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ABSTRACT: Graphitic carbon nitride is an exemplar material
for metal-free photocatalytic hydrogen production, essential to
drive the change to a greener economy. However, its bandgap
is too large, at 2.7 eV, for visible light harvesting, which hinders
uptake in applications. From two sets of independent quantum
mechanical simulations, we have determined the effect of two
representative interstitial (hydrogen and fluorine) dopants on
the electronic structure and optical properties of this material.
From defect analysis, we have found that for a significant range
of chemical potential the anionic fluorine dopant is favored.
This dopant has significant effects on the optical absorption
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with the valence band edge shifted up by 0.55 eV, which extends light absorption into the visible. In contrast, hydrogen prefers to
be cationic, with the conduction band edge shifted down by 0.45 eV, which strongly reduces hydrogen production as the
thermodynamic driving force for proton reduction is significantly reduced. Fluorine is advantageous for improved H, production
as band gap reduction is driven by raising of the valence band, with minimal effect on the thermodynamic driving force for
hydrogen reduction. We propose that a design principle for improving carbon nitrides for hydrogen production is to use strongly

electronegative dopants.

B INTRODUCTION

Low cost and effective hydrogen (H,) production via
photocatalysis of water is urgently required to leverage the
free energy of the sun to synthesize clean renewable fuel. Since
the dlscovery of photocatalytic water-splitting and hydrogen
production,’ many inorganic semiconductors have been found
to photocatalyze H, productlon from water including oxides,”

sulfides,” and oxynitrides.” Furthermore, semiconductor heter-
ojunctions have been demonstrated to also be viable for
hydrogen production.” Much success has been achieved with
these materials or structures, but to meet industrial require-
ments, significant improvements must be made in stability, cost,
and efficiency. Organic photocatalysts would meet many of
these requirements and with their diverse synthetic modularity
provide plenty of options for tailoring of electronic and optical
properties.

Graphitic carbon nitride (g-C;N,) is an exemplar organic
photocatalyst, composed purely of nontoxic and plentiful
elements, which dissociates water and generates H, under
(short wavelength) visible light.7 However, long wavelength
light absorption is poor due to the large optical gap of 2.7 eV,
which limits quantum efficiency and prevents its direct
application. Modification and chemical doping of semi-
conductors are well-developed methods for altering the
electronic structure and thus the optical properties. The
presence of carbon or nitrogen vacancies, with formation
energies of ~0.08—2.09 eV, reduces the optical band gap but
results in shallow and deep traps that promote exciton
recombination, which reduce the photocurrent.® Modification
of the lattice parameter has been theoretically demonstrated to
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significantly alter the optical band gap, with reduction of the in-
plane lattice parameter from a ~7.3 A to ~6.8 A, which results
in a band gap reduction of approximately an electronvolt due to
a reduction in the energy of unoccupied p, orbitals.”

