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ABSTRACT: Potassium poly (heptazine imide) (K-PHI), a crystalline
two-dimensional carbon−nitride material, is an active photocatalyst for
water splitting. The potassium ions in K-PHI can be exchanged with
other ions to change the properties of the material and eventually to
design the catalysts. We report here the electronic structures of several
ion-exchanged salts of K-PHI (K, H, Au, Ru, and Mg) and their feasibility
as water splitting photocatalysts, which were determined by density
functional theory (DFT) calculations. The DFT results are comple-
mented by experiments where the performances in the photocatalytic
hydrogen evolution reaction (HER) were recorded. We show that due to its narrow band gap, Ru-PHI is not a suitable
photocatalyst. The water oxidation potentials are straddled between the band edge potentials of H-PHI, Au-PHI, and Mg-PHI; thus,
these are active photocatalysts for both the oxygen and hydrogen evolution reactions, whereas K-PHI is active only for the HER. The
experimental data show that these are active HER photocatalysts, in agreement with the DFT results. Furthermore, Mg-PHI has
shown remarkable performance in the HER, with a rate of 539 μmol/(h·g) and a quantum efficiency of 7.14% at 410 nm light
irradiation, which could be due to activation of the water molecule upon adsorption, as predicted by our DFT calculations.

■ INTRODUCTION

Photocatalytic water splitting is foreseen as a clean, green, and
sustainable alternative to the utilization of fossil fuels.1−4 In
this reaction, solar energy received in the form of light is
converted into the driving force to enable the endothermic
chemical reaction and is eventually stored in a chemical bond.
The energy may be released upon oxidation of the solar fuel.
The splitting of water into hydrogen (H2) and oxygen (O2) is a
thermodynamically unfavorable process that entails an
enthalpy of 1.23 eV.5−8 It requires a suitable catalyst to absorb
the solar light energy and drive the overall reaction. The H2 gas
from water splitting is a source of clean energy, as well as a
carbon-neutral fuel, which only releases water upon combus-
tion and thus does not cause harm to the environment.
According to a general photocatalytic mechanism of water
splitting, in the first step, the catalyst absorbs sunlight, which
excites electrons to move from the valence band to the
conduction band. The holes (h+) generated in the valence
band then react with the water molecule to form O2, while the
electrons (e−) in the conduction band combine with protons
to form H2.

9 It has been stated that the total amount of solar
energy received by the earth in 1 h is sufficient to meet the
annual global energy consumption.10 Awareness of this has led
to an enormous quest by many interested members of the
scientific community for a photocatalyst that promotes efficient
water splitting. A suitable photocatalyst should have the
following two most important properties: (a) a band gap larger

than 1.23 eV for the material and (b) suitable band edge
potentials, i.e., the valence band edge potential should be more
positive than the water oxidation potential and the conduction
band edge potential be more negative than the hydrogen
evolution potential.11 The transition-metal (TM) oxides,
phosphides, and sulfides, as well as supported TM clusters
including noble metals, have demonstrated success as photo-
catalysts in this important reaction.12−14 Interestingly, graphitic
nitrogen-doped carbons are porous materials that, as metal-free
water splitting photocatalysts, offer the advantages of physical
and chemical stability in water, suitable band gap and band
edge positions, and cost-effectiveness due to the use of earth-
abundant elements.15−18

A new class of nitrogen-doped carbons or carbon nitrides,
the potassium poly (heptazine imides), denoted K-PHI, have
recently been synthesized by Savateev et al., and they have
shown excellent photocatalytic activity in water splitting
reactions, as well as organic reactions.19,20 Interestingly, the
X-ray diffraction patterns in combination with density
functional theory (DFT) studies indicate that K-PHI is

