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ARTICLE INFO ABSTRACT
Keywords: Substantial variation in the photocatalytic activity on the interaction of reaction intermediates with the surface
Photocatalysis of the catalyst is governed by the charge transfer mechanism. Charge transfer within a stacked layer of

Interlayer charge transfer

photocatalyst and across the reactant-photocatalyst interface alters photocatalytic activity due to the generation
Density functional theory

of an electric field. This work addresses the synergistic effect of interlayer (f,,) and interfacial (E ) electric
field on the photocatalytic activity of Li-intercalated g — C;N, (Li — CN) through the study of electronic and
optical properties using density functional theory. Charge transfer analysis for simultaneous oxygen evolution
reaction (OER) and hydrogen evolution reaction (HER) in the presence of two water molecules shows variation
in built-in E, of Li — CN as the surface reaction proceeds via the induced E; + generated by the reactants on
Li—CN. This change in E, alters the energy barrier of the next reaction step through directional charge transfer.
The present study reveals the mutual interplay of Ifi,, E, , and adsorption energy of reaction adsorbates for

improved photocatalytic activity of Li — CN for efficient OER and HER.

1. Introduction

Establishing and strengthening interlayer van der Waals (VDW)
interaction between chemically inert layers of photocatalyst promotes
photo-generated charge carriers migration and reduces recombina-
tion rate [1]. Formation of the bilayer involving interlayer orbital
overlap [2], intercalation of alkali/alkaline earth metals for direc-
tional charge delivery, and formation of heterostructures following
s/z-scheme [3] of electron transfer have been adopted for efficient
photocatalyst design [4,5]. Charge separation, mobility enhancement,
the larger lifetime of photogenerated charge carrier, and reduction of
their recombination have been achieved by variety of functionalization
techniques. Dong’s group has exclusively enhanced the efficiency of
graphitic carbon nitride (g — C3N,) for NO removal via intercala-
tion/decoration of Cs, Rb, K [6,7], K/O [8], Ca [9], Ba [10], and
Sr [11] which is governed by vertical electron transfer, established
by extending w—conjugation, activating reactants, localizing electron
around a metal atom, and formation of reactive oxygen species. On
the contrary, Na exhibits shortened lifetime of charge carriers result-
ing from increased electron concentration in the planar region and
suppressed catalytic performance [12].

In search of atom/s capable of bridging stacked layers, Li [4,13,14],
Li/Na/K [15], and Li/Cl [16] show significant enhancement in photo-
catalytic N, fixation [17], dye degradation, and H, production in the
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g —C3N, bilayer (BL — CN) assembly, experimentally and theoretically.
Li because of its small ionic radii holds the potential to bridge stacked
layers without distorting ring geometry of g—C;N, [15,16]. Parameters
leading to the increased catalytic activity of g—C;N, include narrowed
band gap (E,), valence band shift, and varied interlayer spacing for
co-intercalation which boosts electron migration between the layers.
Substitutional doping [18,19] and adsorption [20,21] of Li over triazine
moiety projects the role of Li in increasing electron affinity or reducing
work function of g—C;N,, whereas Li-N interaction governs the electron
transfer channel for adsorbent activation. Charge transportation and
separation capabilities attributing due to Li’s urge for releasing its outer
electron which is complimented with enhanced optical absorbance
and red shift demonstrate potential photocatalytic suitability of Li
associated g — C3N,.

Potential gradient across stacked layers in K, Rb, and Cs bridged
g — C;N, induces interlayer electric field (E,) which directs electron
migration vertically [6,7], this is similar to the fl-, set between het-
erostructures due to difference in work function (@) [3,22]. E}, across
the semiconductor-metal junction and semiconductor-semiconductor
junction [23] complemented with band edges alignment controls the
charge dynamics [24] within the photocatalyst. Further, to balance
the interlayer and intralayer electron distribution, co-doping of S/K-
[25], halogen atoms/K- [26], B/K- [27], and Zn/K [28] within g —
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C;N, have shown enhanced H, evolution and CO/CH, production.
Formation of internal VDW heterostructure (IVDWH) by combining
“surface decoration” and “intercalation” showed that O incorporation
in K-functionalized g — C;N, [8] enhanced charge transfer channel by
electron localization around O and strengthening internal VDW inter-
action leading to spatial separation of photogenerated charge carriers.
Whereas, the synergistic effect of interfacial electric field (ET- ) formed
at the reactant-photocatalyst interface and polarizability of interacting
molecules regulates the chemical kinetics of reaction/s occurring at
the surface of photocatalyst [29-31]. Formation of an electric field
at the = — = conjugated hetero-interface governs the charge migration
within the heterostructure of covalent organic framework-TpPa-1 and
g—C;3N, [32], whereas Ag-Pt decorated over defective C; N, nanosheets
shows decreased peak intensity of XRD at 27.6° and enhanced hydrogen
production with an apparent quantum efficiency of 3.3% at 420 nm due
to localized surface plasmon resonance effect is seen [33].

In order to understand IVDWH formed by the adsorption of vari-
ous intermediates adsorbed during the reaction, we have studied the
independent oxygen evolution reaction (OER) and hydrogen evolution
reaction (HER) using a traditional computational hydrogen electrode
(CHE) method [34,35] over Li intercalated g — C;N, bilayer (Li — CN)
along with electronic and optical properties using density functional
theory (DFT). Despite the reported work on the enhancement of certain
photocatalytic activity by the inclusion of Li-atom in the g — C3N,
network, its water-splitting capabilities are yet untouched. A complete
theoretical study of the role of Li-intercalation in g — C3N, for OER
and HER will further explain the existing experimental results and will
verify its suitability for photocatalytic activity. To study the interplay
and mutual dependence of E, and Ejf which is also an unexplored
topic since the introduction of homo- and hetero-layered structures
along with its importance on tailoring surface properties, we have also
computed simultaneous OER and HER in the presence of two water
molecules on the surface of Li—CN. I::[,/E7f formation in Li-CN
governs the charge transfer mechanism across the whole reaction which
is unraveled and being addressed through step-by-step charge analysis
and verified by the study of activation barrier (E,) which is calculated
using nudge elastic band (NEB) approach [36,37].

2. Methodology
2.1. Computational details

An ab-initio based DFT calculations [38-40] with in-built Kohn
Sham formulation for plane wave-based approach as implemented in
the Quantum Espresso Package [41] is considered for structural relax-
ation and computation of HER and OER reaction study of Li — CN. For
the computation, a kinetic energy cut-off of 60 Ry is used along with
optimized norm-conserving Vanderbilt pseudopotential (ONCV) [42]
for core correction. Grimme-D2 dispersion correction is used to describe
VDW interaction. Also to avoid periodic inter-slab interaction along the
z-direction, 20 A of vacuum space is considered. Coulomb interaction
in the z-direction was truncated in order to keep the computational
parameter similar to our earlier work [2]. All the structures are relaxed
with an electronic convergence threshold of 10~ a.u. Maximum force
per atom less than 103 a.u./A is considered for atomic position relax-
ation with k point grid of 5 x 5 x 2 using Perdew—Burke—Ernzerhof [43]
following generalized gradient approximation (GGA). Electronic prop-
erties including electrostatic potential profiles, Lowdin charges, and
density of states (DOS) are computed using a self-consistent field cycle.
Along with GGA, hybrid functional HSE06 [44,45] for accurate band
gap calculation at 3 x 3 x 3 k-point mesh is also considered followed
by band structure computation using Maximally Localized Wannier
Functions (MLWF) implemented in the Wannier90 package [46-48].

The electronic and optical properties like DOS, partial DOS (PDOS),
local DOS (LDOS), band structure, absorption coefficient (a()), and the
imaginary part of dielectric function (e,(w)) for BL — CN and Li — CN
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have also been carried out using the full potential linearized augmented
plane wave (FP-LAPW) method as implemented in WIEN2k code [49].
For a better estimation of the electronic band gap and optical proper-
ties, TB-mBJ (Tran-Blaha modified Becke-Johnson) potential [50] has
been used. For Li — CN, the muffin-tin radii for carbon, nitrogen, and
lithium atoms are 1.18, 1.25, and 1.75 a.u., respectively to produce
smooth variation between the core spherical harmonics and interstitial
augmented plane waves at the boundaries defined by these radii. For
BL — CN, the muffin-tin radii for carbon and nitrogen atoms are 1.22
and 1.29 a.u., respectively. The value of R, K, Wwas set to be 7.0,
here, R, is the smallest value of the muffin-tin radius, and K, is the
largest K for the plane waves used in the calculations. The maximum
value of the charge density Fourier expansion (G,,,) is kept as 12,
while the expansion of the wavefunctions was done with the highest
value of angular momentum /,,. = 10. All the calculations were

performed on a k-mesh grid of 3 x 3 x 1.
2.2. Reaction kinetics

OER and HER studies on 29 atoms Li — CN system is subjected to
both conventional [34,35,51] and simultaneous OER and HER (with
two water molecules), where respective intermediates were adsorbed
and relaxed sequentially for OER whereas HER requires single atom/
molecule optimization. For simultaneous OER and HER, two H,0O
molecules were relaxed since it is enough for complete simultaneous
OER & HER with ~ 4x 10'* H,0 / cm? interacting with the surface.
To calculate the activation barrier for each step of simultaneous OER
& HER and to study the reaction kinetics, the climbing image-nudged
elastic band (CI-NEB) [36,37] method was also utilized. Optimized
structures from DFT were used as the initial and final structures in
the CI-NEB calculations. CI-NEB calculations converged with a path
threshold of 0.05 eV AT with 12 images for all four steps each.

To understand each reaction step and the charge transfer mecha-
nism, from the calculated Léwdin charges, interlayer (40;,) and interfa-
cial (40, ;) charge difference is calculated using the following formulas:

system system
40, = QM — QY @
_ system _ VEC
AQif - Qadsorbate Qadwrbate’ (2)

Here, VEC:Valence electron count; LL: Lower layer; UL: Upper layer
In order to simplify the charge transfer mechanism, instead of
tabulating the total charge we have calculated the charge differ-
ence, 4Qy /1. = Qi/yf/eZlL - QZE/CLL. Since VEC is constant (QZLE/CUL
= 64), on increasing the total charge of system AQ will decrease,
for example for QI[;Z?FL of 63.5078/63.6386 e~ and QE'ZSE;HZO f
63.208/63.8837 ¢~ we calculate |[AQY-CN | of 0.4922/0.3614 ¢~ (Table

; UL/LL
S1) and |AQIJZSFZHZO| of 0.792/0.1163 e~, respectively. The charge
of the Li atom and H,O molecule is not considered for calculations
of AQU-CN/Li-CN-H;O  \here a decrease (increase) on LL (UL) of
QU-CN/Li-CN-H;0 Jeads to an increase (decrease) on LL (UL) of
AQU-CN/Li-CN-T0 from pristine to H,O adsorbed Li — CN as tabulated
in Table S2.

OER is a four e~ transfer reaction starting from the H,O molecule
adsorption over the surface. The dipole moment of H,O [52,53] drives
itself towards the most electronegative site leading to weak H-bonding
between electropositive (H,0) and electronegative (substrate) region.
The second step involves hydrogen and hydroxyl dissociation leading
to hydroxyl drift towards the corresponding e~ donating site. Further
deprotonation of hydroxyl leading to *O due to e~ transfer owns the
second step of OER. Dissociation of another H,O into hydrogen and
hydroxyl is followed by OH & *O association into *OOH completes the
third step reported majorly as the rate-determining step (RDS) [35] due
to complex dissociation and association route. Finally, this *OOH after
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Fig. 1. Side view of (a) initial and, (b) Optimized crystal structure of Li — CN; (c) bands, total, the sum of the partial density of states for all atoms of upper and lower layer for

Li — CN, with Fermi energy shifted to zero.

deprotonation leads to oxygen molecule desorption, this method has
been followed according to Egs. (3)-(6).

% +2H,0 —* OH + H,0 + (H* +¢7) 3)
% OH + H,0 —»* O + H,0+ (H* +¢7) 4
% O +H,0 - OOH + (H* +¢7) ()
% OOH —#* 40, + (HY +¢7) (6)

The hydrogen atom is adsorbed over the surface at a high elec-
tronegative region, following the conventional way of calculating 4G
using the AE*H/*H30 has been undertaken. The energy barrier required
to overcome, for feasible HER is considered to be derived from the
AE*H/*H50  The extra water molecule plays two-part roles in under-
standing the HER: (i) dipole moment of H,O drives the adsorption of
the H atom, and (ii) formation of H bond between surface-H,O would
redistribute the charges over the surface affecting the feasibility of
reaction (see Egs. (7) to (10)).

#*4+H"+e7) -5+ H )
*H+ HY +e7) »* +H, (8)
H,0 * +(H* +¢7) - H;0 * 9

H;0 * +(H* + ¢7) - H,0 = +H, (10)

In order to study simultaneous OER & HER over the surface, adsorp-
tion of two H,O is an initial step and follows Eq. (11) and Fig. 5:
* +2H,0 —* OH+ * H+ H,0 —* O+ * H+ * H+ H,0
—# OOH+ * H+ H, - +0, + 2 x H, a1

Here, one of the two H,O will initiate its dissociation leading to
OER & HER together with the formation of hydroxyl & hydrogen,

respectively while another will participate in influencing (i) former
H,O0, (ii) charge conjugation over the surface, and (iii) create an Ej 7
(electric double layer) [54], as catalyst surface interacts with the water
layer an electric field at the interface is formed which plays an essential
role in modifying reaction kinetics. Hydroxyl/hydrogen will bond to
their respective sites for oxidation/reduction, this *OH will initiate the
next step leading into *O conversion by releasing H. This H now is
capable of the formation of H, either by the Heyrovsky mechanism, else
following the Tafel mechanism it will bond on another electronegative
site. Formation of *O, 2*H will be followed by another H,O dissociation
while cyclically third H,O will take place of the second to maintain the
E, - HyO dissociation as the third step will result in H* & OH™, this
hydroxyl leads to *OOH while third Ht again can form H, through
Heyrovsky or Tafel (if Heyrovsky did not take place in the previous
step). After successful H, desorption the surface is left with *OOH and
*H, leading to another H,, and O, desorption completes the whole
reaction.

The reasons behind simultaneous HER and OER simulation with
two water molecules are (i) to investigate the charge transfer during
the whole reaction as the number of atoms will remain same unlike,
conventional OER/HER, (ii) to understand the effect of surface termi-
nations within the process on the respective reaction, and (iii) the effect
of adsorbate-adsorbent charge transfer and the effect of H,O in the
generation of an electric field across the junction.

3. Results and discussion
3.1. Electronic and optical properties

Structural variation is the depiction of the change in electronic
properties, here Li intercalation in BL — CN further corrugates the
initial structure. As seen from Fig. 1(a-b) Li atom initially positioned
at the center of BL — CN interacts with N°¥&¢ [2] atoms of the upper
and lower layer (UL and LL) with bond lengths of 2.01, 2.28, 2.14, and
2.58 A as shown in Fig. 3(a). This bilayer bridging reduces average
interlayer separation by 0.286 A in addition to spatial displacement of
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Fig. 2. (a) Electrostatic potential profile for potential variance against cell length (z-axis), inset highlights the variation in peak positions of LL and UL. Isosurface depicts the
side view for (b) BL—CN, and (c) Li—CN electron localization functions. (d) Absorption coefficient («) & imaginary part of dielectric function (e,(w)) vs energy for Li—CN,
where inset highlights the energy range 2.6-3.8 eV, and (e) Reduction-Oxidation potential for NHE/Vacuum energy for g — C;N, monolayer, BL — CN, and Li — CN. *Represents

the Ref. [2].

layers across xy-plane. Substantial variation in the layer alignment due
to the Li-intercalation is governed by the modified orbital interaction
between the layers. Interlayer bridging of alkali metal intercalated
g—C5N, is a result of the interaction of alkali metal with N¢92¢, as seen
in previous reports [8,9,11,12]. Based on the electronegative character
of N¢?¢¢  interlayer orbital interaction, and bent lone pair of the N¢?&¢
atom over/within interlayer tend Li to interact with the N atom. Atom
apart from N¢/¢¢ does not possess a tendency to strongly bond with an
alkali element due to their suppressed electronegative nature compared
to N¢?¢¢, Charge transfer from Li to Ny so1 leads to intralayer charge
redistribution, as a result, corrugation is seen, although no distortion
in the g — C3N, network/ring is observed. The integrity of g — C3N,
tri-s-triazine structure is maintained experimentally as reported ear-
lier signifying its feasible synthesis at the present concentration (3.57
at%) [16,171].

The electronic properties of Li — CN from energy bands and DOS re-
veal the formation of an n-type extrinsic semiconductor with a partially
filled conduction band as shown in Fig. 1(c). Fermi energy (Ej) shift
from —2.78 to —0.51 eV from BL — CN to Li — CN, attributed to the
injection of electrons from Li-2s orbital to the system and contributes
in the frontier orbital (FO) as a result of vertical interaction. With
similar valence/conduction bands (VB/CB) states of UL/LL in BL — CN
shown in Fig. S1, negligible interlayer charge transfer (Eq S1 and
Table S1) [2] is seen. PDOS and LDOS plotted in Fig. 1(c) and S3,
respectively highlight the contribution of 2p-orbital of Ny ;, Cyp, Ny,

C;p in CB, C;;, N;; in VB and origin of Nlb]rzdge—Zp orbitals in the
VB maxima signifying strong z-conjugation. The relative flatness of
partially occupied CB and bending of VB maxima from M — K is
the result of steep Cy; states and wide VB of Li, respectively. The
indirect band gap (Eg) from K - M (Eg = 2.34 eV) and an almost
similar direct band gap from K — K (E, = 2.36 eV) are calculated.
Similar features are observed from the energy band calculated using
the Wannier function (Fig. S3). Highly curved CB minima attributing to
high electron mobility and low curvature of VB maxima due to heavy
holes in Li — CN challenges BL — CN due to its sharp CB and VB on
the scale of effective mass variance (f = m}/m}: where m;/mj is the
effective mass of electron/hole), inferring ~ 2.2 times decrement in
recombination rate of photogenerated carriers [2]. Increase of occupied
orbitals of C;;, unoccupied orbitals of N;;, and localization of FOs
compared to BL — CN is significant and governs interlayer charge redis-
tribution. Li intercalation result in 4Q;, of —0.131 e, while interlayer
orbital charge transfer AQf]-‘, AQZV and AQf]Z of 0.035, —0.064 and
—0.115 &7, respectively (Table S1). LDOS (Fig. S2) and electrostatic
potential plot (EPP) (Fig. 2(a)) verify the Lowdin charges, where the
influence of LL atoms in VB is far superior to the contribution of UL
atoms resulting in the formation of E, from LL — UL, this E, is also
favored by the position of Li atom which is tending towards UL. Orbital
categorization seen from Fig. S2(c,d) further verifies activation of p_-
states for vertical charge transfer, as it shows intense states in CB as
compared to p,/p -orbitals. Significant changes in VB due to p,, p,
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p., and s-orbitals of C/N in LL direct towards surface activation which
is beneficial for high reactivity towards OER/HER. Fig. 2(b,c) depicts
the electron localization function (ELF) supporting the reduced inter-
layer separation, localization of electrons around Li-atom, enhancement
of interlayer orbital interaction, and increment of charge difference
between UL and LL (Table S1) after Li incorporation.

The synergistic effect of visible light absorbance, band edge strad-
dling across reduction-oxidation (redox) potential, and reaction fea-
sibility over the surface determine the potential of a photocatalyst.
Fig. 2(d) shows the parallel, perpendicular component of « and ¢,. Red-
shifting of a due to narrowed E, of Li—CN and higher absorption
of visible photons is seen as compared to BL —CN [2]. The curve
distortion in im(e,) is around 3.0 eV (shown in inset) attributing to in-
terlayer orbital overlap as reported earlier in our work [2]. This orbital
overlap is not visible in the monolayer (ML) [2], where it signifies the
activation of the forbidden transition providing a broad energy range
of photons to excite from VB to CB. Multiple peaks denote transition
possibilities within the visible region of the spectrum, providing its
capability to utilize the whole visible region. The band edges crossing
redox potential seen from Fig. 2(e), display the capability of Li — CN
for OER and HER.

3.2. HER and OER study

With structural relaxation on Li intercalation, the head-on orbital
overlap between the interlayer atoms persisted, and bond formation
creating a bridge as seen in Fig. 3(a) and Fig. 2(b, c). In order to
study the OER/HER over different sites and to check the overall activity
of the Li-CN photocatalyst, established fact reported previously [2,34]
denoting most electronegative atom as a best suitable site for OER and
highest e~ donating atom for HER is considered. As seen from Fig. 3(a)
among such sites, N; with 40 of —0.362 e~ considered as Site 1, N;
with A4Q of —0.315 e~ as Site 2, N, with AQ of —0.341 ¢~ as Site 3,
C, with 40 of 0.371 e~ as Site 4, C5 with AQ of 0.380 e~ as Site
5, and N5 with 4Q of —0.351 e~ as Site 6 with Site 1,3,4/Site 2,5,6
are in UL/LL of Li-CN structure were considered as adsorption sites.
In order to check the site selectivity for adsorption of water molecule
over both the surface of Li — CN, sites have been screened on the basis
of the charges accumulated/depleted over each which is the basis of
the electronegative nature of the sites. From either of the layer, three
different sites with 2 N and 1 C, N°¥¢¢ and C®™" atom, respectively
has been considered.

For OER, H,O relaxation on Li — CN shows an average hydrogen
bond (H-bond) of 1.892 A for H — N*/2¢, the average adsorption energy
of H,0 molecule (AEHZO) of —0.613 eV over Sites-2, 3, 5, 6, inferring
strong physisorption; and chemisorption over Sites-1, 4 with AEIZZYO of
~ —1.01 eV, which is differentiated on basis of charge donated by H,0
molecule as shown in Table S2 and 3 for comparison between Li — CN
and BL — CN, respectively. Energetically stable *OH was computed for
the next step, 1.644 A of C-OH average bond length and 2.218 A
H-bond (*OH-N¢¥8¢) for Sites-1,2,3,4,6 justify *OH interaction with

— CN. Moreover, AES;j of —0.079 and 0.608 eV for Sites-1,3,4,5 and
2,6, respectively is attributed [55] to variation of A4Q;, and AQ;; as
shown in Table S4. With H detachment from *OH, C-O bond length
reduces to ~ 1.296 A, while the addition of H,0 and release of e~ /H*
pair leads to the formation of *OOH showing ~ 1.508 A average C-OOH
bond length. *OOH on Site-1,3,4,6 have H-bond between H —N¢?8¢ of ~
1.823 A, and no H-bond for Sites-2,5 is observed. *“OOH at Site-2 shows
AE?;?H of 4.569 eV due to interlayer N-C bonding. Reactant adsorption
is governed by electron transfer either by molecular orbital interaction
or by the formation of the chemical bond, BL — CN/Li — CN evidently
justify AE’¢'" as a function of AQ[®““/*". The surface interaction
with adsorbate creates a unique interfacial charge redistribution based
on the adsorption type, the type of bonding between them, and the
molecule’s polar nature, affecting further charge and reaction kinetics.
This AE’¢*'*"" further affects change in Gibbs free energy (4G"*"*"")
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Fig. 3. (a) Optimized structure (unit cell) with highlighted sites for adsorption of
intermediates, (b) Gibbs free energy profile for oxygen evolution reaction including
Sites 1-6 over Li — CN.

hence overpotential (47CER/HER) With exothermic nature for *OH
adsorption Sites-1,3,4,5 have *OH—*0O as the rate-determining step
(RDS) whereas, Sites-2,6 show *OOH formation step as RDS attributing
to least AQOfH and AQOH from Table S4 and 5, respectively. AyOER
values of 0.59, 1.00, 0. 76 0.59, 0.91, and 0.35 V for Sites-1 to 6 show
prominent results as an efficient photocatalyst as seen from Fig. 3(b).

Li — N¢¢¢¢ bonding in Li— CN facilitates H adsorption to Cc¢"e"
and C% for Site-1,4,5,6 and Site-2,3, respectively with average C-H
bond of 1.111 A and, AEH 2, 0f —0.797 and —0.732 eV respectively
for Site-1,4,5 and 2,3. S1te 6 shows the highest AEH 5, of =1.043 eV
attributing to the lowest charge transfer from Li to BL CN assembly.
In order to consider the effect of the dipole moment of an extra water
molecule on AEH H;0 molecule is adsorbed over similar positions.
Sites-1,5,6 show AEH3O of —0.552, —0.701, —0.397 eV, respectively
attributing to ~ 1. 051 A N-H bond while no H-bond between H,0

molecule and Li— CN is seen. Strong chemisorption (AE?;? -1.148
eV) for Site-2,3,4 is a result of H-bond between H,0 and Li — CN along
with AQH3OO 382¢~ which is 0.065 e~ more than the other sites. 47} =R

and Ar/HER of —0.49 V (Site-2/3) and —0.037 V (Site-6) lies within
conductlon band edge of Li — CN promoting it as efficient HER catalyst
also seen from Fig. 4 (a,b).

