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Abstract

In this project, density functional theory (DFT) was used to model planar and cor-
rugated structures of graphitic carbon nitride (g-C3Ny) doped with different non-metal
elements (B,0,S,P) to assess their potential as a photocatalyst. Cobalt adsorption onto
corrugated boron doped g-Cs Ny was also modeled. Properties such as the density of
states and band gap were considered for all structures which we modeled. The strength
of CO5 adsorption onto the cobalt loaded boron doped g-C3 N4 was also calculated. Re-
sults from the density of states and band gap showed that doping planar g-Cs N4 with
sulfur and boron narrows the band gap and allows for a wider range of light absorption.
It was also found that doping, as well as cobalt loading, introduces defect states into
the band gap of g-C3 N4 which could be beneficial for photocatalysis as reaction sites.
COy adsorption onto the corrugated cobalt loaded boron doped g-Cs N, was found to
be weaker than that of g-C3N4 and cobalt loaded g-C3Ny4, indicating some synergy
between cobalt and boron. Further work is needed to fully assess the potential of these

materials as photocatalysts.
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Executive Summary

Graphitic carbon nitrides are a class of sheet-like materials that have properties suited for
driving the carbon dioxide reduction reaction using light. Our project goal was to model and
predict the photocatalytic properties of different graphitic carbon nitride (g-C5/N;) materi-
als using density functional theory (DFT) calculations using the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional. We modeled substitutional doping with non-metal
elements (B,0,S,P) along with cobalt loading and corrugation of the sheets. The most stable
geometries for these structures were evaluated and we compared formation energies, bond
lengths, and dopant charges. Boron was found to be stable when substituting carbon atoms.
Sulfur and oxygen prefer substituting the aromatic nitrogen atoms facing the heptazine
pocket. Phosphorus was most stable when binding to nitrogen atoms while nesting inside
of the pocket. Cobalt loading onto boron doped graphitic carbon nitride was also modeled.
Our results showed that the cobalt atom loaded onto boron doped graphitic carbon nitride
is more stable than over pristine graphitic carbon nitride. The stability of planar and cor-
rugated models for graphitic carbon nitride doped with boron, oxygen, and sulfur were also
compared. Graphitic carbon nitride was found to have a more stable corrugated structure
for its pristine and boron doped structures.

It was found that the band gap of graphitic carbon nitride narrows with boron doping,
sulfur doping, and cobalt loading. Oxygen doping, and corrugation were found to enlarge
the band gap. The shortening of the band gap from boron/sulfur doping and cobalt loading
allows for graphitic carbon nitride to absorb a wider range of light, improving its performance
as a photocatalyst. The density of states plots for each structure revealed that doping
with non-metal elements and cobalt loading introduces new defect states into the band
gap. These states could reduce the minimum energy required for electrons to excite into the
conductance band, enhancing the carbon dioxide reduction reaction. These calculations were
rerun with the more accurate Heyd-Scuseria-Ernzerhof 2006 (HSE06) functional for pristine,

boron doped, and boron doped, cobalt loaded graphitic carbon nitrides. This revealed that



the PBE functional underestimates the band gap of graphitic carbon nitride materials by
1.00 eV, but is accurate in predicting the existence of defect states within the band gap.

Finally, to assess the reactivity of carbon dioxide in our structures, carbon dioxide ad-
sorption was modeled onto pristine, boron doped, and cobalt loaded boron doped variants
of corrugated graphitic carbon nitrides. The strength of adsorption of these models was
shown to be weaker than that of previous literature values produced by DFT calculations.
Our models also show that boron doping and cobalt doping both weaken carbon dioxide
adsorption on graphitic carbon nitride.

Overall, this endeavor found that boron doping, sulfur doping, and cobalt loading can
provide an advantage for carbon dioxide reduction of carbon nitride materials by narrowing
and introducing defect states into their band gap. For cobalt loaded and boron doped
systems, this comes with the drawback of weaker carbon dioxide adsorption onto its surface.
Future work should evaluate the effect of cobalt loading on other doped systems explored
in this work, and further analyze the potential of the systems we modeled in this project
by estimating other properties which could prove useful for carbon dioxide reduction such
as its band structure and electron-hole recombination rate. A more long-term project could
expand upon the variety of dopant types considered in this project, which would prove useful

for understanding the mechanism of carbon dioxide on doped graphitic carbon nitride.



1 Introduction

From the start of the 20th century to now, the temperature of the earths’ climate was
estimated to have increased by an average of 1.15 C°due to the release of greenhouse gases
from human activities.! This phenomena, also called global warming, is expected to intensify
as more gases are released into the atmosphere. To avoid a climate catastrophe as outlined
in the World Meteorological Organization report, there is a need to decrease the amount of
greenhouse gases present on earth. One prominent greenhouse gas released by humans is
carbon dioxide(C'O,) which is produced as a byproduct of combustion used to drive several
industrial processes, including transportation, energy and manufacturing. Several efforts
have been made to decrease carbon dioxide levels in the atmosphere through the development
of technologies such as C'O, reduction and carbon capture. Photo-catalytic carbon dioxide
reduction is one such technique which has gained attention in recent years. This process
converts C'O; into useful products such as methanol through a reaction driven by light.
Due to the reduction process being driven by light, there is potential for the process to be
renewable and thus reduce the level of C'O5 in the atmosphere without the consumption of
fossil fuels.?

Currently, the process of photo-catalytic COs reduction faces several limitations which
hinder its performance. The first of these being the stability of the carbon dioxide molecule
itself. Converting C'O, into valuable products requires that the carbon-oxygen double bond
of the CO, molecule being broken, which requires a potential of 1.9 V.3 There is also the
challenge of C'O, reduction reactions having to compete against the more energy efficient
hydrogen evolution reaction(HER). The reduction process is also known to produce multiple
products such as methane, methanol, and acetic acid.?® To ensure that the reduction reaction
is profitable, the reduction reaction must selectively produce high value products such as
methanol and syngas.*

Graphitic carbon nitride (g-C3Ny) is a graphite-like material with an interchanging ni-



trogen/carbon pattern, first claimed to be synthesised by Berzelius and Liebig.® After its
discovery, the potential of carbon nitride as a photo-catalyst was evaluated by Wang et al as
a suitable candidate for water splitting owing to its band gap of 2.7 eV. His team found that
this band gap encompassed both the oxidation level and reduction level required to drive
the process.® A later study by Dong and Zhang reported that carbon nitride structures can
also act as a photocatalyst for carbon dioxide reduction in the visible light range.” Some
drawbacks of g-C3 Ny have been found for this material however, such as a high electron-hole
recombination rate and weak light absorption of light above 460 nm.® ! There is also the
need to increase reactivity of individual reaction sites.

