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ABSTRACT: Poly(heptazine imides) (PHI) polymers have been widely studied owing to 

their excellent activity as photocatalysts for various reactions. Their photocatalytic activity 

has been attributed to defects, optical adsorption, or synergistic effects with ions in the 

reaction media. However, the role of PHI’s crystal structure on photocatalytic activity has 

not been elucidated. Herein, we reveal a direct correlation between the photocatalytic 

production of hydrogen (H2) and the crystal structure of PHI. We synthesized polymeric 

carbon nitrides materials focusing on different PHI (001)/(002) crystal plane ratios, high 

specific surface area, and enhanced light response by co-polymerizing organic monomers 

in a KCl/LiBr molten salt medium. Theoretical and experimental results disclose that the 

charge carrier dynamics and electron mobility govern the photoactivity of PHI. The best 

photocatalyst, which had the highest abundance of PHI (100) planes, showed state-of-the-

art performance for the hydrogen evolution reaction, with apparent quantum efficiencies 

of 15.6% at 405 nm and 1.32% at 595 nm, and for the production of H2O2 in pure water 

under visible light (66.7 μmol g−1 h−1). 

KEYWORDS: Poly(heptazine imides), crystal structure, photocatalysis, hydrogen 

evolution, hydrogen peroxide production. 
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1. INTRODUCTION 

Crystalline carbon nitride materials (CNs) such as poly(heptazine imides) (PHI) and 

poly(triazine imide) (PTI) have emerged as highly active photocatalysts for various 

reactions, including water splitting,1–5 CO2 reduction,6–8 hydrogen peroxide 

synthesis,9–11 and organic transformation reactions.12–14 Their high activity compared 

to that of traditional CNs,5,15–18 is due to better light-harvesting properties, high 

specific surface area, suppressed recombination under illumination, and better 

charge mobility.3,19 The synthesis of CNs with high crystallinity is typically achieved 

by using molten salts as the reaction medium.20 The final composition and structure 

are usually determined by how the salt ions are stabilized at the high temperatures 

where the CN formation reaction takes place. The reaction temperature, the identity 

of the ions of the eutectic mixture,21 and the employed CN monomers22–24 direct the 

condensation path and therefore the structure of the final CN. 

Very recently, Lin et al. noted that the photocatalytic performance of crystalline 

PTI materials depends on the exposed reactive facets.25 They have shown that the 

side prismatic planes {100} in poly(triazine imides) (specifically, PTI/Li+Cl−) are 

the most reactive facets because the employed co-catalyst is preferentially 

photodeposited on their surface and the migration of photogenerated electron–hole 

pairs occurs faster on these facets. In fact, Lin et al. showed that the photocatalytic 
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activity is linearly correlated with the surface area ratio of the {100} and {001} 

facets of the PTI/Li+Cl− crystals.25 

In general, PHI exhibits higher photoactivity than PTI thanks to its better light-

harvesting ability stemming from its larger π-conjugated system.26 The greater 

activity of PHI was attributed to better optical absorption,27 the degree of 

condensation,28 the presence of defects29 or cyanamide moieties in the material, 30,31 

or the presence of hydrated cations in the reaction media.32–34 However, PHI’s most 

reactive facet and the influence of its crystallinity and crystal structure on 

photocatalytic activity have not been identified to date. 

Here, we elucidated the dependence of the photocatalytic activity of PHI-based 

materials on their crystal structure and observed a linear correlation between the 

photocatalytic production of hydrogen and hydrogen peroxide and the ratio of the (100) 

and (002) signal intensities in their X-ray diffraction patterns, in contrast to what was 

observed for PTI-based materials.25 We prepared a set of crystalline PHI-based CN 

materials by co-polymerization of different C,N precursors in a KCl/LiBr molten salt 

medium. The PHI-based materials show enhanced optical absorption thanks to the use of 

carbon-rich molecules—barbituric acid (BA)35 or 2,4,6-triaminopyirimidine (TAP)36—as 

comonomers of dicyandiamide (DCD) during the synthesis.37 Their crystal structure and 

chemical composition were elucidated using of X-ray diffraction (XRD), X-ray 

photoelectron spectroscopy (XPS), and transmission electron microscopy (TEM), among 

others. Furthermore, to understand the charge carrier dynamics on different crystal planes 
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of PHI materials density functional theory (DFT) calculations were employed in 

conjunction with photoluminescence (PL) and photoelectrochemical measurements. 

2. EXPERIMENTAL SECTION 

2.1 Sample preparation 

The used chemicals and substrates, their purity, and commercial vendors is listed in the 

Supporting Information. PHI materials were prepared by pyrolysis of a mixture of 

dicyandiamide (DCD) and different quantities of barbituric acid (BA) in a KCl/LiBr 

eutectic medium at 500 °C for 4 h using different salt:reactants mass ratios (DCDBAx, x = 

2, 5, 10, 20, where x is the mass of salt relative to the mass of the precursor mixture). 

Typically, 0.91 g DCD and 0.09 g BA (i.e., BA:DCD mole ratio = 1:15) were used as the 

precursors, and 5.00 g eutectic mixture of KCl/LiBr salts (1:3 mass ratio, melting point: 

263 °C) served as the reaction medium. DCD, BA, and the salt medium were ground with 

an agate mortar and pestle. This mixture was placed in a ceramic lidded crucible, followed 

by heating to the  target temperature of 500 °C for a 4 h reaction, in a muffle furnace 

under atmospheric conditions. The product powder (removed from the furnace after colling 

down to ambient temperature) underwent a series of washes using distilled water to 

eliminate residual salts. Finally, after a drying stage at 40 °C for 8 h, these powders were 

collected for further characterization and use in photocatalytic reactions. 

