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Experiment section

Chemicals and reagents

1,4-Benzenedimethanol, terephthalamidine dihydrochloride and cesium carbonate 

(Cs2CO3) were of analytical grade and purchased from National Medicines Corporation Ltd. 

of China. Cobaltous nitrate hexahydrate, Sodium hypophosphite, ammonium hydroxide, 

hydrochloric acid and tetrahy-drofuran were obtained from Sinopharm Chemical Reagent Co., 

Ltd. Deionized water with a resistivity of 18.25 MΩ·cm-1 was used in all reactions.

Characterizations

Transmission electron microscopy (TEM) measurements were performed by using a FEI 

Tecnai TF20 microscope operated at 200 kV. The crystalline structures were identified by X-

ray diffraction analysis (XRD, Smartlab-SE) using Cu Kα radiation at 50 kV and 50 mA. The 

elemental composition and chemical valence state were determined by X-ray photoelectron 

spectroscopy (XPS, ESCALAB 250Xi). A 300 W Xe arc lamp was used as illumination 

source in SI-XPS tests. UV-visible diffuse reflectance spectra were performed on a UV-2550 

(Shimadzu) spectrometer by using BaSO4 as the reference. Photoluminescence spectra (PL) 

were obtained by Edinburgh LP 980 spectrophotometer with a 355nm pulse laser as the 

excitation source and a xenon lamp as probe light. Fourier transform infrared spectroscopy 

(FTIR) results of samples were recorded on a Thermo Nicolet NEXUS TM spectrophotometer. 
The loadings of Co2P were measured on inductively coupled plasma-atomic emission 

spectrometer (ICP-AES) on a VistaChip II CCD detector (Agilent 725-ES). Brunauer-

Emmet-Teller (BET) specific surface area of the as-prepared materials was measured via 

automatic specific surface area measuring equipment (ASAP 2020M, USA). Solid-state 

nuclear magnetic resonance (NMR) experiments were carried out on a Varian Infinityplus-

300 spectrometer with a 4 mm double-resonance MAS probe. NEXAFS Measurements: The 

O K-edge X-ray absorption fine structure spectroscopy (XAFS) was measured at the U7C 

station of National Synchrotron Radiation Laboratory (NSRL) China. The storage ring of the 

NSRL was operated at 0.8 GeV with a maximum current of 200 mA.

Preparation of covalent triazine-based frameworks (CTF)

The method was reported by the Tan’s group in 2018.[1,2] 1,4-Benzenedimethanol (69 mg, 

0.5 mmol), terephthalamidine dihydrochloride (235 mg, 1.0 mmol), and cesium carbonate 

(716 mg, 2.2 mmol) were added to the dimethyl sulfoxide solution (15.0 mL) in a round-

bottom flask (25 mL). The mixture was heated at 100 °C for 10 h and then up to 180 °C for 

36 h. The precipitates of the yellow suspension were washed with dilute hydrochloric acid 



(1M, 3 × 10 mL) to remove residual cesium carbonate, and further washed with water (3 × 10 

mL), ethanol (3 × 10 mL), and tetrahydrofuran (3 × 10 mL). The filtered solids were dried in 

vacuum oven for 24 h to yield CTF as a yellow power (150 mg, 84% yield).

Preparation of P-CTF-Co2P

The 0.5, 1, 2 or 4 mg Co(NO3)2 and 10 mg CTF were mixed with 60 mL water, then 

treating with sonication for 1 h to form a homogeneous dispersion. Afterward, 1 mL 

NH3·H2O was added into dispersion solution and stirred for 30 mins. Then, the mixtures were 

washed with distilled water and ethanol several times, and then dried in an oven at 60 °C, 

denoted as CTF-Co(OH)2. Then, the samples were grinded with NaH2PO2·H2O with mass 

ratio at 1:5, then the solid powder was heated in argon atmosphere at 250˚C for 90 mins with 

a ramp of 4˚C/min and cooled naturally to room temperature. At last, the obtained samples 

were washed with distilled water and ethanol several times, and then dried in an oven at 60 °C 

to obtain the catalyst. The resulting catalysts were denoted as P-CTF-Co2P-1, P-CTF-Co2P, 

and P-CTF-Co2P-2. The optimum photocatalytic hydrogen evolution is simplified as P-CTF-

Co2P. The detailed contents of Co2P in catalysts were measured by the inductively coupled 

plasma-atomic emission spectrometer (ICP-AES). The average Co2P loading values of all 

catalysts are calculated to be 1wt%, 2wt% and 4wt% from ICP results, respectively. 