The effect of AQ;; on the AE_,;, of the next adsorbate can be visual-
ized from Table. S2, with low(high) |AQ:720| corresponding low(high)
AEOM is seen. Whereas, AEC, is inversely proportional to [409"| for
Site-1,2,3,4,5 with the exception of Site-6 due to interlayer Li bridging
(Li settle in LL on *OOH adsorption), followed by linear proportion-
ality between AEO°M and |4Q9|. From previous study [2,53] it is
evident that charge transfer between adsorbate and adsorbent leads
to interface modification, which thereafter will govern the next step
of the reaction. AE,,, is governed by 4Q;, occurring at the interface
of reactant and Li — CN. Further, it governs the AG of reactant which
tailors AyOER/HER Thus, two major conclusions drawn here can be
stated as, (a) interlayer bridging during the reaction favors isolation of
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Fig. 5. Cyclic process for simultaneous oxygen evolution reaction & hydrogen evolution reaction over Li — CN.

Li-atom in the void of either layer of BL — CN and, (b) 40, / E;, highly
affects AE,;, of forthcoming reactant which itself is dependent on
4Q; , therefore, coupling between 40, & AQ;, will inherently regulate
adsorption of reactants.

Lack of study of simultaneous OER and HER, charge transfer anal-
ysis with a number of atoms consistent throughout the reaction (as
in CHE method, atoms vary within the reaction due to different in-
termediates hence in that case CI-NEB could not be performed), and
effect of intermolecular hydrogen bonding over the adsorption energy,
whereas, the role of surface termination caused due to OER/HER over
the corresponding HER/OER, respectively directed us to devise and
simulate simultaneous oxygen and hydrogen production. Over a photo-
catalyst’s surface formation of photoanodic (photocathodic), sites will
lead to oxidation (reduction) resulting in oxygen (hydrogen) production

in the presence of two water molecules. The mechanism (Eq. (11)
and shown in Fig. 5) is investigated here mainly to understand (i)
structural variation based on the charge transfer on reactant adsorption
and E$'", (i) correlation between E, & E + derived from the
EPP and respective ELF analysis. In the simultaneous OER/HER, the
structural integrity is maintained during the reaction, as in the earlier
section where CHE has performed with no distortion on adsorbate
interaction. Adsorption of two water molecules initiates the OER and
HER, simultaneously resulting in the AE:I;? for single H,0, two H,0,
and H,O0 in the presence of another H,O molecule to be —0.635, —0.535
and —0.585 eV (calculated using Eqs S2-S4 to understand the variation
on basis of termination), respectively. 40, on 2H,0 adsorption result
in —0.676 e~ attributing to decrement(increment) of electrons over
LL(UL) and increment over 2H,O as seen from Table S6. Owing to 40,
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and 40;, E, should be generated from LL — UL and E, + between
2H,0 — Li — CN, conventionally. Since 2H,0 adsorption pushes Li into
the void of CNy,, the resulting magnitude and direction of E, can be
seen from EPP. Although, potential difference (4V =V}, —V{;; ) shows
E, from Li—CNy; — 2H,0 + CN,, since the direction of E, (seen
from AQ;)) is from LL to UL which is opposite to the direction of Ej
seen from EPP, it clearly indicated that the effect of 2H,0O adsorbed
over Li — CN is governing the effect of E,. The change in the direction
of the electric field on water adsorption over the surface has modified
the interfacial properties which directs us to consider the role of the
newly formed interface over the modification of existing interlayer
properties. With the large interlayer separation of the corresponding
ELF as compared to pristine, the change in the shape of the isosurface
to an ellipse for LL and N°¥¢ lone pair directing towards the H,0
molecule shows a substantial effect of H,O on interlayer orbital inter-
action. Extra H,O on one hand interacts with already adsorbed H,O
while on the other hand, it maintains the formed E, when adsorbed
H,0 molecule dissociates in forthcoming reaction [53]. In Step 1 the
formation and adsorption of *OH, *H, and H,0 over respective sites
resemble the site selectivity mentioned formerly. Isolated H,O after N-
H, C-OH bonding gains 0.031 ¢~ due to HOH-N H-bond resulting in a
change of 4Q; r due to and in favor of ETY [55]. This AQ; r leads to the
formation of H,O+ (H, OH)—CN,; /Li — CNy; (Fig. 5, step-1) resulting
in a reduction of an interfacial barrier for rapid charge movement
and variation in E,-, [52]. This variation attributes to the increment
(decrement) of total charge over LL (UL) from the prior step. 4E*O!
and AE:;I; (Eq S13) are —0.493 and —1.618 eV, respectively demon-
strating the role of E; on AE;‘{%“. This improves the interlayer orbital
interaction as seen from Fig. 6(b, g) here, AV increases to 0.143 Ry,
interfacial potential height decreases, and interlayer distance (potential
height) decreases (increases). Reduction in the separation of interlayer
distance and increased interlayer orbital interaction present the system
as surface modified/surface decorated ((OH,H) — CN,;/Li—CNy )
heterojunction favorable for further deprotonation [8]. This surface
modification/decoration forms an IVDWH [8], which clarifies the role
of surface termination in the variation of interlayer properties. As the
surface termination (adsorbats) changes so does the E,-,, and variation
of E; governs the photoactivity by suppressing the energy barrier for
the forthcoming intermediate adsorption.

The calculated value of AE;‘;’S and AE;‘?SZ (Eq S14) from the next
step (Fig. 5, step-2) calculated as —0.621 and —1.543 eV justify the
case where coupled E, & E, + reduces barrier height for next reaction.
Second H release while *O formation will determine whether HER will
take place using Heyrovsky or Tafel mechanism, H instead of knocking

out adsorbed H from the H bonded N¢/¢¢, chooses to bond with N¢4s¢
changing the termination to (2H,0) — CN;;. 4Q; of —0.617 ¢~ for
(2H,0) — CN;; /Li - CNy,; (Fig. 5, step-2) system strengthen the E,
providing potential for water dissociation and feasible H, desorption
through Heyrovsky or Tafel mechanism. Step 2 further shows an in-
creased AV to 0.147 Ry as a result of *OH dissociation into *O & *H and
their respective adsorption. Interlayer distance increases while orbital
interaction reduces as seen from Fig. 6(c, h) but the E} improves
with potential dip reduction while an overall difference between the
potential at either surface (over adsorbate and over Li — CNy,; ) increas-
ing as a result of electric field coupling. Here next water dissociation
leads to the formation of C-OOH and H knocks bonded H and produces
a hydrogen molecule (Fig. 5, step-3). The high AEO°H of 3.186 eV
attributes to the vanishing of E, , and desorption of H,, resulting in
a reduction in E; also seen from the reduced difference of electric
potential from Fig. 6(d). *OOH dip width increases along with AV
in Fig. 6(d, i), and ELF shows reduced interlayer separation. Further
increase (decrease) of total charge of LL (UL) and reduction in 4Q;
(Table. S6) is responsible for the desorption of O, and H, molecules
resulting in AQ;; of —0.606 ¢~ attracting a large number of H,O for
OER/HER. With the highest AV of 0.203 Ry in Step 4, the formation of
H, & O, takes place successfully while the resulting ELF shows similar
features as for pristine. Huge variation in overall E is seen due to
dispersion of H, and O, away from the surface directing towards (i) no
molecule accumulation over the surface for H,O adsorption blocking,
and (b) no reverse reaction which includes oxygen reduction reaction.

NEB formulation for E, using minimum energy path and free energy
change method for potential barrier (yOER/HER) calculation resulted in
similar findings despite the unresolved complexity (limitation of NEB
in calculating the E, for simultaneous OER and HER) of NEB as shown
in Fig. 7. Computation of AG or E, for two reactions taking place
simultaneously is still an untouched phenomenon, using our devised
method AG*OH, AG*© and AG*O°H are found to be —0.143, —0.571
and 3.586 eV, respectively for U = 0.0 eV. The calculated values of
AnPER(#OERY and lowest An*’ER are found to be 2.927 V (4.157 V)
and 1.303 V, respectively. NEB on other hand provide E, of 1.994
eV for 2H,0 - N-H,C — OH,H,0 (Fig. 5, step-1); 2.4227 eV for
N-H,C - OH,H,0 - N-—H,C - O,N — H,H,0 (Fig. 5, step-2); 4.588
eV for N-H,C-O,N-H,H,0 - N-H,C — OOH,H, (Fig. 5, step-
3) and 3.721 eV for N—-H,C — OOH,H, — 2H, + O, (Fig. 5, step-4)
verifying *OOH formation to be rate determining step. Variations of
E, and nOFR/HER along the whole water-splitting reaction follow the
same path as that of Site-6 attributing to a direct relationship between
the AE’¢%"*" and E, (40;) of its previous step, which is regulated due
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Fig. 7. Free energy change for OER and activation barrier for OER+HER performed over Li — CN surface.

to the E_; r (40;/) caused via adsorption of reactant. Site-6, with its
lowest overpotential value dominates site reactivity for OER, therefore
Site-6 will be preferred for extra water molecule adsorption signifying
the importance of the electronegative region for suitable adsorption of
molecules.

3.3. Charge transfer mechanism

While the reaction proceeds with different reaction intermediates
the charge transfer within the interface of adsorbate-adsorbent is a
governing factor to study the rate-determining step. The charge transfer
mechanism depends on the type of adsorbate, its interaction with the
surface, the polarity of the molecule, and the synergistic effect of a
surface with its stacked layers, hence charge transfer investigation
from the pristine step is crucial to understand the parameters required
to enhance the photocatalytic activity. Li-intercalation is similar to
alkali atom intercalation [6,8,11] and establish a potential difference
across the stacked layers, and this potential difference leads to the
generation of the interlayer electric field. Formation of IVDWH is
understood on the basis of potential differences on the adsorption of
various reaction intermediates, where band alignment will only decide
the charge transfer channel, potential difference has explained the
interfacial and interlayer charge transfer mechanism. With yellow, and
blue regions denoting charge gain, and charge loss, respectively Figs.
S4, S5, S6, and S7 show the charge density difference (4p) of Li — CN,
intermediate adsorbed Li— CN. Traditional formalism involving the
difference between the charge density of the final system (Li — CN) and
its component (Li & BL — CN) has been considered for pristine, while
for adsorbed system three approaches for determination of interfacial
and interlayer 4p have been used (formalism is in the respective figures
S4-S7). Pristine Li — CN from Fig. S4 (a, c) represents charge loss from
Li and gained by the Li-N bond shown by blue and yellow regions,
respectively. The surface of BL — CN shows interlayer charge gain as
per the yellow region perpendicular to the surface, while intralayer
charge depletion is seen from the blue region around the atoms. Charge
gained by OH bond and lost by H atom over H,O bonded with H-
bond is seen on 2H,O adsorption, while dipole over the other H,O is
seen. Here, the surface closer to H,O shows the charge gained while
the respective charge is lost over the dipole. Along with Ej > Py show
charge lost over the UL while gain over the LL signifying E;, previously
discussed (EPP part). Change in 4p as the reaction proceeds shows

the variation of accumulation and depletion region of charges, in Step
1 *OH and *H shifts the charge loss region towards the N¢¥8¢-void
with the reduced dipole of extra H,O and redistribution of 4p regions
for p,. The dense charge difference on *O and *H formation in Step-
2 increases charge loss over the N¢¥8¢ of the void, this affects the
Ap on either side of the surface as seen from Fig. S6. Detachment of
H, vanish 4p around it, localizing its effect between the surface and
*OOH molecule with reduced magnitude. Although, the E; gains its
strength in Step 3 due to a large difference. Finally, in Step 4, O,
with large charge gain desorbed along with H, leaving CN;, with
charge depletion region and for p, clear charge accumulation/depletion
pairing at both the interface justify the coupling between E, r and E,.
With an overpotential of 2.32 V, and 1.15 V over M L-, and BL — CN,
respectively for oxygen evolution reaction, Li-CN shows 0.56 V which
is ~ 4.1, and ~ 2.05 times reduction respectively. Meanwhile, for
the overpotential of hydrogen evolution reaction Li-CN shows ~ 3.4
times reduction, ~ 4 times increment from M L, BL — CN, respectively.

—CN unlike M L-, BL — CN shows overpotential within the band
edges directing potential for overall water splitting, hence showing
superiority to the pure surface of pristine g — C3N,

4. Conclusion

In the present work, the effect of Li intercalation in g—C;N, bilayer
is studied. Li intercalation affects the charge transfer mechanism of the
system and the formation of a charge transfer channel between the
layers of g — C5N,. Intercalation of Li generates an interlayer electric
field (E,) between the upper and lower layers of g — C;N,, while
as the reaction proceeds, interaction of reactant with photocatalyst
surface generates an interfacial electric field (E, ;)- This generated E,
couples with the E,f and assists efficient reactant adsorption. Bridging
of g — C3N, bilayer via Li affects the electronic and optical properties.
Hence, high absorbance in the visible region, band edge straddling
of reduction-oxidation potential, variation of E;, E_;f and AE¢icant
as the reaction proceeds reduce the overpotential of OER and HER
over Li—CN as compared to BL—CN and promote Li—CN as an
efficient photocatalyst. The present work also highlights the importance
of two H,0 molecules to understand the simultaneous HER and OER
reaction mechanism and charge transfer channel during the reaction.

—CN is a potential material for water splitting, hydrogen produc-
tion, and oxygen evolution, therefore it should be further explored
experimentally.
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ABSTRACT: A novel, eco-friendly, polymorphic graphitic carbon nitride (g-C;N,)
y,.,.‘l‘.“::,,\ \-1".[“:-0‘05(-\'

bilayer with its potential application in photoresponsive and physicochemical
properties enhanced due to interlayer coupling lacks investigation of different
stacking configurations, interlayer atomic superposition, and their effect on
photoactive reaction sites. Using the hybrid density functional theory, structural,
electronic, optical, and photocatalytic properties of nine spatially modified bilayers
referred to as Sy—Sg together with site-dependent oxygen/hydrogen evolution
reactions (OER/HER) on the most photoactive bilayer (S;), have been explored in
this work. vdW bilayers arranged considering all possibilities of interlayer atom—
atom/atom—bond alignment along with the upper layer rotated by 0° (AA) and 180°
(AB) on energy and force minimization are classified into planar (corrugated)
geometry with band gap decrement (increment) compared to the monolayer,
indicating the role of n-delocalization. Increased mobility, feasible surface migration,
and reduced rate of recombination for photogenerated charge carriers in S; along with
the highest optical absorbance indicated its importance over monolayer and other bilayer configurations. Among the different active
reaction sites, the best suitable site on S; reveals 2 and 3 (20) times drop in value of overpotential for OER and HER (with an
additional H,O molecule), respectively, against the monolayer. Current analysis displays efficient charge carrier separation, in which
charge transfer within the bilayer on intermediate adsorption and formation of an interfacial electric field illustrates the stepwise
reaction mechanism and proclaims the synergistic effect of 7-conjugation and interlayer orbital interaction for surface activation and
improved photocatalytic activity of the g-C3N, bilayer as compared to the monolayer.
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1. INTRODUCTION

A change in the global demand from nonrenewable energy
resources, which are at the edge of extinction, to reusable
energy-generating resources calls for cooperation among
technologists, industrialists, and scientists. Regarding applica-
tions of solar energy in terms of photocatalysts and
photovoltaics, technology has been developed through
research, but exposure to heavy metals and their excess
exploration have put the environment at risk. The quest for
nontoxic materials with properties better than those of metal
oxides and sulfides brought us to graphitic carbon nitride (g-
C5N,), a polymorphic lamellar structure with a broad band gap
of 2.7 eV'™> with suitable band edges for simultaneous
reduction and oxidation reactions.® The abundance of
constituent elements in nature, active sites for doping/loading
of the anion/cation or both, and cost-effective, easy synthesis
method make g-C;N, a prospective flexible photocatalyst.
Although the rapid rate of recombination of photogenerated
charge carriers, lack of active surface sites for redox reaction,
and prohibitive overpotential” have restricted its practical use
at the large scale, researchers have tried to eliminate these
limitations via various techniques like structural modification,”
vacancy creation,” doping and loading of metals and
nonmetals'® for either introduction of the intermediate state
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or formation of extrinsic semiconductors toward one of the
two reactions of water splitting. Functionalization of g-C;N,
along with decreasing dimensionality has led to the enhance-
ment in hydrogen production,'’ dye degradation, overall water
splitting, nitrogen reduction, and carbon dioxide reduction to
hydrocarbon fuel at an exponential rate.'>'® This path of lower
dimensionality has led to new fields of interest including
homojunction and different types of heterojunctions for
enhancing not only the photocatalytic activity but also its
multifunctional applications by synergistic effects through
possible combinations of diverse materials."*~"°

Promising enhanced visible light absorption, high quantum
yield, and rapid displacement of photogenerated charges
collected over the surface as a result of dense stacking
configuration'” encouraged formation of nanosheets and
nanoflakes for exorbitant photocatalytic activity. As the

Received: November 22, 2021
Revised:  January 12, 2022

https://doi.org/10.1021/acs.jpcc.1c09973
J. Phys. Chem. C XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brajesh+Rajesh+Bhagat"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kishan+H.+Mali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alpa+Dashora"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.1c09973&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?fig=abs1&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.1c09973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

material approaches lower dimensionality, on the one hand,
the quantum confinement effect leads to increment in the
forbidden energy gap, while on the other hand, bifurcation of
the stacked layer results in charge redistribution and increases
planar and interplanar charge carrier mobility.'® A study by
Wei and Jacob'® on the g-C;N, monolayer (ML) with quasi-
particle correction indicates enhanced electron—electron
correlation resulting in an improved solar energy conversion
efficiency by band gap tuning setup by excitonic absorption,
which accounts for the dimensionality of the material.
Interstitial and substitutional doping alters the connectivity
pattern, causing a topological change in g-C;N,” and leading
to high activity, indicating the synergistic effect of dopant’s
property and structural modification. A similar advancement in
the redox reactivity carried out by intercalation of various alkali
metals”"** in the g-C;N, bilayer (BL) and heterostructure***
is reported.

Subsequent theoretical and experimental investigations on
the stability and photocatalytic activity of structurally modified
layered g-C;N, based on the interlayer orbital coupling and
energetically most stable configuration have confirmed the
major role of tri-s-triazine-based materials in the race of metal-
free photocatalysts. The initial study by Gracia and Kroll*®
using ab-initio molecular dynamics reported stability of the
layered configuration by avoiding repulsive forces between the
nitrogen lone pair (LP), resulting in the formation of a
corrugated but low energy structure. Azofra et al.® have
investigated carbon dioxide reduction reaction by a planar and
stabilized corrugated ML configuration with a nitrogen LP
located over the structural holes to reduce the repulsion,
enhancing the catalytic performance of CO/CH;OH by
distorted geometry.

The exploration of the BL in 16 different configurations
provided deeper insights into interlayer coupling and its visible
light response, including stacking of bridged, edge nitrogen
over each other along with other different alignment structures.
Because of its increased visible light absorption and band gap
compared to the ML, it can be applied in photovoltaic
materials,”® while studies on the stable structure based on the
excitonic effect with the stacking range from the ML to four
layers have been done for hydrogen evolution reaction (HER)
considering ABAB stacking only.”” Wang et al.”* and Zuluaga
and co-workers”” worked on polyfunctional materials in the
bulk form and discussed the off-plane distortion and interlayer
stacking configuration for discrepancy in experimental lattice
parameters and band gap tuning. The hybridization and
overlap of p, states showed an indirect relationship between
the synthesis temperature and band gap of g-C;N,*’ An
excitonic perspective showed broadening of the absorption
region due to transformation of dark excitation to bright
excitation, activation of the electronic transition channel
around Fermi, and localization of an electron—hole pair at
reactive sites resulting in weakening of the N—H bond for
efficient HER.*** Finally, a synthesis method including two-
step ultrasonication—calcination yielding carbon nitride nano-
sheets proved the increased HER efficiency by electron
transport through tunneling between a vertically aligned C—
N pair.”’

For steering the behavior of photoexcited electron—hole
pairs that result in efficient separation, high mobility of charge
carriers, and increment in recovery time, the following
methods have been reported by Li et al:’' (i) formation of
the heterojunction, (ii) regulation of spin polarization in the

catalyst, (iii) design of a donor—acceptor system via doping/
decoration, and (iv) generation of excitons by functionaliza-
tion.”’ > Another strategy to design the photocatalysts with
high active sites and the desired surface is composition and
modification of g-C;N, into a BL, which can help in
overcoming the problem of photogenerated charge carrier
separation and its transfer that leads to reduction of the rate of
recombination, providing a broad time window for oxidation
and reduction reaction.

The available literature studies show enhanced visible light
absorption due to z-conjugation and increment in charge
carrier mobility'’~"” and the interlayer interaction provides
stability to the structure and variation in the band gap and
generates interlayer electric field for eflicient adsorption of
intermediates in reaction mechanisms.****>*° Therefore, the
synergistic effect of 7-conjugation and interlayer interaction
will be useful for enhanced photocatalytic activity. Despite
investigations on certain photocatalytic reaction mechanisms,
the study of oxygen evolution reaction (OER), exploration of
C—N interlayer interaction, and its significance on the change
in HER efliciency with water molecules is still lacking for the g-
C;N, BL. Possibilities of stable structural modification and its
effect on photogenerated charge carrier dynamics for further
improvement and understanding at a macroscopic level for
studying zE}he mechanism are urgently required in the current
scenario.

The current work focuses on the role of z-conjugation and
interlayer orbital interaction in the formation of a stable g-
C;N, BL considering the possible pair of bi-/tri-bonded N—N,
C—C, and N-C orbitals, their electronic and optical
properties, and the formation of active reaction sites for
photocatalytic OER and HER, which were observed to possess
low Gibbs free energy and overpotential values; it was further
explained on the basis of interfacial electric field generation
resulting from charge transfer as the intermediate radicals are
adsorbed over the surface and improving photocatalytic
activity as compared to the ML of g-C;N,.

2. COMPUTATIONAL DETAILS AND MODELS

Hybrid density functional theory implemented in QUANTUM
ESPRESSO™ code has been used to determine electronic and
optical properties of the system using HSE06 functional®®*”
for accurate band gap calculations; it is a combination of
Perdew—Burke—Ernzerhof (PBE)*® functional following gen-
eralized gradient approximation (GGA) and Hartree—Fock
(HF), whereas structural and thermodynamical properties
were computed using PBE—GGA. The screening parameter
within the limit (@ < 0.15 a;") is considered to be @ = 0.046
ay' for obtaining7 a band gap value similar to that reported in
previous studies.”'? To simulate all electron results with high
accuracy, all calculations are done using optimized norm-
conserving Vanderbilt pseudopotentials®™ *' with a plane
wave-based basis set cutoff for kinetic energy of 60 Ry
considered after the systematic convergence test with respect
to the total energy of the system. Dispersion correction to the
total energy for vdW interaction within the BL has been
included using Grimme-D2 correction.*” For structural and
thermodynamic calculation, a I'-centered 5 X 5 X 2
Monkhorst—Pack K point grid*** was used, while costlier
hybrid functional-based properties were computed by a
uniform 3 X 3 X 3 grid. An energy cutoff of 107° eV for
electronic optimization and a force convergence threshold of
107 eV A" per atom for relaxation of atomic positions and
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Figure 1. (a) Ball and stick model with marked N (blue) and C (gray) atoms, (b) electron localization function (ELF) contour (001), (c) total and
partial density of states, and (d) 3D ELF isosurface of the g-C;N, monolayer.

unit cells were used throughout self-consistent field iterations.
For the visualization of different forms of the BL, XCrySDen*
software is used.

Tri-s-triazine-based g-C;N, with three triazine moieties
bridged by a single N atom consisting of 8 N and 6 C
atoms in the unit cell is studied in this work along with other
allotropes for its stability and photocatalytic activity.*>*
Because the same chemical environment is provided due to
periodicity, we have considered the unit cell of lattice
parameter 7.14 A for the ML and BL study, with a vacuum
of ~16 A and an interlayer distance of 3.275 A along with
isolating layers in 2D to truncate the Coulomb interaction in
the z direction, thereby eliminating any interaction with the
next periodic layer in the case of BL structures, which consists
of 28 atoms in total (16 N + 12 C).

The different BL structures, namely, Sy, S, S, S3, S, Ss, Se
S;, and Sg, are considered on the basis of interlayer atomic/
bond alignment to study the type of feasible atomic orbital
alignment in vertical layer stacking. Here, structures Sy, S}, S,
and Sy are AA (without rotation)-stacked, and S, represents
the BL where the tri-s-triazine moieties are exactly over each
other; for S;, the upper layer (Ly) is displaced so as to align
bay carbon (C;) over the threefold coordinated (N,)
hybridized N of the lower layer (L,); for S,, the Ly is placed
in such a way that the atoms of the Ly align over the bonds of
L;; and for Sg, N, lies over the void of the L; and similar atoms

are placed over each other. The remaining structures S, S, Ss,
Se and S, are AB-stacked, with the Ly rotated 180° with
respect to the L;; S; shows the position of N, of the Ly; over
the void of the L and C atoms align over N atoms; in S, the
Ly is slightly displaced along the xy plane than S;, but with
atoms aligned over the bonds; Ss consists of the least direct
atomic alignment with N, of both layers aligned over each
other; S¢ includes alignment of N atoms over the pore of
hexagon, while C atoms are aligned with C of either layer; and
S, shows the alignment of similar N atoms of both the layers
over each other. To analyze the interlayer bonding strength
and structural stability, cohesive energy is calculated for all the
BLs (S,—S;) using

AEcy, = Eg, — 2 X By, (1)

where Eg; and Ey; are the total energy of the BL and ML,
respectively.