To explore the possibility of adapting the reported synthetic approach to a wider variety 

of precursors, we replaced BA with 2,4,6-triaminopyrimidine (TAP), an organic monomer 
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commonly employed to increase the C-to-N ratio in synthesized CN materials. As in the 

previous synthesis, PHI materials were prepared by pyrolysis of dicyandiamide (DCD) 

with different amounts of TAP in a KCl/LiBr eutectic medium at 500 °C for 4 h using 

different salt:reactants mass ratios (DCDTAPx, x = 2, 5, 10, 20, where x is the mass of salt 

relative to the mass of the precursor mixture). 

To study the correlation between chemical composition and photocatalytic performance, 

the effect of the relative amounts of BA and TAP in the precursor mixture on the structure 

and photocatalytic activities of the ensuing CN materials was studied by changing the BA 

(or TAP)-to-DCD molar ratio in the precursor (namely 1:30, 1:15, 1:10). 

To study the formation mechanism of (100) plane-rich PHI CN materials, samples were 

prepared in the absence of a eutectic medium (calcination of a mixture of DCD and BA 

only) or from the ionothermal pyrolysis of DCD as the sole component of the precursor. 

In addition, for the comparison of H2O2 production performance, bulk CN was 

synthesized via direct solid-state thermal condensation reaction: 5.00 g DCD was 

positioned within a lidded crucible and a temperature ramp was applied—gradual heating 

at a rate of 4 °C min–1 until reaching 500 °C—followed by residence time of 4 h at the 

target temperature, and cooling down back to ambient conditions. The resulting yellow 

powder was processed into a fine powdered state (using an agate mortar and pestle). The 

full list of characterization apparatus is listed in the Supporting Information. 

2.2 Photocatalytic experiments 

Thermostatically-controlled hydrogen evolution reaction (HER) measurements were 
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performed under white LED visible-range illumination in accordance to a previous report 

from our group in the presence of a Pt co-catalyst and triethanolamine (TEOA) hole 

scavengers.38 (see detailed description in the Supporting Information). 

Photocatalytic O2 reduction reaction (ORR) experiments to produce H2O2 were carried 

out in pure water (without co-catalysts or scavengers) at 30 °C. The hydrogen peroxide 

product amount was colorimetrically determined using an aqueous potassium 

permanganate solution following published standard procedures.39,40 The detailed 

description of photocatalytic HER and ORR reactions and product quantification is 

elaborated in the Supporting Information. 

2.3 DFT calculations 

All density functional theory (DFT) calculations employed the Vienna ab-initio simulation 

package (VASP) code.41 Nuclei and core electrons were described by projector augmented 

wave (PAW) potentials.42 The generalized gradient approximation of Perdew–Burke–

Ernzerhof (PBE) exchange-correlation functional was used combined with Grimme’s 

DFT-D3 correction.43–45 Monkhorst–Pack meshes of 3×2×6, 2×2×6, and 3×3×6 k-points 

were used in the Brillouin zone for geometry optimizations and electronic structure 

calculations of bulk CN, PTI (2×2×1 supercell), and PHI, respectively. The cut-off energy 

of the plane-wave expansion was set to 550 eV, and the convergence thresholds of the 

energy change and the maximum force were set to 10–5 eV and 0.01 eV Å–1, respectively. 

A 15 Å vacuum space was set to avoid neighboring layers interactions. The carrier effective 

mass (m*) is calculated using the relation E = ℏ2k2/2m based on the energy band structure. 
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According to the equation μ = τe/m*, the mobility (µ) is proportional to the mean free time 

of the carrier (τ) and the elementary charge (e) and proportional to the inverse carrier 

effective mass (m*–1). 

3. RESULTS AND DISCUSSION 

3.1 Materials synthesis and characterization 

PHI materials were synthsized using DCD pyrolysis with different amounts of BA in a 

KCl/LiBr eutectic medium at 500 °C for 4 h using different salt:reactants ratios (Scheme 

1); the resulting samples were marked as DCDBAx, x standing for the salt:reactants mass 

ratio (for the sake of readability, in the figures, they are simply identified by their x ratio; 

e.g., DCDBA20 designates a 20:1 ratio). The eutectic mixture KCl/LiBr was chosen for its 

low eutectic temperature of 263 °C,46 which is in proximity to the DCD melting point (211 

°C). 

 

Scheme 1. (a) Synthetic procedure for DCDBAx synthesis. (b) Proposed mechanism 

for the thermal copolymerization of dicyandiamide (DCD) with barbituric acid (BA) 

in the presence of KCl. (Adapted from ref 35) 
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All the samples display XRD signals at 2q of about 27° and 12°, which 

correspond to the (002) and (100) planes of CN, respectively (Figure 1a); a small 

shift occurs as the relative salt amount is increased, which can be ascribed to the 

intercalation of salt ions within the CN structure.20,47 Additionally, a diffraction 

signal is present at approximately 8°, whose intensity is maximal for DCDBA5 and 

decreases at higher salt:reactants ratios; this peak can be assigned to the (100) plane 

of PHI structures and corresponds to a spacing distance d(100) of approximately 1.1 

nm.3,48 In the case of DCDBA20, however, the XRD pattern shows the formation of 

a crystalline PTI structure with 2q values (10.6°, 18.4°, 22.9°, 24.7°, 26.6°, 28.0°, 

and 31.0°) that are slightly different from those commonly reported for 

PTI/Li+Cl−;49–51 we ascribe this variation to the use of different salt ions in this work. 

Fourier-transform infrared spectroscopy (FTIR) analysis (Figure 1b) provides 

further evidence for t polymeric carbon nitride structures formation: all materials 

exhibit vibration bands at 806, 1200–1700, and 2900–3500 cm−1, which can be 

assigned to the breathing vibration of the triazine group, stretching vibrations of 

carbon nitride heterocyclic units, and N–H vibrational modes, respectively. In 

addition to these, DCDBA5 and DCDBA10 show two clear bands ca. 987 and 1605 

cm−1, which we assign to metal–NC2 groups (symmetric and asymmetric vibrations 

of NC2 bonds), indicating the presence of K+–NC2 groups.27 
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Figure 1. (a) XRD patterns and (b) FTIR spectra of DCDBAx powders obtained from 

precursors mixtures having different salt:reactants mass ratios. The patterns and spectra are 

vertically offset for clarity. 