Received: May 3, 2021
Revised: May 27, 2021
Published: June 16, 2021

Articlepubs.acs.org/JPCC

© 2021 The Authors. Published by
American Chemical Society

13749
https://doi.org/10.1021/acs.jpcc.1c03947

J. Phys. Chem. C 2021, 125, 13749−13758

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sudhir+K.+Sahoo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivo+F.+Teixeira"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aakash+Naik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julian+Heske"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+Cruz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Markus+Antonietti"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandr+Savateev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aleksandr+Savateev"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+D.+Ku%CC%88hne"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c03947&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03947?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03947?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03947?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03947?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03947?fig=abs1&ref=pdf
https://pubs.acs.org/toc/jpccck/125/25?ref=pdf
https://pubs.acs.org/toc/jpccck/125/25?ref=pdf
https://pubs.acs.org/toc/jpccck/125/25?ref=pdf
https://pubs.acs.org/toc/jpccck/125/25?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03947?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


crystalline in nature, and the positively charged K ions between
the PHI layers can be envisaged as a frustrated Lewis pair-like
structure, which we termed “frustrated Coulomb pair”
(FCP).21 Further, the presence of ions improves the long-
range structural order, which is beneficial for photocatalytic
applications. Hence, PHI-based catalysts performed better than
g-C3N4 in the hydrogen evolution reaction (HER), as reported
by Chen et al.22 It has also been experimentally proven that the
ions intercalated in the PHI scaffolds can be exchanged with
other ions, such as proton (H+), sodium (Na+), magnesium
(Mg2+), gold (Au+ or Au3+), and ruthenium (Ru2+ or Ru3+), by
dispersing the parent material in an aqueous solution of the
corresponding metal salt, without much affecting the crystal
structure.23 Therefore, this ion-exchange process can be
utilized to engineer the band gap and band edges of the
material, while preserving the crystal structure. It is important
to highlight that the efficiency of the photocatalysts can be
further improved by engineering the band gap of the material.
For example, if the band gap is reduced, then the material can
absorb photon in the visible range. This can be achieved by
either doping24−26 or manipulating the side chains/functional
groups as in the covalent organic frameworks.27,28 It has been
also reported that doping of g-C3N4 improves its photo-
catalytic activity in the water splitting reactions.29,30 However,
to the best of our knowledge, there is no systematic study on
the effect of extra-framework cations on the band gap of PHI-
based materials. In this paper, we employed DFT-based
calculations to study the electronic structures of K-PHI and
systems, where K+ is replaced by H, Au+, Mg2+, and Ru3+, as
well as the applicability of these materials in the photocatalysis
of water splitting reactions. The DFT results are comple-
mented by experiments in which these materials are
synthesized, characterized and their photocatalytic activities
are assessed in the hydrogen evolution.

■ METHOD

Computational Details. All DFT calculations were carried
out using the projector augmentation plane-wave (PAW)
method,31 as implemented in the Vienna Ab initio Simulation
Package (VASP).32−34 The Perdew−Burke−Ernzerhof
(PBE)35 exchange−correlation functional together with
Grimme’s empirical dispersion correction (D3)36 was
employed to optimize the structures. The Kohn−Sham orbitals
were expanded using a plane-wave basis set with an energy
cutoff of 350 eV. In our DFT calculations, the valence states 1s
for H, 2s2p for C, 2s2p for N, 3s3p for Mg, 3p4s for K, 4d5s
for Ru, and 5d6s for Au were treated explicitly. The Brillouin
zone was sampled using a 2 × 2 × 4 Monkhorst−Pack k-point
grid.37 The structures were optimized using the conjugate
gradient method until the ionic forces were less than 0.01 eV/
Å. It is well known that generalized gradient approximation
(GGA) functionals such as PBE underestimate the band gap of
materials. This can be improved using hybrid functionals such
as HSE;38 however, the computational expense increases.
Therefore, in our calculations, the structures were optimized at
the PBE level. A total energy calculation using the HSE
functional was performed to determine the band gap. The
default value for parameter α of 0.25 was used to include 25%
of the Hartree−Fock exchange energy.
In addition to a suitable band gap, the photocatalyst should

have band edges positioned such that both the valence band
maximum (VBM) and the conduction band minimum (CBM)

straddle the hydrogen and oxygen reduction potentials. The
positions of the VBM and the CBM are calculated39 by

= −E E E
1
2VBM BGC g (1a)

