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and Camille Petit†,∗

†Barrer Centre, Department of Chemical Engineering,

Imperial College London, South Kensington Campus, London SW7 2AZ, UK

‡Department of Chemistry, Imperial College London,

South Kensington Campus, London SW7 2AZ, UK

¶Current address, Department of Environmental Engineering,

Democritus University of Thrace, Xanthi, Greece

∗E-mail: camille.petit@imperial.ac.uk, Phone: +44 (0)20 7594 3182

Graphitic carbon nitride (g-C3N4) is regarded as an attractive pho-

tocatalyst for solar fuels production, i.e. H2 evolution and CO2

photo-reduction. Yet, its structural, chemical and optoelectronic

properties are very much dependent on the synthesis method and

are likely to contribute differently whether H2 evolution or CO2

reduction is considered. Little is known about this aspect mak-

ing it difficult to tailor g-C3N4 structure and chemistry for a spe-

cific photo-reaction. Herein, we create g-C3N4 of varying chemical,

structural and optical features by applying specific thermal treat-
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ments and investigating the effects of the materials properties on

solar fuel production. The samples were characterized across scales

using spectroscopic, analytical and imaging tools, with particular

attention given to the analyses of trap states. In the case of H2

evolution, the reaction is controlled by light absorption and charge

separation enabled by the presence of trap states created by N va-

cancies. In the case of CO2 photo-reduction, reactant adsorption

appears as a dominating factor. The analyzes also suggest the ther-

mal treatment leads to the formation of trap states located close to

the valence band of g-C3N4.

Keywords: g-C3N4, H2 evolution, CO2 photo-reduction, optoelectronic properties, solar

fuels, photocatalysis.

1 Introduction

The field of solar fuels, i.e. the production of fuels using sunlight, provides one of the

possible approaches towards energy sustainability.1,2 Solar fuels reactions include both H2

evolution, either from direct water splitting3 or through the use of sacrificial agents,4 and

CO2 conversion to energy dense compounds, such as CO, HCO2H or CH4.
5 This potential

energy production route comes with a number of challenges to make such processes effi-

cient, durable and cost effective. In particular, a crucial aspect is the design, production

and usage of a photocatalyst. From a fundamental perspective, if the energy levels of a

semiconductor (i.e. the positions of the valence and conduction bands) are thermodynam-

ically favorable, a material would be able to promote both the aforementioned reactions

mainly depending on the available species on its surroundings. Moreover, the kinetics
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of the process will ultimately control the reaction rates and even determine if a reaction

takes place or not. If both conditions are satisfied, a photocatalyst could interact with its

chemical environment and promote specific reactions in accordance.

To this day, titania – and modifications thereof – remains the benchmark photocatalyst

for both H2 evolution and CO2 conversion as it allows for a reasonable compromise between

efficiency, cost and robustness.6–8 Yet, the wide band gap and related poor light absorption

of titania – only UV radiation is used – constitute a major bottleneck to the deployment

of solar fuel technologies. For this reason, a number of other photocatalysts are being

explored. These include: metal oxides,9 chalcogenides,10 graphene oxide composites,11

supported plasmonic noble metals,12–15 metal-organic frameworks,16,17 graphitic carbon

nitride (g-C3N4)
18 and composites thereof.19,20

Of particular interest here is g-C3N4, whose combination of features – i.e. tunable

chemistry, metal-free sensitizer nature, visible-light absorption, thermal stability and

straightforward synthesis – have made it a strong contestant as a solar fuel photocat-

alyst. g-C3N4 is a 2D polymer chemically composed of C and N, arranged in triazine or

tri-s-triazine units.21 Importantly though, its photocatalytic performance is largely hin-

dered due to fast charge recombination, resulting in low efficiencies.22–24 Modifications

of g-C3N4 have been tested in order to improve its photo-activity and efficiency. Some

successful attempts include mesostructure introduction,25 nanostructure engineering,26,27

co-polymerization,28 formation of g-C3N4 composites,20,29 noble metal deposition18 and

metal30/non-metal doping.31

An effective way to tune the g-C3N4’s light absorption property is to alter the structure

and chemistry of the material via a thermal treatment (up to 750 ◦C).32–36 While some

have explored synthesizing g-C3N4 materials at different temperatures,32,36 others have

employed a post-synthetic thermal treatment in order to modify the bulk g-C3N4.
33–35
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The thermal treatment typically leads to a change in the chemistry and structure of the

material with appearance of N vacancies and alteration of the 2D stacking and interlayer