Experimental realization of compression-induced bandgap
reduction and associated optical absorption deeper into the
visible range will only occur for carbon nitrides grown on
substrates such as scandium, which limits their applicability for
cheap photocatalysts. Several different prospective dopants
have been studied to improve the optical absorptlon by
reduction of the band gap- This includes mtrogen, oxygen, H
boron,'**? phosphorus,*  sulfur, 15717 iron,'® iodine,”” fluo-
rine,”"** and precursors infiltrated with methyl orange dyes,”’
or 2,6-diaminopyridine.”* Additional nitrogen atoms can dope
into carbon lattice sites, which results in a minor decrease of the
band gap of less than 0.1 eV (from 2.72—2.65 eV).'’ A greater
reduction in the bandgap is observed for oxygen-doping, with a
reduction of 021 eV measured experimentally.'' This is
believed to arise from oxygen atom insertion on a nitrogen
site, which results in a lowering of bandgap position due to the
formation of a partially empty occupied state ~0.22 eV below
the conduction band edge (CBE).”> Boron doping was found
to improve the photocatalytic activity of g-C;N, toward
rhodamine B photo-oxidation, partially associated with a
reduction of the band gap by 0.04 eV and, furthermore, by
also providing a reaction site for photocatalysis.'”"* Sulfur
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doping was demonstrated to result in an approximate order of
magnitude increase in the H, production rate under UV (300
nm) and visible (420 nm) light."” This is despite an increase in
the band gap of 0.12 eV, caused by an upward shift of the CBE.
The posited mechanism behind the increase in H, production
is that the CBE moves toward the vacuum level, which
increases the thermodynamic driving force for H+/H
reduction. Density functional theory (DFT) simulation, which
uses the generalized gradient approximation functional, found
that direct insertion of sulfur dopants into nitrogen sites is of
relatively low energy, with an endothermic formation energy of
0.47 eV for the +1 charge state,"> in agreement with
experiment.'® Phosphorus dopants were found to increase the
photocurrent, and thus the photoactivity, by a factor of 5. The
electronic structure was modified, with DFT simulations
indicating that the phosphorus atoms are present as interstitials
in the carbon nitride lattice. This suggests that the formation of
deep defect levels will provide easily accessible conduction
pathways for charge carriers near the Fermi level, thus
increasing the conductivity."> Iodine dopants induce a long
tail in the optical absorption region, from 420—600 nm, with an
associated doubling in the H, evolution rate."” This is ascribed
to iodine dopants inserting into the carbon nitride heterocycle.
Fluorination of carbon nitrides results in an increase in the
optical absorption, with a band gap decrease of 0.06 eV, where
the F dopant was assumed to dope into the crystal lattice.””*!
Further experimental work by Wang et al. found a slight
increase in the bandgap of 2.8 eV.”> However, the photo-
catalytic activity is improved, ascribed to a mechanism whereby
fluorine induces structural distortions that enhance charge
separation.

Many dopants for g-C;N, have been investigated. The
majority of them do not reduce the band gap by more than 0.2
eV (corresponding to an increase in the onset for optical
absorption of ~45 nm). This is a relatively minor improvement.
Furthermore, many of the dopants directly insert into the C—N
heterostructure, with implications for the delocalized 7-states
and the charge transport properties. Finally, many dopants
modify the conduction band edge position, with implications
for the H+/H redox reaction. Specifically, if the bandgap is
reduced via lowering of the CBE, the thermodynamic driving
force for proton reduction is reduced, which thus reduces the
kinetics of H, production. We have already demonstrated that
protonation of carbon nitride hinders H, production due to this
effect and that a synthesis can be developed to minimize the
proton concentration, which thus results in an optimized
carbon nitride.”® The implications of our previous work are that
dopants that raise the valence band edge (VBE) and do not
modify the CBE will be significantly better for H, production,
as the photoabsorption is improved while the thermodynamic
driving force for proton reduction is not altered. In particular,
this suggests that anion doping in particular is ideal for this
purpose, as for most charge transfer ionic semiconductors the
VBE is dominated by the anion.

Building on the knowledge gained in our previous work, we
simulate, using both hybrid DFT and time dependent DFT, the
effects of two exemplar contrasting interstitial dopants on the
electronic and optical properties of g-C;N,. These dopants are
the cationic dopant hydrogen (with a strong tendency to
become cationic) and the anionic dopant fluorine (with a
strong tendency to become anionic). We demonstrate that both
dopants bind significantly to the heterostructure without
strongly modifying the lattice. We show that, for fluorine
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doping, F anions are energetically favorable over a large part of
the electron chemical potential. However, for hydrogen doping,
H cations are energetically favorable over a large part of the
electron chemical potential. We further demonstrate that this
has important implications for the band gap and thus the
electronic properties. For hydrogen-doped systems it is likely
that photocatalytic H, production is quenched due to the
detachment of a low-lying empty state near the CBE. In
contrast, we show that fluorine anion dopants are beneficial for
H, production due to the creation of a raised occupied state
near the VBE that reduces the bandgap by 0.45 eV.
Furthermore, we use time dependent density functional theory
(TDDFT) calculations to determine the exciton distribution
and find that the exciton is not strongly localized and pinned
onto the dopants, with photoholes and photoelectrons able to
participate in chemical reactions.