 

X-ray photoelectron spectroscopy (XPS) and organic elemental analysis (EA) 

provide insights into the chemical composition of the prepared CN materials. XPS 

survey spectra (Figure S1a–b, Table S1) show the occurrence of C, N, O, and small 

amounts of K and Cl; EA (Table S2) shows the presence of hydrogen from –NH 

moieties. The high-resolution C 1s spectra (Figure S2a–b) are deconvoluted into 

three peaks (284.8, 286.7, and 288.2 eV), corresponding to sp2 carbon–carbon bonds 

within the structure and adventitious carbon, carbonyls, and N–C=N moieties of the 

triazine ring (sp2 hybridization). The N 1s spectra (Figure S2c–d) reveal four 

deconvoluted peaks at binding energies of 398.6, 399.0, 400.3, and 401.2 eV, which 

are associated with sp2-hybridized C–N=C within the triazine rings, N–(C)3 bridging 

groups, N–H, and oxidized nitrogens (NOx), respectively. The elemental content and 
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chemical states of DCDBA5 and DCDBA20 are almost identical, indicating the 

presence of similar C–N units in both. 

The morphology of the different samples was examined using scanning electron 

microscopy (SEM, Figure S3). The powders exhibit a rod-like structure composed of small 

irregular particles. DCDBA20 shows a more closely packed structure and also contains 

some larger and more closely packed hexagonal rods than the other samples (see also 

Figure S4a). We focused our analysis on DCDBA5 on account of its photocatalytic activity 

being the highest among the samples we tested, as will be discussed later. Its morphology 

and crystal structure were first examined via high-resolution transmission electron 

microscopy (HRTEM) as shown in Figure 2. Two distinct lattice spacings are observed 

and assigned to the (100) and (002) planes of PHI (d(100) = 0.91–0.98 nm and d(002) = 0.36 

nm), which correspond to the XRD peaks at 2q of approximately 8° and 27°. However, 

HRTEM analysis of DCDBA20 (Figure S4) displays only one clear signal corresponding 

to a repeating distance of 0.36 nm, attributed to d(002) of PTI, and no evidence of PTI’s 

(100) plane (lattice spacing of ca. 0.74 nm), suggesting lower in-plane order. The difference 

in crystallinity between the two samples does not translate into a significant difference in 

porosity; all samples reveal similar specific surface areas (SA) about 130–170 m2 g–1 

(Brunauer–Emmet–Teller (BET) model) and a similar pore size distribution (Figure S5), 

which is an order of magnitude larger than that of bulk CN (102 vs ~101 m2 g–1).1 
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Figure 2. (a) TEM and (b–d) HRTRM images of CN from DCDBA5 (salt:reactants mass 

ratio of 5:1). (b) is a magnification of the square area outlined in red in (a); (c) and (d) are 

magnifications of the square areas outlined in green and teal in (b), respectively. 

 

UV–vis spectroscopy shows that all the samples have an absorption edge, and 

the corresponding Tauc plot analyses52 yield direct optical band gap values of 2.65, 

2.75, 2.67, and 2.55 eV for DCDBA2, DCDBA5, DCDBA10, and DCDBA20, 

respectively (Figure 3a and Figure S6). By combining the optical band gap with the 

estimated flat band potential (obtained from Mott-Schottky analysis,53 Figure S7), 

we estimated the band structure of the materials, as shown in Figure 3b. This 

analysis confirms that the conduction band (CB) shifts to more negative values when 
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employing higher salt:reactants ratios in the synthesis of PHI. Through the Mott-

Schottky relation, we estimated charge carrier densities to be 1.9´1022, 1.3´1022, 

1.4´1022, and 2.7´1023 cm–3 for DCDBA2, DCDBA5, DCDBA10, and DCDBA20, 

respectively. 

The assessment of the efficiency of separation of electron–hole (e––h+) pairs, 

generated following photoexcitation, within the prepared materials, was conducted 

through the resultant photocurrents within a conventional photoelectrochemical cell 

(PEC) designed for water splitting.15 Figure 3c reveals that DCDBA5 manifests the 

most notable photocurrent, attaining a value of ca. 10 μA cm–2 at 1.23 V relative to 

the reversible hydrogen electrode (RHE). This outcome implies that DCDBA5 has 

the best charge separation efficiency among the four samples. Additionally, upon 

examining the Nyquist plot from the electrochemical impedance spectroscopy (EIS) 

analysis (as depicted in Figure S8), it is evident that DCDBA5 possesses a noticeably 

smaller arc radius than the remaining samples. This observation confirms its lower 

charge transfer resistance (RCT). This improvement is further supported by steady-

state photoluminescence (PL) spectra (Figure 3d), which show a decrease in the PL 

intensity for DCDBA5 and DCDBA10 relative to the other samples. Fluorescence 

lifetime, which is the time that excited-state electrons remain in an excited state 

before returning to the ground state to recombine with holes, is used to reveal the 

separation efficiency of photogenerated e––h+ pairs. DCDBA5 shows an average 

fluorescence lifetime τDCDBA5 of 15.4 ns (obtained via time-resolved 
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photoluminescence decay, Figure S9 and Table S3); this value is 1.4 times as high 

as that of DCDBA20 (10.9 ns), suggesting a higher photogenerated charge 

separation rate. 

 
Figure 3. (a) UV–vis spectra of the powders, measured using a diffuse reflectance 

accessory (DRA), showing the Kubelka-Munk F(R) function (proportional to 

absorbance). (b) Calculated energy band schemes from Tauc plots and Mott-

Schottky curves, assuming that the CB minimum » flat band potential. (c) 

Chronoamperometric photocurrent density response to on/off cycling illumination 

and (d) steady-state PL spectra (excitation wavelength, lex = 370 nm) of DCDBAx 

samples. 