Preparation of P-CTF

The 100 mg CTF were grinded with NaH2PO2·H2O (100 mg) and then heated in argon 

atmosphere at 250˚C for 90 mins with a ramp of 4˚C/min. At last, the obtained samples were 

washed with distilled water and ethanol several times, and then dried in an oven at 60 °C to 

obtain the catalyst.

Preparation of CTF/Co2P and P-CTF/Co2P

The catalyst was first prepared by adding CTF (100 mg) into 60 mL of deionized water 

and then treating with ultrasonication to form a homogeneous dispersion. Afterward, the 2 mg 

Co2P were added into CTF dispersion with sonication for 2h and stirred overnight. Then, the 

mixture was dried in an oven at 60 °C, and heated in argon atmosphere at 250˚C for 90 mins 

with a ramp of 4˚C/min and cooled naturally to room temperature, resulting in CTF/Co2P. The 

photocatalyst of P-CTF/Co2P was prepared following the same processes by replacing CTF 

by P-CTF.

Preparation of P-CTF-Co2P-Co



The 10 mg P-CTF-Co2P were added into 60 mL water, and then treated with sonication 

for 30 min to form a homogeneous dispersion. Afterwards, 10 mg Co(NO3)2·6H2O was added 

into the mixed solution and stirred with for 1 h. Then, the sample was collected by 

centrifugation to obtain P-CTF-Co2P-Co catalysts. 

Preparation of P-CTF-Co2P-Pt

The 10 mg P-CTF-Co2P were added into 60 mL water, and then treated with sonication 

for 30 min to form a homogeneous dispersion. Afterwards, Pt cocatalysts were deposited by 

in-situ photo-deposition strategy from H2PtCl6 precursor (80 μL, 19.3 mmol L−1) under 30 

min. Then, the sample was collected by centrifugation to obtain P-CTF-Co2P-Pt catalysts. 

Preparation of CTF-Pt samples

The 50 mg CTF was added into 100 mL of aqueous solution (0.1 M NaOH, 0.1 M 

NaBH4), treating with ultrasonication to form a homogeneous dispersion. The desired amount 

of H2PtCl6 aqueous solution (0.13, 0.26, 0.39, 0.52 or 0.65 mL, 19.3 mmol•L−1) was added 

into dispersion solution. Subsequently, the solution was stirred for 120 mins and washed with 

water and ethanol. Finally, the as-obtained sample was dried in oven at 60°C.

Photocatalytic H2 evolution activity measurements

The photocatalytic reactions were carried out in a Pyrex top-irradiation reaction vessel 

connected to a closed gas circulation and evacuation system. H2 production was performed by 

dispersing 10 mg of catalyst powder in an aqueous solution (50 mL) containing 

triethanolamine (10 vol%) as a sacrificial electron donor. The photocatalysis experiments was 

performed under the vacuum state, in which the pressure was about 0.7~0.9 KPa. The reactant 

solution was degassed several times to remove air prior to irradiation under a 300 W Xenon 

lamp (PLS-SXE300, PerfectLight Technology Co, Ltd., Beijing). The temperature of the 

reaction solution was maintained at 8°C by the flow of cooling water during the reaction. The 

amount of H2 production was analyzed using an online gas chromatography (Agilent 

Technologies, 7890A).

AQY measurement: The apparent quantum yield (AQY) for H2 evolution was measured under 

the same reaction conditions using different band-pass filter. Depending on the amounts of 

hydrogen gases produced by the photocatalytic reaction in an average of one hour, the AQY 

was calculated as follow:

ηAQY = × 100%
2 ×  𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑜𝑙𝑣𝑒𝑑 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠

𝑡ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑠



=  × 100% =  × 100%

𝑁𝑒

𝑁𝑝

2 × 𝑀 × 𝑁𝐴

𝐸𝑡𝑜𝑡𝑎𝑙

𝐸𝑝ℎ𝑜𝑡𝑜𝑛

= × 100% = × 100%

2 × 𝑀 × 𝑁𝐴

𝑆 × 𝑃 × 𝑡

ℎ ×
𝑐
𝜆

2 × 𝑀 ×  𝑁𝐴 ×  ℎ ×  𝑐

𝑆 ×  𝑃 ×  𝑡 ×  𝜆

where M is the amount of H2 molecules (mol), NA is Avogadro constant (6.022 × 1023/mol), h 

is the Planck constant (6.626× 10-34 JS), c is the speed of light (3 × 108 m/s), S is the 

irradiation area (15.2 cm2), P is the intensity of irradiation light (W/cm2), t is the 

photoreaction time (s), and λ is the wavelength of the monochromatic light (m), the AQY 

were calculated as 31.8% and 11.2 % at 365 and 405 nm, respectively.

Photoelectrochemical measurements

All photoelectrochemical measurements were carried out on an electrochemical 

workstation (CHI 760D) in a three-electrode system and 0.2 mol·L−1 Na2SO4 (pH = 6.8) 

solution as electrolyte solution under 300W xenon lamp light. The sample photoelectrode, a 

saturated calomel electrode (SCE) and a Pt wire were served as the working electrode, 

reference electrode and counter electrode, respectively. In addition, the working electrodes 

were prepared by drop-coating sample suspensions directly onto the precleaned Fluorine-

doped Tin Oxide glass (FTO glass) surface. In detail, the catalysts powder (2 mg) was 

dispersed into 2 mL deionized water containing 20 ul Nafion under ultrasonic treatment for 60 

min to prepare the uniform dispersion. The 50 μL mixture solution was drop-coated onto the 

FTO glass and was dried in oven at 60℃. 

In-situ Fourier transform infrared measurements 

The synchronous illumination diffuse reflectance Fourier transform infrared spectroscopy 

(SI-DRIFTS) was performed on Bruker VERTEX 70 infrared spectrometer equipped with the 

Harrick reaction cell (Model HVC-DRP-5) with ZnSe and quartz windows. The quartz window 

was utilized for the transmission of the UV-vis light provided by a xenon lamp (PLS-SXE300, 

PerfectLight Technology Co, Ltd., Beijing). After the samples were purged by Ar and H2O steam 

for 30 min to reaching the adsorption equilibrium, the background spectrum in the presence of the 

sample was collected. Next, FTIR spectra were recorded as a function of time to investigate the 

dynamics of the reactant desorption/conversion under visible irradiation.

Synchronous illumination X-ray photoelectron spectroscopy (SI-XPS) 



Differently from the normal XPS instrument (ESCALAB 250Xi), a 300 W Xe arc lamp was 

used as illumination source in SI-XPS tests for providing the simulated solar-light with full 

spectrum. In the process of measurements, the changes of XPS spectra were recorded by 

controlling light on or off at given time intervals. The samples were firstly dipped in water 

solution for 12 h to achieve the adsorption equilibrium, and then dried by nitrogen purging for 

removing the non-absorbed water. Subsequently, the obtained samples were put in pretreatment 

chamber of XPS equipment for 12 h to remove the physically absorbed water molecules. Finally, 

the samples were transferred to the analysis chamber to perform the SI-XPS measurements.



Additional Figures and Discussions

Figure S1. (A) C K-edge, (B) N K-edge XANES spectra, (C) solid-state 13C NMR spectra and (D) Nitrogen 

sorption curves of CTFs.

Additional discussion：

Firstly, X-ray absorption near edge structure (XANES) spectra has been conducted to explore 

the coordination environment of C and N atoms in CTFs. As shown in C K-edge XANES spectra 

(Figure S1A), the peaks in the range of 285-287 eV could be assigned to π* resonance, the peak 

located at ∼288.9 eV should be attributed to C-N-C coordination, and the broad peak at ∼294.8 

eV could be indexed to the σ* resonance.3-5 The N-edge XANES spectra of the obtained CTF 

samples are shown in Figure S1B. More specifically, the sharp peak (398.2 eV) and broad peak 