B METHODS

Hydrogen and fluorine interactions with carbon nitride were
investigated using both periodic and large-scale cluster models. For
periodic models, we used the VASP code.”” A plane wave cutoff of 520
eV was selected, with the projector augmented wave methods used to
treat the core electrons.”® Initial relaxation was performed using the
PBESol exchange correlation functional,” with final geometry
optimization and electronic structure analysis performed using the
HSE06 functional.®® This functional has been found to be highly
accurate in determining structures and bandgaps.’’ All atoms were
fully relaxed until the change in force upon ionic displacement was less
than 0.01 eV/A, with the change in energies no greater than 107° eV.
The lattice parameters of the unit cell of g-C;N, were obtained by
generating energy—volume data from a series of constant volume cell
shape optimization calculations and fitting this data to the Murnaghan
equation of state. Final lattice parameters of a = 6.9157 A, b = 6.9022
A, and ¢ = 7.7371 A were obtained. Our value for a is in very close
agreement with the experimentally measured value of 6.91 A reported
by Wang et al.'® Since there is no treatment of van der Waals forces in
our calculations, our value for ¢ is an overestimate. However, when we
checked our calculations using the van der Waals treatment of
Grimme, we found that there were only minor corrections to ¢, of
order 0.6%. The structural changes do not have a significant effect on
the electronic structure, with very little change in the bandgap. The
effects of dopants on the electronic structure were modeled using the
supercell approach, with the supercells consisting of (2 X 2 X 1) unit
cells, while a Monkhorst—Pack k-point mesh of (2 X 2 X 1) was found
to be sufficient to produce well converged energies and forces. We
arranged our sheets in a AB stacking arrangement, to fully represent
the graphitic layered structure of g-C;N,>* and in agreement with
simulations that indicate this is the lower energy stacking order.***
This arrangement also allows the minimization of dopant—dopant
interactions along the c-axis. Since both F- and H-doped supercells
have an odd number of electrons, spin polarization was used in all of
our calculations.

For cluster models, we used the Gaussian-based NWChem code>*
and the 6-311G** basis set.”>*® We approximated amorphous carbon
nitride structures with a cluster composed of three heptazine rings,
with each corner nitrogen passivated by two hydrogens, forming a
CsNygH), cluster. To model the effects of additional hydrogen and
fluorine on this system, we investigated the effects of a single hydrogen
and fluorine atom on the electronic structure of the entire cluster,
treating the resulting C;gN,gH,3 and C,gN,gH,F systems as a doublet.
The B3LYP exchange—correlation was used for both geometry
optimization and TDDFT calculation of excited states. TDDFT
calculations enable a rigorous calculation of the position and nature of
excited states. We made use of the asymptotically corrected functional
of Casida and Salahub.”” We probed the optical absorption and the
exciton distribution for both the neutral clusters and the relevant
charged systems, positively charged for H and negatively charged for F.
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B RESULTS AND DISCUSSION

Hybrid DFT. We first of all focus on the physical structure
and binding thermodynamics of the dopants. Graphitic carbon
nitride is composed of sheets of heptazine molecules (C4Nj)
linked together at their corners by C—N bonds, as shown in
Figure 1, panel a. Correspondingly there are five potential sites

(@)

Figure 1. (a) Illustration of different potential binding sites in g-C5N,,
(b) lowest energy structure of hydrogen doped g-C;N,, (c) lowest
energy structure of fluorine doped structure. Light blue spheres
indicate nitrogen atoms, brown spheres denote carbon atoms, pink
spheres hydrogen atoms, and yellow spheres fluorine atoms.