 

3.2 Photocatalytic experiments 
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Photocatalytic HER was performed under visible light illumination (λ ≥ 410 nm) for 

2 h, employing a co-catalyst (Pt) and a hole scavenger (triethanolamine).54,55 

DCDBA5 showed the highest photocatalytic activity (Figure 4a), with a production 

of molecular hydrogen as high as 11449 μmol g–1 h–1 and an apparent quantum 

efficiency (AQE) at 405 nm of 15.6% (Figure S10). Owing to its extended optical 

absorption, DCDBA5 showed photocatalytic activity under illumination at longer 

wavelengths, with an AQE of 1.32% at 595 nm. 

Even though the measured HER is a heterogeneous photocatalysis reaction 

occurring over a dispersed powder photoabsorber with a Pt co-catalyst, the 

photocatalytic hydrogen production rates of the different samples comply with the 

photocurrent density measurements trend and not with the specific surface area 

measurements one (Figure S11, data from Figure S5), nor the charge carrier density 

calculations (Figure S11). Therefore, we assume that the photocatalytic performance 

of the synthesized PHIs (DCDBAx) is limited by charge separation. A comparison 

with photocatalytic hydrogen production values from other recent CN photocatalysts 

reports is shown in Table S4. 

To examine DCDBA5’s photocatalytic stability, we reused the catalyst for four 

consecutive cycles (Figure S12) and showed no significant attenuation in H2 

production. The most photoactive material underwent also ORR tests to produce 

hydrogen peroxide in pure water under a constant O2 flow and visible light 

irradiation (λ ≥ 410 nm). The H2O2 production performance of DCDBA5 reached 
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66.7 μmol g−1 h−1 (i.e., 133.3 μmol L−1 h−1 , as shown in Figure S13), which is 

approximately a five-fold increase over bulk CN (prepared by pyrolysis of DCD for 

4 h at 500 °C; 13.4 μmol g−1 h−1); this catalyst also shows high ORR metrics relative 

to recent reports on photocatalytic H2O2 production from pure water (Figure 4b).56–

60 

 

Figure 4. (a) Photocatalytic H2 evolution over samples obtained at different 

salt:reactants mass ratios (DCDBAx). (b) Comparison chart of photocatalytic H2O2 

production rate (normalized to catalyst mass) over different photocatalysts. 

Hydrogen peroxide production rates were obtained from the respective references: 

CN–CoWO,56 CN/PDI,57 CN/PDI/rGO,58 Ag@CN,59 and PI–CN.60 

 

To explore the possibility of adapting the reported synthetic approach to a wider 

variety of precursors, we replaced BA with 2,4,6-triaminopyrimidine (TAP), another 

organic monomer also employed to increase the C-to-N ratio in synthesized CN 

materials, thus altering their electronic structure by the insertion of carbon atoms.61,62 

The materials were prepared by pyrolyzing mixtures of TAP and DCD at 500 °C for 
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4 h using different salt:reactants mass ratios. The XRD patterns and FTIR spectra of 

these samples resemble those of the materials prepared from BA and DCD as the 

precursors (see further discussion shown in Figure S14). Further SEM, optical, 

electrochemical, and photocatalytic characterizations are presented in Figure S15–

S18. The sample prepared by employing a salt:reactants mass ratio of 10:1 

(DCDTAP10) displays the strongest XRD (100) plane intensity and by far the 

highest photocatalytic HER activity, reaching 8474 μmol g–1 h–1. 

Remarkably, in the absence of a eutectic medium during calcination of the DCD 

and BA mixture or when performing an ionothermal pyrolysis using only DCD as 

the precursor, no XRD peaks corresponding to the (100) plane of PHI were observed 

(Figure S19 and S20), and the performance of the obtained CN materials was 

substantially lower (Figure S19b, 250 μmol g–1 h–1). Therefore, the formation of PHI 

materials with significant amounts of (100) planes is attributed to the synergistic 

effect of the eutectic salt medium and the the two precursors’ nature. 

We prepared CN materials from precursor mixtures with various BA (or TAP)-

to-DCD molar ratios (namely 1:30, 1:15, and 1:10 mol% of BA or TAP relative to 

DCD) to study the correlation between chemical composition and photocatalytic 

performance. The CN prepared with a BA:DCD ratio of 1:15 exhibits the highest 

photocatalytic hydrogen evolution activity (Figure S21b), which correlates well with 

its XRD pattern having the strongest intensity for the (100) plane diffraction (located 

at 2q = 8°, Figure S20a). Similarly, the sample prepared with a TAP:DCD ratio of 
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1:15 shows the strongest relative diffraction intensity at 8° (XRD in Figure S22a) 

among all prepared DCDTAP10 materials, and its photocatalytic HER is the highest 

(Figure S22b). 

 

3.3 Photocatalytic activity–crystal structure correlations 

As observed, the reported PHI-based materials that display high visible-light 

photocatalytic activities have significantly stronger (100) plane intensity in their 

XRD patterns compared to other samples in this work and other reported 

works.27,48,50 The intensity ratio of the diffraction peaks at 8° and 27° may be used 

to determine the proportion of (100) planes with repeating order within the PHI 

moiety, since the different CN samples (including bulk CN, PTI, or PHI) display a 

similar peak at approximately 27°, which is related to the interlayer stacking, that is, 

the (002) plane.1,3,20,47,48 The HER activity metric and the XRD intensity ratio 

I(100)/I(002) measured in different CNs (Figure 5a) show a direct correlation, with an 

excellent linear fit (R2 = 0.918, Figure S23). Therefore, we conclude that the 

photocatalytic activity is linked to the in-plane crystallinity of PHI and may stem 

from photogenerated carriers migrating faster in-plane than between the layers—in 

the (002) direction. 

To further understand the impact of the crystal plane on the photocatalytic 

processes of the synthesized PHI materials, we investigated the electronic structures 

of the (100) and (002) planes of different model CN structures—melon-based bulk 
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CN (BCN), PTI, and PHI using density functional theory (DFT) calculations. The 

(100) and (002) planes of BCN, PTI, and PHI were built for the calculations (Figure 

S24). It was shown that carrier mobility is faster in-plane than between layers in 

CN.25 According to DFT calculations (Table S5), the effective electron mass (me*) 

between layers is about twice as high as the in-plane me* in bulk CN and PTI. 