= +E E E
1
2CBM BGC g (1b)

where Eg is the band gap of the material, which is computed
using the HSE DFT functional,38 and EBGC is the energy of the
band gap center (BGC) relative to vacuum. The BGC is
located at the center of the eigenvalues of the VBM and CBM
obtained using a periodic slab model with a vacuum of 10 Å,
i.e., a surface. The position of the BGC with reference to
vacuum is obtained by taking the difference between the
electrostatic potential in the vacuum region and the BGC
energy using the HSE functional.
In our calculation, the M-PHI model contains one atomic

layer and the experimental lattice parameters a = b = 12.5 Å, c
= 3.2 Å, α = β = 90.0°, and γ = 120.0°. Here, M represents any
metal ion or a hydrogen atom. The effect of the interlayer
distance on the electronic structure and the band gap was
computed by varying the value c, while the other lattice
parameters were fixed at the original values. The H-PHI model
contains three H atoms to obtain a neutral system. They were
replaced by three K+ ions and three Au+ ions in K-PHI and Au-
PHI, respectively, so that these are charge neutral. Accordingly,
two H atoms of H-PHI were replaced by one Mg2+ ion to
obtain a neutral Mg-PHI and all three H atoms were replaced
by one Ru3+ ion for Ru-PHI. In H-PHI, K-PHI, and Au-PHI,
the concentration of the dopants is equal to 9.3 atom %. The
concentrations of the corresponding ions (dopants) in Mg-
PHI and Ru-PHI, however, are 3.2 and 3.3 atom %,
respectively.

Photocatalytic Water Splitting Reaction. In general, the
photocatalytic water splitting reaction is viewed as a
combination of two half-cell reactions.40,41 The oxygen
evolution reaction (OER) is modeled in a successive four-
electron transfer process as follows

• A: * + H2O → HO* + H+ + e−

• B: HO* → O* + H+ + e−

• C: O* + H2O → HOO* + H+ + e−

• D: HOO* → * + O2 + H+ + e−

Here, * represents the surface site, where the reactant or
reagent or species, etc., is adsorbed. H*, HO*, O*, and HOO*
denote H, HO, O, and HOO species adsorbed on the surface
site *, respectively.
Similarly, the hydrogen evolution reaction (HER) will occur

on the surface in a successive two-electron transfer as follows:

• E: * + H+ + e− → H*
• F: H* + H+ + e− → * + H2

To understand the thermodynamics of the photocatalytic
water splitting reaction, the free energy of the elementary steps
(A−F) was computed using the computational hydrogen
electrode (CHE) techniques proposed by Nørskov et al.42 as

Δ = Δ + Δ − Δ − − × ×G E T S U kTZPE e pH ln 10
(2)

where ΔE is the reaction energy, i.e., the potential energy
difference computed using DFT calculations. The temperature
of the system T was set to 300 K. Since the contribution of pH
to the free energy is a constant shift, it was set to zero. In eq 2,
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Δ ZPE represents the difference in the zero point energy and S
is the entropy. For the surface and the intermediates adsorbed
on the surface, the entropy S is approximated as the vibrational
entropy Svib. In our vibrational frequency calculations, all of the
atoms, including the surface ones, were considered. For gas-
phase molecules (H2, O2, and H2O), however, the entropy
values were taken from the corresponding thermochemical
data.43 Further, in eq 2, e is the number of electrons and U is
the bias potential, which is calculated such that each of the
elementary steps is thermodynamically favorable.
Experimental Details. K-PHI Synthesis. A mixture of 5-

aminotetrazole (0.99 g) and LiCl/KCl eutectics (2.236 g LiCl/
2.733 g KCl) was ground in a ball mill for 5 min at the
operational frequency of 25 Hz. The resultant flour-like white
powder was transferred to a 15 mL porcelain crucible, which
was then covered with a porcelain lid and placed in an oven.
The temperature inside the oven was increased from 20 to 600
°C within 4 h (2.4 K min−1) under a flow of nitrogen (15 L
min−1), after which it was maintained at 600 °C for another 4
h. After that, the oven was allowed to slowly cool to room
temperature. The melt from the crucible was transferred to a
beaker, and deionized water (50 mL) and a stir bar were
added. The suspension was stirred at room temperature for 4 h
until it became homogeneous and no agglomerated particles
were seen. The solid was separated by centrifugation (8400
min−1, 5 min). The solid was washed with water (3 × 1.5 mL)
using a centrifuge (13 500 min−1, 3 min) and dried under
vacuum at 60 °C.
Preparation of the M-PHI Samples. To 2 mL of a