where an atom can bind to the heptazine. These correspond to
the carbon atoms on the corner (1C) and edge (2C) of the
heptazine and the nitrogen atoms on the center (IN), edge
(2N), and corner (3N) of the heptazine. Although each
heptazine is buckled, the overall sheet structure is planar.
Crystals with completely flat sheets are vibrationally stable,
while sheets with buckled heptazine molecules are lower in
energy by 0.32 eV. We ascribe this to the repulsive effect of the
lone pair of electrons on the nitrogen atoms. This distortion is
likely to enhance charge separation as suggested by Wang et
al.** Carbon—nitrogen bonds are typically 1.32—1.33 A, apart
from the 1C—2N bond, which is 1.38 A, and the 1C—3N bond,
which is 1.46 A. The shorter bonds indicate the delocalized 7-
bonds present in the heptazine molecule.

Interstitial dopant binding to all five binding sites was
investigated. For hydrogen, we found that the lowest energy
binding site is the 2N site of the triazine molecule, Figure 1,
panel b. The next lowest site for H; binding, the 2C site near
the corner, is 1.01 eV higher in energy, with other sites 1.14 eV
(3N site), 1.31 eV (1N site), and 1.51 eV higher in energy (1C
site). H-interstitial binding is therefore dominated by this site.
The binding of the hydrogen interstitial to the carbon nitride
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sheet induces a rippling with a wavelength equal to the size of
the supercell. The H—N bond length is 1.03 A, very similar to
N-H bond lengths in similar systems,”® with the hydrogen
atom lying in the plane of the heptazine. The hydrogen does
have an effect on the local binding of the heptazine, with the
bonds adjacent to the 2N binding site lengthened by 0.03 and
0.06 A. The hydrogen atom has perturbed the z-states that
stabilize the heptazine. Furthermore, the carbon—nitrogen—
carbon bond angles increase from 1152° to 120.3°. The
formation of the N—H bond reduces the nitrogen lone pair
repulsion that is responsible for the buckling in the sheet. In
contrast, we found that fluorine atoms have a strong tendency
to bind to carbon atoms, with the lowest energy binding
structure being the 2C site, see Figure 1, panel c. The carbon
binding is relatively degenerate, with fluorine binding to the 1C
site higher in energy by 0.15 eV. Fluorine binding to nitrogen
sites 1N and 3N is unstable, with the fluorine atom relaxing to
form a bond with the 1C site instead. Fluorine binding to the
2N site is stable; however, this is a structure that is 0.85 eV
higher in energy. Fluorine binding is therefore dominated by
the carbon site. The F—C bond length is 1.40 A and lies
perpendicular to the plane of the heptazine. Rather than
residing in the open pores of the carbon nitride sheet, the
fluorine prefers to reside in the interlayer spacing. The
energetic driving force for this is the tendency of the fluorine
atom to increase coordination. However, the fluorine atom
does not insert itself into the C—N heterostructure, it is an
interstitial dopant. The bonds adjacent to the 1C site are
lengthened by 0.07—0.08 A, while the local environment of the
binding carbon atom is significantly changed, with N—C—N
bond angles changing from 118.7°, 118.7°, and 122.6° to
111.4°, 111.8° and 115.4°. This indicates a significant change
in the electronic structure, as the local environment of the 1C
site is changed from sp” to sp’.

Both the hydrogen and fluorine atoms may be charged when
bound to the carbon nitride lattice. Therefore, we calculate the
defect formation energies for a defect a with charge q using

