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increase the specific surface area (Sggr) of graphitic carbon nitride ) 'Y 100
(g-C3N,) prepared from dicyandiamide by effectively modifying the s_l ] : ” 5 ',}" Nom =
synthesis procedure using the Simplex optimization method. A ‘]I' ' o Mt %Ea R i 2 au‘;
remarkable increase in Sgpr was achieved in only a few steps, with the - g H
highest value of 86 m*/g. Compared to the reference material, the g - 5%
improved photocatalyst exhibited enhanced and unique structural, i . )
textural, optical, and electronic properties, reflected in the improved 0f & : a
ability of the photocatalyst to degrade a variety of organic pollutants et e

dissolved in water. By performing scavenger and spin-trapping
experiments, it was confirmed that the major reactive oxygen species
formed under visible-light illumination of the enhanced photocatalyst
were singlet oxygen ('O,) and superoxide anion radicals (O5*) with
a purposed formation mechanism. The enhanced formation of 'O, enabled high activity and stability of the optimized materials as
well as selective response to degradation of the pharmaceutical compounds studied. By using the simple and fast Simplex
optimization algorithm to determine new synthesis parameters, we obtained an improved g-C;N, that completely degrades
bisphenol A under the conditions studied.

The Simplex algorithm saves
time in optimizing the properties
of g-C3N,.
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1. INTRODUCTION

In recent years, interest in heterogeneous photocatalysis has
shifted to more environmentally friendly organic semi-
conductors like graphitic carbon nitride (g-C;N,)." g-C;N,

dimensional (2D) structure bound by intermolecular hydrogen
bonds or the van der Waals force, must be taken into account
to allow the interception of holes/electrons from the reactant
(acceptor/donor) and the migration of the remaining
electrons/holes to the surface of the catalyst.6 Therefore,
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has proven to be low-cost, relatively thermally stable, and
capable of degrading water-dissolved organic pollutants (dyes,
bisphenols, phenols, etc.) under visible-light illumination. It
exhibits a high photocatalytic energy conversion due to the
“exotic” layered structure.” This makes g-C;N, a hot-topic
material in the photocatalysis research field.”* The main
drawback of g-C;N, is its low specific surface area;' in
addition, its charge carrier recombination rate is also high.5 For
this reason, new strategies and concepts are increasingly being
applied, such as volume photocatalysis, which combines the
principles of heterogeneous and homogeneous catalysis. In
these methods, the reactants can penetrate the bulk of the
photocatalyst, e.g., g-C;N,, at room temperature and react with
the existing photogenerated holes. This allows a larger amount
of photogenerated electrons to migrate to the surface of g-
C;N, and form reactive oxygen species or participate in the
reduction reactions to form hydrogen from biomass-derived
formic acid."® This double-reaction “attack” strategy signifi-
cantly improved the photocatalytic activity. However, the
suitable properties of the catalyst, e.g, an imperfect two-

© 2023 American Chemical Society

WACS Publications

developing new synthesis procedures to prepare g-C;N, with a
high specific surface area (Spgy) is essential. As for the possible
scale-up of the synthesis procedure, a facile, one-pot method is
favorable, such as a simple thermal polycondensation without
any pre-, mid-, or postsynthetic modification or additional
steps.

Typically, a step-by-step approach alias univariate optimiza-
tion is used, where one parameter is changed, and all of the
others are kept constant. Consequently, this does not allow us
to study the interactions between parameters. Hence, the
optimal parameters are rarely found, and usually, only local
extremes can be found, in addition to a long and expensive
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Figure 1. Schematic overview of the Simplex optimization process with the synthesis conditions for each point. The table on the left represents the
four starting experiments (metric space) that were needed for the optimization process (MR1—4 samples). Different Simplex optimization
scenarios (refer to the Supporting Information (SI) for a detailed description) and different selected factors and movements were used to obtain

the new experimental parameters (blue brackets).