Current efforts in improving the catalytic properties of C3N, have introduced several
methods to circumvent its limitations. One such method introduces defects into the repeating
structure of graphitic carbon nitride through substitutional doping. This process would
ideally narrow the band gap of a material, thus increasing the range of light it can absorb.
Previous density functional theory (DFT) calculations combined with experimental results

11

from various authors predict that doping of non-metal atoms such as oxygen,'! sulfur,!?

boron®?® into g-C3N; does indeed narrow its band gap. Another study which combined

experimental results with DFT by Ranjbakhsh et al.,'4

showed that phosphorus doping
would enlarge the band gap of g-C3/N4 and in turn decrease the electron-hole recombination
rate.

Loading of single-atom transition metals over the carbon nitride surface also remains a
widely studied method of enhancing the catalytic properties of g-C3N4. DFT calculations
from authors such as Ao et al and Homlamai et al report an increase in photo-catalytic
activity from transition metal loaded C5N, in general, with Fe and Co proving to be most
promising. >16 In this study, we evaluated the properties of doped g-CsN, in both planar
and corrugated forms using DFT calculations. More specifically, the focus was on g-C5N,

sheets doped with non-metal atoms and loaded with single Co atoms. The stability of each

defect was evaluated from its formation energy, and the electronic properties of the boron



doped g-Cs N, was calculated through its density of states. Results from these calculations
assess the potential of doped, metal-loaded g-C5 N, as photo-catalysts, and provide insight

into the mechanisms at which C'Os reduction could occur on its surface.

2 Methodology

2.1 Computational Details

Density functional theory calculations were conducted using the Vienna Ab initio Simula-
tion Package (VASP).1720 A plane wave basis set was used to represent valence electrons,
with a cutoff energy set to 450eV. Core electrons were represented by projector augmented
wave (PAW) potentials.?*? Geometry optimization was performed using the generalized
gradient approximation (GGA) method with the Perdew-Burke-Ernzerhof (PBE) exchange
correlation functional,?*?* with the HSE06 functional® reserved for some density of states
calculations. A Van der Waals correction with Becke-Johnson damping (D-3)2%27 was used
to approximate dispersion forces. A Gaussian electronic smearing scheme was used with
a smearing width of 0.1 eV for geometry optimization and 0.03 eV for electronic property
calculations. A base 2x2x1 supercell containing 24 carbon atoms and 32 nitrogen atoms (see
Figurel was used with a 15 A vacuum space set in the z-axis to ensure proper separation
between carbon nitride sheets. The size of the supercell allows for the modelling of cobalt
sites both with and without an adjacent dopant and allows introduction of corrugation into
g-C3N,. For geometry optimization of pristine g-C3 Ny, doped g-C5 Ny, and cobalt-loaded
g-C3Ny, a Monkhorst-Pack k-point mesh of 2x2x1 was used for sampling of the Brillouin
zone.?® The electronic properties of each structure was calculated from a Monkhorst-Pack
k-point mesh of 5x5x1 when using the PBE functional. A 2x2x1 gamma-centered mesh was

applied when calculating the band gap and density of states using the HSE06 functional.



2.2 Stability of Doped g-C5N,

The four elements oxygen, sulfur, boron, and phosphorus were chosen as potential dopants for
g-C5 N, based on results from previous authors. ' ™* For each dopant, a total of six potential
doping sites were identified for this study, as shown in Figure 1. A notation system to locate
each dopant cite was established, where N1, N2, and N3 are sites where the dopant atom
replaces a nitrogen atom, and C1 and C2 are sites where the dopant atom replaces a carbon
atom. Due the symmetrical structure of graphitic carbon nitride, the ringed N atoms facing
the heptazine pocket can be categorized as the same doping site N2. Similarly the N atom
acting as the bridge between one carbon nitride flake to the other was designated as N3,
and the N atom in the center of the ringed structure was designated as N1. A distinction
was also made between the C atoms in the carbon nitride structure which are close to the
center N atom, and can be categorized as C1 and C2 respectively. A configuration where the
dopant atom adsorbs into the interstitial site was also considered as a potential site named
I1. This decision was motivated by DFT results from Gorai et al,?” which concluded that
this site is preferred over substitutional sites for phosphorus doping on g-C3N,.

The stability of a doped structure was assessed through its formation energy. The for-
mation energy of a structure is calculated from the difference in energy of a structure and
the molecules which form it. In the case of carbon nitride doping, this becomes:

Etorm = Epopedcsny — Ecsny — Epopant + Er,

where FEpepeac,n, 1 the energy of the doped system, E¢,n, is the energy of pristine g-C3N4,
EDopant 18 the energy of the dopant in elemental form, and Ef is the energy of the atom (C or
N) replaced by the dopant. The energies and elemental forms of the atoms used for Epgpant
arc shown in table 1. A distinction between g-C3 Ny formed in carbon rich environments and
nitrogen rich environments was also made in calculating formation energies, similar to Wei
et al.3® The energy of the atom replaced (Eg) in nitrogen rich environments was calculated

from these equations:



Figure 1: Dopant sites considered in this study. Shown is the (2x2) cell used to simulate
g-C3Ny. The carbon atoms(brown) close to the center of the g-C3N, flake are designated as
C1, with carbons farther from the center designated as C2. Nitrogen atoms(blue) located
at the center of the g-C3N, flake are labeled as N1 with atoms second closest to the center
labeled as N2 as so on. I1 shows an interstitial site where an element could adsorb into the
heptazine pocket instead of substituting a carbon or nitrogen atom.

Exy = En,/2

Ec = (Ec,n, — 2EN)/3,

where El, is the energy of an isolated nitrogen gas molecule, E¢,y, is the energy of a single
unit of graphitic carbon nitride, Ey is the energy of the replaced nitrogen atom and FE¢ is
the energy of the replaced carbon atom. Similarly, for carbon rich environments the energy
of each replaced atom was calculated through the equations:

Ec = Egraphite/4

En = (Ec,n, —3/2E¢)/4,

where Ey,qpnite is the energy of a graphite sheet with four atoms, F¢,y, is the energy of
graphitic carbon nitride, Ey is the energy of the replaced N atom and E is the energy of
the replaced C atom. For the formation energy of an interstitial adsorption site, the following
equation was used: Eform = Epopedcsng — Fcosny — Ebopant.

The energy of the replaced atom Ep is not considered here as there are no substituted atoms

in this structure.



Table 1: Table of bulk species used to calculate the Epgpen: term in the formation energy
equation.