To study the single-electron transfer step of HER and the
four-electron transfer mechanism of OER, we have used the
method developed by Nerskov and co-workers,***” which
involved calculation of Gibbs free energy (AG) preceded by
adsorption energy of intermediates, as mentioned in our
previous work."?

The single-electron transfer step of Volmer—Heyrovsky for
HER with n = 0 corresponding to the isolated hydrogen atom
adsorbed over the surface and n = 1 implies the effect of extra
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water molecules along with the corrected AG equation

reported by Norskov et al,>” which is given below:
[(H,0), + H] + ¢~ » H*+(H,0), )
[(H,0), + H'] + H*+e™ - H, + (H,0), (3)
AGy« = AEg« + 0.24 (4)

7O (TRY) = max [AG] — 1.23 (0.0) V
(i denotes the intermediate) (s)

Correction based on the effect of extra water molecule is
followed accordingly for the calculation of AG.

3. RESULTS AND DISCUSSION

3.1. Structural Properties. The ball and stick model of
the ML of g-C;N, is shown in Figure 1, where blue balls
correspond to N atoms and gray balls correspond to C atoms;
on the basis of hybridization and position of the atoms in the
cell, N has been divided into three and C into two different
forms. In the present study, the nomenclature of the N and C
atoms is as follows: N; and N, correspond to the bi- and tri-
bonded form of the atom present at the edge and center of the
mesh, respectively, with N; being highly electronegative as
compared to other atoms because of high charge density; C
atoms are labeled as C; and C,, and both are tri-bonded with C
at the bay and corner position, respectively, of the triazine
mesh. The unit cell of the ML containing eight N atoms, in
which six atoms are type N, one atom is type N,, and one is N
atom, bridges three triazine moieties, while there are three C,;
and three C, atoms with six C atoms in total. The optimized
lattice parameter and atomic position of the ML g-C,N,'**’
with vdW correction have been used to design the spatially
modified BL with different layered alignments, as shown in the
first column of Table S1, while the second column contains its
corresponding optimized structure. Visible structural similarity
and energy difference in nine BL configurations (Sy—Ss) leads
us to categorize them into three different sets: Set 1, which
includes S;, S, and S, and Set 2, which includes S; and S,,
where each set has an almost similar structure along with a
similar cohesive energy, while all other dissimilar structures S,
S5, S5, and Sg can be combined in Set 3. This classification
shows the existence of only few stable structural orientations
even if thousands of randomly arranged g-C;N, layers were
initially considered as reported by Wang et al.”” and Zuluaga et
al.”” with experimental verification, which suggested that
variation in the stacking configuration is dependent on the
synthesis temperature.

As discussed in the previous section, initial models were
classified into two categories: (1) layer displaced over each
other without rotation and (2) the upper layer with 180°
rotations with displacement. Furthermore, on the basis of
atomic alignment, all optimized structures can be classified into
two categories as planar (no distortion in the z-axis for the
BL){S,, Ss, S;, and Sg} and corrugated (distortion in the z-axis)
{Sy, Sy S3 S, and S¢} geometry, as a result of the short-
distance atomic orbital interaction. As was predicted, the
interlayer orbital interaction among C—N, C—C, and N—N
with an increasing strength of repulsion (decreasing strength of
stability) was also seen from the final structures. The change in
interlayer separation (AD), calculated as the difference
between the initial (3.275 A) and final average atomic

positions in the z-axis, is tabulated in Table 1, which clearly
indicates the role of orbital interaction in the BL; in the case of

Table 1. Computed Value for Cohesive Energy (E),
Interlayer Distance Difference (AD), Band Gap (E,), Fermi
Energy (Eg), Vacuum Energy (E,,.), Work Function (®),
and Band Gap Center (Eggc)

Econ AD E Eg E @ Epgc
structure  (eV) (A) (e\% (eV)  (ev)  (eV) (eV)
g-C3N,- —-0.02 -0.233 241 —4.31 3.15 7.46 —4.76
g-§3N4— -0.11 -0.569 295 —4.56 3.47 8.03 -5.06
g-gl3N4— —011 -0570 296 —455 347 802  —505
g-C23N4— -0.13 —-0.390 298 —4.52 3.48 8.00 -5.09
g-SC$3N4— —0.13 —0.345 296 —4.51 3.48 7.99 -5.14
g-§3N4- —0.05 0.006 2.68 —4.29 3.14 7.43 —4.62
g-CS_~,N4— -0.13 —-0.343 297 —4.51 3.47 7.98 —-5.12
g-C63N4- —-0.02 —-0.039 2.61 —4.33 3.15 7.48 —4.65
g—SC73N4- —-0.05 0.103 2.57 —4.32 3.14 7.46 —4.59

8

Ss/Sg, the positive value points toward the presence of triazine
moiety of one layer over the void of another and similar atoms
(C—C and N—N) aligned over each other. For structures of
Sets 1 and 2, the values are similar for each set, and a similar
atomic configuration provides us the reason for the non-
corrugated structures (S, Ss, S;, and Sg); on the other hand,
atomic alignment of nonsimilar (C—N) atoms (S;, S;, Sy, and
S¢) or atoms over the bonds (S, S,) leads to corrugated
geometry in the BL. The planar structures show an increase in
lattice parameters a and b, whereas decrement is observed in
corrugated structures, while ¢ had a trivial visible change due to
the isolation of the layer in 2D and suppression of interlayer
Coulomb interaction due to the domination of s, p orbital in
planar structures, as only an increase in bond length and a
decrease in the angle are seen for atoms over each other, and
the perpendicular p orbital governs corrugated structures.

Charge density of each atom generates an equipotential
surface around the atoms in the ML of g-C;N,; on introducing
another layer in the vicinity of the surface, respective atoms
balance their forces based on the orbital interaction leading to
structural changes, while this region around the atom promotes
free movement of the atom present in both the layers, leading
to an infinite number of possibilities of the position and
orientation. However, due to the constrained degree of
freedom caused by the presence of chemical bonds and LP,
the number of possibilities is reduced, but remains high in the
case of the multilayer system. Such a phenomenon give rise to
energetically stable but visibly different structures. In our case,
similar structures in Sets 1 and 2 show this property in terms of
cohesive energy.

The exothermic nature of the reaction is indicated by the
negative value of cohesive energy calculated using eq 1, while
the magnitude determines the stability, making Set 1 most
stable, followed by Set 2 and then Set 3. A similar stability
study”®*” also concluded that the S;/S,/Ss type structure is
most stable in the bulk form of tri-s-triazine, which is
proclaimed by the maximum dissimilar atomic orbital
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Figure 2. Total and partial density of states for the bilayer tri-s-triazine-based g-C;N,:Sy—Sg structures; Fermi energy is shifted and is at 0.0 eV at
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axis.
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Figure 3. Local density of states for (a) monolayer and bilayer, (b) S;, and (¢) S5 g-C3N, for s, p,, p,, and p, orbitals.

interaction among all structures. Thus, a well-known design
method for the most stable BL that includes avoiding N atom
LP repulsion needs remodeling by inclusion of the highest
number of interlayer C—N atomic orbital overlap to further
decrease its energy. This minimization of forces due to
interlayer orbital coupling leads layers to slide over each other
along the x-y plane in a multilayered system, leaving us with a
handful of possible stable structures. The multimedia file
MMS]1 explains the phenomenon of structural optimization of
Se; initial shifting of the layer and alignment of similar atoms
over each other along with corrugation is seen, followed by
increasing layer separation due to LP repulsion and finally
displacement of both the layers over each other. As was
reported earlier, when we move higher on the number of
layers, the constraints increase, which decreases the free
movement of the layer, and also z-localization decreases in the
presence of a reactive surface. Thus, the system, instead of
going to global minima potential, confines itself in local
minima to restrain structural changes. Thus, the interplay of
planar localization of electrons and interlayer orbital coupling
will be most effective in the bi-layer form of heptazine g-C;N,.

3.2. Electronic Properties. Hybrid DFT eliminates the
underestimation of band gap caused by the GGA functional by
adding a part of HF in the exchange correlation functional and
thus is widely used for the study of photoresponsive materials
and their applications. Here, electronic properties have been
studied using HSE06°**” functional, and the total density of
states (DOS) has been computed for all the BLs (S;—Sg) and
the ML system is presented in Figure S1. Also, the computed
Fermi energy (Eg), band gap (E,), vacuum energy (E,,), band
gap center (Eggc), and the correspondlng work function (®)
of BLs are tabulated in Table 1. The electron localization
function (ELF) for Sy—Sg has been tabulated in Table S1. The
2D ELF contour along the 001 plane for the ML is also
presented in Figure 1b with its scale range from 0.0 to 1.0 in
terms of bond strength, where 0.0 < ELF < 0.5 (blue region)
shows ionic bonding, &~ 0.5 (green region) shows metallic
bonding, and 1.0 > ELF > 0.5 (red region) shows covalent
bonding, whereas the highest electron density is presented in
red, signifying the presence of LP/free electrons. Along with
total DOS, projected DOS (PDOS) that includes the separate
orbital states has also been computed, as shown in Figure 1c
and 2, for the ML and BL, respectively. We have computed E,

10,51,52

= 2.77 eV for the ML, which was also reported earlier "
with PDOS, presenting the dominating role of N; in the
bonding and hybridization of N,, C;, and C, in the anti-
bonding orbitals. The ELF plot shows the m-localization over
the plane for rapid charge carrier mobility, and contour shows
sp” bonding of C—N atoms in the presence of the LP at the
edge N atom, making them most electronegative and suitable
sites for intermediate adsorption for redox reaction.

The structural changes in the BLs can be verified by the ELF
and DOS plot. From the 3D ELF images shown in Table S1,
the uniformity in charge density perpendicular to the plane in
planar Sy, Ss, S;, and Sg BLs implies the balancing interlayer
orbital interaction through symmetric distribution of spreading
of the charge cloud in the x-y plane as the side glance of ELF
shows spherical charge distribution, which was ellipsoid for the
ML (Figure 1d). The corrugated structures display the
repulsion of the charge clouds and felicitous arrangement
between orbitals of C—N atoms across the z-axis of BLs. Figure
2 shows a decrease in E, for planar BLs, which is associated
with (a) the sharp and distinct peak formed in the valence
band maxima (VBM) region around —2.0 eV due to the N,
atom, (b) the sharp peaks in the conduction band minima
(CBM) dominated by N,/C, atoms in the region around 1.5
eV, which is shifted toward Eg, and (c) electronic states formed
by the s orbital for C/N atoms shifting toward a lower energy
region, implying the electron density confinement but slight
delocalization in VB(CB) around —2.5 eV(2.0 eV) as
compared to the ML. On the one hand, for corrugated BLs
(Sy, Sy, S5, Sy and Sg), the structure of Set 2 shows almost the
same features due to its structural similarity. On the other
hand, we observe a slight difference in the VB for Set 1 and a
large change in the CBM as a result of a change in AD (as
mentioned in Table 1) of triazine moieties in the BL, which is
also seen by the domination of N, 2p-states in S with respect
to S3/S, in CBM and domination of C, around 2.75 eV
observed in Figure 2. The BLs with 0°-layer rotation (S, Sy, S,,
and Sg) show a change in the PDOS of the Ly, and L except in
So but for BLs with 180° rotations (S;, S, Ss, S¢, and S,),
PDOS is exactly the same for both the layers. In the upper
layer of the Set 2 structure, C; dominates the CBM and L
shows hybridization of C; and N,. On close examination, the
difference in origin of CB in different BLs is attributed to the
value of AD because the domination of CB by p, orbital layer
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separation plays a major role in the band gap arising from the
combined properties of z-localization and interlayer orbital
coupling.

The quantum confinement effects increase the band gap, as
we move toward the ML. Thus, the BL should show a lower E,
value with respect to the ML, although corrugated BLs in this
study show the increment of E, pointing toward the
involvement of orbital contribution in the system. Local
DOS (LDOS) for the ML and BL (S; and S;; as representative
structures from corrugated and planar class) is presented in
Figure 3. Figure 3a,c shows the domination of VBM by N s, p,,
and p, states, while C p, states comprise CBM. Sharp peaks in
the VB region around —1.9 eV for the ML and S for N s, p,,
and p, testify their planar geometry. LDOS of S; shows high
contribution of the N p, orbital, suppression of the existing C
p. states, and small contribution of anti-bonding states of C s
and p, in CBM resulting from delocalization of unoccupied
states over the plane. By comparison of Figure 3a,b, it can be
found that domination of p, states for Ny, quenching of Ny’s p,
states along with 2p and 2s orbitals, and merging and shifting
toward the lower energy in VB lead to an increased band gap
value, denoting the role of orbital interplay in the quantum
confinement phenomenon for a more stable stacking
configuration system, providing a conclusive proof for the
experimental values.””

The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) carry informa-
tion about the possibility of the presence of charge carriers in
the atomic orbitals, providing charge transfer and hybridization
states. For the ML, from Figure 4ab, localization of the
HOMO over low coordinated N atoms and that of the LUMO
over the C;, C,, and N, atoms (also verified by PDOS) not
only show uniformity in the z-axis but also reduce the
separation of the electron/hole (e”/h*) pair and the
photocatalytic efficiency of the material. Therefore, to enhance
the efficiency, we require a higher occupancy in the anti-
bonding orbital to induce weaker binding strength. From
Figure 4¢,d, it can be found that for S; the corrugation in the
BL brings an increase in transition of e~ to N in its 7% anti-
bonding orbitals from the LP states of the bonding orbital, and
an increase in unoccupied states of C in CB resulting from 7z
conjugation suggests the direction of the electron delivery
toward the most suitable site for the redox reaction
intermediate adsorption. Symmetric localization of charge
density over the atoms in both the HOMO and LUMO is
shown in Figure 4e,f as a result of interlayer interaction, where
the HOMO shows LP bending due to the presence of voids.
Vanishing charge density in the LUMO as compared to the
ML signifies its decreased z-conjugation, leading to reduced
surface sites for the reaction. ELF contour of the (100) plane
for the ML is shown in Figure 4g. It presents the equipotential
surface, and Figure 4h presents facilitation of partial hybrid-
ization in the S; BL between n-LP after shifting of LP
downward contributes to system’s stabilization due to on-site
orbital resonance compensated by increased charge density
and tilt angularity of both layers, which provide reactive sites
on either side of the system for simultaneous reduction—
oxidation reaction in BL (S;) arrangement, which is not visible
in Sy (Figure 4i).

The band structure presented in Figure S2 computed along
the I'-M-K-T" k-path of the Brillouin zone of the hexagonal cell
structure for MLs and BLs shows the effect of structural
changes on the bands along the k-path. The planar and

7:?

(@ .~ ¢ % (b) ;
0 d’?"iff / S jo

Figure 4. (a, ¢, e) Highest occupied molecular orbital (HOMO) and
(b, d, f) lowest unoccupied molecular orbital (LUMO) top and side
views and (g, h, i) 2D electron localization contour (1 0 0 plane) for
ML, S;, and S;, respectively.

corrugation geometries in MLs and BLs were differentiated
with bands at the K point of momentum space. In the ML,
smooth small curvature bands at I' and K points are seen,
which turn into bands with a large curvature at I" at VBM and
those with a conical curvature at the K point at CBM for the
BLs as a consequence of weakening or partial 7-delocalization
over the mesh due to formation of ridge/groove defects. The
parallel bands in S, confirm its balanced BL geometry, whereas
all other BLs through the energy difference value at a certain
point in the band pair evidence the interlayer orbital
interaction. Structures of Set 1 being energetically similar
show a difference at VBM along the M, K, and I" points,
whereas interlayer coupling changes the indirect band gap from
I''K to I'-M for S5 and Sg as a result of a similar atom orbital
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repulsion. As discussed from PDOS for band gap difference in
BLs, a similar trend is seen from the band structure plot as the
VBM of the planar structures is found at the higher energy and
CBM toward the lower energy region, narrowing the band gap,
while the corrugated structure leads to shifting of VBM toward
negative energy and shifting of CBM toward higher energy,
resulting in the increment of the band gap due to orbital
interaction.

Along with the presence of the band gap in the visible
spectrum, the role of charge carrier mobility and its
recombination rate determines the photocatalytic activity of
the material. Higher charge carrier mobility as a consequence
of the lower effective mass (m* = er/pu, m*: effective mass, e:
electronic charge, 7: collision time, and y: carrier mobility) not
only decreases the time of photoinduced e”/h* pair transport
within the material but also accelerates the charge displace-
ment over the surface to avoid charge accumulation and
provide a clean surface for the enhancement of redox activity.
Parabolic band approximation has been used to calculate the
effective mass of electrons and holes (m¥ and mi*) using

m*=h*/ [‘)ZE(k)/akZ], from the band structure of BLs plotted in
Figure S2 and values of m¥ and mjf' given in Table 2 along with

Table 2. Theoretical Value of Effective Mass of Holes,
Electrons, Effective Mass Ratio, and Integrated Absorption

structure mit (mg) m¥ (mg) B absorption (10°)
g-C3N,-S, 0.354 0.173 0.49 2.92
g-C3N,-S, 0.128 0.062 0.48 3.77
g-CyN,S, 0.127 0.060 0.47 3.68
g-CyN,S, 0.134 0.058 0.43 412
g-CyN,S, 0.135 0.074 0.55 3.85
¢-C5N,-S; 0.352 0478 136 2.89
g-CiN,-S; 0.139 0.080 0.58 3.93
g-C5N,-S, 0.344 0.156 045 3.39
g-C3N,-Sg 0.389 0.174 0.45 3.4S5

the effective mass ratio (f = m¥*/mif). B also corresponds to
the variance in the effective mass for the e”/h* pair, where the
smaller value of variance implies rapid recombination with
sluggish activity and vice versa. m¥ and mj* are calculated from
the I'-point of CBM and the M-point of VBM for S; and S;,
respectively, and from the I"-point of CBM and the K point of
VBM for MLs and rest of the BLs. The m¥ and m{* values for
ML, S,, Ss, S, and Sg (planar) show higher effective mass due
to a small band curvature; therefore, low electron mobility and
heavy holes lead to low activity, while for S,, S,, S, S4, and Sg
(corrugated), comparatively lower effective masses point
toward high photoinduced charge carrier mobility, implying
its significance in enhancing the photocatalytic activity. From
Table 2, the highest mobility of the e™/h* pair is noticed for S;.
S is an exception regarding m} > mj* as a result of the small
curvature of VBM as compared to CBM and small variance. S,,
S3 S;, and Sg show larger variance than ML,"° thus promoting
them a step ahead for better photocatalytic activity.

In structures inculcating interlayer coupling and no 7-
conjugation (S, Ss, S;, and Sg), a valence band similar to that
of the ML is seen, while the conduction band displays lower
effective mass of electrons due to the high curvature and hence
rapid electron migration. Although structures show synergistic
characteristics of interlayer orbital interaction and z-
conjugation (S;, S, Ss S, and Sg), the curvature of the
valence band and hence the mobility of holes increased due to

hybridization of the HOMO. A similar behavior was observed
for the conduction band as a result of p,/p, orbital activation,
as seen from Figure 3, where dominance of C-2p, tailored the
electron mobility. Hence, increasing photogenerated charge
carrier mobility, their effective separation and reduce
recombination rate eradicating problems related to the
recovery time of electron—hole pairs. Thus, as a consequence
of the low recombination rate and high electron mobility, S,
proclaims its dominance in charge separation among all
structures in the quest of efficient photocatalysts.

3.3. Optical and Photocatalytic Properties. The
frequency-dependent absorption coefficient [a(®) and imag-
inary part &,(w) of complex dielectric function e(w) = &;(w) +
ie;(w), €(w): real part] is computed and presented for the
ML, S;, and Sg in Figure Sa,b using

a(w) = ’\/50)\/1/81(0))2 + &,(w)* — g(w) for the study of

optical properties using HSE06, and the insets show the
corresponding data using PBE functional. In Figure Sa, red
shift of a(w) for BLs with respect to the ML (black color)
implies an increase in the absorption in the visible region
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Figure 5. (a) Absorption coefficient (cm™) for the monolayer and S
and S; bilayer g-C;N, (visible region shown by the yellow part) and
(b) imaginary part of the dielectric function for ML, S;, and S
structures using HSEO6. Insets show the corresponding data using
PBE—-GGA.
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(shaded yellow region), also confirmed by the integrated
absorption values (10°) provided in Table 2 for BLs, and for
the ML, it is calculated as 2.01 X 10°. This directs us toward
the application of BLs in higher visible light absorption,
resulting in higher photogenerated charge carriers for high
photocatalytic activity due to the activation of some forbidden
dipole transition channel in the ML derived from interlayer
orbital interaction. However, a huge positive difference
between the absorption value of a corrugated and planar
structure is the outcome of a broad peak positioned at 325 nm
along the x-axis for former geometry.

Figure Sb shows that the peak corresponds to electronic
transition from the top of VB dominated by occupied N;-2p
states to the bottom of CB comprising unoccupied hybrid
states of N,; C, atoms are present at 5.5 eV for ML g-C;N,.
The low energy peak in the imaginary function of dielectric in
S; and S also supports the higher absorption as compared to
the ML, which is due to the allowed transition from VBM to
CBM in S; and S;, as shown in Figure S2, which is forbidden in
the ML.”>*” The analysis shows the role of interlayer orbital
coupling in increasing the band gap and larger absorption in
the visible region, and the corrugation leads to 7-delocalization
further enhancing the optical property as a result of synergistic
effects, while pronouncing S; as the best suitable structural
configuration among the rest.

Overall water splitting by any photocatalyst is based on the
position of band edges relevant to reduction—oxidation
potential in its forbidden energy region in the visible spectrum
and higher mobility of the e”/h* pair with a reduced rate of
recombination. For the analysis of photocatalytic activity, we
have computed band edges from VBM and CBM of DOS with
a correction of E(H'/H,) = —4.44 eV (reduction potential) to
change the scale to the normal hydrogen electrode [NHE;
E(H'/H,) = 0 V vs NHE], as depicted in Figure 6. Band edges

-1.5

-1.0 1

-0.5 1

+
H'/H
0.0 2

1.0 H 02/H20

Potential Vs NHE

2.0 1

25 0 1 2 3

Figure 6. Valence band edge and conduction band edge for the
monolayer and Sy—Sg bilayer g-C;N, (with respect to NHE
potential).

for all the BLs signify their potential application in overall
water splitting, although an almost equal magnitude of the
potential straddle redox level of water for Sy, S,, S;, S,, and Sg
benefits from the lower value of E; compared to the ML, S, S;,
S,, and Sg, hence increasing their chances of crossing the
prohibitive overpotential of 1.56 eV for ML g-C3;N, calculated
by Wirth et al.” easily as compared to the latter structures. On
the basis of stability, band gap, charge separation, rate of

recombination of charge carriers, absorption in the visible
region, and band edges, we find the S; configuration most
suitable and proceed with this BL arrangement to further study
the thermodynamics of OER/HER.

3.4. Surface Redox Reaction Mechanism. 3.4.1. Oxygen
Evolution Reaction. The overall water splitting study includes
straddling of band edges across redox levels as a mandatory
step accompanied by overpotential values within the band
edges, as the narrower the overpotential (7°FRHERY the better
is its OER/HER activity. To compute and analyze the role of
overpotential for efficient OER activity, we follow the four-
electron reaction path used extensively and developed by
Norskov and co-workers.***’ For OER, the essential step
includes adsorption of a H,O molecule over the substrate
followed by OH, O, and OOH intermediates, which has been
optimized subject to energy and force minimization and the
corresponding adsorption energy has been calculated.
Although in-plane 7 conjugation provides multiple adsorption
sites on either layer, based on electronegativity seen from the
HOMO-LUMO and previous work on different absorption
sites over g-C5N,*® we have considered six different reaction
sites, as shown in Figure 7. Sites A, B, C, D, E, and F
correspond to positions above the void of the Ly, over the N,
atom of the L;, below the N, atom of the L;, above the N,
atom of the Ly (diagonally opposite to Site C), below corner
carbon of the L;, and below bay carbon of the L;, respectively.

The adsorption of the water molecule placed at a distance of
3.42 A above/below the corresponding layer shows a trivial
change due to molecule’s orientation but exhibit alignment
with the H atom directed toward the edge N forming hydrogen
bond except for H,O adsorbed over Site C, which drifts away.
The absorption energies (AEHZO) for Sites A, B, C, D, E, and F

are —0.29, —0.16, 0.04, —0.16, —0.35, and 0.038 eV,
respectively, which denote physisorption, with Site C being
the least preferred site. The higher energy value of AEy ¢ than
the ML'>" implies strong adsorption-inducing feasibility in
the oncoming reaction steps due to interlayer interaction;
similar results are displayed by charge transfer analysis in Table
3.

The fundamental step for OER includes conversion of H,O
into OH* with the release of a single e”/H" pair. In our case,
OH* adsorbed over the surface of the substrate chemisorbs,
forming a single bond. For Sites A, B, C, and F, the O atom
bonds with the C; atom of the corresponding layer, while for
Site D, bonding takes place with the edge N atom; there is no
bond formation in the case of Site E, which results in AEqy+«
values of 221, 2.03, 2.07, 2.05, 2.60, and 3.08 eV. The
calculated value of AG, for the first step (OH*) is lowest for
Site B, indicating strong OH* adsorption. In the second step,
further removal of the (e” + H') pair leaving isolated O*
retains its bonds with C, for sites A, B, C and E and the edge N
atom for Sites D, and F, while huge charge transfer for Site D
due to the bond formed with edge N and rapid charge
distribution over a corrugated geometry weakens n-delocaliza-
tion, promoting it higher on the stability scale for O*
adsorption. With the addition of the H,O molecule, the
third reaction step converts the H,O + O* to OOH* + (e” +
H*) via formation of the hydroxyl intermediate. Site A shows
desorption of the whole molecule, while for Sites B, C, E, and
F, a change in the orientation of the H atom bonded to O—O
is seen, and Site D involves detachment of hydroxide due to
the electronegativity difference along with strong covalent
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Layer-L;,

Layer-L

Figure 7. Six adsorption sites on either of the layer for water, hydrogen atom, and hydronium molecule at the layer. Here, blue color represents N,
and gray color represents the C atom.