hydrogen bonding.33,34 Interestingly, the exact nature of the structural changes seems to

vary from study to study and/or is interpreted differently. Regarding the impact of the

thermal treatment on the optoelectronic properties, most papers – with the exception

of the study by Lin et al.36 – point to a red-shift on the g-C3N4 band gap, due to the

activation of electronic transitions from the lone pair of electrons in nitrogen atoms.32–35 A

reduction of charge recombination has been observed across the different works.32–36 The

creation of mid-gap states has been speculated in order to explain the trends observed in

terms of H2 evolution and/or CO2 production.
34,35 From these prior studies, it is clear that

thermal treatment has a positive impact on the light absorption property of the materials

and its photocatalytic performance. However, the reason for such improvement remains

loosely understood and therefore controlled. Particularly, the position of the trap-states

created upon thermal treatment has not been clarified. Yet, this has a direct impact on

the possible reactions to be catalyzed. In addition, the role of the materials properties – be

it chemical, structural or optoelectronic – are likely to vary whether H2 evolution or CO2

photo-reduction is considered, especially when, in the latter case, gas phase reactions take

place. Understanding the requirements in terms of materials features for these reactions

is crucial for the design of improved photocatalysts. This has never been reported before

and has direct impact in the design of carbon nitride based photocatalytic structures for

solar fuel production. In fact, the two reactions investigated herein are in competition

and are scarcely presented in a single work in the literature, specially using carbon nitride

materials.

This study focuses on precisely exploiting thermal treatment to create a range of

carbon nitride materials with varied chemistry and structure. These materials are used
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to link the materials features – structural, chemical and optoelectronic (particularly mid-

gap states creation) – to both H2 evolution and CO2 photo-reduction performances. As

part of this ‘exercise’, we investigated the position of mid-gap states. To conduct this

overall study, detailed profiles of the materials band structure as well as chemical and

physical properties were built using a range of complementary analytical, imaging and

spectroscopic techniques.

2 Experimental

2.1 Materials and reagents

Ethanol (99.9%) and sodium sulfate used for electrolyte preparation were purchased from

VWR. Reactants melamine (99%) and triethanolamine (99.0%) (TEOA) were obtained

from Sigma-Aldrich. The resin used in the electrodes preparation was a tropicalized

varnish RS 199-1496. All chemicals were used as received without further purification.

2.2 g-C3N4 synthesis and thermal treatment

g-C3N4 was synthesized by adding melamine to a covered ceramic crucible. The crucible

was then heated at 5 ◦Cmin−1 up to 560 ◦C under static air. The temperature was main-

tained for 4 h and the sample was finally let to naturally cool-down. The as-synthesized

bulk g-C3N4 product was labeled as ‘CN-as’. This sample was then subjected to further

thermal treatment. In a typical experiment, 1.8 g of CN-as was heated at 2 ◦Cmin−1 rate

up to the desired temperature: 620 ◦C, 650 ◦C, 680 ◦C and 700 ◦C. The sample was main-

tained at the final temperature for 2 h before it was allowed to naturally cool-down to

ambient temperature. Throughout the thermal treatment, the furnace was continuously

purged with 50mLmin−1 of N2. The thermally treated samples are referred to as ‘CN-

[temperature]’, i.e. CN-700 for the material treated at 700 ◦C. The final mass of sample
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CN-650 was 1.17 g, and 83mg in the case of CN-700.

2.3 Characterization

Structural and chemical characterization Powder X-ray diffraction (PXRD) mea-

surements were recorded at room temperature on a PANalytical X’Pert PRO diffrac-

tometer operating at 40 kV and 40mA with monochromatized Cu Kα radiation (λ =

0.15418 nm). The materials’ textural properties were obtained using a Micromeritics

3Flex apparatus. A two-stage degas process was employed to evacuate the samples from

any adsorbate traces. During the first stage, a Micromeritics VacPrep Degasser was used

to degas the samples, firstly at ambient temperature for about 5 h, followed by overnight

degassing at 120 ◦C. The second stage consisted of an in situ degas performed at 120 ◦C

for 5 h. The nitrogen adsorption and desorption isotherms were measured at 77K. The