(408.6 eV) could be assigned to π* excitations of the pyridinic (C-N-C) and graphitic (N-3C) N 

species, while the broad peak centered at ∼ 410 eV could be indexed to σ* resonance owing to the 

superposition of graphite-like and pyridine-like nitrogen.6,7

Furthermore, the 13C solid-state NMR shown in Figure S1C clearly demonstrated three 

obvious signals, in which the chemical shifts at 128.0 and 139.0 ppm could be assigned to phenyl 



carbons and the chemical shift at 170.0 ppm should be attributed to the carbon signal from triazine 

rings.8-10 Additionally, their surface areas and pore dimensions have also been evaluated based on 

Brunauer-Emmett-Teller (BET) and Langmuir methods, respectively. As shown in Figure S1D, 

except for the micropores resulting from the aggregated particles, the macropores and mesopores 

have been clearly detected in these CTF samples. The calculated surface area is 426 m²/g, which is 

similar to that of the reported CTF samples.11-13 

On the basis of above results, the CTFs utilized in this work was generally consistent with 

that of the previous reports.

Figure S2. The basic procedures and the ideal structure for fabricating the metal-free P-CTF-Co2P photocatalysts.

Additional discussion：

Figure S2 shows the basic procedures for fabricating P-CTF-Co2P photocatalysts. The 

polymeric CTF semiconductors were fabricated by reported method, and Co2+ ions were firstly 

adhered on the surface of CTF by the electrostatic interaction. After heating in Ar atmosphere, 

PH3 released from the thermal decomposition of NaH2PO2, resulting in the phosphatization 

reaction to form the final Co2P cocatalysts and implant P element into crystals. Apart from the in-

situ reduction, NaH2PO2 is also responsible for the doping in precursor as P source. Finally, the P-

CTF-Co2P photocatalysts were obtained.



Figure S3. TEM images of pure CTF (A) and CTF-Co(OH)2 (B) samples.

Additional discussion：

As shown in Figure S3, The product of intermediate step was CTF-Co(OH)2 in which the 

Co(OH)2 uniformly grown on the surface of CTF. The distinct lattice fringes with the d spacing of 

0.22 nm assigned to Co(OH)2 (002) planes can be observed in the high-resolution TEM (HR-TEM) 

image.14

Figure S4. Size distribution of Co2P nanoparticles in P-CTF-Co2P.



Figure S5. TEM image of CTF/Co2P sample before (A) and after (B) photocatalytic experiment.

Figure S6. The UV-VIS spectroscopy of pure CTF and P-CTF-Co2P samples.

Additional discussions:

Their optical properties have been explored by UV−vis diffuse reflection spectra. As shown 

in Figure S6, compared with pure CTF, the absorption intensity of P-CTF-Co2P catalyst has been 

slightly enhanced, which should be ascribed to the low content of Co2P. This phenomenon 

demonstrated that the spectral absorption was not the decisive factor for effectively hydrogen 

evolution.



Figure S7. the Fourier transform infrared spectroscopy (FT-IR) of P-CTF-Co2P samples. 

Figure S8. the Fourier transform infrared spectroscopy (FT-IR) of CTF, P-CTF and CTF/Co2P samples. 

Additional discussion：

From the result of FTIR, it can be clearly observed that P-CTF-Co2P, P-CTF and CTF/Co2P 

samples exhibited the similar peaks with pristine CTF. However, note that compared with pristine 

CTF, the peaks of 1672 cm-1 and 1014 cm-1 corresponding to stretching vibrations of C=C and C-

H have been decreased in P-CTF-Co2P and P-CTF samples, which means that the P atoms 

bonding with C atoms in the benzene rings attributed to the reduced amount of benzene rings. 

Otherwise, there is no obvious peaks changes between CTF/Co2P and CTF samples which means 

that the bonding of P atoms will not occur in CTF/Co2P complex without one-pot phosphidation 

process.



Figure S9. High-resolution (A) C 1s, (B) N 1s and (C) P 2p XPS spectra of P-CTF sample.

Table S1. The relative ratio of C-C=C to N-C=N bonds of CTF, P-CTF and P-CTF-Co2P samples.