concentrated solution of the metal chloride (HAuCl4: 2.0
mol L−1; RuCl3: 2.0 mol L−1; MgCl: 5.7 mol L−1), 100 mg of
K-PHI was added. The mixture was sonicated for 30 min and
then separated by centrifugation (13 500 min−1, 3 min). The
obtained solid was washed with deionized water (3 × 2.0 mL)
and dried under vacuum at 60 °C. The protonated sample (H-
PHI) was prepared similarly. To 2 mL of concentrated HCl
(12 mol L−1), 100 mg of K-PHI was added. The mixture was
sonicated for 30 min and then separated by centrifugation
(13 500 min−1, 3 min). The obtained solid was washed with
deionized water (1 × 2.0 mL) and dried under vacuum at 60
°C.
Characterization. The synthesized samples were charac-

terized by X-ray diffraction, steady-state absorption spectros-
copy, and X-ray and ultraviolet photoelectron spectroscopy
(UPS). The diffraction patterns were recorded on a Bruker D8
Advance diffractometer equipped with a scintillation counter
detector with Cu Kα radiation (λ = 0.15418 nm), applying a
2θ step size of 0.05° and a counting time of 3s per step. Steady-
state UV−vis absorption spectra were acquired using a
Shimadzu UV 2600 equipped with integrating sphere in
transmission mode. The UPS spectra were acquired with a He
I (21.2 eV) radiation source. The detector was a Combined
Lens and Analyzer Module (CLAM) from Thermo VG.
Hydrogen Evolution Reaction. Photocatalytic activities of

the prepared materials in the H2 evolution were evaluated in a
closed system equipped with a pressure detector to record the
pressure buildup during the HER. All of the prepared
photocatalysts were tested using the same set of light-emitting
diodes (LEDs) as irradiation source: white LED light (50 W),
410 nm (50 W), and 465 nm (50 W). The volume of the
reaction mixture was 38 mL, and the temperature was
maintained at 298 K by water cooling. The amounts of the
evolved gases were finally calculated by the Clausius−

Clapeyron relation (PV = nRT). Typically, 50 mg of the
solid catalyst was dispersed in 38 mL of a DI water and TEOA
(10 vol %) mixture. Before mixing in the reaction chamber, DI
water and TEOA were degassed by sonication in vacuum. For
the deposition of Pt cocatalysts, 39.4 μL of 8 wt % H2PtCl6
solution was added into the reaction medium. Theoretically, it
should give 3 wt % Pt deposited at the catalyst; however, we
have measured the actual concentration of Pt by ICP after the
reaction, which was found to be 0.5−1.0 wt %. The H2
evolution apparent quantum yield (AQY) was measured
using a monochromatic visible light (420 ± 1.0 nm). The
AQY was calculated as follows

λ
= ×

r N hc

SI t
AQY (%)

2
100H A2

where rH2
is the production rate of H2 molecules (mol·s−1), NA

is Avogadro’s constant, h is Planck’s constant, c is the speed of
light (3 × 108 m/s), S is the irradiation area (cm2), I is the
intensity of irradiation light (W/cm2), t is the photoreaction
time (s), and λ is the wavelength of the monochromatic light
(m).

■ RESULTS AND DISCUSSION
Bulk Structure of M-PHI. First, we investigated the bulk

structure of M-PHI materials. H-PHI was used as a reference

structure in determining the structure of the relatively more
complex M-PHI due to the presence of ions. These ions could
occupy positions either in the same plane as PHI or between
the PHI layers. In H-PHI, the H atoms are covalently bonded
to the N atoms of the PHI scaffold. Our DFT results suggest
that in K-PHI, the K+ ions are present between the PHI layers,
while the Au+ ions are present in the same plane as PHI in Au-
PHI, as shown in Figure S1 in the Supporting Information

Figure 1. Relative total energy (in eV) as a function of interlayer
distance (Å) in M-PHI. The interlayer distances and the bulk
structures of the minimum energy configurations are given in Table 1
and Figure S1 in the SI, respectively.