However, the effective me* between layers is about seven times higher than the in-

plane one in PHI, which indicates that the anisotropy of electron mobility is more 

pronounced in the PHI structure. Thus, the PHI structure, which contains a greater 

proportion of ordered in-plane structures, shows a higher mobility rate of electrons. 

These results confirm that the good photocatalytic performance of the PHIs with a 

higher relative abundance of ordered (100) planes can be attributed to enhancement 

of in-plane electron mobility (Figure 5b). 

 

Figure 5. (a) Photocatalytic HER activity and XRD intensity ratios between 2q = 8° 

and 2q = 27°, I(100)/I(002), for PHI CN samples obtained under different conditions. 

The samples were prepared from mixtures of DCD and BA (left) or TAP (right). 

Using DCD and BA as precursors, samples were prepared using various 

salt:reactants mass ratios (BA:DCD mole ratio fixed at 1:15) and various BA:DCD 
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ratios (salt:reactants mass ratio fixed at 5:1). Similarly, using DCD and TAP as 

precursors, samples were prepared using various salt:reactants mass ratios 

(TAP:DCD mole ratio fixed at 1:15) and various BA:DCD ratios (fixed 

salt:reactants mass ratio at 10:1). (b) Scheme of photocatalytic activity enhancement 

mechanism through fast in-plane (100) electron migration. 

4. CONCLUSIONS 

In summary, in this work, we correlated the photocatalytic activity of crystalline PHI 

materials to their crystal structure. By co-polymerizing different CN-based organic 

molecules in a salt medium at different salt:reactants mass ratios, we prepared a set 

of crystalline CN materials with different proportions of PHI (100) planes. The 

materials with a higher abundance of PHI (100) planes exhibited the best 

performance towards photocatalytic production of H2O2 in pure water under visible 

light (66.7 μmol g−1 h−1). The most photoactive material showed apparent quantum 

efficiencies for the photocatalytic hydrogen evolution reaction of 15.6% at 405 nm 

and 1.32% at 595 nm. We identified that the reported materials’ photocatalytic 

activity is linearly correlated with the (100)-to-(002) X-ray diffraction intensities 

ratio. Furthermore, DFT calculations confirm that the high photocatalytic 

performance of PHI rich in ordered (100) planes arises from enhanced in-plane 

electron mobility. We believe that the novel PHI-based materials prepared in this 

work and the implications arising from the activity–crystal structure correlations 

will open new avenues for photocatalysts design. 
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Materials and Characterization 

1. Materials 

All chemicals were purchased from the specified commercial suppliers and employed in their 

original forms (see purity for each material). Deionized (DI) water, used for all aqueous solution 

preperation, was obtained via a Millipore Direct-Q system (with a room temperature resistivity 

of 18.2 MΩ cm). Dicyandiamide (DCD, 99%), chloroplatinic acid solution (8 wt.% H2PtCl6 in 

H2O), barbituric acid (BA, 99%), potassium chloride (KCl, 99%), potassium permanganate 

(KMnO4, 99%), and 2,4,6-triaminopyrimidine (TAP, 97%) were obtained from Sigma-Aldrich; 

lithium bromide (LiBr, 99%) from Glentham, UK; triethanolamine (TEOA, 99%) from Carl 

Roth; KOH (85%) and Na2SO4 (99%) from Loba-Chemie, India; hydrogen peroxide (H2O2, 30 

wt.%) from J. T. Baker; sulfuric acid (H2SO4, 96 wt.%) from Carlo Erba. Fluorine-doped tin 

oxide (FTO)-coated glass (TEC 15; 12–14 Ω sq−1) was purchased from Xop Glass, Spain. Prior 

to utilization, the FTO glass underwent an extensive cleansing process involving sequential 

washing with an aqueous solution of a detergent (Alconox, ca. 1 wt.% aqueous solution), 

followed by acetone and ethanol, after which they were subjected to drying at a temperature of 

60 °C. 

 

2. Characterization 

Fourier-transform infrared spectroscopy (FTIR) was measured by a Thermo Scientific Nicolet 

iS5 (KBr window, diamond iD7 ATR optical base). X-ray diffraction (XRD) patterns were 

obtained using an Empyrean powder diffractometer (Panalytical, position-sensitive detector 

X’Celerator, operation parameters: Cu Kα, λ = 1.54178 Å, 40 kV, 30 mA) with a scanning range 

of 2θ between 5° and 60°). Scanning electron microscopy (SEM) was used to characterize the 

morphology of the materials (FEI Verios 460 L equipped with a FEG source operated at 

U0 = 3.5 kV; before analysis, the samples were coated via sputtering with approximately 12 nm 
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Au to enhance conductivity and minimize charging effects). Transmission electron microscopy 

(TEM) was performed on a Thermo Fisher Scientific field emission microscope (Talos F200S) 

operated at an acceleration voltage of 200 kV. Nitrogen sorption measurements and Brunauer–

Emmet–Teller (BET) specific surface area calculations were performed on a Quantachrome 

NOVAtouch NT LX3 system at 77 K. Ultraviolet–visible spectroscopy (UV–vis) spectra were 

recorded using a Cary 100 spectrophotometer. Photoluminescence (PL) spectra were recorded 

on a FluoroMax® 4 spectrofluorometer (Horiba Scientific) excited at a wavelength of 370 nm. 