optimization process.”'’ Therefore, the usage of a chemo-
metric approach to determine the optimal conditions is
recommended, with its usage increasing in all research fields
over the past years.”™"? Simplex optimization is one of the
fastest and most straightforward approaches that do not
require specific software.”'® Additionally, Nelder and Mead
improved the basic Simplex procedure to obtain a more flexible
optimization procedure.”’* Yasmin et al.'"*> used a basic RMS
approach (Simplex) to optimize the photocatalytic degradation
setup. Using Simplex optimization, they determined the
optimal pH value, time, and concentration of the photocatalyst
for enhancing the removal of chemical oxygen demand (COD)
and NH,*-N. Chemometric approaches, such as Simplex, could
also be used to improve the synthesis procedures of materials.
Khummongkol et al.' utilized the Simplex method to optimize
the activated carbon synthesis for iodine adsorption. Using the
Simplex method, they determined the optimal parameters in
only a few steps. Gracia Soto et al.'' used the Simplex method
to design the optimal synthesis conditions to obtain the LTA
zeolite with relative crystallinity as the response criteria. The
investigated conditions were the molar ratios of components,
crystal growth time, reaction time, and reaction temperature.
They obtained the optimal synthesis parameters in only 24
steps, which resulted in the formation of zeolite with a relative
crystallinity of 95.4% compared with the commercially
available material. Recently, Wrzecionek et al.'® and Cortés-
Borda et al.'” used the Simplex optimization method to
optimize poly(glycerol succinate) and Carpanone synthesis
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procedures. However, to our knowledge, no fast and simple
Simplex optimization method has yet been used to improve the
synthesis of g-C;N, or other semiconductors using only a
simple one-step synthesis approach without the use of
computer programs.

Therefore, the main objective of the research work
presented here was to optimize the parameters of the one-
step g-C;N, synthesis procedure’ using dicyandiamide to
obtain g-C3N, with a higher specific surface area for enhanced
photocatalytic reaction under visible-light and simulated
sunlight illumination. To achieve this goal, we used the
modified Simplex method to find the global maximum in only
a few steps. Compared to classical parameter optimization, this
allowed us to significantly reduce the time and resources
needed for optimization. The synthesized photocatalysts were
thoroughly characterized using a variety of surface, texture,
electronic, and optical sensitive techniques, e.g., solid-state
nuclear magnetic resonance (NMR), electron paramagnetic
resonance (EPR), Fourier transform infrared (FTIR), trans-
mission electron microscopy (TEM), photoluminescence
spectroscopy, time-correlated single photon counting, and
photocurrent measurements. To investigate the possibility of
wastewater remediation, the photocatalysts were tested for the
degradation of selected bisphenols and pharmaceutical
compounds under visible-light and simulated sunlight illumi-
nation. Furthermore, the active species responsible for the
photochemical degradation of organic pollutants dissolved in
water were monitored by using electron paramagnetic
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spectroscopy in addition to an optical and fluorometric
approach.

2. EXPERIMENTAL SECTION

2.1. Simplex Synthesis Application. All chemicals used
for the synthesis were of analytical grade and used without
further purification. In all cases, ultrapure water (18.2 MQ2 cm)
was used. A facile calcination was used to synthesize the g-
C;N, photocatalyst from dicyandiamide (DCDA, Sigma-
Aldrich) in a muffle furnace (Nabertherm LT 9/11/SKM,
Germany). The DCDA was put in an alumina crucible covered
with a lid and heated with the appropriate temperature
program (Figure 1). The temperature program was obtained
using the Simplex optimization method (end temperature, the
temperature ramp, and the time of calcination). Therefore,
four experiments were needed, from which the worst point was
used as the reflection point (MR1—4). The goal of the
optimization was to increase the specific surface area (fitness
function). The synthesized photocatalysts were denoted as
MRx (x = 1—15), with the corresponding synthesis parameters
shown in Figure 1 and Table S1. For a more detailed
explanation of the Simplex synthesis procedure, please refer to
the Supporting Information (Chapter 1. Simplex optimization
method). A reference g-C;N, sample denoted as MRref was
synthesized by using DCDA and synthesis parameters (550,
300 °C/h, 4 h) from the literature.>'® Additionally, a
commercially available g-C;N, sample (TCI, TCI Chemicals)
was used for comparison in selected characterization.

2.2, Determination of the Surface and Textural
Properties of Solids. The specific surface area and pore
size distribution of the investigated materials were measured by
nitrogen physisorption at —196 °C (Micromeritics, model
TriStar 11 3020). Fourier-transformed IR (FTIR) spectra of the
materials were recorded with a PerkinElmer Frontier FTIR
spectrometer. The solid-state NMR spectroscopy was
performed on a Bruker Avance 400 MHz spectrometer. The
phase composition and crystallinity of the prepared materials
were determined by using powder X-ray diffraction analysis
(PANalytical, model PRO MPD). Transmission electron
microscopy (TEM) was employed to obtain TEM micrographs
(JEOL Inc., model JEM-2100). A Micromeritics’ AutoChem 11
2920 apparatus and CO, and O, temperature-programmed
desorption (TPD) analyses were employed to determine the
amount/strength of basic surface sites and oxygen con-
sumption. The surface acidic properties were determined
using pyridine TPD analysis and a PerkinElmer Pyris 1 TGA
analyzer. The thermogravimetric analysis of the prepared
materials carried out in an air atmosphere was performed by
using a PerkinElmer Pyris 1 TGA analyzer. Zeta potential
measurements were performed using an Ultra Red zetasizer
(Malvern Panalytical). Detailed information about the surface
and textural characterization techniques is provided in the
Supporting Information.