Table 1. Equilibrium Interlayer Distance (in Å) of M-PHI
Computed with DFT Using PBE Functional and from
PXRD Pattern

catalyst d0 (PBE) d0 (experiment)

K-PHI 3.6 3.14
H-PHI 3.6 3.18
Au-PHI 3.4 3.19
Mg-PHI 3.6 3.16
Ru-PHI 3.3 3.17
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(SI). This agrees well with our previous findings.21 However,
interestingly, our results suggest that the Mg2+ ions in Mg-PHI
are likely to be present between the PHI layers, whereas in Ru-
PHI, the Ru3+ ions are in the same plane as PHI (see Figure S1
in the SI). We then varied the interlayer distance and the
corresponding total energy was computed, which is shown in
Figure 1. Table 1 shows the equilibrium interlayer distance
obtained from the DFT calculations. For H-PHI, K-PHI, and
Mg-PHI, the minimum energy configuration was found at 3.6
Å. For Au-PHI and Ru-PHI, the minimum energy config-
urations were found at 3.4 and 3.3 Å, respectively. The

scanning electron microscopy (SEM) images of the M-PHI
samples and g-C3N4, are given in Figure S2 in the SI. The SEM
images indicate that the samples have similar morphology,
though the metal-exchanged samples seem bulkier, which
could be due to the long-range structural order because of the
presence of extra-framework cations in the negatively charged

Table 2. Computed Band Gap (in eV) of M-PHI Using PBE
or HSE DFT Functional and Experimentally Measured
Optical Band Gap from UV−Vis Spectra

M-PHI Eg (PBE) Eg (HSE) Eg (experiment)

K-PHI 1.634 2.484 2.68
H-PHI 1.647 2.544 2.90
Au-PHI 0.821 2.083 2.47
Mg-PHI 1.4 2.748 2.71
Ru-PHI 0.0 0.0 0.89

Figure 2. Atom-resolved total density of states (DOS) of K-PHI (a), H-PHI (b), Au-PHI (c), Mg-PHI (d), and Ru-PHI (e) obtained from DFT
calculations using hybrid HSE functional.

Figure 3. DFT-computed (solid line) and UPS-measured (dashed
line) VBM of M-PHI and OER potential (blue). CBM of M-PHI and
the HER potential (red).
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PHI scaffolds. The chemical composition of the M-PHI
samples, obtained from energy-dispersive X-ray analysis and
elemental analysis, is given in Table S1 in the SI. This infers
that the K ions are indeed exchanged by the M ions without
any distortion to the PHI scaffold, which can be ascertained
from the C/N ratio. Further, our results suggest that 14.9 atom
% K in K-PHI, 26.2 atom % Au in Au-PHI, 15.4 atom % Ru in
Ru-PHI, and 2.0 atom % Mg in Mg-PHI are present. It is
important to note here that in our DFT model, 9.4 atom % K,
H, and Au in K-PHI, H-PHI, and Au-PHI, respectively, and 3.2
atom % Mg in Mg-PHI, and 3.3 atom % in Ru-PHI are present.
Thus, the DFT results can only be compared qualitatively with
the experimental results. The powder X-ray diffraction
(PXRD) patterns of M-PHI are shown in Figure S3 in the
SI. They indicate that these are all semicrystalline materials.
The sharp peak at 2θ ≈ 27° observed for M-PHI corresponds
to the distance between two successive PHI layers and agrees
well with our previous studies on K-PHI.21,23 This further
highlights the fact that the crystalline structure of M-PHI is

intact even after the ion-exchange process. The corresponding
interlayer distances in M-PHI obtained from the PXRD
patterns are also given in Table 1. The lower interlayer
distance observed in K-PHI and Mg-PHI suggests that these
are more thermodynamically stable than the rest of the systems
studied here. This agrees well with the interlayer distance vs

Table 3. Adsorption Energy ΔEads and Gibbs Free Energy
ΔGads at 300 K of Water Adsorption to the M-PHI Catalyst

catalysts ΔEads (eV) ΔGads (eV)

K-PHI −1.32 −0.92
H-PHI −0.53 −0.21
Au-PHI −1.60 −0.77
Mg-PHI −1.93 −1.39

Figure 4. Optimized structure of an isolated H2O molecule adsorbed on K-PHI (a), H-PHI (b), Au-PHI (c), and Mg-PHI (d) obtained from the
DFT calculations. The corresponding adsorption energies are listed in Table 3, and some of the selected bond distances, in Å, are highlighted. The
point charges obtained by the Bader charge analysis of some of the selected atoms are given (e unit) in parentheses.

