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ARTICLE INFO ABSTRACT

Solar-energy-enabled photocatalysis is a sustainable process to destruct persistent environmental pollutants via
the attack of photogenerated reactive species (e.g., holes, reactive oxygen species such as "OH, O, "/HO,’,
H,0,, and '0,). Graphitic carbon nitride (g-CsN,) has emerged as a promising polymeric photocatalyst, and its
highly tunable properties allow the material with an enhanced photocatalytic activity for environmental re-
mediation. In this study, by taking advantage of simulation and experimental tools, we systematically evaluated
the production of reactive species of undoped and carbon (C)-doped g-C3N4 samples, and identify the role of
these species in contaminant oxidation under simulated visible sunlight irradiation (xenon lamp, A > 400 nm).
Both g-C3N, samples produced negligible "OH or triplet-excited states (°g-C3N,*), but the C-doped g-C3N,4
sample generated more 10,, 0,77, and H,0, compared to the undoped counterpart. Surprisingly, all these
oxidative species did not contribute substantially for the degradation kinetics of contaminant phenol and
atrazine, at least for the initial oxidation of the parent compounds; and the results otherwise highlighted the
important role of the holes for contaminant transformation. The surface-mediated hole oxidation of the con-
taminants, including the adsorption of the contaminants on the photocatalyst surface (quantified by the binding
free energy) and electron transfer kinetics from the contaminants to the excited photocatalysts (quantified by the
concerted proton-coupled electron transfer (CPCET) rate) were investigated by molecular dynamics (MD) and
density functional theory (DFT) simulations. The simulation results indicated that C-doping could favor the
binding of atrazine but not of phenol on g-C3N4. The C-doping also significantly decreased the CPCET rate of
phenol on g-C3N,4 but could have little to no adverse impact for the CPCET rate of atrazine. These simulation and
experimental results could explain the selective oxidation of phenol and atrazine on undoped and C-doped g-
C3Ny in our previous study, and the results also highlight the dominant role of the holes for contaminant
transformation that was largely overlooked before. This study generates mechanistic insights of photocatalytic
oxidation, and will provide guidelines for the rational design of g-C3Ny4 as an effective visible-light-responsive
photocatalyst for many applications, including contaminant degradation, chemical synthesis, and beyond.
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1. Introduction

Photocatalysis is a promising technology for degrading organic
contaminants in water, because the process can activate dissolved O,
and/or H,O to generate reactive oxygen species (ROS, e.g., -OH, O5™ -/
HO,., '0,, H,0,) and holes (h*, also known as electron vacancies) to
attack contaminants under ambient conditions, and the process can
potentially utilize renewable solar energy and promote sustainable
water purification by reducing the energy and chemical consumption
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[1-4]. Graphitic carbon nitride (g-C3Ny4) has attracted great attention
for photocatalysis since 2009 [2], and the material has a number of
merits to promote its application for water purification: (i) tunable
band gaps of 1.5 — 2.7 eV that allow harvesting low-energy visible
photons of 460 — 827 nm, (ii) fabrication from earth-abundant and
inexpensive precursors, and (iii) chemical stability and biocompatibility
[5-13]. However, to date, one main limitation of g-C3N, for photo-
catalytic water purification is its unknown reaction mechanism with the
organic contaminants in water [14]. In contrast to most conventional
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UV-light-responsive photocatalysts (e.g. TiO,, ZnO) [4,15] that pre-
dominantly generate -OH, the most powerful oxidant in water [16], for
organic contaminant oxidation, most g-C3N4 samples generate limited
-OH because the valence band edge of g-C3N4 (~1.7 eV) is less positive
than the reduction potential of -OH/H,0 (E° = 2.32V at pH 7), thus
prohibiting direct hole oxidation of H,O at the valence band [12]. A
series of other reactive species (e.g., ROS generated via the reduction of
05, holes) are believed to play a dominant role for degrading organic
contaminants by g-C3Ny4 [14]. Therefore, a systemic evaluation of how
the reactive species contribute to organic contaminant degradation on
g-C3N4 should be conducted to understand material-contaminant in-
teractions and to elucidate the mechanisms of contaminant removal.

ROS identification, quantification, and interactions with con-
taminants in a photocatalytic system have been successfully conducted
in previous studies [17,18]. Particularly, g-C3N4 can be excited to tri-
plet states by harvesting photons because of its polymeric nature
[19,20], in contrast to many other photocatalysts. The triplet-excited
states (°g-C3N4*) may also lead to contaminant degradation via electron
or energy transfer [21,22], similar to natural chromophores (e.g., nat-
ural organic matter) in photolysis. Nevertheless, no study has in-
vestigated the production of 3g—C3N4* and its contribution to con-
taminant degradation in photocatalysis. Moreover, the characterization
of photogenerated holes, especially hole-contaminant reaction me-
chanisms, was largely overlooked. Experimental evaluation of hole
oxidation in an aqueous environment is challenging because both
contaminant adsorption to the photocatalyst surface and electron
transfer from the adsorbed contaminant to the photocatalyst are in-
volved, and they are difficult to deconvolute. To date, the quenching
experiment is the most widely-used method for evaluating hole gen-
eration and the contribution of the holes to contaminant degradation
(e.g., with the addition of formic acid in photocatalysis to quench holes
[23]), but the hole scavengers could also react with ROS and lead to
artifacts in characterization. Some pioneer studies have evaluated hole
oxidation for TiO,-based photocatalysis, including highly sensitive
femtosecond and nanosecond transient absorption spectroscopy, elec-
tron paramagnetic resonance (EPR), and quantitative single-molecule,
single-particle fluorescence imaging [24-26]. However, the sample
preparation and experimental setup of these studies were complicated.