Brunauer-Emmett-Teller (BET) surface area (SBET)
37 was calculated over the relative

pressure range 0.05 to 0.35. The total pore volume (VΣ) was calculated from the amount

of nitrogen adsorbed at a relative pressure of about 0.97. The micropore volume (Vµ)

was calculated by Dubinin-Radushkevich method.38 Scanning electron microscopy (SEM)

images were taken using a high resolution LEO Gemini 1525 FEGSEM at 5 kW in sec-

ondary electron mode (InLens detector). Prior to analysis, the samples were ground

and mounted on carbon tape and coated with 10 nm chromium. Transmission electron

microscopy (TEM) images were obtained using a JEOL 2100Plus instrument at an accel-

eration voltage of 200 kV. Before analysis, the samples were sonicated in ethanol and then

drop casted on a carbon coated copper grid. Attenuated total reflection Fourier transform

infrared (ATR-FTIR) spectra were collected at room temperature using a Perkin-Elmer

Spectrum 100 Spectrometer equipped with and ATR cell. The spectra were generated,

collected 8 times, and corrected for the background noise. The experiments were done on
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powered samples, without KBr addition. X-ray photoelectron spectroscopy (XPS) mea-

surements were carried out on a Thermo Scientific K-Alpha+ X-ray Photoelectron Spec-

trometer equipped with a MXR3 Al Kα monochromated X-ray source (hν = 1486.6 eV).

X-ray gun power was set to 72W (6mA and 12 kV). Survey scans were acquired using

200 eV pass energy, 0.5 eV step size and 100ms (50ms x 2 scans) dwell times. All high

resolution spectra (C1s and N1s) were acquired using 20 eV pass energy, 0.1 eV step size.

The samples were ground and mounted on the XPS sample holder using conductive car-

bon tape. Thermo Avantage was used for analysis of the XPS data with charging effects

corrected by offsetting data so that the adventitious carbon occurred at 284.8 eV.

Optoelectronic properties characterization Diffuse reflectance ultraviolet-visible

(DR-UV/Vis) spectra were obtained on an Agilent Cary 5000 UV-Vis-NIR equipped

with an integrating sphere. The samples were compressed onto a KBr backed pellet

for analysis. The spectral band width (SBW) was set to 2 nm and Spectralon was used

as a standard. Chronoamperometry (CA) measurements were obtained using an Autolab

PGSTAT302N electrochemical workstation, under cyclic irradiation (∆t = 20 s) from a

Xe arc lamp (300W, λ > 325 nm, LOT Quantum Design). The photo-current measure-

ments were performed in a conventional three-electrode cell, using Pt and Ag/AgCl as the

counter electrode and reference electrode, respectively. A voltage bias of 0.5V was applied

throughout the experiments. The working electrode was prepared on a fluorinedoped tin

oxide (FTO) glass protected with the resin. The samples were dispersed in and sonicated

in ethanol. The slurry was then deposited onto the FTO glass and dried at 65 ◦C. The

electrolyte solution consisted of sodium sulfate with a concentration of 0.5mol L−1. Static

photoluminescence (s-PL) measurements were obtained on a Fluorolog FM-32 spectroflu-

orometer (Horiba Jobin Yvon) in air with a visible detector. Diffuse reflectance transient
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spectroscopy (DR-TS) measurements for the microsecond-second transient absorption de-

cays were recorded using laser excitation pulses (6 ns) generated from a tunable optical

parametric oscillator (Opolette 355, when the excitation λ was 355 nm). A liquid light

guide with a diameter of 0.5 cm was used to transmit the laser pulse to the sample.

The excitation density was typically adjusted to 170 µJ cm−2, unless otherwise stated. A

quartz halogen lamp (100W, Bentham, IL 1) with a stabilized power supply (Bentham,

605) was used as the probe light source. To reduce stray light, scattered light, and sample

emission, a monochromator was placed after the sample and appropriate light band pass

filters were placed before the sample. The probe light passing through the sample was

detected using a Si photodiode. The signal was passed through an amplifier (Costronics

Electronics) and then measured using a digital oscilloscope (Tektronix 3012). The data

was processed using home-built software based on Labview. The decays observed are the

average between 16 and 32 averages laser pulses. For measurements in liquid phase, deion-

ized water and 10% TEOA aqueous solution were used. On gas phase measurements, air

and Ar atmospheres were employed on the sample cell. In all cases the samples were

degassed with Ar prior to measurements and then allowed to equilibrate for 2min under

the set-up conditions.