Photocatalyst The peak area of 

C-C=C (S1)

The peak area of 

N-C=N (S2)

The relative ratio of 

S1/S2

CTF 71681.4 7025.8 10.2

P-CTF 9945.6 1800.2 5.5

P-CTF-Co2P 24901.0 3511.5 7.1

Additional discussion:

As shown in Figure S9, the emergence of new peak at the 285.3 eV in C 1s spectrum and the 

P-C peak at 133.2 eV in P 2p spectrum have been observed in the P-CTF samples, similar to P-

CTF-Co2P, demonstating P atoms bonding with C atoms of benzene rings in CTFs after 

phosphidation treatment. The ratios of C-C=C to N-C=N bonds have been evidently decreased 

from 10.2 to 5.5 (Table S1), clearly revealing the evidently reduced amount of benzene rings 

bonded by P atoms. The reason for the different ratios of P-CTF and P-CTF-Co2P was that the 

partial P atoms were involved in phosphatization reaction and transformed into Co2P in P-CTF-

Co2P sample.



Figure S10. solid-state 13C (A) and 31P (B) NMR spectra of P-CTF and CTF samples.

Additional discussions

As shown in Figure S10, the solid-state cross-polarization magic angle spinning carbon-13 

and phosphorus-31 nuclear magnetic resonance (13C-NMR and 31P-NMR) have been further 

performed to unveil the bonding sites and chemical state of phosphorus atoms in P-CTF. The 13C-

NMR spectra of pristine CTFs clearly indicate that all the samples exhibited three obvious 

signals. Specifically, the chemical shifts at 128.0 and 139.0 ppm could be assigned to phenyl 

carbons, and the chemical shift at 170.0 ppm is indexed to the carbon signal from triazine rings15-

17. For the P-CTF samples, a new peak at 115 ppm has been observed in the 13C-NMR spectrum. 

Combining with the XPS and FTIR results, this peak should be attributed to the bonding of the 

C2c with P atoms in the benzene ring structure. Moreover, the two new signals centered on 19 

ppm and 4 ppm have also been detected in 31P-NMR spectra of P-CTF samples, which should be 

are attributed to the P-C coordination in the framework and P-O bond, respectively18.



Figure S11. High-resolution (A) C 1s, (B) N 1s and (C) Co 2p XPS spectra of CTF-Co(OH)2.

Additional discussion:

From the XPS spectra, compared with P-CTF-Co2P, there is no P-C peak and Co-P peak in 

CTF-Co(OH)2 sample, further indicating the successful formation of Co2P cocatalysts in the 

phosphidation process.

Figure S12. High-resolution (A) C 1s, (B) N 1s, (C) Co 2p and (D) P 2p XPS spectra of CTF/Co2P composite.



Figure S13. High-resolution (A) C 1s, (B) N 1s, (C) Co 2p and (D) P 2p XPS spectra of P-CTF/Co2P composite.

Table S2. The relative ratio of C-C=C to N-C=N bonds of CTF/Co2P and P-CTF/Co2P sample.

Additional discussion:

Because of no phosphidation process in CTF/Co2P, the ratio of C-C=C to N-C=N is nearly 

similar to that of CTF. In P-CTF/Co2P, the ratio of C-C=C to N-C=N is nearly similar to that of P-

CTF, further demonstrating the P-C bonding and their anchoring with Co2P cocatalysts in P-

CTF-Co2P, different from CTF/Co2P and P-CTF/Co2P.  

Photocatalyst The peak area of 

C-C=C (S1)

The peak area of 

N-C=N (S2)

The relative ratio of 

S1/S2

CTF/Co2P 12004.0 1222.9 9.8

P-CTF/Co2P 9148.9 1564.3 5.8



Figure S14. Photocatalytic H2 generation of CTF and P-CTF-Co2P catalysts under light irradiation.

Additional discussion

As shown in Figure S14, the effects of Co2P ratios on the photocatalytic performances have 

been studied. With reducing Co2P ratio down to 1 wt% (P-CTF-Co2P-1), the hydrogen evolution 

rate has been decreased from 15.2 to 12.7 mmol•g-1 in 2 hours. In contrast, by increasing Co2P 

ratio up to 4 wt% (P-CTF-Co2P-2), the hydrogen evolution rate has been also decreased down to 

8.4 mmol•g-1. Therefore, the rational incorporation of Co2P nanosheets and CTF with proper ratios 

should be crucial to achieve the optimal activity.

Figure S15. The hydrogen evolution rates of CTF-Pt catalysts under 2 h light irradiation.