In our previous work, we observed selective contaminant degrada-
tion for phenol and atrazine on undoped and carbon (C)-doped g-C3N4
samples (i.e., U and MCB o7, respectively): C-doped g-C3N, was 1.8
times more reactive for the degradation of atrazine than phenol, how-
ever, undoped g-C3N, was 3.9 times more reactive for the degradation
of phenol than atrazine under the same experimental condition (Table
S1) [13]. In this study, we aim to understand the mechanism of selec-
tive contaminant degradation by comprehensively characterizing con-
taminant-photocatalyst interactions. We first evaluated ROS generation
and their contribution to contaminant degradation. In addition, 3g-
C3N,4* that could also degrade the contaminants was quantified. Sur-
prisingly, the results showed that holes, rather than ROS and 3g—C3N4*,
played a dominant role in contaminant degradation. Next we applied
molecular dynamics (MD) and density functional theory (DFT) simu-
lations to investigate the whole process of hole oxidation, including
contaminant adsorption and direct electron transfer kinetics to the ex-
cited photocatalyst [27,28]. Our study elucidated the mechanism of
contaminant degradation on visible-light-responsive photocatalyst g-
C3N, by the synergy of simulation and experimental approaches, and
highlighted the critical role of holes for oxidation for the first time. Hole
oxidation could enhance the selectivity of photocatalysis via rational
material design, which can greatly benefit contaminant removal in
complex water matrices, chemical production with enhanced se-
lectivity, and beyond.

2. Experimental section

Details of synthesis, characterization, reaction kinetics of the
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undoped and C-doped g-C3N,4 were included in our previous publication
[13]. A summary of material synthesis is presented in the supporting
information (SI).

2.1. Quantification of ROS and triplet-excited states of g-C3N4

Para-chlorobenzoic acid (p-CBA) is a well-known probe to detect
-OH due to its high reactivity with -OH (k =5.2 x 10° M~ ! s 1)
[29-31]. FFA is extremely reactive toward 'O, (k = 1.2 x 108 M~!
s~ 1) and adequately specific for 10, detection [20,32]. The decay of p-
CBA and FFA was analyzed by high performance liquid chromato-
graphy (HPLC) to determine the steady-state concentration of -OH and
0, in photocatalysis, respectively. The steady-state concentration of
-0, — in photocatalysis was quantitatively analyzed by detecting the
reduction of XTT (2, 3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetra-
zolium-5-carboxanilide) and the formation of XTT - with a UV-vis
spectrophotometer [31,33]. The accumulated concentration of H,O, in
photocatalysis was measured colorimetrically by the DPD method [34].
The steady-state concentration of 3g-C3N4* was determined by mon-
itoring the formation of four isomers of trans, trans-hexadienoic acid
(HAD) as probes using HPLC [35]. Details of these methods are pre-
sented in the SI.

2.2. Simulated binding free energy of contaminants on g-C3N, sheets

The reaction coordinate of the contaminant-sheet binding is first
defined as the distance, R, between their centers of mass (COM) along
the surface normal of the sheet. Then, the umbrella sampling technique
[36] was employed to constraint R at various values from 2.0 to 9.0 A
with a force constant of 1.0kcalmol™!A2. Finally, the binding free
energy profile was reconstructed from the biased samples of R using
the weighted histogram analysis method (WHAM) [37]. More specifi-
cally, both the contaminant and the g-C3N, sheet were described by the
generalized Amber force field (GAFF) [38], while their aqueous sol-
vents were represented by a flexible simple point-charge (SPC/Fw)
water model [39]. In each of the 32 umbrella sampling windows, a 1.0-
ns production MD trajectory with a time step of 1.0fs was obtained
after the system had been equilibrated for 0.5 ns under a Nose-Hoover
thermostat [40,41] at 298 K. Unless otherwise specified, all of our
calculations were performed by CP2K [42], an open-source molecular
simulation package.