Table 3. Interlayer Orbital Charge Difference (ILy — L,|) for OER and HER Reaction Steps at Different Sites

OER HER
sites C;N,-S3-H,0 C;N,-S3-OH C3N,-S3-O C;N,-S3-OOH C;N,-S3-H C;N,-S3-H;0
Site A p. 0.0045 0.3112 0.3286 0.0064 0.6217 0.6165
Dx 0.0652 0.1973 0.4629 0.0006 0.0396 0.0522
Py 0.0488 0.1391 0.1816 0.00S 0.1094 0.1063
Site B P 0.0073 0.1911 0.071 0.1875 0.0221 0.603
Px 0.0523 0.0963 0.244 0.1249 0.0059 0.0821
Py 0.068 0.1879 0.1707 0.1743 0.0172 0.0526
Site C p. 0.0042 0.2022 0.0381 0.2404 0.6029 0.6707
Px 0.0636 0.1126 0.2314 0.1054 0.074S 0.0967
Py 0.0584 0.1699 0.1635 0.1677 0.044 0.1003
Site D P 0.0063 0.3787 0.0288 0.002 0.6001 0.6074
Dx 0.0708 0.0266 0.0804 0.0549 0.0723 0.084
Py 0.0524 0.2305 0.2947 0.2192 0.0333 0.0456
Site E P 0.008S 0.0954 0.1489 0.3398 0.6038 0.5734
Dx 0.0052 0.0513 0.1639 0.2782 0.1279 0.132
Py 0.0159 0.0288 0.0281 0.1256 0.0131 0.0069
Site-F P 0.0163 0.2032 0.0482 0.2368 0.4903 0.5936
Dx 0.0611 0.1893 0.2409 0.2022 0.1297 0.0807
Py 0.0681 0.1002 0.1449 0.085S 0.2403 0.0521

bonding of O—N with AEygy« values of 5.43, 5.85, 5.84, 6.12,
5.93, and 5.83 eV for Sites A, B, C, D, E, and F, respectively,
following the quantity of electron transfer with free energy
(AG;). The final step involves formation of the oxygen
molecule along with the (e” + H') pair, with free energy
calculated from the corresponding equation to preserve AG,_,
=4.92 eV."

The free energy values for all the sites are uphill at U = 0.0
eV, whereas the first step for Sites A, B, C, E, and F and the
third step for Site D showed the maximum value of free energy
change, proclaiming the respective reactions as limiting steps,
and the corresponding values need to be adopted for the
calculation of overpotential, as depicted from the free energy
profile for different intermediates adsorbed at all four sites
plotted in Figure 8, with reaction coordinates at the x-axis
directing to the step number. Along with the free energy profile
at U = 0.0 eV, we computed AG at equilibrium potential (U =
1.23 eV) and at U = 7°%® + 1.23 €V, and it was found that 7§ER
< BSER and the exothermic nature of all the reactions was
observed over four different sites at U = 4R + 1.23 eV,
implying their feasibility to carry the reaction forward. From
the analysis, 7°®® < |Ey| for A, B, and C sites accompanied by
7R < 1.56 eV (prohibitive overpotential), which enhances
their OER activity, while the lowest value of AG; = 2.38 eV
implies 7°"® = 1.15 eV for Site B, which makes it the most
suitable surface reaction site.

3.4.2. Hydrogen Evolution Reaction. Using the pathway of
Volmer—Heyrovsky for HER illustrated by a three-step
reaction beginning with H,O,, + H* + e~ (n = 0 for the single

hydrogen atom and n = 1 for additional water molecules)
changed to an intermediate, H,0, + H* or H;O* followed by
the formation of H, + H,0O, as final entity. Initial, and
optimized structures of adsorbate over the substrate are given
in Table S3. The Gibbs free energy (IAGy:l or IAGy o+l) of the

intermediate state is an important parameter of HER activity
calculated using eqs 2345, and its counterpart is calculated
according to the formula reported by Noerskov et al.>° for the
respective adsorbate. Although the negative value depicts the
preferred adsorption site, its optimum value is considered zero.
We simulated HER on the same adsorption sites as considered
in the OER study, and it was found that for Sites A, C, D, and
E, the H atom chemically bonds with the edge N of the
respective layer with AEy« values of —0.44, —0.58, —0.51, and
—0.53 eV, respectively, showing that IAGy:l < 0.35 eV, which
is half the value of the ML, indicating weak adsorption of the H
atom over the BL. However, Site B and F show |IAGy:l > 3.0
and 1.2 eV due to the confinement of the H atom over the
threefold coordinated N (N,) atom and formation of the H—C
bond, thus excluding this case. Figure 9a shows the [AGy:l vs
reaction states with Pt as reference, where Site A is found to be
the best suitable site. The value of overpotential for Site A
(—0.20 eV) is lower than the value reported previously by Niu
et al.”” due to the different BL arrangement with C—N orbital
overlap, which generates access charge at the reaction site as
compared to the BL with N—N orbital interaction (i.e.,, SS).
The role of a water molecule along with the isolated H atom
is crucial to interpret the true situation considering the effect of
H,O over the H atom and their interaction in the HER

https://doi.org/10.1021/acs.jpcc.1c09973
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c09973/suppl_file/jp1c09973_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c09973?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c09973?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC
8 - 8 n
_1Site-A .1Site-B
S 4,_,—I_ <
QL 4+ QL 44
2 24 . — 2 2
o — ]
o, =133 S, $in=115
o — w7
@ 27 @ 27
O O
L 44 — U =0.00eV L 41 — U =0.00eV
w ] —U=1.23eV o ] —U=1.23eV
8 °1—U-=256ev 3 "1 —U=238ev
O #7 O &4
W 1 2 3 4 W 1 2 3 4
Reaction Coordinates Reaction Coordinates
8 - 8 .
-] Site-C .1 Site-D
S\ | —_~
QD 4 \%)/4-
> ] >, ] [
o) 29 O 21 _
o, $m=119 g .
w 5
o 2 o 7?7
2 1 o]
(L 44 — U =0.00eV (C *] —U=0.00ev
@D ] —U=123eV 0| — U=1.23eV
o |—u=247ev g 1 —U=3.55eV
O G
o1 2 3 4 w1 2 3 4
Reaction Coordinates Reaction Coordinates
8 . 8 .
.1 Site-E .1 Site-Co
= gy = f—
QL 44 - QL 4
> S E— > ‘_,_,7
E;O n=221 Eo' n=117
_
w1 w1
o2 27
(O] O ]
T *7] — U =0.00eV T #71 —U=0.00eV
»s] —U=1.23eV »e] —U=1.23eV
S | —u=344ev S | —u=240ev
- — _8_ - — _8_
O O |
1 2 3 4 1 2 3 4

Reaction Coordinates

Reaction Coordinates

Figure 8. Free energy plots for each step of oxygen evolution reaction for six different adsorption sites (site C, is similar to site F).

mechanism. The adsorption of H;O* over the same sites
resulted in the separation of the H atom forming H* + H,O.
For all the sites, chemisorption of H* to the twofold
coordinated N atom of the respective layer is seen, while the
H,0 molecule drifts away, forming the H bond with other

edge N. The presence of an extra H,O molecule assisted
chemisorption of the confined H atom over N, for Site B along
with a decrease in the value of |AGy -l for Sites B, C, and D
but increase in that for Site A, thus making Site C energetically
most favorable. However, Site D will be preferred over C, as it
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Figure 9. Gibbs free energy profile for (a) hydrogen atom adsorbed and (b) effect of an extra water molecule over the isolated H atom at different
sites. Pt is reference.’® In (b), Site C. represents Site-E and Site C,, represents Site-F.

lies in the negative side, as seen from Figure 9b, with an
overpotential value of —0.05 eV.

3.5. Role of Interlayer and Intralayer Charge
Variation. Successful synthesis of BL graphene, borophene,
and their different structural stacking and rotation has paved
way to investigate stability-based properties of well-known
MLs, where the study of electronic charge transfer has shown
its capability to explain the surface reaction to understand and
improve the material for required applications. Here, charge
analysis of HER and OER performed over six sites has been
tabulated in Table 3. It is seen that in the absence of
intermediate species for OER/HER, the value of AQ is almost
zero, while the adsorption of the intermediate on the BL
creates the charge redistribution due to the change in #-
delocalization of orbitals and interlayer interaction, which
affects the value of free energy of the reaction. In the case of
HER, the lowest adsorption energy is found for the most
suitable site for HER, that is, Site A, which has the highest
value of AQ for p, and (p, + p},) orbital, while in the case of the
additional H,O molecule, lowest adsorption energy is found
for Site C, which also has the highest value of AQ for p, and
(ps + py). The highest value of AQ for the p, orbital suggests
interlayer charge redistribution, while that for p, + p, suggests
enhanced 7-delocalization as compared to the other sites. A
similar observation can be seen in the case of OER for the
most suitable site (Site B). For the rate-determining step (with
OH* adsorption), the value of AQ for p, and (p, + py) orbitals
was found to be lowest among other considered sites. Although
Sites A, D, F, and B are mentioned as the most suitable sites for
the HER (H and H;0) and OER, other sites show low values
of overpotential as compared to ML g-C;N,. Thus, the
synergistic effect of inter- and intralayer charge conjugation
increases the surface reaction sites by creating an additional
pathway of charge transfer, which was absent in the ML. This
combined effect has been verified by HOMO—-LUMO and
LDOS by activation of p, and p, orbitals in the corrugated
configuration and hybridization of the p, orbital, where S; has
proved its suitability in terms of the largest effective mass
variance and optical absorption in the visible region, thereby
reducing the overpotential as compared to the ML and
increasing the photocatalytic efficiency.

4. CONCLUSIONS

The study of structural, electronic, optical, and photocatalytic
properties of MLs and spatially tailored BLs along with
reaction kinematics for the most photoactive BL (S;) covering
all the steps involved in the photocatalytic process has been
carried out thoroughly and presented by means of hybrid
density functional theory. Band gap tuning due to structural
changes in BLs, increased spatial charge distribution, and
higher electron mobility overcome the issue of 7-localization in
the g-C3N, ML, while the issue of rapidly photogenerated e~/
h" pair recombination is resolved by S; configuration of the BL
due to interlayer #-LP hybridization, which also increases the
absorption in the visible region for BLs. Charge transfer
analysis and formation of the interfacial electric field on
adsorption reveal water dissociation reaction as being the
limiting step for all the sites for OER and the effect of extra
H,O on decreasing the value of free energy change for highly
efficient HER. With in-plane 7-conjugation driven by interlayer
orbital interaction, charge accumulation and dissipation at the
edges strengthen the capability of reaction sites, as seen from
the decrease in the adsorption energy of intermediates, which
led to modification of the overpotential, with the values of
—1.15 eV for OER and —0.20 eV (—0.05 eV with an additional
H,0 molecule) for HER enhancing the photoactivity
compared to the ML. It opens an opportunity for its
application in flexible nanodevices for complete water splitting,
producing hydrogen fuel even at the nanoscale.
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ABSTRACT

An effective approach of loading of metal (Co) and doping of non-metal (B) together has been considered
to enhance the photocatalytic activity of tri-s-triazine based g-C3Na4. Here, pristine and functionalized g-
C3N4 with B-doping at bay C site (Bc;—C3Ny), corner C site (Bco—C3Ny), Co-loading (Co—C3N4) and Co-
loading and B-doping together [(Co—B)c1—C3N4 and (Co—B)c;—C3Ny4] have been studied for structural,
electronic, optical and photocatalytic properties using hybrid density functional theory. B-doping in g-
C3N4 formed p-type semiconductor while Co-loading revealed formation of n-type semiconductor with
formation of Co-3d intermediate states while both together indicated partial charge compensation. All
the functionalized films show lower overpotential value for oxygen evolution reaction (OER) as
compared to g-C3N4 while for hydrogen evolution reaction (HER) lower overpotential values are obtained
for Co—C3Ny, (Co—B)c1—C3Ny4 and (Co—B)c;—C3Ng4. The present work, highlights the synergistic effects of
Co-loading and B-doping in g-C3N4 in terms of formation of impurity states, high absorption, charge
redistribution and lower OER and HER overpotential along with suitable redox potentials than g-C3Nyg

and suggests (Co—B)c1—C3N4 as potential candidate for overall photocatalytic water splitting.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The requirement of current scenario guides us to use renewable
energy resources efficiently. Insight about the future energy crisis,
abundance of solar energy and search for hazard free materials lead
us to study efficient, low cost and ecofriendly photocatalyst mate-
rial which fits perfect in the situation resolving the future energy
problems. After the conversion of graphite in thin layers, the
technique opened multiple pathways in the application of various
materials in their low dimensional forms. Recently, various 2D-
sheet structures have attracted significant attention from the sci-
entific community because of their easy synthesis processes and
various unusual properties. Numerous 2D-sheet materials such as
graphene [1,2], hexagonal boron nitride [3,4], molybdenum disul-
phide [5,6], manganese dioxide [7] and graphitic carbon nitride
(g—C3Ny) [8—11] have already been explored systematically. Ma-
terials for the promising photocatalytic properties have to be
screened on the basis of their band gap compatibility towards

* Corresponding author.
E-mail address: dashoralpa@gmail.com (A. Dashora).

https://doi.org/10.1016/j.carbon.2021.03.049
0008-6223/© 2021 Elsevier Ltd. All rights reserved.

visible light spectrum, and have to be selected on the basis of
materials which are abundant in nature and less hazardous to living
organisms. Due to promising electronic and optical performances
with suitable band gap of 2.70 eV g-C3N4 has been studied widely
[12—15]. With excellent chemical and thermal stability g-C3Ny4 is
also considered as promising metal-free photocatalyst for a series
of photocatalytic redox reactions like water splitting [16,17],
organic pollutant degradation [18—20] and oxidative dehydroge-
nation of amines [21]. However, the shortcomings of g-C3N4 have
restricted its practical applications, which include small specific
surface area, low visible light response and rapid photogenerated
e~ /h" pair recombination [22].

In recent years, lots of strategies have been proved to improve
the photocatalytic ability of g-C3Ny4, such as depositing noble-metal
[23], compositing semiconductor [24,25], engineering nano-
structure [26,27] and doping of metal and non-metal atoms
[28—30]. Nano-sheets of g-C3N4 are reported for enhanced intrinsic
photo-absorption, and the photoluminescence quantum yield have
improved up to 19.6% [31]. Interstitial doping of non-metals like S
and P in g-C3N4 enhanced the absorption in visible energy region
due to the alteration of the topology and connectivity pattern of g-
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C3Ng4 sheets [32]. Lu et al. [33] studied that the HOMO and LUMO of
H-, B-, O-, S-, F- and As-doped g-C3N4 effectively separate the
photogenerated e /h™ pairs and enhanced the photocatalytic effi-
ciency. B-doping enhanced the visible-light response of g-C3N4 by
replacing the C atom in the ring and also formed impurity states
near the top of the valence band [34]. The effects of B-doping in g-
C3N4 prolonged the lifetime of photogenerated charge carriers
which is beneficial for increasing photocatalytic activity for H,
evolution and CO; conversion [35]. Co-doped g-C3N4 has enhanced
the photocatalytic properties because of formation of Co—N bond
[36] and also reported as promising catalyst in the photo-assisted
degradation of sulfate radicals based organic materials [37],
whereas when Fe and Ni are loaded on g-C3Ny, they penetrated into
void present in g-C3N4 and extended the charge carrier migration
distance which suppressed the recombination of e -h™ pairs while
on the other hand Cu and Zn contributes in inter-layer charge
carrier migration [38]. Ling et al. [39] performed the doping of S
atom or C/N-vacancy in g-C3Ny4 and reported the enhancement in
light response by narrowing the band-gap or creating gap states,
while the coupling effect at interface of g-C3N4/MoS; is able to tune
the band edge potentials of g-C3N4. Zhao et al. [40] have studied the
photocatalytic mechanism of F and Ti co-doped heptazine based g-
C3N4 heterostructure using hybrid density functional theory (h-
DFT).

Various attempts have made to overcome the issue of high
oxidation overpotential of 1.56 eV [17] in g-C3N4 which includes
different doping, loading and formation of heterostructure. How-
ever, the lack of study on synergistic effects of various non-metal
doping and TM loading attracted our attention towards the func-
tionalization of g-C3N4 ith non-metal doping and TM loading. For
the efficient photocatalyst, choice of non-metal and TM is very
important. For the selection of non-metal and TM to functionalize
the g-C3Ny4, B and Co have attracted our attention. As, in recent
years, TM based borides have gained huge interest [41] among
which Co—B compounds are reported as efficient electrocatalyst for
HER [42]. Co and B co-doping is also found promising to increase
the photocatalytic degradation rate of organic aqueous pollutants
(p-nitrophenol and Rhodamine B dye) in TiO, [43]. Therefore, the
synergistic effect from B-doping and Co-loading in g-C3N4 can also
enhance the overall water splitting potential.

Current work focused on Co-loaded and B-doped g-C3N4 using
density functional theory (DFT) in terms of band gap reduction,
enhancement in visible light absorption, charge redistribution and
separation along with the thermodynamical studies of water split-
ting reactions (HER and OER). For the present study, Co atom was
embedded in the void of g-C3N4 while two different sites for B
doping were considered. Two different interaction scenario (short
range and long range) for Co and B were studied. The role of Co-
loading and B-doping in g-C3N4 for efficient photocatalytic mate-
rial is explained on the basis of increment in charge carrier gener-
ation, reduction in their rate of recombination and charge
redistribution over the surface of g-C3N4 which create the active site.

2. Computational details
2.1. Methods

Structural, electronic, optical and thermodynamic properties
were studied using DFT as embodied in QUANTUM ESPRESSO [44]
package. For structural design and visualization VESTA [45],
XCrySDen [46] and BURAI [47] software were used. The structural
optimization, energy band structure calculations, optical and
thermodynamic property were calculated using generalized
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gradient approximation (GGA) of Perdew et al. [48] referred as
GGA-PBE, while hybrid functional HSEO6 [49,50] was considered
for the calculation of density of states (DOS) only, which gives
better energy gap value then GGA-PBE calculation. The HSEO6
functional is obtained by combination of the semi local GGA/LDA
exchange potential with an exact Hartree-Fock (HF) exchange en-
ergy additionally, given by

EHSE — oEFFR(w) + (1 — ) ERPE R (w) + ExPEIR (w) + EPFE ()
(1]

In this functional the coulomb operator is separated into short-
ranged (SR) and long ranged (LR) parts for which the short-range
exchange fraction (o) is set to 0.25, where w is a parameter con-
trolling the extent of short-range interactions, necessarily chosen
w < 015 a51. In the present case the value of w is considered as
0.012 aal for reliable values of energy gap in semiconducting solids.
For the computation of optical properties, we have considered the
norm-conserving pseudo-potentials (ONCV) whereas ultra-soft
pseudo-potentials (USPP) for other properties. Total energies
were corrected for van der Waals (vdW) interaction by employing
Grimme-D2 [51] scheme. A5 x 5 x 1 Monkhorst-Pack k-point grid
was used for all the calculations. Charge densities and the Kohn-
Sham [52,53] orbitals are represented using plane waves based
basis sets consisting up to a maximal kinetic energy of 540 and 60
Ry, respectively which were determined by observing the conver-
gence of the total energy with the increase in plane wave kinetic
energy. Convergence threshold was fixed to be 108 Ry. Structural
parameters were optimized by quasi-Newton ionic relaxation using
the Broyden, Fletcher, Goldfarb, Shanno (BFGS) [54—57] algorithm.

2.2. Structural models

Among all the different forms of C3N4, hexagonal heptazine-
based g-C3N4 is reported as the most stable form [58]. Here, we
created a unit cell of heptazine g-C3N4 with lattice parameter 7.14 A,
with pore (radius of 1.18 A) and void (radius of 2.38 A). We extended
the cell in x and y directions creating 2 x 2 x 1 supercell which
generates the monolayer of g-C3N4 with a vacuum of 15 A (which
was found most suitable after considering different vacuum size on
the basis of saturation in total energy) in the z direction of the cell
to avoid the interaction with next periodic layer. This supercell
contains 24C and 32 N atoms summing to total 56 atoms as pre-
sented in Fig. 1. Single C atom was substituted by B atom at either
bay (C;1) or at corner (Cy) site resulting 4.16% doping at C site
referred as Bc;—C3Ng4 and Beo—C3Ny, respectively. A single atom of
Co was embedded in the void of the g-C3N4 with 1.78% concen-
tration (referred as Co—C3N4). While for loading and doping
together, we have considered two B-doping sites (at C; and Cy) with
Co-loading which formed two different structure further referred
as (Co—B)c1—C3N4 and (Co—B)cz—C3Ng4, respectively. For the
structural stability we have calculated the bonding energy (AEy,) for
all the systems after loading, doping and with both using

(2]

Where Ec,n, 1co+p and Ec,y, are total energy of loading/doping and
pristine samples, respectively while pg,, g, ic denotes the
chemical potential of Co, B and C computed from their bulk or
compound form. For thermodynamic properties, the adsorption of
intermediate over the surface was performed on the unit cell since
the periodicity and smaller doping and loading concentration
provide a similar chemical environment as that of supercell [17].

AEb = EC3N4+C0+B - (EC3N4 —Hco —Hp+ IJ'C)
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Fig. 1. Monolayer of g-C3N4 with active sites for B doping and Co loading. (A colour
version of this figure can be viewed online.)

2.3. Thermodynamics

The adsorption energy (4E,q4,) for any adsorbate species over the
substrate surface is calculated as the energy difference

(3]

with  Egqpia  Eqp and  E4 indicating total energy of
“substrate + adsorbate”, substrate and adsorbate, respectively. For
error elimination, same computational settings were applied to all
species involved.

For water and intermediates (OH*, O*, OOH*) over the g-C3N4
surface, adsorption energies were calculated as follows:

AEAds = Lsub+A — (Esub +EA)7

4Ey,0 = Ec;N, 11,0 — (Ec;N, + Enyo) [4]
AEoy+ = Ec,n o — Ee,n, — (Enyo — 1/ 2Eg,) [5]
AdEo+ = Ec;n,40 — Econ, — (Enyo — En) [6]
4Eoon+ = Ec,n,100H — Ec;n, — (2 X Enyo — 3 / 2En,) (7]

EC3N4+HZOv EC3N4+OH! EC3N4+O and EC3N4+OOH represent the total
ground state energy of H,O, OH*, O* and OOH* intermediates on
substrate, respectively; Ec,n,, Ey,0 and Ep, are the total ground state
energy of bare substrate, water molecule and hydrogen molecule,
respectively.

Change in Gibbs free energy (AG) for each adsorption reaction is
evaluated as follows:

AG = AE + AZPE - TAS + AGy + AGpy [8]

Here, AE is the total energy change evaluated from DFT study,
AZPE is the change in zero-point energies, T is temperature, AS is
the entropy change, AGy = -eU (U is the potential measured against
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NHE) and AGpy = -kgTIn(10) X pH. We have calculated AG at
pH = 0. The calculation of free energy change in the oxidation/
reduction reaction is done using the method developed by Nerskov
et al. [59].

The chemical reaction describing OER for water splitting is
divided into four one-electron transfer step [60].

* 4 2H,0— OH* + Hy0 + (H* +e7), 4Gy = AGoys [9]
OH* + Hy0— 0% + H,0 + (H' + e7), 4Gy = AGox — AGops
[10]
0% + HyO0— OOH* + (H* +e~), AGs = AGooy+ — 4Gox  [11]
OOH*— * 1+ 0y + (H* +e7), 4G4 = 4.92eV — AGoo=  [12]

Where, * represents the active site on the monolayer. Since the
energies of H,O and H; in gas phase are well described therefore
they were taken as the reference states, on the other hand because
of complicated electronic structure of O, which cannot be accu-
rately described by DFT, we have taken sum of energies as AG.
4 = 4.92 eV which is equal to negative experimental Gibbs free
energy formation of two water molecule (2H,0— 0, + Hy) [59].

The step which has maximum energy change is the rate deter-
mining step, the theoretical overpotential of OER is calculated as:

AnOFR = Max{[AG;] 1.23 V (where i denote intermediate) [13]
Adsorption energy of H atom on g-C3Ny is calculated by:
4Eps = Ec,N,+n — Ec,n, — 1/2Ep, [14]

Where E,y,n denotes the total ground state energy of H atom on
g-C3Na.
The HER of water splitting is described as:

* 4 (H+ + e~ )— H*(Volmer reaction), [15]

H* 4 (Ht +-e7)— * + H, (Heyrovsky reaction), [16]

and with the involvement of additional water molecule
following the same reaction mechanisms:

H,0* + (H" +e7)—>H30* [17]

H30* + (H* +e~)—>H;0* + H,. [18]

The entropy of H atom is much less than the entropy in the gas
phase (H3). Therefore, the entropy capacity is determined with the
entropy of H; gas at standard condition, since the ZPE and entropy
are not sensitive to the coverage [61]. The overall correction to the
equation proposed by Ngrskov et al. (AGy« = AEy« + 0.24) [62] and
Zhu et al. [63] is

AGys = AEgs + 0.35 [19]

AR = [AGH-]V, [20]
Where AnMER is overpotential of HER and we have considered Eq.
(19) for the calculation of AGy+ due to the larger ZPE of g-C3N4 [63],
similar corrections are followed for the calculation in case of an
extra water molecule (H30*).