Dopant Chemical Formula and Phase Total Energy(eV) Epgpant (€V)
Boron Rhombohedral Boron (Bsg) -249 -6.91
Sulfur Octasulfur (Sg) -33.5 -4.19
Oxygen Oxygen Gas (O2) -9.86 -4.93
Phosphorus Tetraphosphorus (Py) -21.2 -5.30

2.3 Cobalt Absorption on Doped g-C5N,

Several sites for Co absorption over doped carbon nitride were considered in the heptazine

pockets as shown in Figure2. The adsorption energy of the Co atom was then calculated

using this equation:

Fass = EcotDopeacsNy — Epopedcsng — Enr-

Here Ecotpopedcsn, is the energy of the Co-loaded doped graphitic carbon nitride, Epopeacsn,

is the energy of the doped graphitic carbon nitride and F); is the energy of a Co atom.
We initially assessed the effect of multiciplity by calculating the energies of a cobalt atom

with different NUPDOWN settings (between zero and five). The NUPDOWN setting which

returned the lowest energy was then used for all subsequent calculations which include cobalt

atoms. We found that using the default value of NUPDOWN (no multiplicity specified) gave

the lowest energies. We therefore used the default NUPDOWN values for our calculations.

2.4 Adsorption of CO; on g-C3N, Surfaces

Zhu et al. reported that the adsorption energy of C'Os on C3/N, is dependent on the adsorp-
tion site, as well as the orientation at which the molecule is facing the g-C3N, surface.®' To
quantify the stability of C'Oy adsorption on cobalt loaded boron doped g-C5N,, an adsorp-
tion energy was calculated for C'O, adsorption on top of all dopant sites in both vertical and
horizontal orientations. The equation used to calculate the adsorption energy of CO; on a

surface was:



Figure 2: Possible metal adsorption sites on the g-C3Ny surface with a dopant atom (green
sphere) present. A sites are near the dopant while B sites are far from the dopant.

EAds—COz - ECOg—I—Suv“face - ESurface - ECOQ'
Here E445—co, is the adsorption energy, Eco,+Surface 15 the energy of the final structure with
CO, adsorbed on the surface, Egyrfqce is the energy of the original surface, and E¢o, is the

energy of a lone C'Oy molecule.

3 Results and Discussion

3.1 Pristine g-C5N,

Before modeling the doped structures of g-C5N,, geometry optimization was run on a 2x2x1
cell of pristine g-C5N, with a vacuum space of 15 A in the vertical direction. Figure 3
shows the optimized structure of this pristine planar g-C3N,. The lattice parameter for this
structure was 14.26A (7.13 A for a 1x1 unit cell) which agrees well with experimental values

and previous DFT calculations. %3233 These results validate our modeling approach.



(b)

Figure 3: DFT results of pristine flat g-C3Ny from two views: (a)Top view (b)Side view

The bond distances of pristine g-C5 Ny are shown in Table 2. The distances between each
atom agree with previous DFT results from Wei, who reported bond lengths of 1.39 A, 1.34
A, 1.34 A, and 1.48 A for N1-C1, C1-N2, N2-C2, and C2-N3, respectively.?® To corrugate
the flat g-C3N, structure, a perturbation was introduced into the plane by shifting an atom
in the z-direction before optimization. The final structure of corrugated g-C3N, is shown
in Figure 4. Corrugating the flat g-C3 N, reduced its overall energy by 2.7 eV as well as its
lattice length to 13.83 A. These results agree with calculations by Azofra et al, who reported
that introducing corrugation into the planar g-C3N, reduced its energy by 2.97 eV and its
lattice distance to 13.67A.3* The bader charge analysis of the flat g-C3N, show that the

charge of the carbon and nitrogen atoms are 1.46 and -1.09 respectively.

Table 2: Summary of bond lengths of optimized planar and corrugated g-C'3/N,

Bond C1-N1 C1-N2 (C2-N2 (C2-N3
Planar 1.393A 1.330A 1.334A 1.473A
Corrugated 1.381A 1.316A 1.323A 1.450A




Figure 4: DFT results of pristine corrugated g-C3Ny from two views: (a)Top view (b)Side
view

3.2 Doped g-C5Ny

Using the optimized geometry of pristine g-C3/NV, from the previous section, doped structures
of g-C5N, were modeled by substituting a dopant for one C or N atom. The stability of
doped g-C3N, was evaluated from its formation energy, with structures with the lowest

energy being most stable.

3.2.1 B-doped g-C5N,

The 6 dopant sites C1, C2, I1, N1, N2, N3 considered for Boron doped g-C3N, are shown
in Figure 1. The optimized geometries of these sites are shown in Figure 5. The formation
energy of each dopant site is shown in Table 3. The formation energy of boron doped g-C3N,
was lowest in site C2, where the dopant is substituted into the edge carbon atom. The table
also shows that the carbon sites are more stable than other sites due to their low formation
energies. Calculations of formation energies by several authors such as Ding, Yu, and Bhagat
also agree that C2 is the most stable of the dopant sites considered for this study. 133536
The Bader Charge analysis of site C2 reveals that the boron atom has a charge of 2.09.
This charge was calculated by subtracting the bader charge of the dopant from the number

of valence electrons of its single atom. Table 3 also shows that carbon doping sites for boron

have a higher charge than nitrogen or interstitial sites. A higher charge for the boron atom



indicates more transfer of electrons between it and the surrounding electronegative nitrogen
atom, which thus, could indicate better stability of the system. The boron atom also has
a higher charge than a carbon atom in pristine g-C3/N,. Thus, boron may be an especially
reactive site, especially when interacting with negatively charged species.

The bond distance between boron and the surrounding nitrogen atoms was 1.41 A for
B-N2 and 1.50 A for B-N3. Comparing these values with the bond lengths of plain g-C3N, in
table 2 shows that boron doping leaves bond lengths relatively unchanged, with an increase
in bond lengths for B-N2 and B-N23 by 0.08 A and 0.03 A respectively. The bonding length
comparison shows that the bond between boron the surrounding nitrogen atoms are weaker

than its carbon equivalent in pristine g-C5/Ny.

10



Figure 5: The optimized structures of g-C3 Ny doped with boron (Green Sphere) in: (a)doping
site C1 (b)doping site C2 (c)doping site I1 (d)doping site N1 (e)doping site N2 (f)doping

site N3

Table 3: Summary of results for boron doping, including formation energies and charge of

dopant atoms.

Dopant Site N-Rich E; (eV)

C-Rich E¢ (eV)

Dopant Charge

C1
C2
I
N1
N2
N3

vsBiociiveivciivelive

-0.756
-1.03
7.53
1.63
0.246
1.49

-1.55
-1.83
7.53
2.22

0.842
2.08

2.17
2.09
1.19
1.78
1.64
1.90
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3.2.2 S-doped g-C3N,

The stability of 6 dopant sites C1, C2, I1, N1, N2, N3 were considered for sulfur doped
g-C3Ny, and their final geometries are shown in Figure 6. The formation energies listed
in Table 4 show that the sulfur doped g-C'3 N, is most stable in site N2, where the atom
is substituted into the aromatic nitrogen atom. Previous DFT calculations by Wang et al
also report the lowest formation energy at this site.'*> Other computational studies which
model sulfur doping on g-C5N, have used a supercell with several stacked sheets. Authors
who modeled double stacked layers reported that their lowest energy site is the same as
mono-layer g-C3/N,, with formation energies of 1.17 eV, 1.52 eV report at N2 by Chen and
Gao and Stolbov and Zuluaga respectively. 3738

Bader Charge analysis of the lowest formation energy structure reveals that the sulfur
atom has a charge of 0.10. The positive value of the dopant charge indicates a transfer of
clectrons from the sulfur dopant to the surrounding atoms when doping occurs. Sulfur as a
dopant has the opposite trend of boron doping, where the most stable site also has the least
electron transfer. Thus, at first glance, sulfur may not be as reactive as boron upon doping.
The perturbations of the electronic structure in C3N,; may also not be as strong upon sulfur
doping.