Figure 5. Gibbs free energy computed at different bias potentials at
300 K and pH = 0 for OER catalyzed by M-PHI.
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total energy plot, which is shown in Figure 1. Table 1, which
compares the experimental interlayer distances with the DFT-
calculated values, clearly indicates that the computed distances
are overestimated, with a relative error of 4−14%. However, it
is well known that the GGA functional is unable to accurately
account for dispersion interactions.
Band Gap and Band Alignment of M-PHI. The UV−vis

spectra of the M-PHI, which are given in Figure S4 in the SI,
show one main absorption band at λ ≈ 400−450 nm for all of
the systems studied here except Ru-PHI. This band can be
ascribed to the π−π* transition in the conjugate heptazine
moiety. Another prominent band is observed at 550, 500, and

550 nm for K-PHI, H-PHI, and Mg-PHI, respectively, which
corresponds to the n−π* transition involving the lone pair of
the nitrogen (N) atom. However, this band is red-shifted for
Au-PHI (Au3+) and is observed at 675 nm. The computed
DFT band gaps of the M-PHI using a PBE or hybrid HSE
functional together with the experimentally measured optical
band gaps obtained from the Tauc plots of the UV−vis
absorption spectra are listed in Table 2. As expected, the band
gaps obtained from DFT calculations using the PBE functional
are underestimated. When using the hybrid HSE functional,
the values are much higher and are close to the experimental
values. It is important to note here that ideal models with
perfect stoichiometry have been used in the DFT calculation,
whereas in experiment, the chemical composition within the
material may vary due to variation in metal content. Therefore,
the DFT results can only be qualitatively compared with the
experimental results. To catalyze the water splitting reaction,
the band gap of the photocatalyst should be larger than 1.23
eV. Since the band gap of Ru-PHI was found to be zero using
the HSE functional, and the experimental value 0.89 eV, it
would not be a suitable photocatalyst for water splitting.
Hence, it has been excluded from our further DFT
calculations. The DFT-calculated and experimentally measured
band gaps of K-PHI, H-PHI, Au-PHI, and Mg-PHI were found
to be larger than 1.23 eV. This indicates that these four
systems are potentially suitable for water splitting reactions.

Figure 6. Gibbs free energy computed at 300 K and pH = 0 for the
HER catalyzed by M-PHI.

Figure 7. Performance of M-PHI as a HER photocatalyst: (a) rate of H2 evolution and (b) quantum efficiency.
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To understand the effect of the extra-framework atoms/ions
on the band gap of M-PHI, we looked into the atom-resolved
total density of states (DOS), as shown in Figure 2. In both K-
PHI and H-PHI, the valence band arises mainly from 2p
orbitals of N atoms and the conduction band from 2p orbitals
of C atoms as shown in Figure 2a,2b, respectively. However,
our results suggest negligible contribution of H and K atoms to
the total DOS of H-PHI and K-PHI, respectively. Figure 2c
depicts that in Au-PHI, besides the contributions from C and
N atoms that are observed in H-PHI and K-PHI, there are
significant contributions from both the s- and d-orbitals of Au
atoms to both the valence and the conduction bands.
Interestingly, our calculations suggest that the total DOS of
Mg-PHI is very similar to that of K-PHI and H-PHI (see
Figure 2d). Furthermore, the d-orbitals in Ru-PHI have a
contribution in both the valence and conduction band regions,
which is the reason why no gap is observed, as shown in Figure
2e. The electronic band structure of M-PHI (M = H, K, Au,
and Mg) was then calculated using the hybrid HSE DFT
functional, as given in Figure S5 in the SI. Figure S5 in the SI
clearly confirms that all of these materials have an indirect
band gap. It has been reported that the probability of
recombination of photogenerated carriers is lower in materials
with an indirect band gap.44 Thus, it can now be concluded
that M-PHI materials would be suitable photocatalysts.
It has been reported that the HER and OER potentials are