B.R. Bhagat and A. Dashora
3. Results and discussion
3.1. Structural properties

Fig. 1 represents the crystal structure of monolayer of g-C3Ny
with 5 substitutional doping sites i.e., N1, N3, Ng, C; and C,. Here Ny
is tri-bonded N positioned at center of web, Ng bridging three s-
triazine molecules and N is double bonded atom present at edge of
the web. C; and C; are triple bonded atoms at bay site of the web
and at corner of the web, respectively. For the present calculations,
we have loaded Co atom at the void named as “Co Site” in Fig. 1. For
B-doping, different sites were checked for the stability. In terms of
substitutional doping of B atom, most stable site was found at C
atom as compared to N atom due to presence of single electron in
2p orbital of B and electronegative nature of N. Among the different
C sites, we have considered both C; and C; sites for B-doping and
we found energy difference of (=0.35 eV) between them, also re-
ported by Huang et al. [64] and Ghashghaee et al. [65] whereas for
Co-loading with B-doping energy difference of 0.28 eV was
computed, for B-doping C, site was found energetically more stable
but for B-doping with Co-loading C; site is most stable. The bonding
energy calculated for Bci—C3Ng,  Be—C3Ng,  Co—C3Ng,
(Co—B)c1—C3N4 and (Co—B)cz—C3Ng4 are —1.22, —1.57, 1.98, —0.63
and —0.35 eV where the negative value indicates exothermic and
spontaneous routes while the lower value of AE, shows the easy
incorporation of impurity atoms in the supercell. All optimized
structures are presented in Fig. S1 not showing any distortion in
planer geometry (z direction) due to the presence of van der Waals
interaction. It is seen that the Co loading in the void leads to its
displacement towards the corner of the triangular void and form
bond with two edge N atoms, after the optimization.

The optimized lattice parameter for g-CsN4 was calculated as
a = b = 14.25 A which is in accordance with the reported value of
lattice parameter for unit-cell [58]. This optimized parameter was
used for the further calculation of the functionalized g-CsNy4. The
lattice parameters for Bc;—C3N4 and Beo—C3Ng4 were obtained as
a=b=1423 A and a=b = 14.30 A, respectively. The calculated
lattice parameter for Co—C3Ny, (Co—B)c1—C3N4 and (Co—B)c2—C3Ny4
are obtained as a = b = 14.22, 14.24 and 14.31 A, respectively.

3.2. Electronic properties

The density of states (DOS) studied using HSE06 for g-C3Ng,
Bc1—C3Ng, Bea—C3Ny4, Co-C3Ny, (Co—B)c1—C3Ng and (Co—B)ca—C3Ny,
are presented in Fig. 2. Value of band gap for pristine g-C3Ny4 is
calculated as 2.76 eV which is in accordance with experimental
values 2.78 eV and 2.67 eV [66,67]. For Bc;—C3N4 and Bc;—C3Ny4 the
band gap reduced to 1.76 eV and 2.21 eV, respectively and Fermi
energy (Eg) is shifted towards the valence band (VB) forming p-type
semiconductor. In case of Co—C3Ny, a broad intermediate band (IB)
is formed in the forbidden band gap region of g-C3N4 inferring to
formation of deep levels for charge carriers and Er is shifted toward
the conduction band (CB) implying its n-type semiconductor na-
ture. In case of (Co—B)c1—C3Ny4 and (Co—B)c2—C3Ny, Ef is shifted in
the middle of the band gap and suggests Co-loading and B-doping
together for partial charge compensation in g-C3N4. Co-loading and
B-doping together also formed completely filled impurity states
well separated from the lower VB.

To understand the orbital contribution in total DOS, partial DOS
(PDOS) for all the studied monolayer are presented in Fig. 3(a—f). In
g-C3N4 (Fig. 3a), VB is mainly dominated by the N1-2p states while
the CB is formed due to the hybridization between N»-2p and Cy
and C;-2p states. Shaded DOS in Fig. 3 (a) represents the contri-
bution of N-2s orbitals which is very small as compared to the 2p
orbitals of N and C. The PDOS of Bc1—C3N4 and Bc;—C3Ng4 in Fig. 3(b
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Fig. 2. The density of states for (from bottom) pristine g-C3Ng, Bci—C3Ng, Bca—C3Ny,
Co—C3Ny, (Co—B)c1—C3N4 and (Co—B)c,—C3N4. Here, zero-energy (eV) shows highest
occupied energy states of C-2p and N-2p and Fermi energy (Eg) is markes by dotted
line. (A colour version of this figure can be viewed online.)

and c) show the shifting of Eg towards the VB and CB is dominated
due to the formation of impurity state of B-2p at 2.5 eV and 2.75 eV,
respectively while VB comprise of N3-2p and Ns5-2p states corre-
sponding to the neighbor N atoms of B. After introducing B in g-
C3Ny, B-2p states hybridize with the N-2p states, and C-2p and N-2p
states have been altered in both CB and VB mainly due to the for-
mation of new N—B bonds and the varying interactions between C-
2p and N-2p states in C—N bonds in the mesh. Whereas for
Co—C3Ny4 (Fig. 3d) formation of Co-3d impurity states between —2.5
and —1.5 eV above the VB region is observed. Small isolated DOS of
N-2p states and C-2p states are also seen in this region and hy-
bridizing with the Co-3d states. The hybridization between Co-3d
and N-2p states in CB shows some direct or indirect interaction
with Co which can be understood on the basis of charge transfer
(will be discussed in the next section). In case of (Co—B)c1—C3Ny
(Fig. 3e), the isolated DOS between —1.5 and —0.75 eV sharpen as
compared to Co—C3N4 mainly due to the additional B-2p states in
same energy region. But the orbital hybridization formed intense
isolated DOS at top of the VB. Eg is shifted between the hybridized
intermediate states of Co-3d and B-2p in the VB and CB, respec-
tively. These impurity states can be responsible for higher absorp-
tion in the low energy region and can also work as deep trapping
sites for charge carriers. For (Co—B)c;—C3Ny4 (Fig. 3f) the formed
impurity states are wider than (Co—B)c1—C3Na.

3.3. Charge separation
The diffusion rate and separation of photo-generated charge

carriers are essential factors to determine the photocatalytic ac-
tivity of a semiconductor. The higher carrier mobility means lighter
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Fig. 3. The PDOS for (a) pristine g-C3N4, (b) Bc;—C3Ng, (¢) Bca—C3Ny, (d) Co—C3Ny, (e) (Co—B)c1—C3N4 and (f) (Co—B)ca—C3Na. Ep is denoted at zero energy. Shaded region represents

the s-orbital of respective atom. (A colour version of this figure can be viewed online.)

effective mass of the photo-generated carriers hence more proba-
bility of reaching the surface reaction sites within their life-time
leading to improvement of the photo-assisted activity. The effec-
tive mass (m*) is calculated considering the curvature of the energy
band diagrams calculated using GGA [48] as shown in Fig. S2.
Effective mass of the charge carrier is defined as:

. o%E(k)|
_ 32
m = h [ ok2 }

Where, E(k) is the energy of the VBM for holes and the CBM for
electrons. The mobility of charge carriers is inversely proportional
to their effective mass.

The relative ratio of effective mass (8 = m,/m;, m, and m; are
effective mass of electron and hole, respectively) is one of the key
parameter to determine the rate of recombination of e -h™ pairs
which also plays major role in separation of charge carriers. A larger
or smaller value of effective mass ratio than one suggests greater
difference in the e™-h™ mobility and thus a lower recombination
rate which suggests their availability for redox reactions over the
surface for wider time range thus higher photocatalytic activity [68,
69].

(21]
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For the effective mass calculations, the average of the band
curvature was considered whereas for the sample with interme-
diate band (IB) the transition from VB to CB, VB to IB and from IB to
CB was evaluated and the average value was analyzed further as
collated in Table 1. The value of m; are calculated as 1.55, 2.47 and
1.38 m, (m, is the mass of free e™) for g-C3N4, Bci—C3N4 and
Bca—C3Ny, respectively, with lowest value of m, Bc;—C3N4 shows
highest mobility of e~. For Co—C3N4 (Co—B)c;—C3N4 and
(Co—B)c2—C3Ny4, IB/impurity states are formed which acts as a
meta-stable level for charge carriers before they jump on to CB.
These can act as a trapping site to reduce the recombination rate of
e -h" pair. Highest value of B for (Co—B)c;—C3N4 suggested the
lowest recombination of charge carrier in the impurity states as
compared to Co—C3Ng and (Co—B)—C3Ng4 suggesting
(Co—B)c1—C3N4 as most suitable material for the charge carrier
separation.

3.4. Charge redistribution

To study the effect of B-doping and Co-loading due to electronic
charge in the g-C3N4 monolayer, we have briefly analyzed the
Lowdin charge transfer on each atom of the cell and charge transfer
on few selected atoms in the cell consisting of B and Co atoms as
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Table 1
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The theoretical values of Ey,c, Er, Egce, @ and B for g-C5Ny4, Bc1—C3Na, Boo—C3Ny4, Co—C3Ny, (Co—B)ci—CsNsand (Co—B)cz—C3Na.

Sample Vacuum Energy (Ey,c) (eV) Fermi Energy (Ef) (eV) Band Gap Center (Epcc) (eV) Work Function (®) (eV) Effective Mass Ratio (B)
g-C3Ny 2.06 —2.34 —4.71 4.39 0.49
Bci—C3Ny 2.06 —3.46 —4.34 5.52 0.95
Beo—C3Ny 2.05 —3.88 —4.53 593 0.72
Co—C3Ny4 2.16 -1.19 —4.78 3.35 1.99
(Co—B)c1—C3Nyg 2.15 -1.81 —4.63 3.95 2.71
(Co—B)c2—C3Ny 213 -1.85 —4.58 3.98 1.55

Table 2

Lowdin charge analysis of different atoms for g-C3Ny4, Bc;—C3Ny, Bco—C3N4, Co—C3Ny, (Co—B)c1—C3N4 and (Co—B)c;—C3Ny.

Atom C3N4 Bc1 —C3N4 Bcz—C3N4 CO—C3N4 (COB )c] —C3N4 (COB )Cz—C3N4
N1 -0.27 -0.33 -0.27 -0.33 -0.47 -0.36
N2 -0.10 —0.20 -0.12 -0.12 -0.22 —0.12
N3 -0.27 —0.32 -0.28 -0.31 -0.41 —0.33
N4 -0.27 -0.27 -0.30 -0.24 -0.27 -0.35
N5 -0.27 —0.29 -0.31 -0.26 -0.29 —-0.38
N6 -0.12 —0.11 -0.23 -0.10 -0.10 -0.23
C1 0.46 - 0.47 0.44 - 0.45
C2 0.45 0.45 - 0.42 0.44 -

a3 0.46 0.46 0.47 0.44 0.46 0.45

B - 0.52 0.51 - 0.47 0.50
Co - - - -0.35 —0.38 -0.33

neighbors are listed in Table 2. Here, g-C3N4 shows charge transfer
from C to its neighboring N atoms with N; and N3 having more
negative charges than Ny atoms. In Bc;—C3N4 and Bc;—C3Ng, B atom
transfer excess charge to neighboring N than C atoms (in pristine g-
C3Ny). In Bc1—C3N4 (Bcz—C3Ny) neighboring N atoms Ny and N3 (Ng
and Ns) are more electronegative than N (Ng). While in Co—C3Ny
due to formation of Co—N bond, charge transfer from C to N and Co
atoms is observed. Co atom gets excess charge of 0.35e due to
redistribution of charges among the neighboring atoms, this
redistribution leads total charge of 0.33e at N; atom.

In case of (Co—B)c1—C3Ng [(Co—B)c—C3Ng4] there is 0.44e
[0.36e] average charge transfer from C and B atoms to N7 and N3 [Ny
and Ns] while 0.22e [0.23] to Ny [Ng]. The charge transfer to Co
atom is 0.38e and 0.33e for (Co—B)c1—C3Ny4 and (Co—B)c2—C3Ny,
respectively. This difference in the charge transfer for
(Co—B)c1—C3N4 and (Co—B)c3—C3Ny4 is due to charge redistribution
through a channel of linking atoms between B and N7 atom due to
presence of Co atom in the void. Since charge gained by N; for
(Co—B)c1—C3Ny is 0.47e and for (Co—B)c—C3Ny4 is 0.36e (almost
similar to 0.38e for N5), N is considered as the most electronega-
tive atom in all the studied g-C3N4 monolayers and is further used
as the adsorption site for water and intermediates for OER and HER.

The formation of electron channel through redistribution of
charges is inspired from the fact that Cobalt Boride (CoB, Co,B and
CosB) [70,71] is an efficient electrocatalyst and have an effective
interaction due to partially filled 3d orbital of Co and 3p orbital of B
with its effective electron affinity to give its single electron present
in the 2p orbital to relative more electronegative atom. This charge
redistribution within the plane increase the charge carrier migra-
tion among the atoms towards the most active site for the redox
and also from the present charge transfer analysis on the p, orbital
of the atoms signify the increment in the surface charge specially
due to short range and long range interaction of Co—B in case of
(Co—B)c1—C3Ng and (Co—B)c—C3Ng4, respectively for effective
charge transfer in the photocatalytic OER and HER.

3.5. Optical and photocatalytic properties

For the study of optical absorption, we have considered
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epsilon.x module of QUANTUM ESPRESSO with PBE-GGA [44]
which provides the complex frequency dependent dielectric
e(w) = e1(w) + 1 e3(w), function, where £;(w) and ex(w) are real and
imaginary part of the dielectric function, respectively. Using &(w)
the  absorption  coefficient «a(w) is  calculated as

a(w) = V20\/e1(0) + e2(0)” —e1(w)]? [22].

The average value is deduced from the parallel and perpendic-
ular components of the «(w) is plotted in Fig. 4a. It is seen that g-
C3N4 (shaded region) shows very small absorption in the wave-
length range 450 nm—700 nm. Doping of B at either site increases
the absorption as compared to pristine monolayer. The absorption
spectra of Co—C3Ny4, (Co—B)c1—C3Ng4, and (Co—B)c—C3Ng4 with
peak-shift towards higher wavelength and their area under the
curve also corresponds to the increase in the absorbance as
compared to the g-C3Ng.

From the imaginary part of dielectric function shown in Fig. 4
(b), presence of peak at 3.35 eV for pristine g-C3N4 corresponds
to the intrinsic plasma frequencies [72]. Origin of this peak is due to
electronic transition from the edge of the N-2p level in VB to the
edge of the C-2p level in the CB. In case of Bc1—C3Nyg, Bca—C3Ny,
Co—C3Ny, (Co—B)c1—C3Ny, and (Co—B)c—C3Ny4 two peaks one at
3.32,3.32,3.55,3.34 and 3.55 eV, while the other at 0.82, 0.85, 1.06,
0.89 and 0.85 eV are observed, respectively. The peak around
1.00 eV in B¢c;—C3Ny4 and Br—C3Ny is due to electronic transition
from the edge of the N-2p level in VB to the edge of the B-2p level
around the Er. Whereas the peak around 3.50 eV is due to electronic
transition from N-2p level in VB to C,-2p level, N3-2p level and N3-
2p level in CB for Co—C3Ng4, (Co—B)c1—C3Ny4, and (Co—B)ca—C3Ny
respectively and the low energy peak is due to intra-band transition
from the edge of the N,-2p level in the VB to the edge of the im-
purity Co-3d states for all three, the variation in the peak intensity
and broadening is due to the short and long range interaction of the
Co—B and corresponding charge redistribution among the planer
atoms in the g-C3Ny4. Therefore, the formation of IB due to the Co
loading and B-doping together in the forbidden band of g-C3N4
improved the visible light absorption in (Co—B)c;—C3N4 and
(Co—B)c2—C3N4 which is beneficial to improve the photocatalytic
activity.
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Fig. 4. (a) Absorption spectra and (b) imaginary part of dielectric function [e;(w)] of pristine g-CsN4 (shaded region), Bc;—C3N4, Bca—C3Ng, Co—C3Ny, (Co—B)ci—C3N4 and

(Co—B)c2—C3N4. (A colour version of this figure can be viewed online.)

Appropriate band gap and high visible light absorption is not
sufficient for any semiconductor material to work as photocatalyst
for the overall solar water splitting. The position of the band edges
is an important parameter for the generation of hydrogen and ox-
ygen from water. The band edges should be positioned according to
the redox potential which is a variable factor based on the use of
functional and pseudopotential when done using DFT in periodic
boundary condition. From the study of electrostatic potential pro-
file, the calculated vacuum energies (Ey4c) are given in Table 1 with
band gap center (Egcc) and work function (®) for all the samples.
Fig. S3 shows electrostatic potential profile for (Co—B)c1—C3Ng,
where we have marked the various energies like Eggc, Eg, ®, valence
band edge (Evg) and conduction band edge (Ecg) with respect to the
Evac with corrected band edges according to the model given by
Refs. [73,74].

In Fig. 5, theoretical values of bandgap (Eg), Eyg and Ecg for all
the studied monolayers along with the experimental band edges of
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Fig. 5. The Eyg and Ecp levels with respect to NHE potential for pristine g-C3Ng,
Bc1—C3Ng,Beo—C3Ny, Co—C3Ny, (Co—B)c1—C3Ny4 and (Co—B)c;—CsN4 along with the
experimental values of Eyg and Ecg for bulk [67], and nano-sheet [66] of pristine g-
C35N4. (A colour version of this figure can be viewed online.)

Table 3

The value of Eyg and Ecg along with the calculated overpotentials of OER (An°FR) and
HER (AnMER) for g-CsNs Boi—CsNa Bea—CsNa, Co—CsNa (Co—B)e—CsNa and
(Co—B)c2—C3Ny,

System Evg (V) AnOER (v) |Ecgl (V) [AnHER| (V)
H* H,0"

g-C3Ny 1.65 232 1.11 0.69 0.68
Bc1—C3Nyg 0.78 1.22 0.98 2.11 2.15
Bco—C3Ng 1.19 1.27 1.02 2.37 2.38
Co—C3Ny 1.48 1.78 0.80 0.06 0.13
(CoB)y—CsNs 138 1.28 1.00 027 042
(CoB)c2—C3Ny 1.21 1.08 0.93 0.37 0.45

pristine g-C3Ny4 bulk [67] and nano-sheet [66] are presented. We
have also mentioned the Eg, Eyg and Ecg values for pristine film
using PBE-GGA functional in Fig. 5. Here it is seen that the opening
of the band gap after using HSEO6 functional gives uneven shift in
Evp and Ecg which is also reported previously [75,76]. In Table 3, we
have calculated the value of Eyg and Ecp. By the analysis of Eyg and
Ecp for all the functionalized g-C3N4 monolayers it is seen that the
Ecg is well above the reduction potential for hydrogen generation,
while for Bc;—C3Ng4 is far above the oxidation potential, though
Bca—C3Ny, (Co—B)—C3Ny4 are close to oxidation potential but do
not cross it, but rest of the monolayers cross the oxidation potential.
Therefore, on the basis of band edge position analysis, g-C3Ny,
Co—C3Ny4 and (Co—B)c1—C3Ny4 will be suitable for the overall water
splitting.

3.6. Thermodynamic performance

For efficient photocatalyst, besides the suitable band gap, suit-
able band edges with respect to NHE potential, charge carrier
separation and high optical performance in visible energy region,
thermodynamic performance of photocatalyst during OER and HER
also plays a major role. In following section, we have studied the
reaction thermodynamics for both OER and HER.
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3.6.1. Oxygen evolution reaction

For the analysis of the water splitting process, study of the
adsorption of H;O, OH, O and OOH on the surface of catalyst is
essential. For this purpose, we have studied adsorption energies of
H,0, OH, O and OOH intermediates on the pristine and all func-
tionalized g-C3N4 and the adsorption energy of each is calculated
using Eqgs. (4)—(7). In the present case for the adsorption of
different intermediates we have considered the most electroneg-
ative N i.e. N1 on the basis of present charge redistribution analysis.
Same site is also considered as suitable site for water adsorption
[77]. For (Co—B)c1—C3Ng4 the initial and optimized structures for
adsorption of all the intermediates are shown in Table S1.

Initially, adsorption of water molecule is studied as the first step
of a four electron step, for this a water molecule has been kept at a
distance of 3.42 A above the g-C3Ng4, with the orientation that one
O—H bond is parallel to the plane of g-C3N4 and another O—H is
towards the N; atom. The optimized structure after water adsorp-
tion shows the change in orientation of H,O molecule for all the
structures in such a manner that the H atom forms hydrogen bond
with N4 due to electronegativity of N. The value of 4Ep,o is
calculated as —0.43eV for g-C3N4 which is in agreement with the
other theoretical report [77]. The calculated 4Ey,o values are
0.04, —-0.16, —0.14, 0.04 and —-0.05 eV for Bci—C3N4, Beo—C3Ny,
Co—C3Ng, (Co—B)c1—C3Ng4, and (Co—B)c;—C3Ny4, respectively
implying the physical adsorption of water molecule since it needs
small adsorption energy.

The water molecule on the surface of catalyst is converted to
OH* and (H"+ e™) pair according to the reaction in Eq. (9) as the
first step of OER, the adsorption energy (4Eqy+), Gibbs free energy
(AG1) and the adsorbed state of OH* on the surface of catalyst is
important for the energy changes in forthcoming reaction steps and
initial structure for next step reaction. The structure after compu-
tation with OH* as an intermediate leads to formation of O—Ny
bond for g—C3N4, Bc1—C3N4, BCZ_C3N4 and O—C1 bOIld, O0—B bOIld,
0O—Co bond for Co—C3Ng4, (Co—B)c1—C3Ny4, and (Co—B)cy—C3Ny,
respectively with change in orientation and further distortion in
the z plane. The calculated values of 4Egy« for g-C3Ng, Bc1—C3Ng,
Bca—C3Nyg, Co—C3Ny, (Co—B)c1—C3Ngy4, and (Co—B)c—C3Ny4 are 2.15,
0.59, 0.74, —0.39, —0.23 and 0.03eV, respectively.

After the separation of a proton from the OH* radical leads to O*
and (H*+ e”) pair formation in accordance with Eq. (10), the
remaining O* makes bond with Ny atoms for g-C3N4, Bci—C3Ny,
Bcz—C3N4, while CO—C3N4, (CO—B)c1—C3N4, and (CO—B)Cz—C3N4
make bond with Cy, Co & B and Co, with the 4Ey« as 2.51, 2.22, 2.62,
0.74, 1.46 and 1.45 eV, respectively. In third step, the conversion of
second water molecule to OOH* and (H"+ e™) pair via the forma-
tion of OH* which combines with O* according to Eq. (11), the
OOH* is adsorbed on the N1 atom for g-C3Ny4, Bc;—C3Ng, Bco—C3Ny,
and on C; atom for Co—C3N4 and Co for (Co—B)c1—C3Ng4, and
(Co—B)ca—C3Ny, with dEgoy+ as 4.45, 4.32,4.78, 3.40, 3.62 and 3.41
eV, respectively. In the fourth reaction OOH* is converted to O, and
(H"+ e™) pair, whereas the AGy4 of the final reaction is calculated by
Eq.(12) to keep the AGq.4 = 4.92 eV [59]. Value of AGj; is found to be
maximum for all the studied monolayers, therefore it is considered
as the rate determining step and has to be considered for the
calculation of overpotential.

The variation in AG calculated using the change in adsorption
energy with each intermediate for pristine and functionalized g-
C3Ny4 are plotted in Fig. 6(a—f) at three different potential: U = 0,
1.23 and n°ERV. From Fig. 6 (a), for g-C3N4, AG3 = 3.55 eV is found to
be maximum at 0 V than the free energy changes of other reactions,
thus using Eq. (13) the value of n°FR is calculated as 3.55 V. At the
equilibrium position at U = 1.23 V the free energy value reduced
and the An°R becomes 2.32 V therefore the plot at U = 3.55 V
corresponds to the complete downhill OER reaction.
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AGj3 value of Bci—C3Ny4, Beo—C3Ng, Co—C3Ny, (Co—B)c1—C3Ng,
and (Co—B)c;—C3Ny4 are calculated to be 2.45, 2.50, 3.01, 2.51 and
2.31 eV, respectively at U = 0 V, while their corresponding values
for U= 1.23 eV are reduced to 1.22,1.27,1.78, 1.28 and 1.08 V which
also corresponds to the respective An°ER values. Reactions at
U = n°R are found to be downhill which imply that reaction will
take place simultaneously. The An°FR of all the samples are smaller
than that of pristine g-C3N4 which is useful to improve the pho-
tocatalytic activity of g-C3N4 and also predicted by Wirth et al. [17]
which concludes the effectiveness of B and Co as co-catalyst with g-
C3Nay.