2.4 Photocatalytic H2 evolution

A purpose-built liquid/solid teflon-lined reactor setup was assembled as illustrated in

Figure S1. The photocatalyst (40mg) was dispersed in 50mL of 10% TEOA aqueous

solution and placed in a Teflon vessel. The vessel was inserted in a stainless steel closed

reactor. Zero grade (99.998%) N2 was flowed at controlled rates using mass flow con-

trollers (Omega Engineering, 0 to 100mLmin−1). The system was purged with N2 for

30min and then H2PtCl6 solution was added in the amount correspondent to a mass frac-

8



tion of 2% (Pt was used to serve as co-catalyst). The photo-reactor was vacuumed and

replenished with N2 five times. A Xe arc lamp (150W, λ > 325 nm, LOT Quantum De-

sign), equipped with a water filter was used as the irradiation source. When only visible

radiation was used, a cut-off filter of 400 nm was employed. Under on-line operation, a

continuous stream of 15mLmin−1 of N2 purged the evolved gases from the reactor. Under

semi-batch operation, the reactor was pressurized up to 1.28 bara, with samples collected

every 1.5 h, up to 5 h. Evolved gases were detected using a gas chromatograph (Agilent

Technologies) with hayesep and mol sieve columns in series, thermal conductivity and

flame ionization detectors.

2.5 CO2 adsorption and CO2 photo-reduction

CO2 sorption isotherms 25 ◦C were measured up to 1 bara using the 3Flex Micromeritics

sorption analyzer. The same degas procedure was conducted as for N2 sorption analy-

ses. CO2 photo-reduction was performed using a purpose-built gas/solid photo-reactor

(Figure S2). The reactor internals accommodated a dry stage where the photocatalysts

could be supported. The photocatalysts (25mg) with added 2% Pt on a mass basis were

deposited on a stainless steel disk with a fixed area of 9.6 cm2. Research grade (99.999%)

CO2 and H2 (99.9995%, Peak Scientific PH200 hydrogen generator) were flown at con-

trolled rates using mass flow controllers (Omega Engineering, 0 to 50mLmin−1). Firstly,

the photo-reactor was vacuumed and replenished with CO2 and H2 five times. Then, CO2

and H2 (1.5 vol/vol ratio) was passed over the photocatalyst bed in the photo-reactor for

15 residence times before it was sealed at 1.15 bara. A Xe arc lamp (150W, λ > 325 nm,

LOT Quantum Design) irradiated the photo-reactor with a single sample collected after

6 h of operation. The gas phase was analyzed with the previously described GC.
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3 Results and Discussion

3.1 Materials characterization

Physical properties Structural characterization of the samples was first conducted in

order to get insights into the effect of the thermal treatment on the morphology of the

samples from the nano to the macroscale. The PXRD patterns of the as-synthesized and

all the thermally treated g-C3N4 are shown in Figure 1a. Two main angle reflections

are identified. The low-angle peak, at 13.0◦ (d = 6.80 Å) for the (100) reflection, can be

attributed to the in-plane structural packing motif of the tri-s-triazine units while the

strong peak, at around 27◦ for (002), corresponds to the inter-planar distance between

sheets.39 Figure 1b contains peak data obtained from the PXRD spectra. The results

suggest an improved stacking of the g-C3N4 nanosheets, with the calculated inter-planar

distance continuously decreasing from 3.25 Å to 3.18 Å, as the thermal treatment temper-

ature increased from 560 ◦C to 700 ◦C. This trend has been previously reported40,41 and is

explained by a planarization of the single layers, as opposed to the potentially undulated

bulk CN-as. This is further supported by the analysis of the full-width at half-maximum

(FWHM) which shows a decrease of the peak widths as the thermal treatment tempera-

ture increases, suggesting again an improved stacking of the material’s nanosheets. Hence,

it is hypothesized that as the temperature of thermal treatment increases, the material’s

nanosheets are allowed to relax any non-planar imperfections, allowing for better packing.

Interestingly, this is different from the distortion of the nanosheets upon thermal etching,

that was observed by Chen et al.32 – though PXRD patterns were not collected. We also

note that in our work, we do not observe the pronounced amorphization that is apparent

in other works from PXRD patterns, like for instance, the studies by Kang et al.33 and