Time-resolved fluorescence measurements were performed on a time-correlated single-photon 

counting (TCSPC) setup with a Horiba Fluorolog modular spectrofluorometer. The PL lifetimes 

(τav) were estimated from time-resolved PL spectra decay curves to which a triple-exponential 

function was fitted: 𝜏!" = ∑ 𝐴##$%
#$& 𝜏#'/∑ 𝐴##$%

#$& 𝜏#, where τi is the lifetime and Ai is the amplitude 

of the ith component; A1 +A2 + A3 = 1. X-ray photoelectron spectroscopy (XPS) was performed 

on a Thermo Fisher Scientific ESCALAB 250 using monochromated Al Kα X-rays (1486.6 

eV). Electrochemical measurements (including EIS) were recorded using a three-electrode 

system on an Autolab potentiostat (Metrohm, PGSTAT302N). The working electrode was 

prepared using FTO-coated glass: the catalyst (10 mg) was mixed with acetone (2 mL), and the 

mixture was ultrasonicated for 30 min. The slurry was cast onto a 0.25 cm2 FTO-coated glass 

plate and annealed at 473 K for 30 min in air to improve adhesion. A 1 cm2 Pt-foil electrode 

and an Ag/AgCl (sat. KCl) electrode were used as the counter and reference electrodes, 

respectively. A Newport 300 W Xe arc lamp equipped with air mass AM 1.5G and water filters 

was used as the light source. The intensity of the incident light (one-sun illumination) was 

calibrated using a Newport 919P thermopile photometer. Photocurrent measurements and 

electrochemical impedance spectroscopy were conducted in a 0.1 M KOH aqueous solution 

(pH = 13). Mott–Schottky measurements were performed in a 1.0 M Na2SO4 aqueous solution 

(pH = 7) at a frequency of 2.48 kHz. 
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3. Photocatalytic H2 production 

Hydrogen evolution reaction (HER) measurements were performed using a thermostatically-

controlled quartz vessel and a white 100 W LED array (Bridgelux BXRA-50C5300; λ ≥ 410 

nm) as the irradiation source. In a typical process, 15 mg of the sample was placed inside a 50 

mL quartz vessel with a solvent mixture (19 mL) composed of water and TEOA in a 9:1 (v/v) 

ratio, and 19.6 µL of an 8 wt.% H2PtCl6 solution in water (corresponding to a theoretical value 

of 3 wt.% Pt loading onto the catalyst, total concentration of 0.207 mM) was added; the 

temperature was maintained at 25 °C with a thermostat. After stirring for 30 min in the dark 

under a constant flow of argon, the reaction was started by switching on the LED array. Gas 

chromatography (Agilent 7820 GC System) was used to confirm that the evolved gas was 

hydrogen and to monitor the amount generated per hour after the 30 min photodeposition of Pt 

co-catalyst. All H2 tests by GC were performed thrice to verify their difference was within 3%. 

The stability test was a continuous measurement of four sequential cycles with an argon purge 

of the headspace between cycles. AQE measurements were performed in a sealed reactor 

connected to an argon line and an Agilent 7820 GC system. Argon gas was continually flowed 

through the reactor in the dark to remove the existing hydrogen, nitrogen, oxygen, and other 

gases, and the purging process was monitored by automatic sampling every 11 min. After the 

purge, a Thorlabs LED (λ = 395, 405, 415, 430, 455, 490, 530, and 595 nm) was turned on, the 

hydrogen produced was recorded, and the integrated area was used for the calculation of the 

AQE was determined according to Equation (S1) assuming monochromatic illumination: 

AQE = Ne/Np×100% = 2M/Np×100%       (S1) 

where Ne is the number of reaction electrons, Np is the number of incident photons, and M is 

the number of H2 molecules. 
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4. Photocatalytic H2O2 production 

Photocatalytic O2 reduction reaction (ORR) experiments to produce H2O2 were carried out by 

adding 50 mg of photocatalyst to 25 mL of deionized water in a quartz vessel (maximum 

diameter φ = 60 mm; capacity 100 mL). The vessel was sealed with a rubber septum cap and 

the reaction media was purged with O2(g) for 30 min and subjected to ultrasonication to ensure 

the dispersion of the catalyst. The temperature of the reactor vessel was controlled using a 30 °C 

jacketed beaker connected to a circulating cooling system. The quartz vessel was irradiated 

using a 100 W white LED array (Bridgelux BXRA-50C5300, λ  ≥  410 nm) under constant O2 

flow. The hydrogen peroxide product amount was colorimetrically determined using an 

aqueous potassium permanganate solution. The untested aqueous solution was centrifuged first, 

and 1.00 mL of the supernatant was taken to be mixed with 1.00 mL of [H2SO4(aq)] = 0.50 M 

and 1.00 mL [KMnO4(aq)] = 10 mM. After standing for 30 min, UV–vis absorbance was used 

to quantify the H2O2 using the absorption peak at 524 nm after establishing a calibration curve. 
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Table S1. Elemental composition of DCDBAx samples, determined by XPS. 

 N (at.%) C (at.%) O (at.%) K (at.%) Cl (at.%) 

DCDBA5 49.72 45.12 2.74 2.21 0.21 

DCDBA20 52.2 43.99 2.61 1.01 0.19 

 

 

Table S2. Organic elemental analysis (EA) of DCDBAx samples. 

 N (wt.%) C (wt.%) H (wt.%) O (wt.%) C/N (at.) 

DCDBA2 47.32 34.28 2.13 6.26 0.84 

DCDBA5 47.56 33.83 2.34 9.26 0.83 

DCDBA10 49.51 33.54 2.69 12.20 0.76 

DCDBA20 50.34 34.56 3.31 10.18 0.80 

 

 

Table S3. Lifetime calculation (triexponential fitting) for different CN materials. 

Sample τ1 (ns) A1 τ2 (ns) A2 τ3 (ns) A3 Lifetime (ns) 

DCDBA5 24.60 16.19 5.539 55.76 1.641 28.05 15.4 

DCDBA20 3.372 45.88 17.527 12.75 0.747 41.37 10.9 
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Table S4. Comparison to other recently reported HER photocatalysts. 

Photocatalyst 
Light 

source 

Reaction 

conditionsa 

H2 generation 

rate (µmol 

g−1 h−1) 

AQE 

{l} 
Ref. 

