (120 min)
	0.037
	1.85
	[16]

	TiO2 nanorod/g-C3N4 nanosheet
	500W Xe lamp
	Cat. dosage=0.2 g·L–1, 

CIP (15µmol·L–1).
	93.4% (60 min)
	0.0366
	7.5
	[17]

	Fe3O4/TiO2/g-C3N4
	500W Xe lamp, 

λ>420 nm.
	Cat. dosage=1.0 g·L–1, 

RhB/MO (20 mg·L–1).
	RhB: 96.4% (80 min)

MO: 90% (120 min)
	RhB: 0.0441

MO: 0.0186
	RhB: 3.73

MO: 2.74
	[18]

	g-C3N4/TiO2/kaolinite
	Xe lamp, λ>400 nm, 

90 mW·cm–2.
	Cat. dosage=2.0 g·L–1, 

CIP (10 mg·L–1).
	92% (240 min)
	0.00813
	6.35
	[19]

	Mesoporous TiO2@g-C3N4 hollow core@shell
	500W Xe lamp, AM 1.5.
	Cat. dosage=0.2 g·L–1, 

RhB (20 mg·L–1),
CIP (20 mg·L–1).
	RhB: 100% (40 min)

CIP: 74% (120 min)
	—
	—
	[6]

	g-C3N4/TiO2/ halloysite nanotubes
	300W Xe lamp
	Cat. dosage=0.8 g·L–1, 

CIP (15 mg·L–1).
	CIP: 87% (60 min)
	—
	—
	[6]

	Abbreviations: Cat.: Catalyst, k: First-order rate constant, CIP: ciprofloxacin, RhB: Rhodamine B, TC: Tetracycline, MO: Methylene orange.


Table S2.  Comparison with other TiO2/g-C3N4-based composite photocatalysts for photocatalytic H2 production
	Photocatalysts
	H2 activity

(µmol·h–1·g–1)
	Enhanced times
	Light source
	Reaction system
	Ref.

	0.1%G-TPCN
	1950
	12.4
	300 W Xe lamp,
λ>420 nm.
	50 mg cat., TEOA aqueous solution (100 mL, 10vol%), 3wt% Pt.
	This work

	R-TiO2/g-C3N4
	421.445
	1.6
	300 W Xe lamp
	100 mg cat., ethylene glycol solution (170 mL, 5.6vol%).
	[21]

	Cu-TiO2 NF/gC3N4
	261
	18.6
	300 W Xe lamp
	20 mg cat., TEOA aqueous solution (150 mL, 17vol%).
	[22]

	C dots/g-C3N4/TiO2
	580
	6.6
	3 W LED lamp, 

420 nm, 

80 mW·cm−2
	50 mg cat., TEOA aqueous solution (80 mL, 10vol%), 34 μL H2PtCl6 aqueous solution.
	[23]

	d-Ti3C2/TiO2/g-C3N4
	1620
	2.4
	300 W Xe lamp,

λ>420 nm.
	TEOA aqueous solution (10vol%), 3wt% Pt.
	[24]

	Anatase/rutile TiO2/g-C3N4
	1031
	13.6
	300 W Xe lamp,

 λ>400 nm, 

320 mW·cm−2.
	20 mg cat., TEOA aqueous solution (50 mL, 20vol%), 2wt% Pt.
	[25]

	Spheroids TiO2/g-C3N4
	286
	2.3
	300 W Xe lamp,

λ>400 nm.
	TEOA aqueous solution (50 mL, 1vol%), 1wt% Pt.
	[26]

	g-C3N4/TiO2
	200.806
	87.5
	300 W Xe lamp
	60 mg cat., methanol aqueous solution (60 mL, 25vol%), 0.6 mg H2PtCl6·6H2O.
	[27]

	Ag/TiO2/g-C3N4
	1707
	20.6
	350 W, λ>400 nm.
	10 mg cat., TEOA aqueous solution (5 mL, 10vol%), 1wt% Pt.
	[28]

	C-TiO2/g-C3N4
	1409
	24
	300 W Xe lamp,

 λ>420 nm, 

100 mW·cm−2
	20 mg cat., TEOA aqueous solution (100 mL, 10vol%), 2wt% Pt.
	[29]

	TiO2-C3N4
	1041.6
	6.4
	250 W visible light source
	TEOA aqueous solution, 3wt% Pt.
	[30]

	GQDs/Mn-N-TiO2/g-C3N4
	~675
	—
	300 W Xe lamp, 

320 nm ≤ λ ≤ 780 nm
	45 mg cat., 3wt% Pt.
	[31]

	C-dots/g-C3N4/TiO2
	210
	5.3
	350 W Xe lamp, 70 mW·cm−2.
	50 mg cat., TEOA aqueous solution (80 mL, 10vol%).
	[32]

	Abbreviations: Cat.: catalyst, TEOA: triethanolamine.
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