Niu et al.34 This could originate from the different synthesis precursor and conditions
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applied in the post-thermal treatment.
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Figure 1: Characterization of the physical properties of the thermally-treated g-C3N4

samples: a) Powder X-ray diffraction patterns, right inset shows zoom over reflection (002)
which corresponds to the layer stacking; b) Interlayer distance between g-C3N4 nanosheets
and FWHM of reflection (002) of the powder X-ray diffraction; c) BET surface area, total
pore volume (VΣ) and micropore volume (Vµ).
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To get further insight into the structure of the samples at the nanoscale, their porosity

was analyzed using N2 sorption isotherms at 77K (Figure S3). The BET specific surface

area increases more than four times up to 78.4mg−2, from CN-as to the highest thermally

treated sample at 700 ◦C. The pore volumes and pore size distribution followed a similar

trend with an increase in pore volume (Figure 1c, Figure S4). The increase in porosity

and surface area is key in providing access to catalytic sites and reducing bulk charge

recombination. We note that the increase in the BET surface area seems contradictory

to the simultaneous decrease in the interlayer spacing observed earlier. We attribute this

effect to the fact that the thermal treatment likely causes an increase in the amount of

defects on the polymeric structure and particularly, triggers the formation of holes within

the carbon nitride sheets structure thereby leading to an increase in porosity, as supported

later via imaging. This has already been suggested in prior studies.33,34

SEM image provided some insight into the effect of the thermal treatment on the

samples’ morphology at the macroscale. CN-as (Figure 2a) exhibits a lumpy surface

with no visible macropores. As the sample is subjected to thermal treatment, ‘cracks’

start appearing on the surface of samples (Figure 2b) and macropores become visible for

the sample treated at the highest temperature (Figure 2c). TEM images are shown in

Figure 2d-f. As observed in other studies,33,34 the number/size of holes on the carbon

nitride nanosheets increases with the extent of the thermal treatment.

To summarize, the physical properties of the g-C3N4 samples were dramatically mod-

ified by the thermal treatment. The porosity of the material increased considerably in

micro-, meso- and macroscale regions, due to the appearances of defects/holes within the

structure. In parallel, improved stacking of the nanosheets is indirectly observed.
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Figure 2: Characterization of the morphology of the thermally-treated g-C3N4 samples:
SEM and TEM images of CN-as (a, d), CN-650 (b, e) and CN-700 (c,f).

Chemical properties In addition to the structure of the samples, the chemistry plays

a role in the photocatalytic behavior of the materials. Material’s surface chemistry can

influence the adsorption behavior as well as the optoelectronic properties. Hence, XPS

was employed to investigate possible chemical changes. As expected, the only observed

species on the samples were C, N and O (Figure S5a). The XPS spectra were corrected

for charging effects using adventitious carbon peak (284.8 eV) as reference.34,42 The core

levels of C (Figure 3a) were de-convoluted into three peaks (excluding adventitious car-

bon).32,43,44 The main core level peak at 288.2 eV is ascribed to sp2 hybridized carbon

(C–(N)3) of the tri-s-triazine rings.45,46 The weaker peaks at 285.7 eV (O–C––O) and

288.7 eV (C–O) are due to surface oxidation of the carbon film.42 Regarding the N core

levels (Figure 3b), three peaks were found at 398.8 eV, 400.1 eV and 401.2 eV, which is at-

tributed to sp2 hybridized aromatic N atoms present in C–N––C, sp3 hybridized N atoms

in N–(C)3 and terminal amino groups (C–NH2 or ––NH), respectively.39,47 As expected,

analysis of the nitrogen relative amounts (Figure 3c) shows a relative enrichment of car-
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bon on the samples.33–35 Indeed, as nitrogen leaves the g-C3N4 structure and gives origin

to vacancies, the atomic ratio of C/N increases from 0.73 to 0.76.
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Figure 3: Characterization of the chemical properties of the thermally-treated g-C3N4: a)
C core level XPS spectra; b) N core level XPS spectra; c) Relative amounts of different
N species derived from the XPS spectra; d) ATR-FTIR spectra.

The ATR-FTIR spectra of the parent g-C3N4 and thermally treated materials are

shown in Figure 3d. The sharp band at 800 cm−1 is characteristic of tri-s-triazine vi-

brations within the structures.21,48 The multiple bands found between 1200 cm−1 and
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1800 cm−1 are typical of C–N stretching and bending vibrations of N heterocycles.39,49

No bands were observed between 1800 cm−1 and 3000 cm−1, indicating that there are no

triple-bonded –C–––N groups or double bonds –CN––C––C– in the g-C3N4 samples,49 in

accordance with the XPS data. Bands observed in the 3200 cm−1 region are due to N–H

groups, at the edges of the tri-s-triazine units.43,50 As the temperature of the thermal

treatment increases, the bands intensity in that region increases due to the formation of

defects and holes on the nanosheets structure and consecutive generation of more amino

groups, as supported by the XPS data. This is in agreement with the findings from N2

sorption.