Additional discussion

To further investigate the relationship between metal Pt loadings and photocatalytic activities, 

the Pt loaded-catalysts (CTF-Pt) have been prepared and these hydrogen evolution rate have also 



been listed in Figure S15. On the basis of above results, it can be concluded that the increase of 

metal Pt amounts on CTF within a proper range should also be effective for promoting the 

hydrogen production activity. However, with increasing the metal Pt loading amounts (CTF-Pt-4 

and CTF-Pt-5), the hydrogen evolution activities have been evidently decreased. Therefore, the in-

situ bonding of Co2P cocatalysts on CTFs should be a promising strategy for achieving the highly 

efficient photocatalytic hydrogen evolution.

Figure S16. The hydrogen evolution of CTF-Co-precursor (P-CTF-Co2P), CTF-Ni-precursor, CTF-Fe-precursor 

catalysts under 2 h light irradiation.

Additional discussion

This one-step phosphidation strategy could serve as a universe strategy for anchoring other 

metal phosphides on CTFs. The Fe- and Ni-based phosphides have also been fabricated by the 

same process, and their hydrogen production activities have been studied under same conditions. 

As shown in Figure S16, compared with the P-CTF-Co2P samples, these Fe- and Ni-based 

phosphides anchored CTFs exhibited much lower H2 evolution activities. Furthermore, these 

demonstrations clearly indicate that the Co-based phosphides should be more efficient for 

promoting the hydrogen production activities of CTFs.



Figure S17. the TEM image of P-CTF-Co2P sample tested after photocatalytic reaction.

Figure S18. The XPS spectra of P-CTF-Co2P sample tested after photocatalytic reaction.



Figure S19. The FTIR spectrum before and after photocatalytic experiment of the P-CTF-Co2P sample. 

Additional discussion

To investigate the stability of P-CTF-Co2P, ten cycling H2 photocatalytic production 

experiments has been conducted (Figure 3D). Clearly, it can be observed that H2 was continuously 

generated without noticeable deviations. Moreover, after the cycling reaction, the structure and 

morphology of the P-CTF-Co2P sample have also been performed. From the results of TEM, XPS 

and FTIR (Figure S17-19), there is no structural and morphological changes occurred in the used 

P-CTF-Co2P sample after the photocatalytic reaction.

Figure S20. High-resolution (A) C 1s, (B) N 1s XPS spectra of pure CTF sample tested in darkness and under 

illumination.



Figure S21. High-resolution (A) Co 2p and (B) P 2p XPS spectra of pure Co2P sample tested in darkness and 

under illumination.

Figure S22. High-resolution (A) C 1s, (B) N 1s and (C) Co 2p XPS spectra of CTF/Co2P sample tested in darkness 

and under illumination.



Figure S23. The cyclic SI-XPS of P-CTF-Co2P sample.

Additional discussion

The SI-XPS tests under alternate light and dark have been performed for four times. As 

shown in Figure S23, the BE shifts and shape changes could also be observed again in the 2nd-

light irradiation. Moreover, the samples return to the origin states in the 2nd dark. Thereby, these 

demonstrations clearly reveal that the charge transfer between CTF and Co2P of P-CTF-Co2P 

samples should be highly reversible, which could facilitate the stable H2 evolution activity during 

the photocatalytic process. 



Figure S24. High-resolution (A) N 1s and (B) Pt 4f XPS spectra of CTF-Pt sample tested in darkness and under 

illumination.

Additional discussion

As shown in Figure S24, there was a positive shift in the N 1s binding energy, suggesting a 

decrease in its electron density of CTF under light irradiation. And the Pt 4f peak shifted towards 

the low BE direction, indicating the electron enrichment in the Pt sites. It can be clearly seen that 

the photo-generated electron transfer from CTF to Pt under light irradiation.

Figure S25. High-resolution N 1s XPS spectra of P-CTF-Co2P-Co sample.



Figure S26. (A) Photoluminescence spectra, (B) time-resolved photoluminescence spectra monitored at 500 nm of 

CTF, CTF/Co2P and P-CTF-Co2P. All samples are excited with 355 nm light from a pulsed laser (1 mg/ml).