As mentioned earlier also, that the position of Ecg/Eyg crossing
the reduction/oxidation potential does not guarantee the overall
water splitting since g-C3N4 suffers from high over potentials, the
value of An®R should be lower than the Eyg [72]. Here water
oxidation efficiency is analyzed by comparing the An°ER with Eyg,
in our case all the samples except (Co—B)c;—C3Ns and
(Co—B)c2—C3Ny4 has lower Eyg than its corresponding An®R value.
(Co—B)c2—C3N4 does not cross the oxidative potential whereas
(Co—B)c1—C3N4 found as the most suitable material for the oxida-
tion reaction among the rest.

3.6.2. Hydrogen evolution reaction

For HER (according to Egs. (15)—(18)), an isolated H atom or H30
molecule (for the effect of extra water molecule) are adsorbed over
the N; atom due to its high electronegative nature and the
adsorption energy is calculated using Eq. (14) for H and Eq. (3) for
H30 molecule. The brief structural changes before and after opti-
mization on adsorbing the H and H30 molecule on (Co—B)c; are
presented in Table S2. The H atom is chemically bonded to N atom
for g-C3N4 and Bc1—C3N4 while it bonds with N4 for Bc;—C3Ny4 due
to the higher electronegativity. With Co—C3Ng4, (Co—B)c1—C3N4 and
(Co—B)c2—C3Ny, H atom chemically bonded to Co. In the case of H30
molecule the separation of H atom and H,0 molecule take place
where H atom makes hydrogen bond with N4 in g-C3N4 while for
Bc1—C3Nyg, Bca—C3Ny it bonds chemically with Ny, Ny, respectively
and with Co for Co—C3Ny4, (Co—B)c1—C3N4 and (Co—B)c—C3Ny
while H,0 molecule remains free. The corresponding change in
Gibbs free energy of H atom and H30 molecule (4Gy+ and 4Gy, 0+)
is plotted in Fig. 7 (a, b). The negative value of the free energy
corresponds to the favorable adsorption site [78]. 4Gy« and 4Gy, o+
are almost same for g-C3N4, Bc1—C3Ng, Beo—C3Ng, while 4Gy, o+ is
higher for Co—C3N4 (Co—B)ci—C3Ng and (Co—B)c—C3Ng as
compared to AGys+.

Comparing the AnHER with the Ecg (Table 3), both the B-doped
monolayers (Bc;—C3N4 and Bc;—C3Ny4) are not found suitable for
HER while g-C3N4, Co—C3Ny, (Co—B)c1—C3Ny, and (Co—B)c—C3Ny
showing their effective utilization for hydrogen production. Among
the HER suitable monolayers, Co—C3N4 shows very small value of
An"ER which is smaller than the reported value of Pt loaded g-CsNy4
[78].

3.7. Effect of Co and B on photocatalytic activity of g-C3Ny4

To design any material for overall water splitting following
properties should be considered (i) high absorption in the visible
energy region; (ii) suitable band edges with respect to NHE; (iii)
excess charge carriers on the surface with high mobility and low
recombination of charge carriers; (iv) suitable value of over-
potential (An®ER/An"ER). In the present study, with the aim to
design a material for overall water splitting we have functionalized
g-C3N4 with B-doping, Co-loading and B-doping and Co-loading
together. Substituting B at C site either at C; or C; facilitate hole
in the lattice which shows its affinity to lose its single electron to
neighboring highly electronegative N (as seen from charge
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Fig. 6. Gibbs free energy change profile of OER for (a) g-C3Ng, (b) Bci—C3Ny, (€) Bca—C3Ny, (d) Co—C3Ny, (e) (Co—B)c1—CsN4 and (f) (Co—B)c—C3N4. (A colour version of this figure

can be viewed online.)

redistribution). Neighboring N plays major role for B doping due to
B—N pr-pr hybridization and shifting of unoccupied levels to low
energy thus reducing the bandgap and affecting the valence band
edge (Eyg), thus Bci—C3Ng does not show OER activity while
Bc—C3Ny4 can participate. B-doping also leads to increment in hole
concentration and decreasing the An°™R due to the change in
interaction of intermediates as compared to g-C3N4 while the
higher value of |An"ER| prohibits easy hydrogen evolution.
Presence of partially filled TM (Co) in the lattice increases the

electron density due to their affinity to be stable after giving elec-
trons, Co loading provides electron pair from its 3d orbital which
leads to formation of IB bringing Co loaded g-CsN,4 in visible
spectrum while enhancing Ecg for efficient HER, pr-d; orbital
interaction of Co—N facilitate charge redistribution over the N;
atom making it electron rich as effective adsorption site for HER.
In case of B-doping and Co-loading together, the Ef is shifted in
the middle of the forbidden band gap which also shows partial
charge compensation in g-C3N4. Hybridization of Co-3d and B-2p
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orbitals formed impurity states which gives higher absorption as
compared to pristine while (Co—B)c1—C3N4 shows the highest ab-
sorption. To check the effect of Co and B interaction, different
concentration of Co and B in 2 x 2 x 1 cell of g-C3N4 is also
considered. Along with the previously mentioned 1 Co (1 B) loading
(doping) i.e. (Co—B)c1—C3Ny, three different arrangements were
considered (as mentioned in Fig. S4 and Table S3) and studied using
PBE-GGA only (due to the computationally expensive HSE06). On
the basis of AEp (Table S3), formation of (Co—2B)c1—C3N4 and
(2Co—2B)c1—C3Ny is feasible while (2Co—B)c1—C3N4 shows positive
value of Ep. DOS in Fig. S4 (using PBE-GGA) does not show any
feature of impurity states formation in the (Co—2B)c1—C3Ng,
(2Co—B)c1—C3N4 and (2Co—2B)c1—C3N4 as visible in case of
(Co—B)c1—C3Ny4 (PBE-GGA). Therefore, charge compensation and
distinct impurity state formation is obtained only in case
(Co—B)c1—C3Ny in the present study.

It is also seen that the Co-loading in B-doped g-CsN4 enhances
the negative charge on N; atom mainly due to the short [long]
range interaction between Co and B in (Co—B)c1—C3Nyg
[(Co—B)c2—C3N4] making the N site active for the effective
adsorption of intermediate due to electronegativity difference.
From effective mass analysis it is concluded that due to the for-
mation of impurity states, (Co—B)c1—C3N4 shows lowest rate of
recombination of charge carriers and the formed impurity states
will be considered as deep trapping site increasing the life time and
availability of photogenerated e -h™ pair for redox reactions.

The Co—B combination provides the e™-h™ pair hence good for
HER and OER, but the site dependence of B in g-C3N4 in different
properties reversed with Co-loading due to large Pauling electro-
negativity difference which is dependent on the interaction range
but in both cases Ny is the most suitable site for adsorption. The
formation of impurity states and charge redistribution over the
plane due to the electron affinity and partially filled Co-3d orbitals
leads to p-d; bonding for Co—B in short range interaction, while as
the effect of B in long range interaction is observed via charge
difference on its neighboring N. Hence the formation of channel for
charge redistribution leading to increase in electronegativity of Ny
atom for further enhancement in other properties.

From thermodynamical analysis, Co—C3N4 is considered best
suitable among all the studied monolayers for HER while
(Co—B)c1—C3Ny is considered for overall water splitting since the
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individual doping/loading properties are now combined with
synergistic effect of Co—B interaction. If we consider all the
affecting parameters like, the synergistic effect of impurity states
formation, low rate of charge carrier recombination and low over-
potential with respect to g-C3N4 for both OER and HER make
(Co—B)c1—C3N4 as efficient photocatalyst for overall water splitting.

4. Conclusion

The structural, electronic and optical properties of pristine g-
C3Ng, Bc1—C3Ng4, Brm—C3Ng4, Co—C3Ng, (CO*B)c1*C3N4, and
(Co—B)c2—C3N4 were studied using the hybrid density functional
theory in form of atomic monolayer for the application of photo-
catalytic activity. The shortcomings of low charge generation and
high rate of recombination of e -h™ pair in g-C3N4 were resolved by
B-doping and Co-loading. The partial filled B-2p orbitals help in the
charge generation and the redistribution in the g-C3N4. Formation
of IB on Co-loading while sharpening [broadening] of impurity
states when B is interacted with Co with short [long] range is
observed in (Co—B)ci—C3Ng [(Co—B)cz—C3Ny4]. Sharp impurity
states in VB of (Co—B)c1—C3N4 reduced the rate of recombination of
e -h" hence improved the efficiency of the photocatalytic activity.
The effect of Co—B short and long range interaction and charge
redistribution, excess negative charge is collected on N; atom leads
to change the adsorption energy of intermediates in HER and OER
which modify overpotential values tends to better overall photo-
catalytic water splitting. On the basis of overpotential values and
band edges analysis, we report (Co—B)c1—C3N4 as good photo-
catalyst for overall water splitting.

CRediT authorship contribution statement

B.R. Bhagat: Creation of models, Formal analysis, Writing —
original draft. Alpa Dashora: Conceptualization, Supervision,
preparation, creation and/or presentation of the published work.

Declaration of competing interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.



B.R. Bhagat and A. Dashora
Acknowledgement

The authors show their sincere gratitude to the Department of
Science and Technology, India for their DST-INSPIRE Faculty project.
AD is also thankful to University Grants Commission, India for the
financial support under Faculty Recharge Programme. Authors are
also thankful to Dr. Nainesh Patel, University of Mumbai, India for
valuable discussions.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.carbon.2021.03.049.

References

[1] AK. Geim, K.S. Novoselov, The rise of graphene, Nat. Mater. 6 (2007) 183—191.

[2] K.S.Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, et al.,

Electric field effect in atomically thin carbon films, Science 306 (2004)

666—669.

D. Pacile, ].C. Meyer, C.0. Girit, A. Zettl, The two-dimensional phase of boron

nitride: few-atomic-layer sheets and suspended membranes, Appl. Phys. Lett.

92 (2008), 133107.

[4] Y. Lin, T.V. Williams, J.W. Connell, Soluble, exfoliated hexagonal boron nitride
nanosheets, J. Phys. Chem. Lett. 1 (2009) 277—283.

[5] J.N. Coleman, M. Lotya, A. O'Neill, S.D. Bergin, PJ. King, U. Khan, et al., Two-

dimensional nanosheets produced by liquid exfoliation of layered materials,

Science 331 (2011) 568—571.

H. Li, G. Ly, Z. Yin, Q. He, H. Li, Q. Zhang, et al., Optical identification of single-

and few-layer MoS; sheets, Small 8 (2012) 682—686.

[7] Y. Omomo, T. Sasaki, L. Wang, M. Watanabe, Redoxable nanosheet crystallites

of MnO, derived via delamination of a layered manganese oxide, . Am. Chem.

Soc. 125 (2003) 3568.

X. Li, J. Zhou, Q. Wang, Y. Kawazoe, P. Jena, Patterning graphitic C—N sheets

into a kagome lattice for magnetic materials, J. Phys. Chem. Lett. 4 (2012)

259-263.

Y. Zhang, T. Mori, L. Niu, J. Ye, Non-covalent doping of graphitic carbon nitride

polymer with graphene: controlled electronic structure and enhanced opto-

electronic conversion, Energy Environ. Sci. 4 (2011) 4517—4521.

Y. Zhang, T. Mori, J. Ye, M. Antonietti, Phosphorus-doped carbon nitride solid:

enhanced electrical conductivity and photocurrent generation, . Am. Chem.

Soc. 132 (2010) 6294—6295.

A. Thomas, A. Fischer, F. Goettmann, M. Antonietti, ].O. Muller, R. Schlogl,

J.M. Carlsson, Graphitic carbon nitride materials: variation of structure and

morphology and their use as metal-free catalysts, J. Mater. Chem. 18 (2008)

4893—-4908.

A.H. Reshak, S.A. Khan, S. Auluck, Electronic band structure and specific fea-

tures of AA-and AB-stacking of carbon nitride (C3N4): DFT calculation, RSC

Adv. 4 (2014) 6957—6964.

B. Wei, W. Wang, J. Sun, Q. Mei, Z. An, H. Cao, et al., Insight into the effect of

boron doping on electronic structure, photocatalytic and adsorption perfor-

mance of g-C3N4 by first-principles study, Appl. Surf. Sci. 511 (2020) 145549.

X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J.M. Carlsson, et al.,

A metal-free polymeric photocatalyst for hydrogen production from water

under visible light, Nat. Mater. 8 (2009) 76—80.

G. Liu, P. Niu, C.H. Sun, S.C. Smith, Z.G. Chen, G.Q. Lu, et al., Unique electronic

structure induced high photoreactivity of sulfur-doped graphitic C3N4, J. Am.

Chem. Soc. 130 (2010) 7176.

D.J. Martin, K.P. Qiu, S.A. Shevlin, A.D. Handoko, X.W. Chen, Z.X. Guo, et al.,

Highly efficient photocatalytic H evolution from water using visible light and

structure-controlled graphitic carbon nitride, Angew. Chem. 53 (2014)

9240—-9245.

[17] J. Wirth, R. Neumann, M. Antonietti, P. Saalfrank, Adsorption and photo-

catalytic splitting of water on graphitic carbon nitride: a combined first

principles and semiempirical study, Phys. Chem. Chem. Phys. 16 (2014)

15917-15926.

K. Dai, D. Li, L. Ly, C. Liang, Q. Liu, G. Zhu, Plasmonic TiO,/AgBr/Ag ternary

composite nanosphere with heterojunction structure for advanced visible

light photocatalyst, Appl. Surf. Sci. 314 (2014) 864—871.

Y. Li, Y. Zhao, L. Fang, R. Jin, Y. Yang, Y. Xing, Highly efficient composite visible

light-driven Ag—AgBr/g-C3N4 plasmonic photocatalyst for degrading organic

pollutants, Mater. Lett. 126 (2014) 5—8.

F. Su, S.C. Mathew, G. Lipner, X. Fu, M. Antonietti, S. Blechert, X. Wang, mpg-

C3Ng4-catalyzed selective oxidation of alcohols using O, and visible light, J. Am.

Chem. Soc. 132 (2010) 16299—-16301.

K. Maeda, X. Wang, Y. Nishihara, D. Lu, M. Antonietti, K. Domen, Photocatalytic

activities of graphitic carbon nitride powder for water reduction and oxida-

tion under visible light, ]J. Phys. Chem. C 113 (2009) 4940—4947.

X. Bai, L. Wang, Y. Wang, W. Yao, Y. Zhu, Enhanced oxidation ability of g-C3N4

photocatalyst via C60 modification, Appl. Catal. B Environ. 152—153 (2014)

3

[6

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[18]

[19]

[20]

[21]

[22]

676

Carbon 178 (2021) 666—677

262—-270.

LY. Chen, W.D. Zhang, In;03/g-C3N4 composite photocatalysts with enhanced

visible light driven activity, Appl. Surf. Sci. 301 (2014) 428—435.

S. Wang, C. Li, T. Wang, P. Zhang, A. Li, ]. Gong, Controllable synthesis of

nanotube-type graphitic C3N4 and their visible-light photocatalytic and fluo-

rescent properties, . Mater. Chem. A2 (2014) 2885—2890.

G. Koh, Y.W. Zhang, H. Pan, First-principles study on hydrogen storage by

graphitic carbon nitride nanotubes, Int. J. Hydrogen Energy 37 (2012)

4170—-4178.

S. Lu, ZW. Chen, C. Li, H.H. Li, Y.F. Zhao, Y.Y. Gong, et al., Adjustable electronic

performances and redox ability of a gC3N4 monolayer by adsorbing nonmetal

solute ions: a first principles study, J. Mater. Chem. A. 4 (2016) 14827—-14838.

S.Z. Huy, L. Ma, J.G. You, EY. Li, Z.P. Fan, G. Lu, et al., Enhanced visible light

photocatalytic performance of g-C3N4 photocatalysts co-doped with iron and

phosphorus, Appl. Surf. Sci. 311 (2014) 164—171.

D. Ghosh, G. Periyasamy, S.K. Pati, Transition metal embedded two-

dimensional C3Ng—graphene nano composite: a multifunctional material,

J. Phys. Chem. C 118 (2014) 15487—15494.

Q.Y. Lin, L. Li, S.J. Liang, M.H. Liu, J.H. Bi, L. Wu, Efficient synthesis of monolayer

carbon nitride 2D nanosheet with tunable concentration and enhanced

visible-light photocatalytic activities, Appl. Catal. B Environ. 163 (2015)

135—-142.

LW. Ruan, G.S. Xu, L. Gu, C. Li, YJ. Zhu, Y.X. Lu, The physical properties of Li-

doped g-C3N4 monolayer sheet investigated by the first-principles, Mater.

Res. Bull. 66 (2015) 156—162.

X. Zhang, X. Xie, H. Wang, J. Zhang, B. Pan, Y. Xie, Enhanced photoresponsive

ultrathin graphitic-phase C3N4nanosheets for bioimaging, J. Am. Chem. Soc.

135 (2013) 18-21.

X. Ma, Y. Lv, J. Xu, Y. Liy, R. Zhang, Y. Zhu, A strategy of enhancing the pho-

toactivity of g-C3N4 via doping of nonmetal elements: a first-principles study,

J. Phys. Chem. C 116 (2012) 23485—23493.

S. Ly, C. Li, H.H. Li, Y.F. Zhao, Y.Y. Gong, LY. Niu, et al., The effects of nonmetal

dopants on the electronic, optical and chemical performances of monolayer

g—C3Ny by first-principles study, Appl. Surf. Sci. 392 (2017) 966.

[34] J.P. Paraknowitsch, A. Thomas, Doping carbons beyond nitrogen: an overview

of advanced heteroatom doped carbons with boron, sulphur and phosphorus

for energy applications, Energy Environ. Sci. 6 (10) (2013) 2839—2855.

F. Raziq, Y. Qu, X. Zhang, M. Humayun, ]. Wu, A. Zada, et al., Enhanced

cocatalyst-free visible-light activities for photocatalytic fuel production of g-

C3N4 by trapping holes and transferring electrons, J. Phys. Chem. C 120 (1)

(2016) 98—107.

Z.Zhu, X. Tang, T. Wang, W. Fan, Z. Liu, C. Li, et al., Insight into the effect of co-

doped to the photocatalytic performance and electronic structure of g-C3N4

by first principle, Appl. Catal. B Environ. 241 (2019) 319.

L. Wang, X. Guo, Y. Chen, S. Ai, H. Ding, Cobalt-doped g-C3N4 as a heteroge-

neous catalyst for photo-assisted activation of peroxymonosulfate for the

degradation of organic contaminants, Appl. Surf. Sci. 467 (2019) 954—962.

[38] T. Tong, B. He, B. Zhu, B. Cheng, L. Zhang, First-principle investigation on

charge carrier transfer in transition-metal single atoms loaded g-CsNy4, Appl.

Surf. Sci. 459 (2018) 385.

F. Ling, W. Li, L. Ye, The synergistic effect of non-metal doping or defect en-

gineering and interface coupling on the photocatalytic property of g-C3Ng:

first-principle investigations, Appl. Surf. Sci. 473 (2019) 386.

Y. Zhao, Y. Lin, G. Wang, Z. Jiang, R. Zhang, C. Zhu, Photocatalytic water

splitting of (F, Ti) codoped heptazine/triazine based g-C3Nsheterostructure: a

hybrid DFT study, Appl. Surf. Sci. 463 (2019) 809.

S. Gupta, M.K. Patel, A. Miotello, N. Patel, Metal boride-based catalysts for

electrochemical water-splitting: a review, Adv. Funct. Mater. 30 (1) (2020)

1906481.

S. Gupta, N. Patel, A. Miotello, D.C. Kothari, Cobalt-boride: an efficient and

robust electrocatalyst for hydrogen evolution reaction, ]. Power Sources 279

(2015) 620—625.

R. Jaiswal, N. Patel, A. Dashora, R. Fernandes, M. Yadav, R. Edla, et al., Efficient

Co-B-codoped TiO, photocatalyst for degradation of organic water pollutant

under visible light, Appl. Catal. B Environ. 183 (2016) 242.

P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni, et al.,

Quantum ESPRESSO: a modular and open-source software project for quan-

tum simulations of materials, J. Phys. Condens. Matter 21 (39) (2009), 395502.

K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal,

volumetric and morphology data, J. Appl. Crystallogr. 44 (2011) 1272.

A. Kokalj, M. Causa, XCrySDen:(X-Window) CRYstalline Structures and DEN-

sities, 2001.

BURAI 1.3, A GUI of QUANTUM ESPRESSO code. https://github.com/BURAI-

team/burai.

[48] ].P. Perdew, K. Burke, M. Ernzerhof, Generalized gradient approximation made
simple, Phys. Rev. Lett. 77 (1996) 3865.

[49] J. Heyd, G.E. Scuseria, M. Ernzerhof, Hybrid functionals based on a screened
Coulomb potential, J. Chem. Phys. 118 (2003) 8207.

[50] J. Heyd, G.E. Scuseria, M. Ernzerhof, Erratum: “Hybrid functionals based on a

screened Coulomb potential”, J. Chem. Phys. 118 (2003) 8207, 124 (2006)

219906.

S. Grimme, Semiempirical GGA-type density functional constructed with a

long-range dispersion correction, J. Comput. Chem. 27 (2006) 1787—1799.

P. Hohenberg, W. Kohn, Inhomogeneous electron gas, Phys. Rev. 136 (1964)

B864.

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

(33]

[35]

[36]

(371

(39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[51]

[52]


https://doi.org/10.1016/j.carbon.2021.03.049
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref1
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref1
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref2
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref2
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref2
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref2
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref3
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref3
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref3
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref4
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref4
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref4
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref5
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref5
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref5
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref5
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref6
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref6
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref6
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref6
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref7
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref7
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref7
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref7
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref8
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref8
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref8
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref8
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref8
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref9
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref9
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref9
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref9
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref10
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref10
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref10
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref10
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref11
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref11
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref11
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref11
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref11
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref12
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref12
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref12
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref12
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref12
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref12
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref13
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref13
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref13
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref13
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref13
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref14
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref14
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref14
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref14
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref15
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref15
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref15
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref15
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref15
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref16
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref16
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref16
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref16
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref16
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref16
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref17
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref17
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref17
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref17
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref17
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref18
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref18
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref18
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref18
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref18
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref19
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref19
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref19
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref19
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref19
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref19
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref19
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref20
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref20
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref20
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref20
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref20
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref20
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref20
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref21
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref21
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref21
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref21
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref22
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref22
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref22
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref22
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref22
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref23
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref23
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref23
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref23
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref23
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref23
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref23
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref24
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref24
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref24
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref24
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref24
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref24
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref25
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref25
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref25
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref25
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref26
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref26
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref26
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref26
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref26
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref26
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref27
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref27
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref27
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref27
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref28
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref28
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref28
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref28
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref28
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref28
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref29
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref29
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref29
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref29
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref29
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref30
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref30
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref30
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref30
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref31
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref31
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref31
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref31
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref31
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref31
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref32
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref32
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref32
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref32
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref32
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref32
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref33
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref33
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref33
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref33
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref33
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref33
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref34
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref34
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref34
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref34
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref35
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref35
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref35
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref35
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref35
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref35
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref35
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref36
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref36
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref36
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref36
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref37
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref37
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref37
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref37
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref37
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref37
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref38
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref38
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref38
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref38
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref38
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref39
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref39
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref39
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref39
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref39
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref40
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref40
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref40
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref40
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref40
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref41
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref41
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref41
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref42
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref42
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref42
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref42
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref43
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref43
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref43
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref43
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref44
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref44
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref44
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref45
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref45
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref46
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref46
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref46
https://github.com/BURAI-team/burai
https://github.com/BURAI-team/burai
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref48
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref48
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref49
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref49
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref50
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref50
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref50
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref51
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref51
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref51
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref52
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref52

B.R. Bhagat and A. Dashora

[53]
[54]
[55]
[56]
[57]
[58]

[59]

W. Kohn, LJ. Sham, Self-consistent equations including exchange and corre-
lation effects, Phys. Rev. 140 (1965) A1133.

C.G. Broyden, The convergence of a class of double-rank minimization algo-
rithms: 2. The New Algorithm, IMA J. Appl. Math. 6 (1970) 222—-231.

R. Fletcher, A new approach to variable metric algorithms, Comput. J. 13
(1970) 317.

D. Goldfarb, A family of variable-metric methods derived by variational
means, Math. Comput. 24 (1970) 23.

D.F. Shanno, Conditioning of quasi-Newton methods for function minimiza-
tion, Math. Comput. 24 (1970) 647.

B. Zhu, L. Zhang, B. Cheng, J. Yu, First-principle calculation study of tri-s-
triazine-based g-C3Ny: a review, Appl. Catal. B Environ. 224 (2018) 983.

JK. Norskov, ]J. Rossmeisl, A. Logadottir, LRKJ. Lindqvist, J.R. Kitchin,
T. Bligaard, et al., Origin of the overpotential for oxygen reduction at a fuel-cell
cathode, J. Phys. Chem. B 108 (46) (2004) 17886—17892.