Overall, the post-synthesis thermal treatment promotes the relative enrichment of

carbon on the samples due to nitrogen being released from the g-C3N4 structure. These

nitrogen vacancies are likely to play a role in the optoelectronic properties of the ma-

terial.32–35 Hence, a detailed study of the optoelectronic properties and photocatalytic

performance was performed and is provided below.

Optoelectronic properties Finally, the optoelectronic properties of the materials were

characterized as they are directly relevant to the photocatalytic performance. The steady

state DR-UV/Vis spectra of the different samples are shown on Figure 4a. The parent

material CN-as exhibits a single light absorption edge (not maxima) at around 450 nm.

This absorption peak is characteristic of g-C3N4 polymers, and corresponds to the in-

trinsic electronic transition π → π∗.43 After thermal treatment at 620 ◦C, a red-shift of

this sample’s absorption edge is observed, in contrast to thermal treatments at higher

temperatures which suffered a blue-shift of the same absorption peak. This behavior has

previously been reported26,32,51 and is a result of quantum confinement, due to the overall

layer dimension reduction caused by breakage during thermal treatment.52,53 In addition,
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all thermally treated samples started developing a new absorption peak with an absorp-

tion edge (not maxima) at around 600 nm. This absorption peak becomes stronger as the

temperature of the thermal treatment increases, being widely dominant on sample CN-

700. This peak indicates the occurrence of n → π∗ transitions for electrons available on

the lone pairs of nitrogen present in tri-s-triazine.32,43,49 Because such transitions are gen-

erally forbidden for perfectly symmetric tri-s-triazine planar units, the latter observation

suggests the presence of structural distortions and defects generated during the thermal

treatment, as supported by the materials’ characterization analyzes discussed earlier.49,54

Next, we built a relative band diagram of selected materials (Figure 4b). This was

done following the method used by Wang et al.55 and Scanlon et al.56 by using data from

the XPS valence band and core levels positions, and the band gap energies obtained from

DR-UV/Vis spectroscopy (Figure S6). Such approach relies only on experimental data

and therefore avoid the need to make assumptions and/or simplification of the materials

structure and chemistry that is required for theoretical studies. As seen in Figure 4b,

as the temperature of the thermal treatment increases, the band gap of the materials

is decreased resulting in a red-shift for the absorption of the materials. This is due to

the shift of the conduction band to lower energies, likely caused by the introduction of N

vacancies. On the other hand, the valence band position remains relatively unaltered after

the thermal treatment. Moreover, materials CN-650 and CN-700 show an intermediate

mid-gap state (inexistent for parent material CN-as), a direct result of transitions n → π∗

now being allowed.32 The position of the mid-gap state is covered later in this study.

Static photoluminescence (s-PL) spectra for the different samples were obtained and

are presented in Figure 4c. Sample CN-as shows the most pronounced radiative recombi-

nation extent from all samples, as observed in other works.33–35 The extent of occurring
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fluorescence quenching is greatly decreased upon post-thermal treatment, with CN-650

exhibiting the least radiative recombination amount. A possible explanation for the im-

mediate change of the radiative charge recombination may be due to the retention effects

of trap states due to N vacancies, which can promote assisted recombination (as opposed
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to band-to-band recombination) as well as the improved charge localization on more sur-

face terminal sites.33,34,57–59 Since g-C3N4 is a polymer with several tri-s-triazine units

which constitute a conjugated network with the formation of π∗ antibonding orbital, it is

expected that the main emission s-PL peak emission is due to the electron-hole recombi-

nation from the excited charge and its corresponding hole.32,60 CN-as photoluminescence

emission maximum at 460 nm clearly matches the main valence band to conduction band

excitation observed in the DR-UV/Vis spectra. For sample CN-620, the spectra is pre-

sented as a broad emission band with a maximum at around 500 nm.49 In this case it is

believed that charge recombination from trap states, mainly due to n → π∗ electron tran-

sitions, start to have a significant impact on the spectra shape. As the thermal treatment

temperature increases even further, samples show another emission peak at lower wave-

lengths. This secondary s-PL emission peak < 460 nm, can be attributed to new light

absorption features shown on Figure 4a, that occur in the UV region, as observed for

materials CN-650, CN-680 and CN-700.32,61 Overall, it is expected that weaker s-PL peak

emissions are a result of more efficient charge separation, which can potentially improve

photocatalytic reactions.