Eform(af ‘1) = AE((X, q) + q(Ef - EVBM)
+ Z nj, + Egp + Epp

1

where AE (a, q) is the energy difference between the defect
supercell and the undefected supercell, (E; — Eypy) is the
energy difference between the Fermi level E; and the valence
band maximum Eygy;, ; is the chemical potential of elemental
constituent i, of which there are n types, with corrections to the
formation energy that result from the correction to the
alignment of electrostatic potentials between different super-
cells Egzp,” and Eppp from the multipole interaction between
dopants arising from the supercell approach.”” These
corrections are scaled by the dielectric constant of carbon
nitride using the experimental value of 1.9.*' We use the total
energy of the molecular species F, and H, as the chemical
potential. Our results for the formation energies of charged
interstitial dopants are shown in Figure 2. In our calculations,
the range of chemical potentials is chosen to range over the
entire calculated bandgap (2.97 eV). Binding of the hydrogen
interstitial dopant is exothermic over the entire range of
chemical potentials. When the Fermi level is pinned in the
middle of the band gap, we found that the lowest energy
hydrogen dopant is in the +1 charge state, the hydrogen
forming a proton. However, there is a charge transition level at
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Figure 2. Defect formation energy for neutral (X), negatively charged
(), and positively charged (o) dopants, plotted for the electron
chemical potential as it shifts from the VBE (left-hand side) to the
CBE (right-hand side).

1.638 eV above the VBM, where the neutral hydrogen
interstitial becomes preferred. Negatively charged hydrogens
are not energetically favored over the permitted range of
chemical potentials. A different behavior is observed for
fluorine-doped systems. If the Fermi level is pinned in the
middle of the bandgap then neutral fluorine interstitials are
favored. Again though there is a charge transition level as the g-
C;N, becomes more and more n-doped, with a charge
transition level to the —1 state at +2.562 eV above the Fermi
level. Therefore, hydrogen doped carbon nitrides are
dominated by either protons or neutral hydrogen atoms,
whereas fluorine doped carbon nitrides are dominated by either
neutral fluorine atoms or negative fluorine ions.

To further clarify how the dopants modify the electronic
structure and thus the optical properties, we compare the DOS
to ideal carbon nitride, see Figure 3. Materials with a larger
bandgap will have a larger offset energy for optical absorption,
which results in lower wavelength light absorption and thus
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Figure 3. DOS and calculation of the absorption spectra (via determination of the imaginary dielectric function) plots for: the ideal g-C;N, (a) DOS,
(b) spectra; the hydrogen doped g-C3N, (c) DOS with occupied states shown in black and unoccupied states shown in green for the spin-up channel
of the neutral dopant (top graph) and the total spin DOS of the H; dopant (bottom graph), (d) spectra with the neutral interstitial shown in black
and the positively charged interstitial shown in green; the fluorine doped g-C;N,, (e) DOS with occupied states shown in black and unoccupied
states shown in red for the spin-up channel of the neutral dopant (top graph) and the total spin DOS of the F; dopant (bottom graph), (f) spectra
with the neutral interstitial shown in black and the negatively charged interstitial shown in green. The zero of the x-axis of the DOS plots is set to the
energy of the highest occupied state (Eygy). For the optical spectra, the height of the highest intensity peak was reset to 1.0.
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poorer optical properties. For ideal bulk g-C;N,, our HSE06-
DFT calculations find that the band gap is 2.97 eV and direct;
this is an overestimate of 0.2 eV with respect to experiment.*®
From band alignment calculations, the CBE is significantly
above the H"/H redox level, while the VBE is above the OH™/
O redox level; this material can only produce hydrogen upon
illumination.”® Furthermore, the VBE is dominated by the
anion sites, the nitrogen atoms. Upon hydrogenation, there is a
significant reduction in the bandgap. The neutral hydrogen
defect, H, forms a deep donor defect with the donor state 0.54
eV below the CBE, see Figure 3. This significantly decreases the
optical absorption in the spin-up channel, as can also be seen
with the optical spectra. Furthermore, the binding of hydrogen
to g-C3N, does lead to a broadening of the bands at the VBE,
which leads to a reduction in the band gap of 0.25 eV (to 2.72
eV) in the spin down channel. More significant changes occur
for the positively charged hydrogen defect, H;. First, the donor
state discussed previously is now empty and becomes an
acceptor state. Second, the positive charge of the proton
modifies the valence band, and further broadens these states
and raises the valence band edge. With respect to ideal carbon
nitride, the bandgap is reduced to 2.52 eV, a reduction of 0.45
eV, see Figure 3. This is primarily due to the lowering of the
CBE due to the unoccupied acceptor state. The lowering of this
state will reduce the thermodynamic driving force for H,
reduction, which results in worse H, production kinetics.
Additionally, in comparison with the predicted absorption
spectra of the ideal carbon nitride, there is no major
improvement in optical properties.