−4.44 and −5.67 eV, respectively, at pH = 0 in the vacuum
scale.45 To determine the feasibility of using M-PHI as the
photocatalyst, the band edge positions with respect to vacuum
level were evaluated using eqs 1a and 1b. The calculated band
edge positions using the hybrid HSE DFT functional are
shown in Figure 3 together with those obtained from UPS (see
Figure S6 in the SI). Our results predict that H-PHI, Au-PHI,
and Mg-PHI would be suitable for both the HER and OER,
since their band edges straddle the redox potentials of water.
On the other hand, K-PHI would only be suitable for HER
according to the DFT calculations, since its valence band edge
is found to be above the OER potential. It should be noted
here that there is no contribution of H and K atoms to the
valence and the conduction bands in the partial DOS
projection, as shown in Figure 2. However, it is now quite
evident that these atoms definitely play a role in the
positioning of the band edges and thus could affect the
photocatalytic properties.
An efficient photocatalyst has photogenerated carriers with

light masses so that the generated carriers have a higher
probability of reaching the surface reaction sites. Furthermore,
significant difference in the effective masses of the holes and
electrons reduces the probability of carrier recombination. We
employed parabolic fitting of the VBM and CBM to calculate
the effective hole mass mh* and the effective electron mass me*
using the SUMO package.46 The obtained values of mh* and
me* along different directions in the Brillouin zone are listed in
Table S2 in the SI, which interestingly shows that both
requirements are met by all of these PHI-based materials.
Thermodynamics Modeling of Water Splitting Re-

action. Water Molecule Adsorption. We first investigated the
adsorption of an isolated water molecule on the surface of M-
PHI. The corresponding adsorption energy and free energy at
300 K are listed in Table 3, and the atomic structures are
shown in Figure 4. Our DFT results suggest that adsorption of
a water molecule is thermodynamically favorable at both 0 K
and 300 K. Furthermore, the water molecule adsorbs

dissociatively on the Mg-PHI surface, and this entails an
adsorption energy of −1.93 eV. The OH group of the water
molecule is bonded to the Mg atom, and the H atom is bonded
to the N atom of the PHI scaffold, as shown in Figure 4d.
Figure 4 also shows the partial charges of some of the selected
atoms obtained by the Bader charge analysis. It clearly
indicates that there is charge transfer between the H2O
molecule and M-PHI, since the point charge of the oxygen
atom changes upon adsorption, compared to that of the
isolated molecule (qO = −1.40 e and qH = +0.70 e). The results
further suggest that 0.13, 0.06, and 0.05 e charges from Mg-
PHI, K-PHI, and H-PHI, respectively, are transferred to the
H2O molecule, whereas 0.13 e charge is transferred from the
H2O molecule to the Au-PHI. It can also be seen from Table 3
that the water adsorption energies for Mg-PHI, Au-PHI, and
K-PHI are higher than that for H-PHI. This could be due to
the charge transfer and strong polarization caused by the FCP-
like structures.21

Oxygen and Hydrogen Evolution Reactions. We then
modeled the water splitting reaction using M-PHI as a
photocatalyst. Since the VBM of K-PHI lies above the
oxidation potential of water, as shown in Figure 3, this
material is not suitable for the OER and thus has not been
considered for these calculations. The DFT-optimized
structures of HO*, O*, and HOO* intermediates on H-PHI,
Au-PHI, and Mg-PHI are given in Figure S7 in the SI. The free
energy profiles for the OER catalyzed by M-PHI (M = H, Au,
and Mg) at 300 K and pH = 0 are given in Figure 5. The curve
of the free energy profile should drop lower in each of the
steps, from A to D, for the reaction to be thermodynamically
favorable. The DFT results suggest that for H-PHI, step A, i.e.,
formation of HO*, is the rate-limiting step and requires a free
energy of 2.40 eV (U = 0 V). This is due to the fact that there
is no metal atom present to which the water molecule could
become adsorbed or activated.40 However, interestingly, in Au-
PHI and Mg-PHI, the water molecule is adsorbed to the Au
and Mg atoms, respectively, as shown in Figure 4. Hence, the
free energy of step A decreased to 0.84 and 0.42 eV in Au-PHI
and Mg-PHI, respectively. Furthermore, it was found that step
C, i.e., formation of HOO*, is the rate-limiting step for Au-
PHI and Mg-PHI and requires a free energy of 2.40 and 2.12
eV (U = 0 V), respectively. Furthermore, our results suggest
that the onset potentials of 2.5, 2.45, and 2.2 V are required for
H-PHI, Au-PHI, and Mg-PHI, respectively. The bias (or over-)
potentials were then calculated for all three systems and were
found to be 1.15, 1.10, and 0.85 V for H-PHI, Au-PHI, and
Mg-PHI, respectively. From this, we can now conclude that
Mg-PHI would be a better catalyst than H-PHI or Au-PHI.
The calculated DFT band gaps of the H-PHI and Mg-PHI, as
shown in Table 2, are larger than the onset potentials required
to enable decreasing free energy profiles. Thus, excitation of
the electrons from the valence band to the conduction band in
both H-PHI and Mg-PHI will generate a potential larger than
the onset potential, which is sufficient to make all steps, from A
to D, thermodynamically feasible. However, in the case of Au-
PHI, the onset potential is larger than the computed DFT
band gap, which makes this semiconductor as not a suitable
photocatalyst for the OER.
The free energy of the HER, which is usually computed as a