The bond length of the sulfur in site N2 and the surrounding carbon atoms were 1.78 A
for S-C2 and 1.73 A for S-C1. Comparing these value to that of pristine g-C5N, in table 2,
we can see that the bond lengths of g-C3 N increase by 0.45 A and by 0.40 A. This increase
in bond lengths show that the bond between dopant and carbon is unstable for sulfur doped

g-C3N, and agrees with our positive formation energy values.
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Figure 6: The optimized structure of g-C3N, doped with Sulfur in: (a)doping site C1
(b)doping site C2 (c)doping site I1 (d)doping site N1 (e)doping site N2 (f)doping site N3

Table 4: Summary of Sulfur doped g-C3 N, results, including formation energies and Bader
charges of dopant atoms.

Dopant Site N-Rich Ef (eV) C-Rich E; (eV) Dopant Charge
S C1 6.29 5.49 2.51
S C2 5.15 4.36 1.39
S I 1.88 1.88 0.81
S N1 5.84 6.44 0.59
S N2 1.04 1.63 0.10
S N3 3.58 4.17 0.48
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3.2.3 O-doped g-C3N,

The stability of 6 dopant sites C1, C2, I1, N1, N2, N3 were considered for oxygen doped
g-C3N, as shown in Figure 7. The formation energy of each dopant site is shown in Table 5.
The formation energy for this dopant was lowest in site N2, where the atom is substituted
into the aromatic Nitrogen atom. This finding agrees with computational results by Cui,
who reported that site N2 has the lowest formation energy of.3? Experimental results and
DFT calculations by Huang also report the lowest formation energy at this site, but for
double layer g-C5N,.1° From literature we can see that the only stable site for oxygen doped
g-C3N, is site N2 for both its stacked and mono-layer form. Table 7 also shows that site N2
is the only doping site with an oxygen dopant with a negative formation energy. This shows
that the oxygen prefers doping on the N2 site due to its stability.

Bader Charge calculations in Table 5 revealed that the doped oxygen atom doped at
sitec N2 have a charge of -0.98. The negative charge of the doped oxygen shows that the
dopant gains 0.98 electrons upon doping into g-C5N,. In the case of oxygen doping, the
electronegative nature of oxygen is different than previous dopant sites and gains electrons
from the carbon atoms. Similar to the case of sulfur doped g-C3/N,, the oxygen is most
stable when having its lowest charge due to its electronegativity. This trend is shown in
table 5 where site N2 has the lowest charge dopant and the lowest formation energy. The
bond lengths between the oxygen dopant and the surrounding nitrogen atoms were 1.36 A
for O-C1 and 1.42 A for O-C2. The increase in bond lengths of O-C1 and O-C2 compared
to results for N2-C1 and N2-C2 in Table 2 show that these bonds are weaker than the N2-C

bonds in pristine g-C's Ny.

14



Figure 7: The optimized structure of g-C3N4 doped with Oxygen in: (a)doping site C1
(b)doping site C2 (c)doping site I1 (d)doping site N1 (e)doping site N2 (f)doping site N3

Table 5: Summary of oxygen doping results, including formation energies and Bader charges
of dopant atoms

Dopant Site N-Rich Ef (eV) C-Rich E; (eV) Dopant Charge
O C1 3.57 2.78 -0.43
O C2 6.21 0.42 -0.30
O I 3.00 3.00 -0.25
O N1 0.700 1.30 -0.76
O N2 -0.852 -0.257 -0.98
O N3 1.40 2.00 -0.77
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3.2.4 P-doped g-C3N,

The stability of 6 dopant sites C1, C2, I1, N1, N2, N3 were considered for phosphorus doped
g-C3N, as shown in Figure 8. The formation energy of each dopant site is shown in Table 6.
The formation energy of the Phosphorus was lowest in site I1, where the atom nests in the
heptazine pocket of the structure. This result agrees with previous DFT studies from Gorai
and Kundu, who found that the interstitial dopant site had the lowest formation energy at
-4.079 eV, compared to our value of 0.711 eV. The difference in formation energies could
be caused by using different reference states for phosphorus. It is uncertain whether this
factor has an effect of the formation energy since the reference state of phosphorus used
in Gorai and Kundu’s study was not specified. Gorai and Kundu also used a different van
Der Waals correction factor (Tkatchenko and Scheffer correction) for geometry optimization
which would also produce different energies.

A challenge with phosphorus doping is that many different authors have found differing
results. Molaei et al, who calculated the formation energy of doping sites N1 to N3 concluded
that the most stable site is N2.4' Another study by Zheng et al concluded in the most
likely dopant site would be site carbon site C1.4? Ranjbakhsh et al’s experimental and
computational investigation of the phosphorus doping concluded that is most stable site is
in the C2 position.'* These studies however, didn’t calculate the formation energies of all
possible doping sites on g-C3N, (including I1). Zheng et al and Ranjbakhsh et al, disregarded
the possibility of the most stable site being a nitrogen site because of experimental results.
Molaei et al, on the other hand, disregarded the possibility of carbon site for the same reason.
Revisiting Table 8 with that knowledge, we can see that our results somewhat agree with
Ranjbakhsh et al and Molaei et al as the most stable Carbon doping site is C2, while the
most stable Nitrogen doping site is N2 in the table. The difference in our results from Zheng
et al could come from their DZVP basis set and Goedecker-Teter-Hutter pseudopotentials.

The Bader Charge analysis of the 11 system reveals that the Phosphorus atom has a

charge of 1.03. From comparing bader charges and formation energies if table6, we can see
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that there is no clear trend between phosphorus charge and stability. This could indicate
that the degree of electron transfer between the dopant and surrounding atoms do not play
a role in the stability for Phosphorus doping. The bond lengths of the dopant and nitrogen

atoms for site I1 were 1.81 A for both atoms indicating a weak binding onto the g-C5N,.

Figure 8: The optimized structures of g-C3N, doped with phosphorus in: (a)doping site C1
(b)doping site C2 (c)doping site I1 (d)doping site N1 (e)doping site N2 (f)doping site N3
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Table 6: Summary of phosphorus results, including formation energies and Bader charges of
dopant atoms.