PHI/K+Cl– >410 nm 
3 wt.% Pt, 

10 vol.% TEOA 
11,449 

15.6% 

{405 nm} 

This 

work 

NaK-CN >410 nm 
3 wt.% Pt, 

10 vol.% TEOA 
270 

9.8% 

{405 nm} 
1 

modified CN >410 nm 
3 wt.% Pt, 

10 vol.% TEOA 
925 

4% 

{405 nm} 
2 

π-electron 

conjugated 

porous CN rods 

>410 nm 
3 wt.% Pt, 

10 vol.% TEOA 
10,160 

20.0% 

{405 nm} 
3 

CN-2-Cl-mlm >410 nm 
3 wt.% Pt, 

10 vol.% TEOA 
8,952 

9.05% 

{405 nm} 
4 

porous CN rods >410 nm 
3 wt.% Pt, 

10 vol.% TEOA 
4764 

6.8% 

{405 nm} 
5 

PHI >420 nm 
3 wt.% Pt, 

10 vol.% TEOA 
44 

5.4% 

{420 nm} 
6 

hybrid PHI/PTI 

copolymer 
>420 nm 

3 wt.% Pt, 

10 vol.% TEOA 
348.5 

42% 

{420 nm} 
6 

Pt/g-C3N4 ≥420 nm 10 vol.% CH3OH 473.83 — 7 

PtS/g-C3N4 ≥420 nm 10 vol. % TEOA 1,072.6 
45.7% 

{420 nm} 
8 

Pd/g-C3N4 >400 nm 10 vol. %TEOA 1,208.6 
3.8% 

{420 nm} 
9 

RuPx/g-C3N4 300 W Xe 10 vol. %TEOA 1,940 
0.20% 

{420 nm} 
10 

Co3O4/g-C3N4 Visible 10 vol. %TEOA 50 — 11 

MoP/g-C3N4 >400 nm 
3 wt. % Pt, 

10 vol. % TEOA 
3,868 

21.6% 

{405 nm} 
12 
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Ni-MoSx/g-

C3N4 
≥400 nm 

5 wt. % Ni, 

10 vol. % TEOA 
5,968 — 13 

C60/g-C3N4 ≥420 nm 
3 wt. % Pt, 

17 vol. % TEOA 
870 — 14 

Cu/ZnIn2S4 300 W Xe ascorbic acid 9,864.7 — 15 

Crystalline  

g-C3N4 
300 W Xe 

3 wt. % Pt, 

10 vol.% TEOA 
3,550.2 

25% 

{420 nm} 
16 

NiCo2S4/ZIS-5 ≥420 nm TEOA 6,834.6 
13% 

{400 nm} 
17 

CTFs AM 1.5 
3 wt.% Pt, 

10 vol.% TEOA 
6,595 

2.11% 

{AM 1.5} 
18 

Cu3Mo2O9/TiO2 300 W Xe 20 vol.% TEOA 3,401.9 — 19 

aTriethanolamine (TEOA), ascorbic acid, and methanol, if listed, act as hole scavengers. 

 

 

Table S5. Effective electron masses (me*/m0) in the [100] and [002] directions of different 

CN structures based on DFT calculation. 

CN type Effective e– mass (me*/m0) 

Bulk CN [100] 0.9125 

Bulk CN [002] 2.3785 

PTI [100] 0.8204 

PTI [002] 2.2869 

PHI [100] 0.9279 

PHI [002] 6.5293 
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Figure S1. XPS wide survey spectra of (a) DCDBA5 and (b) DCDBA20. 

 

 

 
Figure S2. XPS spectra of samples obtained at salt:reactants mass ratios of 5:1 and 20:1.  

C 1s edge: (a) DCDBA5, (b) DCDBA20; N 1s edge: (c) DCDBA5, (d) DCDBA20. 

Experimental: blue spectra; fitted: red curve; deconvoluted peaks are labeled. 

  



  

S10 
 

 
Figure S3. SEM images of DCDBAx samples. Insets are higher-magnification images of the 

corresponding sample. 
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Figure S4. TEM and HRTEM images of DCDBA20. 

 

 

 
Figure S5. (a) N2 adsorption-desorption isotherms at 77 K and (b) corresponding calculated 

pore size (diameter, D) distributions using a density functional theory (DFT) model of 

DCDBAx samples. The indicated specific surface areas (SA) are obtained using a five-point 

linear fitting of the adsorption branch at P < 0.3P0 according to the Brunauer–Emmett–Teller 

(BET) model. 
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Figure S6. Tauc plots corresponding to UV–vis spectra, assuming a direct optical band gap 

(Eg). The estimated Eg values are listed in the legend. 

 

 

 
Figure S7. Mott-Schottky curves of DCDBAx samples. 
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Figure S8. Nyquist EIS plots of DCDBAx samples. 

 

 

 
Figure S9. Transient fluorescence spectra (lex = 370 nm) of DCDBA5 and DCDBA20. (The 

average fluorescence lifetime was obtained by triexponential fitting, see Table S3). 
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Figure S10. Wavelength-dependent apparent quantum efficiency (AQE) for HER using 

DCDBA5 as the photocatalyst. 

 

 

 
Figure S11. Linear fitting (using least-squares regression) between the measured 

photocatalytic HER activities and the specific surface area (left), and charge carrier density 

(right) of DCDABx samples. 

  



  

S15 
 

 
Figure S12. Stability of HER using DCDBA5. 

 

 

 
Figure S13. Time-production plots of H2O2 generated by photocatalysis over DCDBA5 and 

bulk CN (prepared by pyrolysis of DCD for 4 h at 500 °C).  
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Figure S14. (a) XRD patterns and (b) FTIR spectra of DCDTAPx. The samples were 

obtained from different salt:reactants mass ratios x between KCl/LiBr salts and reactants 

(DCD and TAP in this case), specifically 5:1, 10:1, 20:1, and 40:1. The patterns and spectra 

are vertically offset for clarity. 