[60] J. Rossmeisl, A. Logadottir, J.K. Nerskov, Electrolysis of water on (oxidized)

[61]

metal surfaces, Chem. Phys. 319 (1—3) (2005) 178—184.

G. Gao, Y. Jiao, F. Ma, Y. Jiao, E. Waclawik, A. Du, Metal-free graphitic carbon
nitride as mechano-catalyst for hydrogen evolution reaction, ]. Catal. 332
(2015) 149—-155.

[62] J.K. Nerskov, T. Bligaard, A. Logadottir, J.R. Kitchin, ].G. Hen, S. Pandelov, et al.,

[63]

[64]

[65]

[66]

Trends in the exchange current for hydrogen evolution, J. Electrochem. Soc.
152 (3) (2005) J23.

Y. Zhu, D. Zhang, L. Gong, L. Zhang, Z. Xia, Catalytic activity origin and design
principles of graphitic carbon nitride electrocatalysts for hydrogen evolution,
Front. Mater. 6 (2019) 16.

M. Huang, Y.L. Zhao, W. Xiong, S.V. Kershaw, Y. Yu, W. Lj, et al., Collaborative
enhancement of photon harvesting and charge carrier dynamics in carbon
nitride photoelectrode, Appl. Catal. B Environ. 237 (2018) 783—790.

M. Ghashghaee, Z. Azizi, M. Ghambarian, Conductivity tuning of charged
triazine and heptazine graphitic carbon nitride (g-C3N4) quantum dots via
nonmetal (B, O, S, P) doping: DFT calculations, J. Phys. Chem. Solid. 141 (2020)
109422.

C. Wan, L. Zhou, L. Sun, L. Xu, D.G. Cheng, F. Chen, et al., Boosting visible-light-
driven hydrogen evolution from formic acid over AgPd/2D g-C3N4 nanosheets
Mott-Schottky photocatalyst, Chem. Eng. J. 396 (2020), 125229.

677

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(751

[76]

[77]

[78]

Carbon 178 (2021) 666—677

J. Zhang, X. Chen, K. Takanabe, K. Maeda, K. Domen, ].D. Epping, et al., Syn-
thesis of a carbon nitride structure for visible-light catalysis by copolymeri-
zation, Angew. Chem. Int. Ed. 49 (2) (2010) 441—444.

Z. Ma, Z. Yi, J. Sun, K. Wu, Electronic and photo-catalytic properties of
AgsPC4VI (C=0, S, Se): a systematic hybrid DFT study, J. Phys. Chem. C 116
(2012) 25074—25080.

K. Ding, B. Chen, Y. Li, Y. Zhang, Z. Chen, Comparative density functional
theory study on the electronic and optical properties of BiMO4 (M=V, Nb, Ta),
J. Mater. Chem. 2 (2014) 8284—8303.

R. Kadrekar, N. Patel, A. Arya, Understanding the role of boron and stoichio-
metric ratio in the catalytic performance of amorphous Co-B catalyst, Appl.
Surf. Sci. 518 (2020), 146199.

S. Gupta, N. Patel, R. Fernandes, R. Kadrekar, A. Dashora, A.K. Yadav, et al,,
Co—Ni—B nanocatalyst for efficient hydrogen evolution reaction in wide pH
range, Appl. Catal. B Environ. 192 (2016) 126.

L. Li, W. Wang, H. Liu, X. Liu, Q. Song, S. Ren, First principles calculations of
electronic band structure and optical properties of Cr-doped ZnO, J. Phys.
Chem. C113 (19) (2009) 8460—8464.

M.C. Toroker, D.K. Kanan, N. Alidoust, L.Y. Isseroff, P. Liao, E.A. Carter, First
principles scheme to evaluate band edge positions in potential transition
metal oxide photocatalysts and photoelectrodes, Phys. Chem. Chem. Phys. 13
(2011) 16644—16654.

J. Kang, S. Tongay, J. Zhou, J. Li, ]. Wu, Band offsets and heterostructures of
two-dimensional semiconductors, Appl. Phys. Lett. 102 (2013), 012111.

W. Chen, A. Pasquarello, Band-edge level in semiconductors and insulators:
hybrid density functional theory versus many-body perturbation theory,
Phys. Rev. B 86 (2012), 035134.

T.M. Henderson, ]. Paier, G.E. Scuseria, Accurate treatment of solids with the
HSE screened hybrid, Phys. Status Solidi B 248 (4) (2011) 767—774.

S.M. Aspera, M. David, H. Kasai, First-principles study of the adsorption of
water on tri-s-triazine-based graphitic carbon nitride, Jap. J. Appl. Phys. 49
(11R) (2010), 115703.

H. Li, Y. Wu, L. Li, Y. Gong, L. Niu, X. Liu, et al., Adjustable photocatalytic ability
of monolayer g-C3N4 utilizing single—metal atom: density functional theory,
Appl. Surf. Sci. 457 (2018) 735.


http://refhub.elsevier.com/S0008-6223(21)00361-4/sref53
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref53
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref54
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref54
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref54
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref55
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref55
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref56
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref56
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref57
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref57
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref58
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref58
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref58
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref58
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref59
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref59
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref59
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref59
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref59
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref60
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref60
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref60
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref60
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref60
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref61
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref61
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref61
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref61
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref62
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref62
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref62
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref62
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref63
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref63
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref63
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref64
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref64
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref64
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref64
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref65
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref65
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref65
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref65
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref65
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref65
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref66
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref66
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref66
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref66
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref66
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref67
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref67
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref67
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref67
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref68
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref68
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref68
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref68
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref68
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref68
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref68
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref69
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref69
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref69
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref69
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref69
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref69
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref70
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref70
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref70
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref71
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref71
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref71
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref71
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref71
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref72
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref72
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref72
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref72
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref73
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref73
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref73
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref73
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref73
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref74
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref74
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref75
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref75
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref75
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref76
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref76
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref76
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref77
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref77
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref77
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref78
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref78
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref78
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref78
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref78
http://refhub.elsevier.com/S0008-6223(21)00361-4/sref78

’I Photocatalyst

Potential Materials for Energy
Production and Conversion

B.R. Bhagat and Alpa Dashora

CONTENTS
L1 INtrOAUCHION ..ottt 3
1.2 Photocatalytic MecChaniSm ............ccccocieviirieniiniieniiieniciceeeeeeeee e 5
1.2.1 Hydrogen Evolution Reaction ..........cccccueevieenieiiiiiniiiiienienieenieeeeene 7
1.2.2  Oxygen Evolution Reaction...........cccccoceeiirieiiiiiininiinieiccceeeeeee 8
1.2.3  Carbon Dioxide Reduction Reaction............ccccccevieienieciininnencennce. 9
1.3 Functionalization Methods for Photocatalytic Activity Enhancement ........... 11
1.3.1 Anionic and Cationic DOping .........ccccccevieciinieiiinienieieniee e 11
1.3.2 CO-dOPING ..ottt s 14
1.3.3 Semiconductor Heterostructure and Metallic Co-catalyst.................. 15
1.4 Role of Charge Transfer in Enhancing Photocatalytic Activity...................... 18
1.5 CONCIUSION ...ouiiiiniieiiiiiee ettt s 19
RETETEICES ..ottt 19

1.1  INTRODUCTION

Nature has been a source of inspiration for human beings from the beginning of time
for mimicking and utilizing various advanced techniques of energy production and
conversion at a large scale [1-3]. In the current scenario with energy and environ-
mental issues, several techniques for waste management and energy generation at
different levels have been developed, but the problem remains intact and is expected
to increase our concern in the near future [4]. In order to overcome this issue, a green,
sustainable and low-cost methodology is necessary. In this direction, solar energy
seems to be the only viable renewable energy source that is consumed and converted
by living species in various forms, where photosynthesis is being widely replicated
worldwide in the form of artificial photosynthesis for photocatalytic carbon dioxide
reduction reaction (CO,RR) for transformation of high environment pollutant gas
(CO,, NH,) into fuels such as methanol or methane and for air purification globally
by photocatalytic paints and building materials in high-rising architectures [5—13].
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This process is also used for hydrogen production with simultaneous oxygen evolu-
tion reactions. Photocatalyst has emerged as a cure to paralyzed conventional water
treatment methods that had high operating cost along with its ability to cause sec-
ondary pollution [14,15]. It has also helped in degradation of industrial dyes and
paints released into the water bodies, water purification and water splitting into fuel
production by utilizing metal oxides that prevent photo-corrosion. This is now a mul-
tifunctional research and development field for the scientific community across the
world [16-23].

Various metal oxide semiconductor thin films and nanoparticles have shown a pos-
sible solution as an efficient photocatalyst for remediation and as an alternate for the
treatment of contaminated water. On the basis of their stability, high quantum yield,
suitable band alignment and large reactive surface, TiO, [24-26], WO, [27-29], ZnO
[30-32], CdS [33,34] and ZnS [35-37] have proved and are being used as potential
candidates for photocatalytic applications. Having multiple phases and facets with
band gap value in ultraviolet range, TiO, has received attention as a material with
a wide band gap for cationic and anionic impurity accommodation, which creates
metastable states between valence band and conduction band for charge separation
[38—40]. On the other hand, polymorphic ZnO has performed well because of its high
thermal stability and possibility of functionalization in the degradation of organic pol-
lutants. However, the activity in ultraviolet region and high heavy-metal content limit
their usage in visible spectrum of light and for treatment of water to be consumed later
by living species. To utilize maximum region of visible spectrum, various approaches
have been tried, but the heavy-metal ion issue remains the same [41,42].

As a photocatalyst, alternative to metal oxides, the journey of carbon nitride started
from its first synthesis as polymeric melon, reported in 1834 by Berzelius and Liebig
[43] as one of the oldest synthetic polymers. Later, Liu and Cohen [44] constructed
the beta phase by replacing Si from $-Si;N,. From 1989 to 1996, carbon nitride was
evolved, synthesized and reported as a multifunctional compound with a total of eight
polymorphs each having a separate role. a-C;N,, -C;N,, cubic-C;N,, pseudocubic-
C;N, and graphitic carbon nitride, which have an s-triazine-based hexagonal struc-
ture, s-triazine-based orthorhombic structure and tri-s-triazine-based structure also
known as heptazine [45-50], are different allotropes, while tri-s-triazine-based g-C;N,
is found to be the most stable structure. g-C;N, structure is a nitrogen heteroatom-
substituted graphite framework which includes m-conjugated graphitic planes and
sp? hybridization of carbon and nitrogen atoms along with numerous photo-reactive
and photo-responsive sites. It is a widely known photocatalyst with good visible light
absorption, a multi-layered porous structure, great stability and non-toxicity [51-54],
but due to high charge carrier (e-—h* pair) recombination tendency, overall photo-
catalytic efficiency reduces significantly. Many modifications have been included to
increase its activity in the visible region of spectrum along with decreasing the rate of
recombination of photogenerated charge carriers for enhanced photoactivity [55-58].

This chapter voyages through the functionalization of g-C;N, undertaken to
increase its photo-responsive properties in terms of catalysis and presents a compara-
tive study based on various modification strategies. Structural modification of bulk
form into nanosheets, nanoflakes, nanotubes and nanoparticles along with modifica-
tion from planar to corrugated geometry and formation of bi-, tri- and four-layered
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stacking has been seen for reducing the recombination rate of photogenerated charge
carriers and increasing the reactive surface [59-70]. Cationic and anionic doping is a
frequently observed technique to reduce the band gap for higher absorption. Doping
of several electron-rich elements has caused the formation of deep trap sites, also
called intermediate band for reducing recombination rate of photogenerated e-—h*
pair. Nobel metal inclusion shows local surface plasmon resonance enhancing the
charge separation leading to higher reactivity.

However, simultaneous reduction—oxidation reaction is difficult to achieve from
a single material. Thus, synergistic effects with band mismatch method have been
utilized to create a multifunctional catalyst with high absorption by formation of
heterostructures via various schemes for efficient charge transfer. At last, this chap-
ter provides deep insight into the development of environmentally friendly carbon
nitride photocatalyst as a potential candidate by systematically comparing reported
efficiencies based on modification methods and their future scope for charge facilita-
tion over and within layers [71-81].

1.2 PHOTOCATALYTIC MECHANISM

Synergistic effect where photons interact with the photo-responsive material and
accelerate the chemical reaction is the prima step of photocatalysis. On absorbing
the photon of energy equivalent or greater than band gap of a semiconductor catalyst,
electron excites from the valence band (VB) states to the conduction band (CB) states
resulting in the formation of a photogenerated electron—hole pair in CB-VB. These
charge carriers migrate to the reaction site to participate in the corresponding reac-
tion where the electrons take part in the reduction reaction forming hydrogen mole-
cule, superoxide anions by reducing the ambient oxygen, HCOO~ via carbon dioxide
reduction and ammonia production through nitrogen reduction, while holes oxidize
adsorbed water molecule in the form of moisture from the atmosphere to generate
hydroxyl radicals which are useful for oxygen evolution reaction and dye degradation
[82—-86]. However, low band gap value, high absorption and large photogenerated
electron—hole pair satisfy the essential step for photocatalysis, but reduction—
oxidation process depends on band-edge positions of the material. Straddling redox
potential is required to provide reduction—oxidation environment to the photocata-
lyst which includes conduction band minima (CBM) to be higher than the H,O/H,
level known as reduction potential (—4.44¢eV) and valence band maxima (VBM) to
be lower than O,/H,0 level called oxidation potential (—=5.67 V) against the vacuum
potential. Thus, the minimum band gap requirement has to be greater than 1.23eV
for overall water splitting [63,87]. The above process can also be explained with
Figure 1.1 in terms of redox potential: band-edge positions like VBM and CBM are
determined with respect to normal hydrogen electrode potentials using work func-
tion (¢) and band gap (E,) as follows:

Conduction band edge (Ecg) =¢—4.44eV - E, (1.1)

Valence band edge(Eyg)=¢—4.44eV +E, (1.2)
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FIGURE 1.1 Photocatalysis mechanism with reduction—oxidation potential and valence-
conduction levels. (Energy scale is with respect to vacuum energy.)

For bulk materials, absolute electronegativity (y) is considered in place of ¢ in
Egs. (1.1) and (1.2). Figure 1.1 shows the schematics of the redox reaction as a part of
photocatalytic mechanism. The possibility of a redox reaction is based on the band-
edge position, but these band edges are determining the potential for further reaction.
Therefore, the potential barrier required for all steps to proceed swiftly should be
smaller than the band edges values.

Thus, for the overall water-splitting reaction, four parameters need to be satisfied:
(1) high absorption in the visible region, (ii) low charge carrier recombination for
high reactivity, (iii) suitable band edges for reduction and oxidation reactions and
(iv) reaction energy barrier within the band-edge potential for respective reactions
to take place smoothly. The material fulfilling all these four criteria is considered an
efficient photocatalyst [88,89]. For the successful screening and validation of above-
mentioned criterion for the efficient photocatalyst using first-principles method, a
detailed analysis of (i) electronic, (ii) optical and (iii) photocatalytic/thermodynamic
properties should be considered as shown in Figure 1.2.

Nowadays, design of an effective photocatalyst using density functional theory
(DFT) is one of the most popular, promising, and cost-effective techniques. The
required four parameters for efficient photocatalyst can be studied by means of den-
sity of states, band structure, ¢, charge distribution using Lowdin charge transfer and
optical property analysis. The number of states present in the system described by
the density of states gives the information about the carrier concentration and their
energy distribution. Direct and indirect band gap values along with the curvature of
the bands are provided by band structure that helps to calculate effective mass (m*)
of the carriers using parabolic fitting method to understand the recombination rate
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FIGURE 1.2 Stepwise screening methods for efficient photocatalyst.

of electron—hole pair in CBM and VBM. The effective mass of the carrier is defined
as follows:

m* =h*[(Q*E(k)) ! (9k>)]™ 1.3)

The mobility of charge carriers and their effective mass exhibit inversely propor-
tional relation as follows:

v=gqt/m’ (1.4)

Here, v: mobility of carriers, ¢: charge carrier and 7: scattering time [90].

The reaction mechanism can also be understood with the help of DFT. The steps
of photocatalytic reaction for reduction and oxidation of various molecules are as
follows.

1.2.1 HYDROGEN EvoLUTION REACTION

The hydrogen evolution reaction (HER), a part of water-splitting mechanisms, is
described by the Volmer—Heyrovsky and Volmer—Tafel reactions shown in Figure 1.3.
Volmer-Heyrovsky is energetically more stable than the two-step Volmer-Tafel
reaction, where in the former reaction, the electron—hole pair over the substrate (*)
forms a hydrogen intermediate (H*) which converts into a hydrogen molecule on
interacting with another pair of charge carrier. The role of the water molecule along
with the isolated H* is carried out with structural relaxation that describes its inter-
action and effect on the free energy. Computationally, it includes the formation of
hydronium molecule (H;O) as an intermediate adsorbed over the surface elaborated
in the following equations [91,92]:
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FIGURE 1.3 Hydrogen evolution reaction following the Volmer-Tafel-Heyrovsky mecha-
nism accompanied with desorption.

x4+ (H" +e7) > H= (1.5)
H#+ (H +e) = #+Hy(g) (1.6)

And with inclusion of extra water molecule:

H,0%+ (H" +¢7) — H,O * (1.7)

H,0 %+ (H' +¢7) — H,0 *+H, (g) (1.8)

1.2.2 OxYGEN EvoLuTION REACTION

Oxygen evolution reaction (OER) is divided into four one-electron transfer steps as
proposed by Rossmeisl et al. [93] and mentioned in Egs. (1.9-1.12). Here, each step
forms an intermediate species (with an asterisk) along with electron—hole pairs, and
as the reaction proceeds, there is requirement/involvement of two water molecules
for the generation of oxygen molecule releasing a sum of four electrons. OER and
HER could simultaneously take place as the released electron—hole pair from the
OER can be utilized for generation of two hydrogen molecules. The schematic dia-
gram for OER is also presented in Figure 1.4 for Co—-B—C;N, [94].

#+ 2H,0() — OH #+H,0(0) + (H +¢7) (1.9)
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FIGURE 1.4 Four electron step mechanism of oxygen evolution reaction over B-doped-
Co-loaded g-C;N, [94].

OH *+H,0() > O *+H,0() + (H" +¢") (1.10)
0 *+H,0(/) — OOH * +(H" +¢") (1.11)
OOH* — #+0,(g) + (H" +¢7) (1.12)

1.2.3 CarBoN Dioxipe RebucTiON REACTION

Reactions for carbon dioxide reduction involve eight electron steps. There is a pos-
sibility of formation of several unstable intermediates apart from that shown in the
reactions based on the substrate used. The simultaneous OER and CO,RR are suit-
able, leading to the generation of oxygen to carbon dioxide molecule in 2:1 pro-
portion. OER along with HER/CO,RR is preferred over one-sided reaction since it
prevents accumulation of charge carriers over the surface and decreases the possibil-
ity of photo-corrosion [6,95]. The following reactions describe the stepwise conver-
sion of carbon dioxide into various forms of fuel:

2C0O, +e” — CO; (L.13)

CO,(g) +H,O(1) + 2 - HCOO (aq) + 20H™ (aq) (1.14)
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CO,(g) +H,0(l) + 2¢” — CO(g) + 20H (aq) (1.15)
CO,(g) + 3H,0(l) + 4e” — HCHO (I) + 40H (aq) (1.16)
CO,(g) + 5H,0() + 6¢~ — CH;OH(g) + 60H (aq) (1.17)
CO,(g) + 6H,0(1) + 8¢ — CH,(g) + 8OH (aq) (1.18)

Change in Gibbs free energy (AG) form calculation of energy barrier for each adsorp-
tion reaction is evaluated as follows:

AG = AE + AZPE-TAS + AGu + AGy (1.19)

Here, AFE is the change in the total energy evaluated from the DFT study, AZPE
is the zero-point energy change, 7 is the temperature, AS is the entropy change,
AG,;=—kpTln;oXpH and AG,=—eU (U is the potential measured against normal-
ized hydrogen electrode). The calculation of free energy change in the oxidation/
reduction reaction is done using the method developed by Ngrskov et al. [96]. The
steps that have a maximum change in energy are rate-determining ones. The theo-
retical value of barrier height for OER is calculated as follows:

N = Max,[AG:]/ ne (1.20)

where i denotes intermediate.

The entropy of adsorbed hydrogen atoms is far lower than the entropy in the gas
phase (H,). Since the ZPE and entropy are not sensitive to the coverage, entropy of
H, gas at standard conditions [92] is used to calculate entropy capacity. Ngrskov
et al. [96] proposed overall correction to the equation

AGy. = AEy, + 024 (1.21)

n"™* = [AGy.]/ ne (1.22)

Photocatalytic energy conversion and dye degradation are measured in terms
of quantum yield which is the ratio of reaction rate to the photon absorption rate,
although the calculation of absorbed photon energy is difficult due to its scattering.
Thus, the efficiency of fuel production is based on its pristine sample or with respect
to certain standard material.

The theoretical study of reaction mechanism, adsorption of intermediates, their
surface interaction, intermediate interaction among each other and overall effect over
the redox capability with the lifetime study of excitons and their role in the inclusion



Photocatalyst 11

of van der Waals interaction is still lacking, which plays an important role in the pho-
tocatalytic activity as well as enlightens the path for experimentalists to understand
the role of catalyst [97,98].

Therefore, the complete theoretical study in terms of photocatalyst perfor-
mance of any materials should include electronic, optical and thermodynamic
(reaction mechanisms). In the next section, the attempts to enhance the photo-
catalytic activity of g-C;N, using theoretical and experimental techniques are
reviewed.

1.3 FUNCTIONALIZATION METHODS FOR
PHOTOCATALYTIC ACTIVITY ENHANCEMENT

In continuation to the current status in the field of photocatalyst for pollutant degra-
dation, CO, reduction and H, production, it is seen that several modifications such
as surface alteration, non-metal and/or metal doping and heterostructures formation
have been performed to achieve high photocatalytic activity of different 2D semicon-
ductors. Still there is a bottleneck to accept this technology at a large scale due to low
quantum yield and efficiency which is mainly caused due to low charge separation
and transportation.

Very few complete theoretical studies are available in this field. Therefore, band
gap engineering of functionalized semiconductors for photocatalytic application is
the primary technique to enhance the performance.

1.3.1  ANiIoNic AND CaTiONIC DOPING

Doping in the 2D semiconductor photocatalyst is done in order to enhance the optical
performance by narrowing the band gap for higher absorbance in the visible region.
Figure 1.5 shows change in band edges for g-C;N, after different doping. Doping of
various non-metal elements has been undertaken on the monolayer of g-C;N, where
band gap alteration for H, B, C, O, F, Si, S, P, CI, As, Se, Br, Te and I with pristine
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FIGURE 1.5 (a) Band edges for experimental and theoretical pristine and non-metal-doped
2-C;N, [94,99]. (b)s Band edges for metal and anion—cation-doped g-C;N, (potential vs. vac-
uum energy) [94,125].
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compounds has been studied [99-103]. Among all the anions, Br and I were found
unstable thermally due to large positive adsorption energies, while the Fermi energy
of all the samples was reduced except that of I-doped monolayer. All reported samples
showed higher CBM than reduction potential and lower value than oxidation potential
making them suitable for redox ability. HOMO-LUMO position determines the ability
to separate the photogenerated charge carriers which directs towards higher photoac-
tivity [99]. S-doped C;N, reduces the Gibbs free energy by 0.28¢eV for CO, reduc-
tion due to promotion of charge separation studied using HOMO-LUMO positioned
at N-S atoms and prolongs charge carrier lifetimes by inhibiting the electron—hole
recombination [100,101]. A study on the P-doped system emphasized the activation
of m-conjugation after the lamellar exfoliation to readily enhance the photo-response
[102]. The multiple charge carrier transfers by proton-coupled transfer mechanism
and their effective separation show 1.9, 1.4, 1.7 and 2.4-folds high CH, production
for O-, P-, B-, and S-doped g-C;N,, respectively [103]. Despite limited surface area
and photon absorbance of S-doped material, the improvement is subjected to migra-
tion and separation of charges. Impurity states formed in the forbidden region have
changed the optical absorption along with the obvious redshift after all anionic doping
by 10-75nm [104]. For H-, B-, C-, Si- and Se-integrated ultraviolet region and for all
dopants, integrated visible region reduced by 7% and increased by about 14%—71%,
respectively. A similar study of S atom or C (N)-vacancy in g-C;N, has expanded
the light response range by decreasing the band gap or by producing impurity states
[101,105]. Cui et al. [106] and Zhu et al. [107] have reasoned the charge facilitation to
delocalized HOMO-LUMO for improved visible absorption for O- and F-doped tri-s-
triazine which also modified the reduction—oxidation potential. So far, the work done
on non-metal doping has emphasized on the charge separation and n-localization over
the surface for higher reactive sites [108].