A different picture obtained from our analysis of the fluorine
dopants likely to exist in g-C;N,, the neutral FS and negatively
charged F; dopants. The neutral dopant results in the formation
of an acceptor state near the middle of the band gap for the
spin-down channel, 123 eV above the VBE, see Figure 3.
Furthermore, as for the hydrogen dopant, the spin-up bandgap
is also reduced compared to the ideal g-C;N,. This arises from
broadening of the valence band states due to the fluorine
binding, with a reduction in band gap of 0.17 eV. Although the
spin-up channel has a significantly reduced bandgap, and thus
better optical absorption properties than the ideal material, in
reality this dopant does not lead to better H, photocatalysis
kinetics. There are two reasons for this, first the energy needed
to split H,O to form H, for an ideal system and assuming 100%
efficiency is 1.23 eV. This is unlikely to be the case in a real
system, where bandgaps of order 1.7 eV are regarded as
optimal.** Second, the state in which the photoelectron will
reside is significantly below the conduction band and is
therefore likely to be below the H+/H redox level. There will
be no thermodynamic driving force for H, production and thus
the reaction will be kinetically and thermodynamically limited.
It is a very different story for the negative dopant. The F;
dopant manifests as a deep donor state, 0.43 eV above the VBE,
see Figure 3. With the broadening of conduction band and
valence band states arising from the binding of the negative
interstitial, this results in a reduction in the band gap to 2.42
eV. This is a significant reduction and thus an improvement in
the optical absorption properties. Indeed, in comparison with
the literature, a band gap reduction of 0.55 €V is a significant
improvement, whereas the largest reduction recorded is 0.21
eV. Comparison of absorption spectra for the ideal and F;
doped materials indicates a substantially improved optical
absorption at visible light energies below 3 eV (greater than 413
nm). Furthermore, the band gap reduction primarily arises
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from the raising of the valence band. Importantly, the proton
reduction power of the negatively charged interstitial system is
not reduced compared to bulk. Dopants that prefer anionic
charge states will reduce the bandgap and not hinder H,
photoproduction kinetics.

Finally, it is interesting to ask if codoping of both hydrogen
and fluorine into g-C;N, results in a further decrease in the
bandgap and thus further improvement in the photocatalytic
properties. From our analysis above, we would not expect
hydrogen doping to improve H, production kinetics as it
reduces the thermodynamic driving force for proton reduction.
We modeled, using a GGA functional, the energetics and
electronic structure of codoping on the same heptazine
heterocycle. The lowest energy stable structure has H bound
to the 2N site on one side of the heptazine and F bound to the
2C site on the other side of the heptazine. In this arrangement,
we find there is very little change in the bandgap with respect to
the ideal system.