 

The XRD patterns of the samples obtained from precursor mixtures at salt:reactants mass 

ratios of 5:1 and 10:1 exhibit diffraction peaks around 27° and 12°, corresponding to the 

stacking of triazine rings, indexed as (002), and the in-plane structural motif, indexed as (100), 

respectively, of carbon nitride; a small shift when a higher salt:reactants ratio is used can be 

ascribed to the intercalation of salt ions within the CN structure.20,21 As with the DCDBAx 

samples, there is a notable peak at 8°, which can be assigned to the (100) plane of poly(heptazine 

imide) (PHI) structure. The FTIR (Figure S8b) analysis also confirms the formation of a 

polymeric carbon nitride structure with vibration bands at 806 cm−1 (triazine group), 1200–

1700 cm−1 (CN heterocyclic units), and 2900–3500 cm−1 (N–H). 
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Figure S15. SEM images of (a) DCDTAP5, (b) DCDTAP10, (c) DCDTAP20, and (d) 

DCDTAP40. 

 

The samples exhibit an elongated rod-like structure composed of irregular small particles. 
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Figure S16. Energy bands determination of DCDTAPx samples. (a) UV–vis spectra of the 

powders, measured using a diffuse reflectance accessory (DRA), showing the Kubelka-Munk 

F(R) function (proportional to absorbance). (b) The corresponding Tauc plots, assuming a 

direct optical band gap and its estimation,22 (c) Mott-Schottky curves. (d) Calculated energy 

band schemes (assuming flat band potential ≈ CB). 

 

The studied optical properties indicate a similar absorption edge for all samples. The optical 

band gaps (Eg) estimation using Tauc plots (assuming a direct Eg) are 2.63, 2.65, 2.70, and 2.60 

eV for DCDTAP5, DCDTAP10, DCDTAP20, and DCDTAP40, respectively—substantially 

the same as powders of “common” melon-based carbon nitride (ca. 2.7 eV).23 The proposed 

energy band alignments confirm that the energy band positions of the materials are suitable for 

water-splitting.
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Figure S17. (a) Transient photocurrent responses and (b) Nyquist electrochemical impedance 

spectroscopy (EIS) plots for DCDTAPx samples. 

 

The photocurrent density of DCDTAP10 (10:1, red trace) is the highest at 1.23 V vs RHE; 

in the first illumination cycle, it exceeds a photocurrent density (jillumination – jdark) of 5 μA cm–2, 

implying it has the best charge separation efficiency among all prepared DCDTAPx materials. 

Additionally, the arc radii of the EIS Nyquist plots of DCDTAP10, DCDTAP20, and 

DCDTAP40 are considerably smaller than that of DCDTAP5, indicating their lower charge 

transfer resistances (RCT). 
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Figure S18. (a) H2(g) production over time from the photocatalytic HER over DCDTAPx, 

normalized to the photocatalyst mass. (b) Stability and recyclability of the catalytic H2 

evolution using DCDTAP10, showing four subsequent 2 h reactions. 

 

The photocatalytic HER experiments on DCDTAPx photocatalysts were conducted under 

constant visible-light illumination (white light LED, λ ≥ 410 nm) of the reaction vessel for 2 h. 

DCDTAP10 shows the highest photocatalytic activity (8.474 mmol g–1 h–1). To test the 

photocatalytic stability of DCDTAP10, the same sample was reused during four consecutive 2 

h cycles. No significant attenuation in the HER rate was observed upon reuse. 
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Figure S19. (a) XRD patterns and (b) H2 generation from photocatalytic HER over 

photocatalysts obtained by a solid-state reaction (thermal polymerization of the precursors 

without a salt, black trace) and, for comparison (orange), a DCDBA5 sample (from a molten 

salt synthesis). 

 

When a CN is prepared without using a salt medium (named 0:1 since there is no salt, only 

DCD and BA precursors), the XRD pattern shows two main diffraction signals at ca. 27° and 

13°, which correspond to the (002) and (100) plane of melon-based carbon nitride.23 There is 

no peak at 2q = 8°, indicating that the salt medium plays an important role in the formation of 

the reported PHI structure. 

The photocatalytic hydrogen evolution rate is about 250 μmol g–1 h–1, which is much lower 

than that of DCDBA5, the best-performing PHI photocatalyst (11,449 μmol g–1 h–1), and that 

of DCDBA20, a PTI photocatalyst prepared in the salt medium (455 μmol g–1 h–1). 
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Figure S20. XRD patterns of samples obtained from a single precursor (DCD) and mixed 

precursors (DCD+BA or DCD+TAP) in a molten salt synthesis at salt:reactant mass ratios of 

5:1 and 10:1. 

 

Using only DCD as a single precursor and salt:DCD mass ratios of 5:1 and 10:1 results in 

CN materials showing no diffraction signal at 2q = 8°. Their photocatalytic hydrogen evolution 

rates (135 μmol g–1 h–1 for DCD 10:1) are also much lower than that of the corresponding 

sample prepared using mixed precursors; this difference indicates that the assembled 

supramolecular precursors play a crucial role in the formation of this PHI structure. 
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Figure S21. (a) XRD patterns and (b) H2 generation over time from the photocatalytic HER 

over CN samples obtained with different BA-to-DCD molar proportions (1:30, 1:15, 1:10) in 

the molten salt medium at salt:reactant mass ratios of 5:1. 
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Figure S22. (a) XRD patterns and (b) photocatalytic H2 production over time from HER over 

CN samples obtained from different TAP-to-DCD molar proportions (1:30, 1:15, 1:10) in the 

molten salt medium at a salt:reactants mass ratio of 10:1. 

 

 

 
Figure S23. Linear fitting (using least-squares regression) between the measured 

photocatalytic HER activities and the XRD diffraction intensity ratios (ratio between the 

signal at 2q = 8° and 2q = 27° for each sample). 
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Figure S24. System models of the three CN materials: (a) melon-based bulk CN (BCN), (b) 

poly(triazine) imine (PTI), and (c) poly(heptazine) imine (PHI). Atom color code: purple: K+, 

green: Cl–, gray: C, blue: N, white: H. 
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