Dopant Site N-Rich E; (eV) C-Rich E; (eV) Dopant Charge
P C1 2.93 2.14 3.30
P C2 1.96 1.17 2.65
P I 0.711 0.711 1.03
P N1 4.84 5.44 2.25
P N2 0.972 1.57 1.03
P N3 4.69 5.29 -0.52

3.3 Cobalt Binding to Doped g-C5N,

3.3.1 Cobalt Binding to B-Doped g-C5N,

A total of six binding sites of cobalt within the heptazine pocket were considered for this
study as shown in Figure 2. The optimized structures for each site are shown in Figure 9
and the adsorption energies in Table 7. The biggest difference among the different binding
sites is the coordination number of the cobalt in each site, which dictates the number of
atoms it is bonded to. Cobalt atoms have a tendency to converge into the center of the
heptazine pocket regardless of initial location. This can be seen in both site A and site B
types. This is likely due to the large atomic radius of cobalt, which creates the need for the
cobalt atom to maintain a distance larger than 2.1 A. The most stable cobalt adsorption
site of boron doped g-C3 N, was site A3, which had an adsorption energy of -4.96 eV and a
coordination number of 3. The bond lengths between the cobalt atom and the surrounding
nitrogen atoms in boron-doped g-C3N, were 2.08 A, 2.25 A and 2.03 A. Comparatively,
cobalt loaded over plain g-C'3 N, was found to have a coordination number of 4, with longer
bond lengths of 2.38 A, 2.08 A, 2.08 A and 2.38 A. This result is can be further assessed by
comparing the adsorption energies of the cobalt atom onto pristine and boron doped g-C5 Ny.
The adsorption energy for cobalt on plain g-C3N,; was -3.67 €V, which is in agreement to

simulations of other authors such as Zhang et al and Guo et al who reported adsorption
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energies of -4.01 eV and -3.76 eV.**** The adsorption energy of the cobalt loaded plain
g-C3N, has a higher adsorption energy than its Boron doped variant by 1.29 eV. From this
comparison, we can see that introducing the boron dopant onto pristine g-C'3 N4 will improve
the stability of cobalt adsorption. In this case, both the bond length and adsorption energy
comparison indicate that boron doped into g-C3Ny is beneficial for stable loading of cobalt
onto its structure.

A Bader charge analysis reveals that the cobalt atom on boron doped g-C3N, has a
charge of 0.93. We expected that a higher cobalt charge would facilitate more electron
transfer between the cobalt and nitrogen atoms and stabilize the structure. This was proven
to not be the case, as site B2 in table 7 has a higher cobalt charge than as site A2, but has
a lower adsorption energy. Table 7 also shows no correlation between coordination numbers
and stability for this system. The cobalt loaded onto pristine g-C'3 N, has a charge of 0.93,
which is similar to that of cobalt on the Boron doped structure. This indicates that the

boron atom presents no change in the oxidation state of the cobalt atom.
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Figure 9: DFT results of Co binding to flat B-doped g-C3Ny (green sphere) in: (a) site Al
(b) site A2 (c) site A3 (d) site Bl (e) site B2 (f) site B3

Table 7: Summary of adsorption energies for each Cobalt site considered for flat boron doped
g-C3N,. Coordination numbers and cobalt charges are also provided.

Dopant Site Eaqgs (€V) Coordination Number Cobalt Charge
B Al -4.95 4 0.94
B A2 -4.93 4 0.88
B A3 -4.96 3 0.93
B B1 -4.57 4 0.86
B B2 -4.58 5 0.91
B B3 -4.58 5 0.86
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3.4 Effects of Corrugation on Doping and Cobalt Adsorption

3.4.1 Effects of Corrugation on Doped g-C3N,

Previous studies investigating transition metal doping on g-C5 N, through DF'T have observed

16,45-47 One difference between corru-

that the lowest energy structures tend to be corrugated.
gated and planar g-C3 Ny is the decrease in the total energy of carbon nitride sheets by 2.91
eV as seen from Azofra et al.?* From this finding, it would be reasonable to expect doped
g-C3N, to have a lower energy and reduced cell size upon corrugation. Table 8 shows the
formation energies for the planar and corrugated structure for each dopant. The corrugated
structures doped with boron have a lower formation energy than their planar counterparts,
while sulfur doped and oxygen doped structure show the opposite trend. The most stable
site for flat Oxygen doped g-C3 N, is the same as its corrugated phase. The most stable site
for flat Sulfur doped g-C3 N, is also the same for its corrugated phase. The most stable site
of Boron doped g-C3 N4 changed from site C2 to site C1 when corrugated.

The Bader charge analysis reveals the charge of the dopant for boron doped g-C3Ny is
similar in both its flat and corrugated phases. From this information, it can be inferred that
corrugation has little effect on the electron transfer between the dopant and surrounding
atoms. This eliminates the possibility of the change in the most stable doping site for boron
doped g-C3 N4 being due to distribution of charge. The consistency in the charge of the cobalt
atom after corrugation could also mean that the number of electrons which take part the in
the C'O, reduction reaction is the same for planar and corrugated structures. A reason for
the change in the most stable site could be due to corrugation could be the reduction in cell
size by 0.44 A that the boron doped g-C3N, experiences upon corrugation. The distances
between the dopant and its surrounding atoms for corrugated boron doped g-C3N, change
to 1.47 A and 1.31 A. Compared to the bond distances of its flat variant, the bond lengths of
the corrugated boron g-C3N, are shorter by 0.03 A and 0.1 A respectively. This shortening

of the bond length is could be the reason that the corrugated boron doped is more stable
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than its planar form.

Table 8: Summary of formation energies, Bader charges, and lattice parameters of plain and
doped g-C3N, for flat and corrugated sheets.

Dopant State Site FE; (eV) Lattice Parameter(A) Dopant Charge
B Planar C2  -0.756 14.26 A 2.17
B Corrugated C1  -1.59 13.82 A 2.16
S Planar N2  1.04 14.26 A 0.10
S Corrugated N2 1.63 13.76 A 0.24
O Planar N2  -0.852 14.26 A -1.00
O Corrugated N2 -0.257 13.74 A -1.00

3.4.2 Cobalt Loading on Corrugated Boron Doped g-C3N,

Similar to the case of flat Boron doped g-C35Ny, a total of six sites were considered for Cobalt
loading on corrugated g-C'3 Ny. Table 9 shows that the Cobalt site with the lowest adsorption
energy for corrugated g-C3 Ny was site Al, of which the most stable structure is shown in
Figure 10. The corrugated Boron doped Cobalt loaded g-C3N is less stable in site B. The
overall average adsorption energy is lower for corrugated Boron doped Cobalt loaded g-C35 Ny,
indicating the binding of the Cobalt on the surface is weaker than its planar counterpart.
This was likely brought about because of the shrinking of the distance between the Cobalt
atom and the surrounding Nitrogen atoms. Overall, boron doping on g-C3N, stabilizes
cobalt loading for both planar and corrugated structures. This would mean stronger binding
of cobalt onto the boron doped g-C5N,, which could increase the lifetime of cobalt loaded
boron doped g-C3N, as a photocatalyst. Corrugation of the g-C'3 Ny sheet also weakens the
cobalt binding, but does not bring any change to the cobalt charge. This result indicates
that corrugation on cobalt loaded boron doped g-C5N, hinders it as a photocatalyst due to

its weak cobalt binding.
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Table 9: Summary of adsorption energies for each Cobalt loading site on corrugated Boron
doped g-CsN,.