Chronoamperometry (CA) measurements are shown on Figure 4d. The thermal treat-

ment resulted in an increase in current up to 33% for CN-650, when compared to parent

material CN-as. Beyond 650 ◦C, the difference between the current in dark and under

irradiation decreases, with CN-700 showing even lower current when compared with the

parent material CN-as. Due to the nature of this experiment, it can be inferred that

higher currents are due to higher oxidative reaction rates. This improved charge separa-

tion indicates that a photocatalyst is better able to more efficiently generate electron-hole

species that can potentially participate in reactions.46,47
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3.2 Photocatalytic activity

H2 evolution The results for H2 evolution are shown in Figure 5. As seen on Figure 5a,

among the thermally treated g-C3N4 materials, CN-650 shows the best performance under

flow operation using UV-vis light (77% higher rate than CN-as). In general, the thermally

treated samples show improved H2 evolution compared to the parent material CN-as

with the exception of sample CN-700. The trend is similar to that observed with the

CA measurements (Figure 4d). Overall, the material’s charge separation properties due

to the existence of trap states, lead to a greater photocatalytic activity. Under visible

light irradiation only (Figure 5b), CN-650 demonstrates again the highest H2 evolution

rates among the thermally treated samples. The other g-C3N4 thermally treated samples

followed a similar trend to that observed under flow/UV-vis conditions with the exception

of sample CN-700 which performed slightly better than CN-as. From these observations,

it is suggested that the light absorption properties in relation to n → π∗ transitions

referred to earlier, have impacted the materials’ H2 evolution performance. As a result,

CN-700 performs better than CN-as under visible light irradiation, despite worse charge

separation capabilities based on CA.
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Figure 5: Photocatalytic evolution rate of H2 produced in the photo-reactor under: a)
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To gain a better understanding of the charge dynamics of the materials, DR-TS ex-

periments on the annealed samples CN-650 and CN-700 were conducted in aqueous sus-

pension, with and without the presence of a sacrificial agent, namely TEOA. In the latter

case, as seen in Figure 5b, both materials are able to accumulate charges in water. How-

ever, the lack of H2 evolution under these conditions, suggest that the observed species

correspond to localized charges on defect states (or trap states). Interestingly, when the

same experiments are carried out in the presence of TEOA, which is able to irreversibly

react with the photo-generated holes, the amplitude of the spectra significantly decreases

and the shape changes. This suggests that the accumulated charges in the absence of

TEOA, were holes able to react with TEOA but not with water alone. These could be

tentatively assigned to holes on the middle band states close to the valence band (see Fig-

ure 4b for the position of the mid-gap states) that can only be scavenged in the presence of

a suitable sacrificial agent. We note that the position of these mid-gap states differs from

those proposed in other studies,34,35 which located them closer to the conduction band.

In this report, the position of the mid-gap states was speculated to originate from the

defects caused by the thermal treatment. Its position was assumed to be similar to that

of the energy levels originated by the defects, which allowed for the n → π∗ transitions.

This is supported by the DR-TS results, where the holes trapped in the mid-gap states

would to be located at an high enough potential to scavenge electrons from TEOA. Un-

fortunately, a direct quantitative comparison between the samples was impossible, due to

the different suspension properties of the studied materials. Nevertheless, a quantitative

interpretation of the results within each sample is achievable by analyzing the amount of

charges under different conditions, i.e. with and without TEOA. The difference in signal

amplitude between both conditions is due to the number of charges that have reacted

with TEOA and correlate to how many electrons have survived long enough to gener-
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ate H2. These numbers are presented in (Figure 5d) and as can be observed, CN-650 is

reacting with TEOA more efficiently (93% signal reduction) than CN-700 (only 84% of

signal reduction), which translated into higher H2 generation rates for sample CN-650.

In summary, the obtained catalytic and spectroscopic results suggest that H2 evolution is

controlled by the material’s charge formation abilities and light absorption capabilities.

Based on the understanding of the charge transfer between electronic states, a schematic

of the proposed mechanism is shown on Figure 5e.