Photocatalytic properties are enhanced for Co-doped g-C;N, due to formation of
Co-N bond [109], whereas Fe and Ni penetration into g-C;N, extends the charge car-
rier migration distance which suppresses the recombination of electron—hole pairs.
On the other hand, Cu and Zn enhance interlayer charge carrier migration [110].
Hussain et al. [111] have designed novel functional nanostructures that are capable of
trapping a large number of CO, molecules by means of first-principles study. They
have functionalized g-C¢Ng nanosheets with transition metal (TM) dopant from Sc to
Zn, and each TM dopant with a doping concentration of 1.79% can anchor maximum
of four CO, molecules with suitable adsorption energies (—0.15 to —1.0eV) for ambi-
ent condition applications [111].

Bai et al. [112] have adsorbed alkali metal Li, Na, K, Rb and Cs over the hep-
tazine type g-C;N, and have seen metallic nature with absorption peak covering
visible light area which shows potential application in optoelectronic devices and
for visible light catalysis along with sensor detection application due to the charge
transfer from alkali metal to substrate leads in decrement of work function as we
go down the alkali metal group [112]. Na, K, Rb and Cs have been studied with
intercalation between bilayer form of g-C;N, theoretically and experimentally
creating an interlayer bridge for efficient charge transfer and formation of inter-
facial electric field. K, Rb and Cs decoration increases the oxidation capability
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benefiting from a decrease in electronic localization and positive shifted VB posi-
tion, although Na-doping shows reduced photoactivity due to high rate of recom-
bination [113,114]. A study by Jiang et al. [115] provided 3.7 times increased
hydrogen production by Na-doped g-C;N, photocatalyst (18.7 pmol/h) to pristine
g-C;N, (5.0 pmol/h) [115]. Electro-positivity and ionic radius direct cations not as
a substitutional dopant but as a decoration over the surface on the triazine moieties
or in the void. Energetically, high Z cations and noble metal prefer void site over
the surface of the 2D structure. A study by Nguyen et al. [116] using semi-empirical
tight-binding-based method on the influence of Al, Fe, Ag, Mg and Li doping on
corrugated g-C;N, showed lower band gap and reduction in vertical ionization
potential that raised electron affinity along with Lewis acidity of pristine specimen
attributing to charge transfer from metal to g-C;N,. Among single metal-doped
2-C;N, system, Fe and Ag atoms’ wavefunction participates in the HOMO and
C/N atom in LUMO directing towards charge transfer for enhancement of catalytic
activity [116]. Rhodamine B degradation rate for Mn adsorbed g-C;N, over differ-
ent concentrations showed threefold increase in photocatalytic efficiency resulting
from the electron—hole recombination, formation of impurity states which leads
to increase in optical absorption. For Mn doping of 8.06 at.%, band-edge shifting
towards reduction potential takes place which is most suitable for enhanced pho-
toactivity. Density functional theory computation confirms the suitability of Mn
among all other 3d TM due to its most suitable band straddling and highest binding
energy, while the small potential distance between VB edge and oxidation potential
makes hole—H,O interaction easier [117,118]. Fe doping has been known to activate
the low coordinated nitrogen for higher adsorption [119,120], and TM embedding
results in the facilitation of light absorption by impurity state formation. A similar
experimental study by Tonda et al. [121] on Fe-doped g-C;N, emphasized high
charge separation, charge transfer and visible light response providing 7 and 4.5
times increased photocatalytic activity by bulk and nanosheets of pristine speci-
men. A two-step photo-thermal-catalytic process of H, and O, generation via 2H,0
— H,+H,0,, 2H,0, — 2H,0 + O, performed over Fe/C;N, shows 1.4 pmol for H,
and 0.5 pmol of O, evolution in 12 hours [121]. The apparent quantum efficiency of
oxygen generation is found approximately five times the pristine g-C;N, on study-
ing H,0, disproportionation reaction mechanism [122].

Machine learning study utilizing electronegativity and d-band centre of TM atom
helped Zhao et al. [123] to screen single-atom catalysts based on adsorption strength of
formic acid. Then, energy barrier of reaction was computed for various transition met-
als such as Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zr, Mo, Ru, Rh, Pd, Ag, W, Os, Ir, Pt; among
these Au@ g-C;N,, Rh-, Pd- and Pt@ g-C;N, exhibit thermodynamical stability and
kinetic feasibility and also reported for effective formic acid dehydrogenation cata-
lyst which is beneficial for hydrogen transport and storage. Investigation on single Pt
metal atom dispersed over g-C;N, monolayer exhibits anisotropic nature. Meanwhile,
its experimental synthesis is possible on considering the density of Pt atom less than
that of sixfold cavity, thus avoiding atomic clustering [124]. A complete overall water-
splitting study was performed by Li et al. [125] utilizing a single metal atom decorated
in planar void site for Pt, Cu, Ni, Pd, Ag and Au based on charge redistribution and
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ionic/covalent bond relaxations. Overpotential values showed relationship with con-
ductive bonding nature which is to improve the HER and OER efficiency. Ni, Cu, Pd
and Pt show suppression in recombination rate due to separation of VBM and CBM,
while overpotential for Pt and Pd with adsorption over the void and TM decreased
approximately by four- and threefold for OER and four- and threefold for HER [125].
In spite of band-edge straddling mentioned by single metal catalyst, effective redis-
tribution of HUMO-LUMO altered the barrier height which is an essential step for
determination of complete water-splitting ability of photocatalyst.

1.3.2 Co-pOoPING

Anionic doping enhances the charge migration and facilitates separation, while cat-
ionic doping/decoration increases optical absorption by formation of impurity states
and plays a vital role in effective mass tuning which leads to suppression of recombi-
nation rate of photogenerated charge carriers along with effective charge compensa-
tion. The involvement of CBM and VBM together, which is caused by simultaneous
metal/non-metal doping, is predicted highly useful for simultaneous oxidation and
reduction reaction. A study performed over co-doped g-C;N, by Ma et al. [126] on
doping of K and S showed positive VB shifting, the opening of charge transfer chan-
nel between two triazine moieties, narrowing of band gap, noncoplanar distribution
of band edges and increased overpotential value resulting in enhanced OER attribut-
ing to separation of electron—hole pair [126]. Efficient approach towards metal-free
co-doping in g-C;N, system leads to the study of S, P co-doped at interstitial and
carbon sites by Hu et al. [127] and S, P, O co-doped ultrathin nanosheets by Chu et al.
[128] along with Liu et al. [129] have reported increased photocatalytic degradation
in the former case and enhanced hydrogen evolution rate reaching 2,480 pmol/h g in
the latter case due to suppressed recombination, narrowed forbidden energy change,
negative shifting of CB and charge transfer channel formation between heptazine
units. Nanosheets synthesized by in situ method benefit in the water splitting due
to the presence of reactive sites over the large surface area [127-129]. Plasmonic
Ag nanoparticle along with B in g-C;N, increased the activity by 4.2 times which is
mainly due to reduction in recombination by charge trap site generation, increased
electron mobility and band gap decrement resulting in higher visible region absorp-
tion. Therefore, synergetic effect of Ag-B significantly improved the photocatalytic
activity compared to mono-doped system [79]. Porous structure, enlarged surface
area and interstitial doping of electron-rich Na and P together provided improved
charge migration, transfer and mobility due to electron affinity of alkali metal as
seen by decreased average lifetime to 5.42 ns indicating emergence of non-radiative
charge transfer pathways resulting in efficient photoactivity [130]. In another study
where P was co-doped with alkaline earth metal Ba, in g-C;N, microtubes it exhibits
hydrogen evolution up to 12 pmol/h under visible region greater than 420nm which
conforms its 13.2-fold increment to pristine. This increment is attributing to delocal-
ized density of states distribution over HOMO-LUMO and larger surface area for
higher photogenerated charge carriers [131]. For the enhancement of photocatalytic
activity of tri-s-triazine based g-C;N,, an effective approach of metal (Co) loading
and non-metal (B) doping has been considered. On the basis of increment in charge
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carrier generation, reduction in recombination rate and charge redistribution over the
surface of g-C;N,, two different interaction scenarios (short range and long range)
for Co and B were studied and explained. Partial charge compensation along with its
conversion into n-type semiconductor with Co-loading and the formation of Co-3d
intermediate states while B-doping in g-C;N, formed p-type semiconductor. In com-
parison to g-C;N,, all functionalized films have higher visible light absorbance and
lower overpotential values for OER, whereas Co—C;N, and co-doped Co—B—C;N,
have lower overpotential values for HER [94]. CO, reduction utilizing B, K co-doping
along with N vacancies has seen photocatalytic production of 3.16 pmol/g CO and
5.93 ymol/g CH,, respectively. This high production was achieved using H,O and
CO, as feedstocks which are 527% and 161% of CO and CH, produced by pris-
tine g-C;N, without any organic hole scavenger preferring co-doping. This is caused
due to the synergistic effect of co-doping over mono-doping which lacks electron
donation sites and also the co-doping facilitates CO, adsorption over surface [132].
Doping of anion and cation along with the co-doping affects the band edges of the
pristine semiconductor which are compiled in wa and b, and it is clearly seen that VB
and CB edges are shifted significantly toward the redox potentials.

1.3.3  SemicoNDUCTOR HETEROSTRUCTURE AND METALLIC CO-CATALYST

Considering the points included by the United Nations in sustainable goals for afford-
able and clean energy accompanied by air purification utilizing natural resources and
looking at the current requirement of fuel usage at the world level for transport, indus-
try, power sector and medical applicability, Government of India has also launched
the National Hydrogen Mission inviting various industrialists and academicians to
collaborate over the design and development of such techniques and for their suitable
day-to-day life use. Undergoing the literature, we found that photocatalytic energy
conversion displays an attractive pathway to convert earth-abundant molecules (e.g.
H,0, CO,, or N,) into fuels and high-value products (e.g. H,, hydrocarbons, oxy-
genates, or NH;). The driving force obtained from electron—hole pairs generated
in semiconducting materials upon light irradiation is the basis of photocatalysis.
Meanwhile, its performance can also be improved by the formation of a cascading
junction (Z-scheme) by alignment of same/different material films, hence forming
bilayer or heterostructure aimed at enhancing visible light absorption and promot-
ing photogenerated electron—hole separation [133,134]. Formation of heterostructure
with narrow band gaps and suitable band-edge positions for utilization of the merit of
each component is most viable. Among all three types including Schottky Junction,
type II heterojunction and Z-scheme heterojunction as presented in Figure 1.6, type
IT heterojunction not only provides fast charge transfer route but also suppresses the
rapid recombination of electron—hole pairs increasing the photo-conversion effi-
ciency. Due to promotion of charge separation in type II heterojunction by sacrificing
charge carriers, a high thermodynamic requirement of CO,RR makes it unfavourable
for feasibility of the reaction mechanism. Natural photosynthesis uses an efficient
mode for the transport of photogenerated electrons through a Z-scheme mode [134].
Although type II heterostructure and Z-scheme have similar band structures where
one semiconductor suitable for reduction reaction has CB position whereas other
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FIGURE 1.6 Charge transfer mechanism in different types of heterojunctions.

semiconductors with low VB position display feasibility for oxidation reaction. When
light irradiates on the combination, electrons are excited from VBs to the CBs of both
materials and recombination of charge carriers takes place across the interface, thus
following a special “Z” shape transport pathway which preserves the pair by strong
redox capability, and also the Z-scheme enables wide light response range [135,136].

Numerous works done on various forms of heterojunction have been found which
need another chapter to completely review them on the present theme. Thus, the most
recent and most efficient heterostructure that plays a critical role in the future of
photocatalysis has been considered in this chapter that includes recently developed,
synthesized and most popular family of 2D-layered compounds known as MXenes
that are both conductors and semiconductors depending on the constituent transition
metal and surface functional group. MXenes-based photocatalyst exhibit accelerated
charge separation and suppression of carrier recombination [137] as their Fermi level
is compatible with that of commonly used wide band gap photocatalysts like ZnO
and TiO, for the formation of efficient heterojunction. Fermi alignment encourages
electron migration to MXene surfaces henceforth formation of Schottky barrier at
the interface which prevents electron back-flow on the formation of heterojunction.
Therefore, MXenes should be a prime choice as co-catalysts in their metallic form
as well as in semiconductor form in formation of Z-scheme for interlayer CB to
VB charge transfer and increasing carrier lifetimes for longer reactivity over the
surface. It is found that MXenes, especially Sc based such as Sc,C(OH),, are specu-
lated to display high HER photocatalytic activity, attributing to an indirect band gap
of around 2.0eV and CBM above HER theoretical potential making them suitable
for Z-scheme semiconductor for the formation of heterostructure with g-C;N, [138].
Ti;C, nanoparticles are highly efficient co-catalyst in H, production (14,342 pmol/h g)
and have a high quantum efficiency of 40.1% at 420 nm. In addition, they serve effi-
ciently on ZnS or Zn Cd,_S [139].
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First-principles-based investigation utilizing hybrid functional has been performed
for the photocatalytic properties of 2D g-C;N,/Ti,CO, van der Waals heterostructure.
It falls under the category of type II heterostructure showing band alignment stagger-
ing and formation of built-in interfacial electric field due to enhanced charge transfer
to Ti,CO, from g-C;N,. High light-harvesting capability, suppression of charge car-
rier recombination and increased catalytic activity of g-C;N,/Ti,CO, towards both
HER and OER were demonstrated and reported by reduced overpotential values
attributing to the spatially distinguished VB and CB edges, promoting the possibility
of direct Z-scheme photocatalytic mechanism [140]. The work done by Liu et al. [141]
by fabricating g-C;N,/Ti,C, composite resulted in 2.75 times greater photocurrent
and enhanced photocatalytic capability of ciprofloxacin degradation as compared to
2-C;N,. By varying the mixed ratio of g-C;N, with Ti,C, and modifying the surface
termination groups on the surface of Ti;C,, it was investigated as a co-catalyst in
HER. The best HER results were obtained by annealing in the air in a muffle furnace
with a high H, production of 88 pmol/h g for g-C;N,/Ti;C, in a ratio of 190%. Ling
etal. [142] have investigated the HER performance step by step for fully O-terminated
MXenes, including 7 bi-metal carbides and 10 mono-metal carbides. In another
study, lamellar g-C;N, on Ti,C, surface synthesized by Li et al. [143] have reported
the formation of Schottky barrier for facilitating electron immigration attributing to
excellent conductivity of MXene at the interface and gives 6 times higher hydrogen
production than pure pristine material [143]. He et al. [144] synthesized TiO,/C;N,
(2D/2D) core-shell van der Waals heterojunction and deposited 0D MXene form-
ing S-scheme charge transfer pathway between 2D structure and trapping electrons
from C;N,. This study provides multi-junction interface tuning for controlled charge
migration and regulating enhanced CO,RR [144]. Work done on the alkalinized
Ti,C, with g-C;N, decoration attributed to superior electrical conductivity and large
Fermi level difference for photo-induced carrier separation for 5.9-fold photocatalytic
CO,RR than pristine g-C;N, and suggests MXene as low-cost and noble metal-free
co-catalyst for photocatalysis [145]. Bai et al. [146] synthesized a Z-scheme g-C;N,/
Bi,Osl, photocatalyst based on good photocatalytic nature of bismuth oxyhalides for
CO, reduction with I73/I- as redox mediators. In the absence of co-catalyst and sac-
rificial regent, the optimized g-C;N,/Bi,O;l, system gave a 45.6 pumol/h g production
rate of CO quite high as compared to pristine samples [146]. There are other hetero-
structures explored both experimentally and theoretically based on g-C;N,/ZnO for
high activity of CO, g-C;N,/a—Fe,0; [147], also the high activity of methane and
methanol by g-C;N,/Sn,S;-DETA [148]. Various co-doping strategies in heterojunc-
tions have also been brought forward theoretically and experimentally for enhanced
photocatalytic activity promoting the interlayer charge transfer, utilizing interfacial
coupling Z-scheme charge migration pathway to decrease the recombination along
with formation of charge-trapping sites in the forbidden region in the study of (Cr, B)
co-doped g-C;N,/BiVO, Z-scheme heterostructure by Wang et al. [149]. Zhao et al.
[150] have investigated the photocatalytic mechanism of (F, Ti) co-doped heptazine/
triazine-based g-C;N, heterostructure using hybrid DFT. They have found narrowing
of calculated band gap which is advantageous for absorbing visible spectrum of irra-
diated light resulting in an obvious red shift of optical absorption edge [150], while
in another study, spin-polarized DFT4+U method is used to check the photocatalytic
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performance of (Cu, N) co-doped TiO,/ g-C;N, heterostructure resulting in reduction
of band gap as compared to TiO,(1 0 1) surface and induction of impurity states of
N and Cu appearing in the band gap region of TiO,/g-C;N, leading to reduction of
photon excitation energy [151].

1.4 ROLE OF CHARGE TRANSFER IN ENHANCING
PHOTOCATALYTIC ACTIVITY

Charge transfer plays a very important role in understanding the photocatalytic reac-
tion. Apart from the separation of electron—hole pair, transfer of electron from VB to
CB, the distribution of charges over the surface and formation of active site for redox
reaction is also highly dependent on charge transfer mechanism. Various attempts
have been made to explain the formation of charge transfer channel in g-C;N, after
modification by doping, loading and heterostructure formation. It is seen that the
overpotential of HER and OER depends on the bonding between intermediates (OH,
O, OOH, H;0 and H) and reaction site. More electronegative atom on the surface
of the photocatalyst participates more actively in the redox reaction and gives low
value of overpotential as compared to the other atoms of the photocatalyst surface
[152-155]. In the case of P- and S-doped g-C;N,, a charge transfer channel via the
N-S—-N-C-N-P pathway is suggested to enhance the photocatalytic activity [127].
In the study of TM doping in g-C;N,, transition metal atom is considered as regulator
to adjust the electronegativity of the active site and hence the reduction in overpo-
tential is reported [127]. The charge transfer path by the Co and B doping in g-C;N,
as mentioned in Figure 1.7 and Co-B together through a charge transfer channel as
marked by the red arrow from neighbouring N to C and then the most electronegative
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FIGURE 1.7 Role of electronegativity and charge transfer channel in pristine, B-doped,
Co-loaded and (Co,B)— g-C;N, monolayer for decrement of a potential barrier in OER [94].
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N [94] make it most suitable for redox reactions with reduction in potential barrier to
overcome the prohibitive overpotential [152] as compared to pristine g-C;N,.

1.5 CONCLUSION

Carbon nitride is considered as the most popular, stable, low-cost, metal-free photo-
catalyst under visible light, but due to its high charge carrier recombination, various
successful attempts have been made to enhance the photocatalytic efficiency by anion
doping, cation doping, anion—cation co-doping, formation of heterostructure, or load-
ing of co-catalyst to form Schottky barrier and heterojunctions as reviewed in this
chapter. Effects of various functionalization methods on band edges, optical proper-
ties, overall charge distribution on the surface of g-C;N, and effect on overpotential
have also been discussed in terms of HER, OER and CO,RR. For better understand-
ing of optical properties, studies based on excitonic effects are highly required in this
field. For better understanding of reaction mechanism, nudged elastic band method
is also highly required for functionalized g-C;N, especially to determine the role of
charge carrier transfer on adsorption of an intermediate molecule and to have some
elaborative insights to reduce the barrier height of rate-determining reaction.
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Highly photoactive transition metal decorated graphitic carbon nitride (g-CsN4) possess greater visible spectra absorption and
large photo-generated charge separation attributing to formation of intermediate in narrowed forbidden region. Site dependent
study of hydrogen evolution reaction (HER) using adsorption of H-molecule along with water molecule and role of charge
transfer mechanism are reported for Co decorated g-CsN4 (Co-C3sN4) using density functional theory. Adsorption of water
molecule with H-atom over bay-Carbon (Cb) atom in Co-C3sNa4 shows 5.6, 7.3 and 4.6 fold decrease in overpotential than pristine
g-C3Nas, H-atom adsorbed at Cy, and H-atom adsorbed at corner-Carbon (Cc) atom, respectively. Significant change in potential
barrier is attributed to m-delocalization and charge transfer among H-atom and the C atom of Co-C3N4 for enhanced

photocatalytic activity.

Introduction

Current scenario directs us for the design and
development of photocatalyst, materials utilizing
solar spectrum in visible region for energy conversion
and pollutant degradation by increasing the reaction
kinetics. Polymorphic and ecofriendly g-CsNa has
recently established itself as emerging photocatalyst
with high absorption efficiency, lamellar structure for
large surface area and wide band gap to
accommodate various cationic, anionic and co-ionic
functionalization. Increment in reaction sites as
modification over the m-conjugated system has been
observed to increase lifetime of photo-generated
charge carrier [1].

Transition metal is widely utilized for doping and
decoration in the tri-s-triazine based g-CsN4 and have
reported enhancement in the visible absorption region
as narrowing of band gap result into the red shift,
while formation of intermediate impurity states has
reduced the recombination rate along with increasing
charge separation as deep trap sites provide
metastable state for longer lifetime for charge
carriers.

Theoretical and experimental studies performed
on Co-doping, Co-loading and Co-embedded
heptazine based g-C3Ns system showed 3 times
higher hydrogen evolution rate than pure, decrease in
band gap value upto 0.72 eV with built in electric
field for suppression of recombination rate and
emphasis on Co (3d)- N (2p) interaction for red shift
and improved photoelectric property of g-C3Na [2-4].

Despite extensive research with cation doped g-
C3Na, thorough study on the role of charge transfer
and its impact on rate determining step still lacks.

Methodology

For the present work, Quantum Espresso code
was used for structural optimization and study of
electronic property using 5X5X1 MP k point grid
with convergence threshold of 10 Ry and Kinetic
energy cutoff of 60 Ry. van der Waals (Grimme-D2)
corrections are also included for accurate
calculations. [5-7].

Results and Discussion

Nedge

Fig. 1. (a) Optimized Structure and (b) Electron
Localization function (ELF) for Co-CsNa4 In ELF, red-
green-blue denotes covalent-metallic-ionic bonding.

Relaxed structure of Co-CsNs, as presented in Fig.
1 (a) shows formation of chemical bond between Co-
N2/Ns explains the decrement of charge on N2/Ns
from Table 1. while change in Cy/Cc/Ny signify
charge redistribution over the plane, as seen from Fig.
1(b), weak binding for Co-N2/Ns activates edge N
(Negge) along with delocalization as N-C =-
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hybridization is affected due to creation of charge
transfer pathway [3].

Volmer-Heyrovsky mechanism for HER directs
us for the conversion of electron-proton pair into H.
molecule through H* formation which require
feasible  adsorption-desorption  process.  Water
molecule in vicinity of H provides polar interaction
making it electrophilic to maintain weak binding
strength. Therefore, it’s important to consider
different sites for adsorption along with number of
H20 molecule to simulate and study experimental
conditions for efficient computation and high
quantum yield.

Calculated value of adsorption energy (Eags) for H
atom adsorbed on C;, site (H-Cy), on C. site (H-C¢),
also for H atom with water molecule at Cy site (HsO-
Cb) and same at C. site (H3O-C;) on Co-C3N4 are
-1.23, -0.91, -0.35 and 0.09 eV, respectively. The
charge is reduced on the C atom on which H
adsorption takes place (C, and C.) respect to the
corresponding C atom in Co-C3Na4. For H30-Cy, after
optimization, H atom gets attached to the Co atom
while for H30-C¢, H atom is attached to the Negge and
H,O molecule drift away. Co-H and Co-Nedge
interaction result in 0.20e” increment and 0.37e
decrement over H atom affecting adsorption strength
of the system. This charge compensation through
formed channel is verified by the decrement and
increment of 0.4e  and 0.33e” from C, and N3 for
respective cases.

AG,,. = AE,,, +0.35 2)

Using Eq. a), free energy change (4Gy+) is calculated
and plotted in Fig. 2. The value of AGy+ for H3O-Cy
was found to be 0.12 eV to be least while, positive
Eags for H3O-C. eliminate its occurring probability.
Large value for H adsorption in H-C, and H-C; is
attributed to Cu/Cc-H bonding with 0.16e" charge
decrement on H atom and strong binding that would
make desorption process endothermic.

0.6

Co-g-CN,
0.4
S
i .
9 H20+H +e 1/2H2+H20
4+ 00
I
O 024
<
-0.4 —H,0-C,
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—H-C,
0.8 H,0* — H_cc

Reaction Coordinates

Fig. 2. Gibbs free energy plot for hydrogen evolution
reaction with H* and H3O* intermediate.

Table 1. Léwdin charge difference for H and H3O
adsorption .

Co Co Cc N1 N2 N3

Co-C3N4 -.46 .38 31 -03 -29 -27
H-Co -42 .23 38 -08 -33 -31
H-Cc -.46 .35 23 -05 -35 -30

H30-Cp -44 40 39 -05 -28 -23
H30-Cc -47 29 32 -07 -22 -33

Conclusion

Systematic study of charge migration over the surface
for Co decorated g-C3sN4 is performed along with
consideration of electron accumulation centers as
adsorption site for isolated hydrogen atom and
hydronium molecule as intermediate in hydrogen
evolution reaction. Interaction of metal-nitrogen
through pr-d. coupling, formation of charge transfer
channels and activation of multiple sites over the
surface is observed.

Further investigation of reduction reaction over
bay and corner carbon atom despite their low
electronegative nature in the polymeric layer showed
strong adsorption that results in reduction of barrier
height of reaction. Large electron transfers between
H-Co and hydrogen bonding between H>0-Nedge
plays crucial role in considering water molecule as
necessary requisite for simulating experimental type
situation.
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