three-step reaction, using M-PHI as a catalyst was also
computed, as shown in Figure 6. The most stable
configuration, where one H atom is adsorbed on the M-PHI
surface, is given in Figure S8 in the SI. Our DFT results suggest
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that the H atom preferentially binds to N atoms of the PHI
scaffold in all of the systems studied here. It can be seen from
Figure 6 that the free energy of formation of the H*
intermediate is positive in all of the cases. The catalyst for
which the free energy of formation of the H* intermediate is
closer to 0 eV would be more efficient.47 It can be concluded
from Figure 6 that K-PHI would not be a suitable catalyst for
the HER. However, interestingly, our results suggest that both
Au-PHI and Mg-PHI would be more efficient HER catalysts
than H-PHI.
We also carried out experiments to test the performance of

M-PHI as a photocatalyst for the HER, and the results are
shown in Figure 7. Our results suggest that except for Ru-PHI,
the catalysts are indeed active in HER, which agrees with our
theoretical prediction. The narrow band gap of Ru-PHI, as
predicted by both DFT and measured by UV−vis spectros-
copy, could be the reason why it is not a suitable HER
photocatalyst. Figure 7a depicts the rate of H2 evolution, which
is found to be higher when either the white LED or λ = 410
nm are used rather than λ = 465 nm in the case of K-PHI, H-
PHI, and Mg-PHI photocatalysts. However, in the case of Au-
PHI, catalytic performance is only observed with light of λ =
410 nm. Figure 7b shows the quantum efficiency of the M-PHI
photocatalyst in the HER, and it clearly suggests that Mg-PHI
is the best-performing HER catalyst, with a quantum efficiency
of 7.14%. This agrees with the theoretical prediction of band
gap and band edge, the free energy diagram shown in Figure 6,
and the spontaneous dissociation of the H2O molecule upon
adsorption.

■ CONCLUSIONS
By employing DFT calculations and performing laboratory
experiments, we have shown here that the 2D CN materials
based on ion-exchanged salts of potassium poly(heptazine
imide), denoted as M-PHI, are potential photocatalysts for
water splitting reactions. The XRD patterns of the M-PHI
show that the ions can be exchanged without distorting the
crystalline structure. This allows for tuning of the band gaps
and band edge potentials to design an effective photocatalyst.
Our results suggest that Ru-PHI is not a suitable photocatalyst
for water splitting, based on the narrow band gap due to the 4d
orbitals of the Ru atom. The OER and HER potentials are
straddled between the band edge potentials of H-PHI, Au-PHI,
and Mg-PHI. Therefore, these materials are found to be
suitable for both the OER and HER. K-PHI, on the other
hand, is only active in the HER. We also calculated the free
energies of the water splitting reactions with M-PHI applied as
catalysts, and they suggest that Mg-PHI would be a better
catalyst than the other materials. We also synthesized the M-
PHI, and the performance in the HER was verified. Our DFT
calculations predict that all of the semiconductors except for
Ru-PHI, i.e., (K, H, Au, and Mg)-PHI, are active photo-
catalysts in the HER. Furthermore, the performance of Mg-
PHI in the HER was found to be superior to that of the others,
with a rate of 539 μmol/(h·g) and a quantum efficiency of
7.14% under 410 nm light irradiation. This could be due to
activation of the water molecule upon adsorption at Mg-PHI,
as predicted by our DFT calculations.
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