Additional discussions

The steady-state and time-resolved photoluminescence (PL) spectra were performed to 

further explore the photo-generated carrier recombination. As shown in Figure S26, the PL 

intensity of P-CTF-Co2P sample has been significantly decreased compared with pure CTF and 

CTF/Co2P, which demonstrates the high charge separation and transfer efficiency through the 

interfacial P-C bonding. Furthermore, time-resolved photoluminescence (TR-PL) spectroscopy 

was employed to analyze the behavior of charge separation and recombination kinetics. The TR-

PL results reveal that the resulting fluorescent lifetime for P-CTF-Co2P is 7.6 ns, higher than that 

of CTF (4.5 ns) and CTF/Co2P (6.3 ns). The increased lifetime and the quenched PL intensity of 

P-CTF-Co2P should be attributed to suppressed charge recombination of the excited state.

Figure S27. In situ FTIR spectra for co-adsorption of H2O vapor on the P-CTF-Co2P sample.

Additional discussions

Moreover, the in-situ FTIR spectra have been conducted on P-CTF-Co2P sample in H2O 

atmosphere under light-irradiation. As shown in Fig. S27, with increasing light-irradiation time, 



the increased water dissociation peaks in the range of 3450 ∼ 3580 cm-1 could be evidently 

observed. Moreover, the broad absorption peaks from 1319 to 889 cm-1 attributed to the stretching 

vibration of C-O and breakage of O-H bonds could also be detected in the original ranges of 

triazine rings during the photocatalytic process.19-22 These demonstrations clearly reveal that water 

oxidation reaction should be occurred in the triazine rings of CTFs structure, which was also 

consistent with the change transfer direction of in-situ XPS results. 

Figure S28. (A) I–t curves at -0.3 V (vs. SCE); (B) Photoluminescence spectra; (C) time-resolved transient 

absorption spectroscopy (TAS) monitored at 600 nm of P-CTF-Co2P, P-CTF-Co2P-Co and P-CTF-Co2P-Pt. All 

samples are excited with 355 nm light from a pulsed laser (0.1 mg/ml).

Additional discussions

Based on the reviewer’s suggestion, the amperometric I-t curves, steady photoluminescent 

(PL) and transient absorption spectroscopy have been performed to further explore their charge 

separation capability. As shown in Figure S28A, I-t curves clearly reveal that P-CTF-Co2P-Co 

exhibited higher photocurrent density than pristine P-CTF-Co2P and P-CTF-Co2P-Pt samples, 

confirming its more efficient charge separation capability. Moreover, the PL spectra (Figure S28B) 

clearly reveal that compared with P-CTF-Co2P, the Co incorporation could effectively decrease 

peak intensity, indicating the enhanced charge separation efficiency in P-CTF-Co2P-Co. In 

contrast, the PL intensity has been significantly increased after the Pt incorporation. Additionally, 

Figure S28C shows the time-resolved transient absorption spectroscopy (TAS) to probe the 

relaxation course of charge carrier dynamics. It can be clearly observed that the lifetime of 

transient signal of P-CTF-Co2P-Co sample could achieve up to 90.41 ns, which is longer lifetime 

than that of P-CTF-Co2P (67.77 ns) and P-CTF-Co2P-Pt (61.66 ns). On the basis of above results, 



it can be concluded that the Co incorporation could further promote the charge separation 

attributed to effective hole trapping, while Pt incorporation exhibited the negative effects owing to 

its competitions with Co2P for electron trapping. The related results and discussions have been 

added into the revised manuscript and supporting information. 



Table S3. Summarized representative metal-free activated photocatalysts for H2 production

Photocatalyst The loadings of Pt 
element

H2 evolution rate
(μmol·h−1·g−1)

Reference

CTF-HUST-2 3wt% 2647 2

CTF-1 3wt% 1072 23

CTF-N 1wt% 2060 24

CTF‐BT/Th‐1 3wt% 6600 25

CTF-15 3wt% 2946 26

CTF‐HS0.75‐1 3wt% 6040 27

CTF-2 3wt% 45 28

CTF-0-M2 3wt% 1030 29

BP/g-C3N4BP/g-C3N4BP/g-C3N4
CTF-T1 1 wt% 250 30

FL-CTF-2 3wt% 1527 31

PCTF-8 2.3wt% 118 32

B-BT-1.4 3wt% 400 33

TFPT-COF 3wt% 1970 34

N3-COF 3wt% 1703 35

CTF-HUST-C1 3wt% 5100 36

P-CTF-Co2P - 7632 This work
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