2.3. Simulated rate of concerted proton-coupled electron transfer (CPCET)
from contaminants to photo-excited g-C3N, sheets

The proton-coupled electron transfer in our contaminant/g-CsN4
adducts is a concerted bidirectional process wherein the oxidation of a
contaminant is simultaneously accompanied by its loss of a proton to
the photo-excited g-C3N4 sheet. Given the strikingly unstable inter-
mediates if the reaction follows the sequential mechanism (i.e., proton
transfer — electron transfer, or electron transfer — proton transfer), we
only considered the nonadiabatic transitions directly between the re-
actant and product electron-proton vibronic states in our simulations.
Analogous to Marcus theory [43], a CPCET reaction is along a collective
solvent coordinate, which encodes the reorganization of the solvent
environment, the fundamental driving force for a non-radiative tran-
sition like CPCET. In this regard, the rate of CPCET can be readily de-
rived from the Fermi’s Golden rule [44] by exploring all possible pairs
of reactant and product vibronic states. Under a short-time approx-
imation for fast solvent dynamics, the distribution of all vibronic states
follows the Bose-Einstein statistics, leading to a closed form of CPCET
rate [45] as will be thoroughly discussed in the results and discussion.
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3. Results and discussion
3.1. Quantification of ROS and %g-CsN,* in photocatalysis

ROS production was quantified by employing radical probes that are
selective and fast to react with specific radicals (details in the SI) under
the same experimental conditions for contaminant degradation (pH 7.3,
visible light irradiation (xenon lamp, 1000 W, A > 400 nm)). In our
system, no measurable degradation of p-CBA, a probe for -OH, was
observed over the experimental time scale. It indicated that negligible
-OH was generated for both undoped and C-doped g-C3N, (under the
detection limit, < 10~ '° M, see the SI) [46], which is likely due to the
less positive valence band of g-C3N, that inhibits -OH production via
the hole oxidation of H,O. The decay of FFA confirmed the generation
of 10, in our system, and C-doped g-C3N, produced 2.0-fold of 10, than
undoped g-CsN, (4.69 = 2.00 x 1072 vs. 2.37 = 0.29 x 1072 M).
0O, —-has also been detected based on the reduction of XTT, and the
result showed that C-doped g-C3N, generated 2.4-fold of O,—- than
undoped g-CsN, (9.64 = 3.39 x 10 vs. 3.95 = 0.61 x 107> M).
Compared to O,—-, the concentration of hydroperoxyl radical (HO,-)
was negligible under our test conditions (pKa = 4.8 vs. reaction solu-
tion pH of 7.3) [47]. Both g-C3N, generated comparable concentration
of H,O5 (i.e., 2-4 uM in 1-6 h experiment, Fig. S1), which was mea-
sured by the DPD method [34]. The results of ROS production of un-
doped and C-doped g-C3N,4 are summarized in Table 1.

In addition to ROS, 3g-C5N,* was observed since it could also con-
tribute to contaminant degradation via electron or energy transfer
[21,22]. Sorbic acid (triplet energy Er = 249 kJ mol™1) was used to
measure high-energy 3g-CsN,4* [35], however, we did not detect the
production of high-energy 3g-C3N,4* (under the detection limit, < 107'°
M) [48]. Low-energy 3g-CsN,* reacts with 0, readily to form 'O, be-
cause of the low Ey of 10, (94 kJ mol ~1) [22], and the concentration of
10, has already been quantified. The results of 3g—C3N4* production of
undoped and C-doped g-C3N, are also summarized in Table 1.

3.2. Evaluation of reactive species contribution to contaminant degradation

To understand the contribution of all reactive species (i.e., ROS, >g-
C3Ny4*, and holes) to contaminant degradation, we compared the ob-
served contaminant degradation rate constant (k.ps) in our previous
study (details in Table 1) [13] with the calculated contaminant de-
gradation rate constant (k) in this study. k is the summation of the first-
order reaction rate constant of each reactive species for contaminant

Table 1
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degradation:

k = kou[-OHlss + kio,['Oalgs + Koz [05-]ss + k3g_cyn,al’8 = CsNa*lgg
+ k0, [H20:]ss + kp+ [AF]ss 1)

where k.op, kip,, koz—., k3g_congo kio0,, and k,+ are the second-order
reaction rate constants of contaminant reactions with the reactive
speCies’ and [‘OH ]ss: [102]55; [Oz_']ss, [3g_C3N4*]55: [HZOZ]SS’ and [h+]ss
are the steady-state concentration of the reactive species. A summary of
the available second-order reaction rate constants is tabulated in
Table 1. The reaction rate constants of atrazine and phenol with "OH
and 10, are well-documented [48,49]. H,O, could not react with either
atrazine or phenol under visible light irradiation (A > 400 nm) based
on our control experiments. Therefore, the contribution of H,0, for
contaminant degradation can be neglected. The reaction rate constant
of phenol and O, - is known [50], but not for atrazine and O, -.
Atrazine contains a couple of functional groups or moieties that could
react with O,", e.g., chlorine, amine, and O, - may lead to de-
chlorination via nucleophilic substitution [51] or proton abstraction of
the amine. Several reaction kinetics have been reported for chlorinated
aromatic compounds or amines with O, -, and the second-order reac-
tion rate constants are within the order of 10° M s [52]. Therefore, it
is reasonable for us to assume the second-order reaction rate constant of
atrazine and O, - is in the same range. In addition, no reaction rate
constant was reported for g-C3N4* with the contaminants. We used the
reaction rate constants between the contaminants and triplet-excited
state dissolved organic matter (*DOM?*) to approximate K3 congs
[48,53]. There is very few study to quantify hole generation and study
the second-order reaction rate constant between the holes and the
contaminants, possibly because the process involves complex multiple
interactions (e.g., photon excitation, contaminant adsorption, hole
oxidation, hole migration, charge recombination) and the reduction
potential of holes are not well-characterized. Therefore, the steady-state
concentration of the holes and hole-contaminant reaction rate constants
are not known to date.