2.3. Determination of the Optical and Electronic
Properties of Solids. UV—vis diffuse reflectance (UV—vis-
DR) spectra of the investigated g-C;N, photocatalysts were
obtained by employing a Lambda 35 UV—vis spectropho-
tometer (PerkinElmer). The solid-state photoluminescence
(PL), charge carrier decay, and pure absorption measurements
were performed by using an Edinburgh FSS spectrofluor-
ometer from Edinburgh Instruments. The phosphorescence
was measured on the FL-QM (Horiba) and the quantum yield
(QY) on the Fluoromax+ (Horiba) instruments. The photo-

response characteristic, electrochemical impedance spectros-
copy (EIS), and cyclic voltammetry (CV) measurements were
obtained by using a Metrohm Autolab PGSTAT302N
potentiostat/galvanostat and a three-electrode electrochemical
cell. X-band electron paramagnetic resonance (EPR) spectra
were obtained by using an Adani CMS8400 EPR spectrometer.
Detailed information about instrumental techniques for the
determination of optical and electronic properties of solids is
provided in the Supporting Information.

2.4. Photocatalytic Oxidation Runs. The photocatalytic
oxidation of aqueous solutions of bisphenols (bisphenol A
(BPA), bisphenol F (BPF), bisphenol AF (BPAF), bisphenol S
(BPS)) and pharmaceutical compounds (paracetamol
(PARA), acetylsalicylic acid (ASA), salicylic acid (SA), benzoic
acid (BA), and caffeine (CAFF)) was performed in a batch
slurry reactor (Lenz Laborglas) under either visible-light
(halogen 150 W lamp, Philips) or simulated solar-light
(Scientech, model SciSun SN0002642) irradiation. Quenching
and reusability experiments were performed by using the same
experimental setup. The degradation of the model pollutants
was followed by using either HPLC LC-40 (Shimadzu) or
HPLC Spectra (Thermo Scientific) instruments equipped with
a UV—vis detection system and appropriate analysis conditions
for each model pollutant. The total organic carbon (TOC)
content in aqueous-phase samples was determined using a
Shimadzu TOC-L analyzer equipped with an ASI-L
autosampler; synthetic air (Messer, purity 5.0) was used as
an oxidizing agent. The carbon, hydrogen, and nitrogen
content in fresh and used photocatalyst samples was
determined using a PerkinElmer CHNS 2400 Series II
analyzer. Detailed information is provided in the Supporting
Information.

2.5. Mechanistic Study of the Generation of Reactive
Oxygen Species under Visible-Light Illumination. Using
a photoluminescence method (PerkinElmer, model LS 55) and
the probe molecule coumarin (Alfa Aesar), we evaluated the
hydroxyl radical (OH*) formation tendency of the investigated
materials. Utilizing a PerkinElmer Lambda 465 UV-—vis
spectrophotometer, 2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS, Sigma), and K,S,0; (Aldrich), we
determined the tendency of the examined materials toward the
generation of electrons (e”) and/or superoxide anion radicals
(0,7*). The spin-trapping experiments using either 2,2,6,6-
tetramethylpiperidine (TEMP, Sigma-Aldrich) or 5—5-dimeth-
yl-1-pyrroline-N-oxide (DMPO, Sigma-Aldrich), dissolved in
ultrapure water, or dimethyl sulfoxide (DMSO, Sigma-Aldrich)
were carried out in a flat cell using an Adani CMS8400 EPR
spectrometer. Detailed information can be found in the
Supporting Information.