Dopant Site FE(Ads) (eV) Coordination Number Cobalt Charge
B Al -4.98 2.14 0.91
B A2 -4.94 1.17 0.91
B A3 -4.98 0.711 0.92
B Bl -4.87 5.44 0.83
B B2 -4.87 1.57 0.88
B B3 -4.87 5.29 0.86

Figure 10: DFT results of Co binding on corrugated B-doped g-C3Ny. (a)Front view of result
from lowest Eaqs site A3. (b)Side view of result from lowest Eqs site A3.

3.5 Carbon Dioxide Adsorption onto Corrugated Co-B g-C3N,

Structures

Carbon dioxide adsorption onto the cobalt loaded boron doped g-C3N; was also modeled
after the most stable Cobalt resting site was found, of which results are in Table 10. All CO,
adsorption sites that we modeled in for cobalt loaded boron doped g-C3 N, did not result in
the bent CO, structure commonly seen in CO, reduction for cobalt loaded g-C3Ny.** The
site with the lowest adsorption energy is shown in Figure 11. The Figure shows that the
CO5 molecule prefers to adsorbs onto the surface in a vertical orientation. The adsorption
energy for this configuration of CO, on cobalt loaded boron doped g-C3N, was -0.24 eV,

which indicates a stable structure.
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Table 10: Summary of adsorption energies for C'Oy adsorption on corrugated g-C3Ny.

Dopant E s (eV)
None -0.60
Boron -0.39
Cobalt-Boron -0.24

Literature on carbon dioxide adsorption by Xia reported that COs adsorbs onto a g-C3 N4
surface with an adsorption energy of -1.37 eV.%® The adsorption energies of carbon dioxide
on corrugated g-C3 N, in our model was comparatively less stable at -0.60 eV. This difference
in adsorption energy could be due to different geometries in the two works. Xia et al’s planar
model was less corrugated than our model, and it is unclear if their initial C3N, sheet before
CO, adsorption was flat or corrugated. For comparison with the pristine model, a model of
C'O4 adsorption on corrugated cobalt loaded g-C3N4 was also calculated. This model had
an adsorption energy of -0.24 eV. Studies on cobalt loaded g-C3 N4 by Ao et al and Guo et
al found C'O, adsorption energies of -0.83 eV and -0.81 eV respectively.>** The model for
cobalt loaded g-C5N, in the current study likely has a higher energy compared to literature
values due not being at the lowest energy configuration. More trials could reveal a lower
energy structure with adsorption energy values which match that of Ao et al and Guo et al.
There is also the possibility of different simulation setting affecting the adsorption energy of
COy on g-C3Ny4. Ao et al used the D2 van Der Waals correction factor in their calculations,
which would give different adsorption values than the D3 method we used.'® Guo et al also
simulated C'O, adsorption and included the effect of water in their model through an implicit
solvation model. %4

One trend found in both the adsorption energies from this study and literature values
is that the binding of CO, on g-C3N, is weakened with the addition of cobalt. Comparing
adsorption energy from our cobalt loaded boron doped g-C5N, to literature values suggests
that this binding weakens even further with the addition of the boron dopant. The CO,

adsorbed onto the cobalt loaded boron doped g-C3N, was around 3.22 A from the cobalt
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atom. The distance between the cobalt and CO, from Ao et al was 1.76 A which is
much shorter than our obtained values. This comparison shows that the bond distance is
a contributor to the high adsorption energy of our model. Overall, boron doping combined
with a cobalt site is not beneficial for C'O, adsorption, but is still able to weakly bind the C'O,
molecule to the cobalt atom. Both the boron dopant and the cobalt loading both contribute
to this weak binding. This is due to the boron doping itself increasing the adsorption energies

of g-C3N,, even without the effects of cobalt.

Figure 11: DFT results of Co binding on corrugated B-doped g-C3Ny. (a)Front view of result
from lowest E 45 for CO5 on Cobalt loaded Boron doped g-C3N, (b)Side view of result from
lowest E 445 for CO5 on Cobalt loaded Boron doped g-C35N,

3.6 Band Gap and Density of States of g-C3/N,

3.6.1 Band Gap and Density of States Calculations using the PBE Functional

The density of states (DOS) and band gap was determined for the most stable site of each
dopant type. Table 11 shows the band gap of each structure calculated with the PBE func-
tional. It is well established that the LDA functional and by extension, the GGA functional,
tends to underestimate the band gap of semiconductors.*’ Calculations on pristine g-Cs Ny
by Li et al*® and Tran et al! have shown that the PBE functional underestimates the band
gap of g-C3N; by 1.13 to 1.88 eV compared to the experimental value of 2.7 eV,® which
agrees with our results as shown in Table 11.

The same table shows that compared to its pristine counterpart, flat g-C3 Ny doped with
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Table 11: Summary of band gaps of planar and corrugated doped g-C3N, calculated using
the PBE functional.

Dopant Phase Dopant Site Band Gap (eV)
None Planar None 1.20
None Corrugated None 1.62
Boron Planar C2 1.16
Boron Corrugated C1 1.77
Sulfur Planar N2 1.14
Sulfur Corrugated N2 1.77

Oxygen Planar N2 1.21

Oxygen Corrugated N2 1.87

Cobalt-Boron Planar C2 1.08
Cobalt-Boron Corrugated C2 1.61

Boron, and Sulfur have slightly smaller band gaps, while the band gap of Oxygen doped
g-C3 N, is remains about the same. The smaller band gap of flat g-C3 N, doped with boron
or sulfur allows the material to absorb light with lower energies and longer wavelengths. This
gives these two materials an advantage as a photocatalyst compared to pristine g-C3/N, as
they can absorb a wider range of light.

A study of corrugated Oxygen doped g-C3 N4 by Tran et al showed that Oxygen doped
reduced the band gap from 1.88 eV to 1.75 eV while our results show the opposite trend. !
This difference in results could come from a difference in the corrugation pattern of the
Oxygen doped g-C3N4. DOS calculations of planar Sulfur doped g-C3/N; from Wang et al
show that it has a smaller band gap than its pristine form, which agrees with trends from
Table 11. Band gap values also from Table 11 show that cobalt loading narrows the band gap
of doped g-C3N,. This is true for both planar and corrugated boron doped g-C3N,, which
experienced a band gap decrease by 0.08 eV and 0.16 eV respectively. It can also be observed
that the band gap for corrugated cobalt loaded boron doped g-C'3 N, is wider than its planar
equivalent. This agrees with the pattern that corrugating g-C3N,4 generally widens band gap
and thus hinders light adsorption on g-C's N,. Finally, it can also be observed that corrugation

will increase the band gap by 0.59 eV of doped and pristine g-C3/N,; on average. This agrees
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with previous results where corrugation increases band gaps.®® From this observation, we can
infer that effect of corrugation on the band gap of g-C'3V, is not desirable for CO; reduction.
This would be due to the enlargement of the band gap caused by corrugation, which would
hinder the electrons ability to absorb light with longer wavelengths.