We summed up the contribution of all ROS and ®g-C5N,* for con-
taminant degradation (in the order of 10~5-107° s~ 1), and surprisingly
observed that these reactive species did not contribute substantially to
contaminant removal (ks in the order of 10 s™). The results highlight
that hole oxidation played a dominant role in contaminant degradation,
at least for initiating contaminant oxidation. Hole oxidation could be
the rate limiting step of phenol or atrazine degradation on both un-
doped and C-doped g-C3N, in photocatalysis. Hole oxidation may pro-
duce a radical form of the contaminant, and the contaminant radical

Summary of reactive species concentrations generated by undoped and C-doped g-CsN, (U and MCBy, o7), second-order reaction rate constants of reactive species and
contaminants, and measured pseudo-first-order reaction rate constants of contaminants degradation on the undoped and C-doped g-C3N,.

Sample 3g-CaN, " * ‘OH * 0, -7 10,7 H,0, "
Concentration of reactive species (M 1) C-doped g-C3N, <107 < 1071%°¢ 96 (%34 x10" 12 4.7 (% 2.0) 31(=0.1)
x10712 x107°
Undoped g-C3N, < 107%°¢ < 107'°¢ 4.0(x06) x10712 2.4 (£0.3) 2.0 (*0.4)
x10712 x107°
k,, second-order reaction Atrazine/reactive 1.2x10°¢ 25x10° 10°°¢ 2.0 x 10° NR.f
rate constant species
™M~ tsh Phenol/reactive species 1.3 x 10°¢ 1.4 x 10'° 5.8 x 102 2.6 x 10° NR.'

kobs, measured pseudo-first-order reaction rate Atrazine/C-doped g-

8.0(*0.4)x10*

Atrazine/undoped g- 1.0(+0.1) x 107*

constant (s~ 1) C3N, C3N,
Phenol/C-doped g- 45(%02)x107* Phenol/undoped g- 40(%01) x 107*
C3Ny CaNy

a

b

Steady-state concentration.
The concentration after a 6 h experiment.

¢ Less than the detection limit.

d

e

f No reaction (N.R.) between H,0, and atrazine or phenol.

No literature data available, and the estimated value is less than or in the range of 10> M~ ' s

Reaction rate constants approximated from those of the contaminants and triplet-excited state dissolved organic matter (*DOM*).

1.-1
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could further react with the ROS produced in photocatalysis or O, at a
much faster rate compared to the initial step of hole oxidation. To
understand the mechanism and contribution of hole oxidation for
contaminant transformation, we employed molecular simulations to
interrogate the hole-contaminant interactions on both undoped and C-
doped g-C3Ny.

3.3. Simulations for hole oxidation of contaminants in photocatalysis

Two important processes in hole oxidation of the contaminants
determine the overall reaction kinetics: the adsorption of contaminants
on the g-C3N, surface and electron transfer from the contaminants to
the photo-excited g-C3N4. In our simulations, two contaminants,
namely phenol and atrazine, and two types of g-C3Ny4, namely undoped
and C-doped g-C3N4, were explored. Specifically, C-doped g-C3Ny,
where N atoms in the material are replaced by C atoms, may consist of
two thermodynamically stable structures: N;C-doped and N3C-doped g-
C3Ny4 (N;C or N3C represents C dopant in the N; or Nj site, details of
molecular structures are in Fig. S2) [13]. To ensure the accuracy and
feasibility of the simulations, our simulation system consists of a bare,
N;C-doped, or N3C-doped g-C3N, single layer sheet, a contaminant, and
typically ~3300 water molecules for full hydration to best represent
our experimental conditions. In addition, the g-C3N, sheet comprises
6 X 6 heptazine repeat units, with a dimension of 43.028 A x 43.028 A
(Fig. S3).