CO2 photo-reduction reaction We now focus our attention on the CO2 photo-

reduction experiments. As seen on Figure 6a, CO2 uptake at 1 bar and 298K (left hand

side axis) increases with the thermal treatment, up to about 4 times for CN-680 and CN-

700. This can be linked to the increase of N vacancies with the thermal treatment. The

tested materials can be classified into two series by comparing the CO2 uptake capacity

with the catalytic activity (Figure 6a). Materials with low or moderate CO2 uptake pre-

sented low CO2 conversion while materials with high CO2 uptake, namely CN-680 and

CN-700, presented higher photoactivity. We speculate that the N vacancies are acting

as not only the adsorption but also the reduction sites for CO2. While the CO2 uptake

follows that of the porosity, it is unlikely that this was the governing factor for CO2

photo-reduction at this low pressure. Instead, the creation of defects and the formation

of amino groups (Figure 3c) is more likely to have played a role.

Interestingly, the trends in performance for H2 evolution and CO2 photo-reduction

differ. In the latter case, enhancement when compared to the reference material, CN-as,

is only observed at the highest temperatures, i.e. 680 ◦C and 700 ◦C, with CN-700 sample

exhibiting a CO production rate 1.7 times higher than that of CN-as. This behavior

highlights the intrinsically different mechanisms taking place for the two reactions and
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by pulsed 355 nm excitation, inset shows decay kinetics of sample CN-as in air and Ar.

points to the different materials requirements. We note that Tu et al.35 recently reported

that the most active post-thermally treated g-C3N4 for H2 evolution also presented the

highest CO2 photo-reduction rates. This differs from our findings. We attribute this to

the different materials’ features caused by the distinct thermal treatment conditions, in

terms of temperature and atmosphere. In fact, this difference supports our hypothesis

that the materials ‘profile’ directly influence its photocatalytic properties.

In order to rationalize these results, analogous DR-TS experiments to those conducted

to understand H2 evolution, were performed in gas phase (Figure 6b) under Ar (inert

conditions) and air (the O2 present in this conditions can react with the accumulated

electrons). Firstly, it is noted that very different spectral features are observed for each

sample in gas phase (Figure S7, when directly compared to the liquid phase DR-TS ex-

periments), a distinction that is also observed on the CO2 photo-reduction experiments

(Figure 6a). This suggests that the environment of the material impacts the nature of
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the trap states (long lived), resulting in different spectral features. Under inert conditions

(Ar atmosphere), all the observed charges at long time scales are assigned to trap states.

When the experiment was carried out under the same light conditions, CN-as was the one

presenting more trapped charges, with CN-650 and CN-700 showing a similar number of

trap charges. Quenching experiments using O2 as electron scavenger (inset Figure 6b),

suggest that the charges accumulated on CN-as are more reactive towards O2 in compar-

ison to samples CN-650 or CN-700, which presented unaltered spectra and kinetics. This

indicates that the charges observed under Ar atmosphere for CN-as are reactive towards

reduction reactions. This is in agreement with the higher CO2 photo-reduction rates ob-

served for this material when compared to CN-650, despite CN-as presenting lower CO2

uptake (Figure 6a). These results might seem contradictory to those obtained using s-PL

and CA, which pointed to a higher extent of radiative recombination and lower charge

separation in CN-as. However, one should note that DR-TS delivers time-resolved results

and is able to screen for details that are only ‘averaged out’ by the other techniques.

At higher thermal treatment temperatures, comparing CN-650 and CN-700 performance,

DR-TS data cannot explain the trend observed in terms of CO production. In that case,

it appears that CO2 photo-reduction activity is controlled not by defect states linked to

charge recombination, but mostly by the CO2 adsorption ability. In this instance, mate-

rials with the highest CO2 uptake show the highest CO2 photo-reduction rates from all

materials, highlighting the importance of this property.

Conclusions

Thermal treatment of g-C3N4 is shown to impact the physical, chemical and optoelectronic

properties of the materials in a tunable manner. In particular, we note the creation of N

vacancies and defects/holes within the nanosheets which leads to an enhanced porosity.
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These variations induce changes in the optoelectronic properties of the materials: (i)

appearance of n → π∗ transitions, (ii) red-shift in the light absorption, and (iii) improved

charge separation and reduced charge recombination. The latter aspect is linked to the

presence of trap states, which we ‘locate’ close to the valence band.

These combined material features promote the photocatalytic performance for both H2

evolution and CO2 photo-reduction. Yet, the relative importance of these features varies

depending on the reaction considered. We show that H2 evolution is mainly governed

by the light absorption properties of the materials and their intrinsic charge formation.

On the other hand, CO2 photo-reduction (conducted in a gas-solid reactor) is favored by

either the presence of long-lived trapped charges in the case of the untreated sample or by

the enhanced CO2 uptake for the thermally treated samples which exhibit higher porosity

and amine functionalization.
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