The density of states results of each variation of flat g-C5N, are shown in Figure 12 in
plots a, ¢, e and g. From Figure 12c and d, we can see that unoccupied states exist above the
Fermi energy inside the band gap for both planar and corrugated Boron doped g-C3/N, in the
spin down configuration. The Oxygen/Sulfur doped g-C3N, also has defect states similar
to the Boron doped variant, but which are occupied due to being under the Fermi energy.
These defect states within the band gap effectively lower the energy required for electrons to
energize into the conductance band and allow for better usage of light for photo-catalysis.
The density of states plot also shows that the Fermi level shifted near the conductance band
for Oxygen and Sulfur doping g-C3N,. This shows that doping g-C3N,; with Oxygen and
Sulfur produces a n-type semiconductor.

The partial density of states of planar and corrugated Boron doped g-C3/N, in Figure 12
shows that the defect states near the valence band of doped g-C5N, are mostly comprised
of electrons of the Nitrogen atom. The defect states of sulfur doped g-C5N, and oxygen
doped g-C3Ny, on the other hand, are comprised of equal contribution from electrons from
the nitrogen and carbon atom. From this finding we expect the electrons from the carbon
atoms to be more likely to become energized and take part in the C'Os reduction reaction for
oxygen and sulfur doped systems. Figure 12 shows that the planar and corrugated density
of states plot for doped g-C'3 N, are similar in shape. One trend that can be found from
comparing these two variants is that the defect state of doped corrugated system is better
separated from the band it is closer to. This would reduce the amount of energy required

for an electron in that defect state to move into another band.
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Figure 12: Density of states plots of different doped g-C5 N, systems using the PBE functional
with the Fermi energy set at 0 eV. The structures represented here are for: (a)Flat Pristine
g-C5N, (b)Corrugated Pristine g-C5N, (c¢)Flat Boron doped g-C5N, (d)Corrugated Boron
doped g-C3N, (e)Flat Sulfur doped g-C3 Ny (f)Corrugated Sulfur doped g-C3 N, (g)Flat Oxy-
gen doped g-C5N, (h)Corrugated Oxygen doped g-C5Ny

The density of states and band gap of adsorption site A3 for corrugated and planar Boron
doped g-C3 N, were calculated with the PBE functional as shown in Figure 13. The addition
of a Cobalt atom decreases the overall band gap of the planar system to 1.08 eV and the
corrugated system to 1.61 eV. As seen in the previous section the band gap of corrugated
doped systems are generally larger than their planar counterparts. From the comparison of
band gaps of planar and corrugated structures of cobalt loaded boron doped g-Cs5Ny, this
trend is also valid for this for this system as well. The band gap of the two systems both
spans from the state around -1.3 ¢V which we designate as the valence band, to the state
around 0.2 eV which we designate as the conduction band. For both structures, the peaks
with states in only one spin such as the peak near -0.5 eV and -0.2 eV are counted as defect
states which exist inside the band gap. Compared to its doped variant, the cobalt loaded
boron doped g-C3 N, adds an additional defect state at -0.2 eV near the conductance band.
While the defect state near the valence band is occupied by electrons of the nitrogen and
cobalt atom, the new state near the Fermi energy is occupied mostly by electrons which
belong to the Cobalt atom. This indicates that the electrons of Cobalt are the most likely to

take part in photo-catalysis. This would be due to the cobalt atoms within this defect state
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being energized to the conductance band with a minimal amount of energy, which indicates
that these electrons will be able to absorb light at longer wavelengths. The Fermi energy of
the material moved near the conduction band, which indicates that the addition of Cobalt
changed the Boron doped g-C5 N, into a n-type semiconductor. Similar to the case for oxygen
and sulfur doped g-C3Ny, the band gap of this semiconductor spans from the conductance
band at 0.1 eV, past the Fermi level, to the valence band at around -1 eV, and also ignores
the two peaks near -1.3 eV and within the band gap. The density of states plot and the
band gap of cobalt loaded boron doped g-C5N, shows that both its planar and corrugated
phase has two distinct advantages over its non loaded variants. The first is the decreased
band gap as can be seen from the band gap values from Table 11 and in this section. The
second is the introduction of a defect state near the conductance band comprised of electrons
of the cobalt atom. These two changes allow for the cobalt loaded boron doped g-C3N, to

use a wider range of light for photocatalysis as explained in this section.
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Figure 13: Density of states plot for Cobalt loaded Boron doped g-C3N, with the Fermi
energy set to 0 eV. The plot a is the density of states plot for flat cobalt loaded boron doped
g-C3Ny, while b is the same plot for its corrugated varient

3.6.2 Comparison of the HSE06 and PBE Functionals in Calculating Band Gaps

To compare how the choice of the exchange-correlation functional affects the electronic prop-
erties of doped systems, the band gap and DOS of Boron doped g-C5N, were calculated with
the HSE06 and PBE functional. It has been well established that the PBE functional under-
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estimates the band gap of semiconductors compared to the HSE06 functional.???! Results

146 and Tran et al'!

from authors such as Li et a show that this trend also applies to g-C5/Ny.
Their calculations on pristine g-C3 N, with the PBE functional returned a band gap of 1.1346
to 1.88 eV, 1! while the experimental value is 2.7 eV.% Azofra et al conducted calculations of
the band gap of g-C5N, by using the HSE06 functional and calculated a band gap of 2.71
eV.3* This value is much closer to the experimental band gap of 2.7 eV by Wang et al.® As
shown in Table 12, the HSE06 functional gives a band gap of 2.81 eV for pristine g-C3/Ny
for our calculations. Comparing this value to the band gap of flat pristine g-C3N, in Table
11 confirms that the HSEO6 functional gives a band gap closer to the experimental value
compared to the PBE functional in our models as well.