MD simulations were conducted to determining the adsorption of
contaminants onto the g-C3N4 surface. The binding energy, Ep, is de-
fined as the gap between the global minimum and the inner most peak
of a free-energy surface. It thus decides the retention ratio upon ad-
sorption, R,, of a contaminant on a g-C3N, sheet through the Boltzmann

distribution: R, « ™57 The binding energy curves are presented in
Fig. 1. In light of the notable hydrophilicity of the bare, undoped g-C3N4
sheet, it is not surprising to reveal a rather large E; of 1.52 kcal mol !
for phenol, which is likewise hydrophilic (Fig. 1a). As for the hydro-
phobic atrazine, its E, is substantially reduced to 0.68 kcal mol ~* while
its optimal binding distance to the g-C3N, sheet is also shifted from 3.0
to 3.7 A to reflect the expansion of molecular size (Fig. 1b). Interest-
ingly, when an N;C-doped g-C3N, sheet with a dopant concentration of
11.1% is used (i.e. one N atom out of nine heptazine repeat units is
doped by one C atom, raising the theoretical mass percent of carbon
from 39.1% to 39.9%), atrazine exhibits an enhanced E, of 0.90 kcal
mol ™!, which is even greater than that of phenol by 0.36 kcal mol ~*
(Fig. 1b). The reversal of surface affinity can be ascribed to drastically
reduced 7 — 7 stacking between the planar phenol molecule and the
slightly corrugated N;C-doped g-CsN, sheet, whose enhanced hydro-
phobicity also facilities the retention of the hydrophobic atrazine. A
similar trend was also observed on an N3C-doped g-C3N, sheet wherein
atrazine has a stronger binding affinity than phenol by 0.23 kcal mol !
(Fig. 1c) when the same dopant concentration of 11.1% is applied.
Once a contaminant in the aqueous solution is adsorbed onto a g-
C3Ny sheet, photo-induced interfacial electron transfer may take place
in the presence of a favorable energy level alignment. For phenol and
atrazine, their highest occupied molecular orbitals (HOMO) both lie
between the valence band (VB) and the conduction band (CB) of the
undoped and C-doped g-C3N, sheets, making the direct oxidation of
contaminants energetically feasible. The exothermicity of the photo-
catalytic oxidation can be further enhanced by the concerted proton
transfer from these two contaminants, who both bear labile hydrogen
atoms, to their nearest water molecules. For instance, the loss of the
hydroxyl hydrogen atom in an oxidized phenol molecule to form a well-
solvated hydronium (Fig. 2a) would greatly stabilize the phenol/g-C3N4
adduct through charge neutralization and electrostatic screening. Ac-
cording to the Marcus non-adiabatic transition theory [43] extended for
treating multiple reaction coordinates by including electron transfer,
proton shuttling and solvent reorganization, the concerted proton-
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3.0r - r -
: —— phenol/g-C;N, |
23] _ atrazine/g-C;Ny-
io\ 20, -
= 15;
g E}, (phenol) = 1.52 kcal mol™! ]
E s E,, (atrazine) = 0.68 kcal mol™! -
0.5 ]
o0k
7 8
2.5r T T T T - -
I —— phenol/N,C-doped g-C;N,
2.0} ~ atrazine/N,C-doped g-C;N,
—Tg ». E}, (phenol) = 0.54 kcal mol-!
Tg i E, (atrazine) = 0.90 kcal mol!
= 1.0} ]
.

25 ; : : : e
— phenol/N;C-doped g-C;N
2.0 ~ atrazine/N;C-doped g-C;N,
é 15 E;, (phenol) = 0.43 kcal mol™!
S E,, (atrazine) = 0.66 kcal mol!
& 1.0
2y
0.5
0.0 - '

s 6 7 8
Res (B)
(c)
Fig. 1. Calculated binding free energy (E;) profile of phenol and atrazine on
undoped (a), N;C-doped (b), and N3C-doped (c) g-C3N, sheets, respectively.
The distance from the center of mass (COM) of the contaminant to the g-C3Ny4

sheet along its surface normal is defined as the reaction coordinate, R, for
their binding affinity.

coupled electron transfer (CPCET) rate [45], kcpcer, is given by

~ (AGRy+A)?
e 4wk T

J; ,3\) Eﬁv /9
n A\ AuksT

kepcer = Z Puz
" v

@

where B, is the Boltzmann distribution of the u -th reactant vibronic
state, J, is its electronic coupling strength with the v -th product vi-
bronic state, 5, is the corresponding vibrational wavefunction overlap
of proton shuttling, 4,, and AG,?V are the associated reorganization
energy and driving force for the u — v transition, # is the Planck con-
stant (6.63 x 10~ 3% J s), kg is the Boltzmann constant (1.38 x 1023 J
K1), and T is the reaction temperature (298 K), respectively. Since the
reaction coordinate of a CPCET process is typically dominated by the
asymmetric stretching mode involving the transferring proton and its
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Al k A &
\7 /\'--./ % —p \7 m ; o
/Q\’v X NA B
(a) Phenol
)
¢ &' %9
- Wt‘:’b ¥
N
@
g : J'b
() L’év
(b) Atrazine

Fig. 2. Proposed concerted proton-coupled electron transfer (CPCET) reaction
pathways for the photo-oxidation of phenol (a) and atrazine (b). The hydrogen,
carbon, oxygen, nitrogen, and chlorine atom are labeled by white, cyan, red,
blue, and brown color, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).

two acceptors, the proton shuttling is expected to outpace the thermal
fluctuation at room temperature, ie., h
wepcer ~ 3000cm~! > kzT ~ 200 cm~!. Therefore, only the ground re-
actant and product vibronic states (u =0 and v = 0) are thermo-
dynamically accessible, leading to a simplified CPCET rate:

(AG+200)?
4A00kBT

(AG°+/1)2
42kpT

]2"‘2 T

h \AkgT

ToEw (Te—
h AooksT

kcpcer ~
3
where E can be estimated by an overlap between two displaced Gaus-
sian functions whose peaks are separated by the proton migration dis-
tance, 4p, along the CPCET reaction coordinate with an effective vi-
brational frequency of wp:

= mpwp x e,
E= dxe”
hr f ‘ “

where mp is the mass of proton (1.67 x 10~ %" kg), and wp is determined
from the energy gradient along the reaction coordinate. In addition, J
was calculated by the constrained density functional theory [54], which
was also employed to optimize the reactant and product states that are
needed to evaluate AG® and A according to our previously developed
simulation protocol [55]. For instance, AG® = Ep—(E, + Eg), where Ep
and Ey are the energies of the optimized product and reactant, re-
spectively, and E,, is the optical band gap at the optimized reactant
structure. Note that the hydronium was constructed by imposing a
collective hydrogen coordination number ny of 3 for a central oxygen
atom [56].

For our six contaminant/g-C3N,4 adduct systems of interest, their key
parameters to the photo-induced CPECT rate are summarized in
Table 2. Specifically, all parameters were calculated using Goedecker-
Tetter-Hutter (GTH) pseudopotential [57], Pedrew-Burke-Ernzehof
hybrid (PBEO) exchange-correlation functional [58], polarized-valence-
double-{ (PVDZ) basis set [59], and density-derived atomic point

(x+Axp)2mpcup
2
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charges (DDAPC) [60]. Since atrazine has two secondary amine groups
each consisting of a N—H bond as proton donor, the overall kcpcpr is
thus a collective contribution from both reaction pathways (Fig. 2b).
Nevertheless, the two N—H bonds are nearly chemically identical as
illustrated by the notable similarity between their key parameters to
kcpcer. Upon the N;C doping, kcpcgr for atrazine is almost unchanged
(4.3 vs. 4.2ns” ' for undoped and N;C-doped g-C3N,), whereas it
moderately drops to 1.2ns™' when N3C doping is adopted. The in-
sensitivity of atrazine photo-oxidation to the g-C3N4 doping can be
partially ascribed to their weaker 7 — 7 stacking due to the presence of
atrazine’s bulky and hydrophobic ethylamino and isopropylamino
functional groups. Therefore, atrazine can tolerate or even appreciate a
slightly corrugated aromatic sheet as also evidenced by its stronger E},
of 0.90kcalmol™' to the N;C-doped g-CsN, when compared to
0.68 kcalmol ~?! for the undoped sheet. Unlike atrazine, phenol’s cou-
pling with a g-C3N, sheet is very delicate to the surface roughness. For
the planar undoped g-CsN4, the likewise planar phenol not only
achieves a pronounced E, of 1.52kcalmol !, but also scores a rather
compelling J of 76.5 meV. It is not surprising that J decays to 29.4 meV
for the less planar N;C-doped g-C3N,4, and further to 14.2 meV for the
most corrugated N3C-dope g-C3Ny4. The deterioration of J is consistent
with the reduced phenol/g-C3N, contact area, which is desired by
m — 7 stacking. Therefore, the introduction of C dopant into g-C3Ny4
decreases kcpcpr for phenol degradation, from 64.00 ns ™! for undoped
g-C3N4 to 27.70 and 3.20 ns~! for N;C- and N5C doped g-C3Ny, re-
spectively. Interestingly, the excellent alignment between AG, and A for
phenol oxidation is not altered upon doping, preserving the reaction in
the Marcus barrierless region that results in a significantly greater
kcpcpr than its counterpart for atrazine oxidation.

In our previous study, a small energy gap of 0.26 eV was found
between the optimized N;C- and N3C-doped g-C3N, sheets, suggesting
the feasibility of their co-existence under experimental conditions [13].
However, in a doped g-C3N4 sheet, its undoped and doped heptazine
repeat units may exhibit distinct propensities to anchor a near-surface
contaminant. Since the two-dimensional translational symmetry of a g-
C3Ny sheet is broken by the presence of doping sites, photo-generated
excitons are most likely to be trapped there [13]. With regard to the
spontaneous localization of excitons and thus their limited lifetime in
doped g-C3Ny, the proximity of a contaminant molecule to a doping site
is critical to the photo-induced charge transfer between them. The
proximity can be quantified by the relative propensity, which is ob-
tained through projecting the COM of a contaminant onto its bound g-
C3Nj sheet for all snapshots in a 1.0-ns molecular dynamics simulation
trajectory before comparing the likelihoods of locating a projected COM
onto doped and undoped heptazine repeat units. As shown in Table S2,
both phenol and atrazine predominantly prefer an N;C-doped heptazine
unit over an N3C-doped one as their binding site, making N;C a much
more effective doping scheme than N3C. In other words, our calculated
kcpcer s for N;C-doped g-C3N4 sheets should be much more relevant
than the others when compared to experimental findings. As a rough
guideline, the N;C doping scheme is expected to facilitate the photo-
oxidation of atrazine through enhanced contaminant adsorption (Fig.
S2), whereas its efficacy on phenol oxidation would be attenuated due
to the less-than-unity relative binding propensity (Table S2).