3. RESULTS AND DISCUSSION

The aim of the present study was to use DCDA as a precursor
and a simple one-step thermal g-C;N, synthesis with a Simplex
optimization method (simple Excel calculations) to obtain g-
C;N, with the highest specific surface area and consequently
enhanced photocatalytic activity (see the SI for Simplex theory
or synthesis application). Using the Simplex optimization
technique, we obtained “exotic” synthesis parameters (Figure
1) that no one would normally think of using (e.g, the final
temperature of 642 °C, temperature ramp of 413 °C/h,
duration of 2.44 h, etc.). These “exotic” and equally “harsh”
parameters made it possible to obtain an improved g-C;N,
photocatalyst without any postsynthesis modifications, as the
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synthesis parameters calculated by the Simplex method (Table
S1) could affect the polymerization process (polycondensa-
tion) and thus the surface area, texture, electronic and optical
properties of the synthesized photocatalysts. In the following
sections, we discuss the results of several in-depth character-
ization techniques used to study this phenomenon for some
important photocatalysts, i.e., the reference g-C;N, (self-
prepared MRref sample and commercially available sample
from TCI) and the MRS sample, as well as the solids MR12
and MRI1S as the last representatives of the Simplex
optimization method.

3.1. Surface, Chemical, and Textural Analyses. Since
the goal of the Simplex optimization method was a larger
specific surface area, the first characterization technique
applied was the determination of the specific surface area
(Table 1) by measuring the nitrogen adsorption—desorption

Table 1. Results of N, Physisorption Analysis of the
Investigated Photocatalysts (Specific Surface Area, Total
Pore Volume, and Average Pore Diameter) and Estimated
Microporosity According to Harkins—Jura (Specific Surface
Area and Pore Volume)

s G (Gp) () e (e
MRref 16 0.06 18.1 2.2 0.0011
MR1 29 0.006 22.0

MR2 4 0.02 183

MR3 10 0.04 17.6

MR4 42 0.15 14.6 - -

MRS 72 0.24 12.9 10.7 0.0052
MRI12 86 0.23 11.2 109 0.0050
MRI1S 78 0.23 11.7 10.4 0.0049
TCI 19 0.09 193 4.5 0.0022

isotherms (Figure 2a) of the selected samples. We can observe
from Figure 2a that all investigated photocatalysts exhibit type
IV(a) isotherms with H3 hysteresis loops, which indicates a
mesoporous structure with slit-like pores.'”~>* The Simplex
optimization algorithm enabled us to obtain an atypical
DCDA-based high specific surface area g-C3N, by a facile
calcination alias a one-step polymerization of the precur-
sor.”>”** As our initial metric space was adequately predefined,
we obtained g-C;N, with a significantly increased specific
surface area of 72 m*/g (MRS sample) in comparison to the
MReref solid (16 m?/g) and commercially available TCI sample
(19 m?/g). With further calculations, we obtained synthesis
parameters that increased the specific surface area of g-C;N,
up to 78 m?/g (MRI1S sample) and 86 m*/g (MR12 solid).
The increase of the surface area is, in our opinion, due to the
elevated (“harsh”) synthesis parameters that lead to the
creation of defects and a porous structure of g-C3N,, which
might originate from increased generation and release of gases
during the synthesis.”*” In our case, these would probably be
CO, and NH; from the DCDA precursor. However, due to
different Simplex calculated synthesis parameters, water vapor
might also play a role in the pore formation because of the
presence of oxygen and water in the air. For example, when
urea was used as a precursor, the %enerated water vapor
increased the porosity of g-C3N4.2 This suggestion is
supported by the microporosity of the investigated photo-
catalysts estimated by the Harkins—Jura theory (t-plots in
Figure 2c). An increase in the specific surface area of

micropores for MRS, MR12, and MR1S samples (10.7, 10.9,
and 10.4 m?/g) in comparison to the MRref (2.17 m?/g) and
TCI (4.5 m*/g) solids were observed. However, if we compare
the microporosity of only MRS, MR12, and MR15 samples, we
can find that they express quite similar values since their
synthesis conditions are also quite similar. Although MRS,
MR12, and MR1S samples were prepared using different
temperature ramps and end times, these two factors probably
do not play a crucial role in the formation of micropores.
However, as already suggested, the high-end temperature in all
three cases could improve the micro- and overall porosity of
the photocatalysts in comparison to MRref and TCI samples.
Especially the mesopores contribute most to the increased
specific surface area, as observed from the shape of isotherms
in Figure 2a. Figure 2b illustrates the pore size distribution
calculated using the Barrett—Joyner—Halenda (BJH) theory,
which again shows the more porous structure of MRS, MR12,
and MRI1S samples compared to MRref, TCI, and four initial
g-C;N, (MR1-4) samples. Although medium and larger
mesopores (~12 nm diameter) are abundant, a major increase
is observed for the smaller mesopores (~3 nm diameter).
Again, the total- and micropore volume and average pore
diameter values of MRS, MR12, and MR15 samples are similar,
as were the values of their specific surface areas; thus, no other
conclusions could be obtained with this technique.