Although the PBE functional severally mistakes the band gap of g-C3 Ny, it could still
prove useful in simulating how doping and corrugation effect the band gap of g-C5N,. Table
12, shows that the band gap of planar pristine g-C3/N, decreases with boron doping by 0.11
eV, and shows the same for corrugated g-C'3 Ny but by 0.1 eV. The PBE functional results
in Table 11 produces the same trend as the results as the HSE06 functional for planar g-
C3Ny, but with a smaller decrease in band gap (0.04 eV). The PBE functional, however, also
calculates that the band gap for corrugated g-C3/N,; will widen upon boron doping by 0.15
eV, which is the opposite trend of the HSE0O6 results. This comparison shows that the PBE
functional is not an accurate in simulating the increase or decrease in band gap of corrugated
g-C3N, from doping. The change in band gap for corrugated g-C3N4 needs to be recalculated
with the HSE06 functional and compared with the results in Table 12 for verification. The
density of states plots of the structures calculated with the HSEO06 functional are shown in
Figure 14. The figure shows that doping the planar and corrugated g-C'3 N, with Boron lowers
the energy of the conductance band, while the valence band remains near the Fermi level
as seen in p-type semiconductors. This change can also be observed from the boron doped

g-C3N, calculated in Figure 12. The HSEO06 functional calculations also show that there are

defect states in the band gap near 1 eV, which are comprised of electrons of nitrogen atoms.
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Comparing these features with those from the boron doped g-C3/N, in Figure 12 shows that
the PBE functional was successful in calculating existence of defect states, but not their
energies. Overall, the PBE functional cannot accurately quantify the changes in the band
gap that occurs from doping g-C'3N4; however, the characteristics of the density of states
plot, such as the existence of defect states and changes in the valence band or conductance

band are in line with the accuracy of the HSE06 functional.

Table 12: Summary of Band Gap of Planar and Corrugated Boron Doped g-C3N, Calculated
using the HSEO06 Functional.

Dopant Phase Dopant Site Band Gap (eV)
None Planar None 2.81
None  Corrugated None 2.90
Boron Planar C2 2.70
Boron  Corrugated C1 2.89
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Figure 14: Density of states plots of different doped g-C3N, structures using the HSE06
functional. The Fermi energy is set to 0 eV. The structures represented here are: (a)Flat
pristine g-C3Ny (b)Corrugated pristine g-C3N, (c)Flat Boron doped g-C5N, (d)Corrugated
Boron doped g-C3N,

4 Conclusions

In this project, the geometries and density of states of doped g-C5N, was modeled using
DFT calculations. Our model of planar and corrugated g-C3N, confirmed that corrugated
g-C3N, has a lower total energy and is more stable than its planar variant. Comparison
of formation energies across different dopant species and doping sites resulted in the most
stable doping sites being site C2 for Boron, N2 for Oxygen and Sulfur. The most stable
sites of each dopant followed a trend in which more electronegative dopants preferred to
substitute nitrogen sites, while less electronegative dopants were stable in carbon sites. This

was due to the clectronegative dopants being stable when bonded with carbon, which is less
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electronegative than nitrogen. Only the flat phase of Phosphorus doped g-C5N,, which was
most stable at site I1, was modeled due to time constrains. The stability of Cobalt adsorption
onto the Boron doped g-C5N,; was evaluated based on its adsorption energy. It was found
that the site with the lowest adsorption energy (site A3) is thermodynamically stable because
of its negative adsorption energy. From this structure, adsorption of Carbon Dioxide was
also modeled onto the surface, which revealed that the adsorption energy of carbon dioxide
onto cobalt loaded boron doped g-C3N, was more unstable than cobalt loaded g-C3N, or
pristine C'3 Ns. The boron doped into g-C5/N,; would hinder C'Oy adsorption onto the cobalt
atom, and thus hinder its abilities as a photocatalyst.

The density of states were calculated for planar and corrugated g-Cs N, doped with Boron,
Oxygen and Sulfur using the PBE functional. These results showed that doping decreases
the band gap for planar g-C'3 N4 but increases it for the corrugated phase. Corrugated g-C'3 /Ny
was also shown to have a large band gap than its planar variant for all dopants. Results from
the density of states calculations for Cobalt loaded Boron doped g-C3/N, show that adding
elements into the g-C3 N, structure through doping or Cobalt adsorption adds a defect state
inside the band gap. The band gap of pristine and Boron doped g-C3N,; was also calculated
from the HSEO6 functional and compared with PBE results. This comparison revealed that
although the PBE functional underestimates the band gap by a significant margin ( 1.1 ¢V)
the general characteristics of the density of states plot agree with results using the HSE0G
functional. These results point to the conclusion that doping g-C3N, with Boron, Oxygen
and Sulfur makes the electronic properties more suited for C'Oy reduction by introducing
defect states into the band gap in which electrons could energize to and from.

Adding a Cobalt atom onto Boron doped g-C5N, also proves to be beneficial due to the
it addition of another defect state. The opposite is true for corrugated g-C5N,, where the
band gap becomes larger compared to its planar variant. Overall, boron doping and cobalt
loading on g-C'3 N, was found to be beneficial for carbon dioxide reduction by narrowing and

introducing defect states into its band gap. The boron doping and cobalt loading introduces

34



one drawback, however, in that the binding of C'O, onto the g-C3 N, surface becomes weaker
with doping, and Co loading. Doping g-C3N, with sulfur was found to decrease the band
gap while oxygen doping was found to increase it. These findings should be reproduced with
the HSE06 functional for more accuracy. Corrugation of g-C's N, was overall found to hinder
g-C3 Ny despite its lower energy compared to its planar variant. This is due to the process
widening the band gap of g-C3 N4, while introducing no new characteristics in the density of

states.

4.1 Future Work

There are several possible areas where future work could expand upon this project. First,
cobalt loading could be modecled on the other dopants modeled in this projects such as
Sulfur, Oxygen and Phosphorus. The corrugated phase of Phosphorus doped g-C3N,4 could
also be modeled and compared with its flat variant. Second, structures of corrugated g-
C3N, with a lower energy than the ones modeled in this project could be found with further
iterations. This is due to there being many geometries in which the corrugated structure
to converge to. As an example, the total energy of a corrugated doped system could be
dependent on whether the g-C5 N, was corrugated or doped first. In this study, the non-
metal atoms were substituted into g-C3/N, which was pre-corrugated in its pristine form. The
total energy of this system could change if we reversed this order, and corrugated planar
doped g-C3 N4 to produce the final structure. Further methods of corrugation could be tested
to produce different structures. Due to the number of patterns that g-C'3 Ny can converge
to, corrugating different atoms to different degrees could produce structures with different
energies. Other considerations for the lowest energy structure which could be considered
include the size of the supercell used, and the size of KPOINTS mesh used. If a lower energy
corrugated structure were to be found, its properties such as the density of states and band
gap could be different from the structures modeled in this project. Third, more geometries

of Carbon Dioxide adsorption on Cobalt loaded Boron doped g-C'3 N4 could be modeled to
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find a lower energy structure with a bent C'O, configuration. Other properties of the our
structures could also be calculated such as its band structure and intermediate reaction
products for C'Oy reduction. For more long term projects, additional dopants for g-C3/Ny
and addition transition metals for loading could evaluated for their effect on the efficiency
of C'O5 reduction. These results would then be used to identify properties of doped g-C3Ny

which are beneficial for photo-catalysis to be used for screening of carbon nitride materials.
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