Based on the adsorption of contaminants g-C3N, sheets and their
CPCET reaction kinetics, we can conclude that C-doping favors the hole
oxidation of atrazine but not of phenol. N;C compared to N3C sites
contribute more significantly to the hole oxidation of the contaminants,
due to its stronger interactions with the contaminants. Atrazine tends to
bind more strongly onto the N;C sites, and the CPCET reaction kinetics
does not change upon doping. Nevertheless, phenol tends to move away
from the C-doped sites, regardless of the doping scheme, and the
binding energy to the C-doped sites is lower than that to the undoped
ones. Moreover, C-dopants also reduce phenol degradation kinetics
based on the CPCET mechanism. The simulations results are in agree-
ment with our experimental observation, where atrazine degradation
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Table 2
Key parameters for the evaluation of kcpcpr for contaminant/g-C3N,4 adducts.
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Adduct AGo(eV) * Aev)® J(meV) © Axp(R) ¢ wp(em™b) © Eop (eV) ! kepcpr (ns™Y) &
Phenol Undoped —1.06 1.01 76.50 0.40 3151 2.75 64.00
g-C3Ny
N;C-doped -1.11 1.12 29.40 0.37 3126 2.57 27.70
8-C3Ny
N3C-doped -1.19 1.16 14.20 0.39 3137 2.94 3.20
8-C3Ny
Atrazine Undoped -0.87 -0.77 0.66 0.55 47.10 63.80 0.44 0.48 3199 3140 2.75 4.30
8-C3Ny
N;C-doped -0.57 —-0.48 0.74 0.66 41.10 40.10 0.44 0.46 3194 3199 2.57 4.20
8-C3Ny
N3C-doped —1.08 —-0.96 0.71 0.60 59.50 54.80 0.45 0.48 3178 3162 2.94 1.20
8-C3Ny

2 AG" is the driving force of the CPCET process for the contaminant oxidation catalyzed by a photo-excited g-CsN,4 sheet. AG® = Ep—(Eop: + Eg), where Ep and Ey

are the energies of the optimized product and reactant, respectively, and E,, is the optical band gap at the optimized reactant structure.

b 1 is the reorganization energy associated with the CPCET process.

c

4 Ap is the distance of proton migration.

¢ wp is the angular frequency of proton shuttling.
f E,p: is the optical band gap of g-C3Ny.
& kepepr is the CPCET reaction rate.

kinetics in photocatalysis was significantly improved after C-doping.
Interestingly, the photodegradation kinetics of phenol did not decrease
upon C-doping in our experiments. This discrepancy could be related
with the low C-doping level in our fabricated sample or different sur-
face areas of the undoped and C-doped g-C3N4. On one hand, as in-
dicated in the simulations, phenol has a higher relative propensity
binding to the undoped sites, and hence phenol reacts preferentially on
the undoped sites. A low C-doping level would allow sufficient undoped
sites for the phenol to reside and react on, and the reaction kinetics
should be similar for undoped and C-doped g-C3N4. On the other hand,
the C-doped g-C3N4 has a larger surface area than the undoped g-C3N,4
(52.2 vs. 83.3m? g™ 1), which is expected to promote photocatalytic
kinetics through providing more reaction sites and improving charge
separation [13]. Similar reaction kinetics for both undoped and doped
sample might suggest C-dopant inhibits intrinsic reactivity for phenol
oxidation. Most importantly, it is worth noting that kcpcpr only presents
the rate of single-electron transfer from adsorbed contaminants to the
photo-excited g-C3Ny4, and thus it cannot be quantitatively translated
into the contaminant degradation rate constant observed in our pre-
vious study. Many other complex processes, experimental conditions,
and photocatalyst properties also affect the measured reaction rate
constant in photocatalysis, such as photocatalyst absorption of photons,
charge separation rate, electron-hole recombination rate, back-reaction
of the contaminant radical and the ground-state g-C3N4, and these
factors were not included in the simulations. Even though the simula-
tions cannot quantitatively reflect the observed contaminant oxidation
rates in experiments, for the first time, the results highlight the sig-
nificant role of C-dopant in g-C3N4 to the hole oxidation of con-
taminants.