TDDFT Calculations. Further insight into the effects of
protonation on the effects of fluoridation or hydrogenation on
the optical properties of carbon nitride can be obtained from
TDDFT calculations on cluster models, specifically three
trazine molecules. There is rotation of each of the triazine
molecules, which results in a nonplanar structure. Since neutral
hydrogen interstitials are not stable over the chemical potential
range, we do not consider this defect, focusing on the proton
defect, and the neutral and negatively charged fluorine defects.
From inspection, we see that all of the doped models have red-
shifted optical transition energies compared to the undoped
cluster, with transition energies of 2.94 eV for the H; dopant,
0.86 eV for the F}', and 2.12 €V for the F; dopant, see Figure 4.
These are all significantly lower than the undoped cluster
optical transition energy of 3.45 eV. In particular, the fluorine
dopants have a significantly lower transition energy than the
hydrogen dopant, and they push the onset for optical
absorption toward the visible. Furthermore, we calculated the
lowest energy exciton for all of the low energy carbon nitride
models, see Figure 4. For undoped C;N,, the exciton is
distributed relatively homogeneously over the cluster, with
transitions from occupied N p, orbitals to empty C p,* orbitals.
For the protonated cluster, there is a substantial degree of
structural rearrangement, with two triazine molecules in one
plane and the third perpendicular to this plane. This is not the
case for the fluoridated triazines, which maintain the initial
structure and thus do not strongly perturb the cluster model.
From inspection of the exciton plot of the protonated cluster,
there is a heterogeneous distribution of photohole density on
the triazine binding to the proton and photoelectron density on
the other two triazines. The majority of the exciton density is
toward the center of the cluster model, which implies a stronger
electrostatic interaction between photohole and photoelectron
and thus a reduced recombination time. In contrast, for both of
the fluoridated clusters, the fluorine-binding triazine is also the
site. where the photoelectron resides. There is notably less
photoelectron density for the neutral fluoridated cluster than
for the negatively charged fluoridated cluster, which suggests
that the activity of the neutral cluster toward water reduction
will be significantly less. Finally, the negatively charged
fluoridated cluster has the most homogeneous exciton of all
of the defect models, which suggests that this doped system will
have the longest exciton recombination time of all doped
systems.
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Figure 4. Excited state properties of bare and doped carbon nitride;
(a) optical properties of C;gN,3H,, (black line) and doped clusters
CisNygH ;" (red line), CgN,H,F (green line), and C,gN,H ,F~
(blue line), the x-axis is labeled with respect to the HOMO state of
each cluster. (b) Lowest energy exciton of C;gN,gH,, cluster, (c)
lowest energy exciton of C gN,sH ;" cluster, (d) lowest energy exciton
of CgN,gH,F cluster, (e) lowest energy exciton of CgN,gH ,F~
cluster. Yellow isosurface indicates distribution of photohole upon
photoexcitation, blue isosurface indicates distribution of photoelectron
upon photoexcitation. Isosurfaces were plotted at 0.0005 lel/A>. Blue
stick denotes hydrogen atoms, gray stick denotes carbon atoms, white
stick denotes hydrogen atoms, and light blue stick denotes fluorine
atoms.

B CONCLUSIONS

We performed high quality hybrid functional DFT and TDDFT
calculations on the electronic and optical properties of
interstitial hydrogen and fluorine doped graphitic carbon
nitrides. We have demonstrated that both elements dope
exothermically into the carbon nitride lattice, with different
charge states favored for different regions of the electron
chemical potential. For hydrogen interstitials, the proton defect
is favored for Fermi levels up to 1.64 eV above the valence band
edge, while negatively charged fluorine interstitials are favored
for Fermi levels greater than 2.56 eV above the valence band
edge. Two separate lines of evidence indicate that these
dopants significantly reduce the bandgap and thus the onset
energy for optical absorption. In particular, we find that there is
a 0.45 eV reduction in bandgap for H; dopants and a 0.55 eV
reduction in band gap for the F; dopant. For the latter, this
pushes light absorption from 420 to S1S nm, well into the
visible. Furthermore, consideration of the exciton distribution
in model clusters suggests that out of all of the doped systems,
anionic fluorines will result in the longest exciton recombina-
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tion time. The band gap reduction mechanism differs for the
two interstitial dopants, with the H; lowering the conduction
band edge and the F; dopant raising the valence band edge.
Photoelectrochemically, lowering of the conduction band edge
strongly reduces the thermodynamic driving force and thus
efficiency of H, production. Proton doping is deleterious for H,
production. The significance of our results is clear; to maximize
H, production by bandgap reduction, it is necessary to raise the
valence band. Anion dopants that raise the valence band edge
are the best choice for improved H, photoreduction yields.
Further experimental and theoretical investigation of carbon
nitride photocatalysts should focus on anion doped systems to
rationally design optimized metal-free photocatalysts.
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