3.4. Mechanism and implication

By taking the advantage of the synergy of experimental quantifi-
cations and computational simulations, we elucidate the mechanism of
contaminant photocatalytic degradation on visible-light-responsive g-
C3N,. Both undoped and C-doped g-C3N4 did not generate an ob-
servable amount of ‘OH or 3g-C5N,*, and these two samples produced
0,7, '0,, and H,0, as the ROS in photocatalysis. However, the se-
lected organic contaminants in our study, i.e., phenol and atrazine, do
not react at all or react with these ROS slowly. Hole oxidation is be-
lieved to determine the overall kinetics of contaminant degradation,
whereas both contaminant adsorption onto the photocatalyst and direct

J is electronic coupling strength between the reactant and product of the CPCET process.

electron transfer from the contaminant to the photo-excited photo-
catalyst via the CPCET process are important. Molecular simulations
elucidate that C-doping promotes the hole oxidation of atrazine
whereas inhibits the hole oxidation of phenol compared to undoped g-
C3N,4. We speculate that the contaminants generate their radical forms
via hole oxidation first, which is the rate determining step, and the
radicals further reacts with ROS or O, to form stable daughter products.

Our work highlights the significant role of hole oxidation in pho-
tocatalysis for contaminant transformation for the first time, via a rig-
orous experimental and simulation approach. For Many UV-light-re-
sponsive photocatalysts, such as TiO, and ZnO, -OH played a dominant
role in contaminant transformation, and the reactions between -OH and
a broad suite of contaminants were well-documented. For many visible-
light-responsive photocatalysts, not limited to g-C3Ny, their valence
band edges are not sufficiently positive to oxidize water and produce a
large amount of -OH, and therefore other ROS or even the holes de-
termine the overall reaction kinetics. Very few study focused on the
hole oxidation, and the role for chemical transformation was largely
unknown. Scavenger tests, with the addition of a chemical to quench
the reaction between the scavenger and the reactive species selectively,
were adopted to quantify the contribution of the ROS or the holes for
contaminant degradation. However, the results of the scavenger tests
should be scrutinized because the reaction selectivity could be com-
promised in photocatalysis (especially -OH and the holes may poten-
tially oxidize many scavengers) and thus there are artifacts for result
interpretation [14]. For future studies, more experimental and theore-
tical work should be conducted for photocatalysis to quantify the holes
and understand hole-contaminant interactions.

The important application of this study is to guide rational material
design for contaminant removal in photocatalysis. As we now under-
stand the critical role of the holes for contaminant transformation,
material design that enhances contaminant adsorption to the photo-
catalyst, charge separation, surface areas, and photon adsorption
should be considered. More importantly, hole oxidation of con-
taminants is a highly selective process, and it opens a new avenue for
contaminant degradation in complex water matrices. One significant
limitation of ROS-driven photocatalysis is notably inhibited reactivity
with the presence of water constituents. For example, -OH oxidation for
contaminant removal suffers greatly with the presence of carbonate or
natural organic matter (NOM), because these species may compete with
the contaminants of much lower concentrations for -OH in reactions
[61-63], or form less reactive species (CO5- ) that lowers contaminant
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degradation kinetics. 'O, oxidation for contaminants is also inhibited in
complex water matrices, though to a less extent than -OH [64]. Our
previous study observed little to no inhibition for atrazine degradation
on the C-doped g-CsN4 with the presence of simulated complex water
matrices and (partially) treated drinking water and wastewater in
photocatalysis [13]. The robustness of the photocatalyst for con-
taminant degradation could be attributed to selective hole oxidation of
the contaminant. C-dopant promotes the binding between atrazine and
the photocatalyst and maintain the CPCET reactivity compared to the
undoped counterpart, whereas the other water constituents may not be
as competitive as atrazine on g-C3N, in photocatalytic oxidation. The
selective hole oxidation could also have a huge impact in chemical
synthesis by photocatalysis, e.g., pharmaceuticals, phenol (from ben-
zene oxidation). Compared to conventional methods to produce these
chemicals, selective photocatalysis could increase the yield of desired
products, reduce the cost and chemical/energy footprint, and promote
green chemistry and sustainability.

4. Conclusion

In this study, we elucidated the mechanism of contaminant trans-
formation on visible-light-responsive g-C3N, in photocatalysis, and
highlighted the critical role of the holes for contaminant oxidation via a
synergistic experimental and simulation approach for the first time. For
both undoped and C-doped g-C3N4, hole oxidation determined the re-
action kinetics of the contaminants, in contrast to the other reactive
species, including ROS (i.e., -OH, O, -/HO,-, 10,, H»0,) and triplet-
excited states (°g-C3N,*). MD and DFT simulations were used to explore
the adsorption of the contaminants on the photocatalyst surface and
electron transfer kinetics from the contaminants to the excited photo-
catalysts, which are two critical processes in the hole oxidation. C-
doping significantly enhanced the binding affinity of atrazine on g-C3N,4
but reduced that of phenol on g-C3N,. C-doping reduced the CPECT rate
of phenol on g-C3Ny4, but did not affect that of atrazine. These results
could explain the selective oxidation of phenol and atrazine on undoped
and C-doped g-C3N, observed in our previous study. The exploration of
contaminant transformation mechanism, especially hole oxidation, fills
in the gap of our understanding of visible-light-responsive photo-
catalysis. The research outcome will promote the rational and smart
design of g-C3N, for applications with enhanced selectivity, including
contaminant degradation, chemical synthesis, and beyond.
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