The molecular structure of examined solids was further
characterized by a combination of IR spectroscopy, *C and
SN MAS and CP/MAS NMR spectroscopy, and elemental
analysis (EA). The FTIR spectra displayed several character-
istic features of g-C;N, (Figure 3a). The sharp band at 808
cm™' corresponds to the characteristic breathing mode of
triazine or tri-s-triazine units of g-C3N, materials.”**” The
prominent absorption bands at 1204, 1238, and 1316 cm™ are
assigned to the C—=NH—C unit, while absorption bands in the
range between 1600 and 1350 cm™" are due to the vibrations
of condensed C—N—C structural units. In particular, the bands
at 1311 cm™ belong to the C—N stretching and at 1632 cm™
to the C=N stretching.”**” A broad peak centered at 3164
cm™' corresponds to either surface-adsorbed water/hydroxyl
functional groups or functional groups still left from the
polycondensation (NH,).””*® If we compare the Simplex-
optimized g-C;N, samples to those in the MRref solid, we can
observe several changes. The broad peak centered at 3164
cm™! is more defined in the case of the MRS sample and even
more so in the case of MR12 and MR1S solids, which indicates
a larger content of NH/NH, groups in the structure. Peaks at
3084, 3249, and 3280 cm™' probably originate from the N—H
stretching vibrations of NH, groups that were formed during
the synthesis. The formed amino groups can be beneficial in
improving the charge transfer and photocatalytic performance
of g-C;N, as the photocatalyst could become more like a
volume photocatalyst.”*’

To distinguish whether the synthesized g-C;N, contains
triazine or/and tri-s-triazine structural motifs in the network,
the materials were further investigated by solid-state NMR
spectroscopy. The *C CP/MAS NMR spectra of MRref, MRS,
and MR12 samples show a signal at about 157 ppm that is
assigned to the carbon atoms of the s-triazine ring (CNj,)
(Figure 3b). Moreover, in the sample MRref, an additional
signal appears at 164 ppm assigned to the carbon atoms
attached to the amino groups (CN,(NH,) structural units).”'
Interestingly, the signal at 164 ppm from the MRref sample
splits into a peak at 165 ppm and a shoulder at 163 ppm in

https://doi.org/10.1021/acscatal.3c03394
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Figure 2. Results of nitrogen physisorption analysis of investigated photocatalysts (starting metric space, two reference materials, and selected three
Simplex-optimized photocatalysts): N, adsorption—desorption isotherms (a), corresponding BJH pore size distribution (b), and t-plots according

to the Harkins—Jura thickness equation (c).

samples MRS and MR12 (Figure 3b,A). To obtain more
information about the origin of the latter two peaks, an
experiment with direct excitation of the 'C nuclei was
performed, and the signal intensities were followed. The cross-
polarization was turned off, bypassing the magnetization
transfer from the protons to the *C nuclei, thus making the
signal intensities independent of the number of protons in
spatial proximity. As depicted in Figure 3b,B, the signal
intensities changed compared to the CP-MAS spectrum in
Figure 3b,A. The carbon resonances in the s-triazine ring
(signal at 157 ppm) gained intensity in samples MRS and
MR12 compared to the signal belonging to the carbon atoms
attached to the amino groups (signal at ~164/165 ppm), while
the same intensity was observed in the MRref sample. Thus,
the peak at 165 ppm and shoulder at 163 ppm in MRS and
MRI12 samples simply indicates a higher population of
uncondensed CN,(NH,) units in the structure and a different
condensation of the g-C;N, network in these samples. We can
suggest that our g-C;N, networks consist of tri-s-triazine and

13286

not triazine building blocks since the signal for the carbon
atoms in the triazine structural motif (typically observed in the
lower field, i.e., at about 168 ppm) is not seen in our spectra.
To further confirm the latter, "N solid-state NMR spectros-
copy was performed. As depicted in Figure 3b,C, three types of
signals are found. The peak at about 191 ppm is assigned to
the nitrogen ring atoms of the s-triazine ring, while the other
two distinct nitrogen peaks at 137 and 110 ppm are assigned to
the NH and NH, groups, respectively.”" Although of very low
intensity, a signal at 154 ppm can also be seen in the spectra of
the MR12 and MRS samples. This signal belongs to the central
nitrogen atom typically found in tri-s-triazine, while it does not
occur in the structural motif of the triazine. Finally, the
elemental analysis reveals the approximate composition of
C;H,N, (see Table 2) and C/N molar ratios of 0.67, 0.68, and
0.69 for MRref, MRS, and MR12 samples, respectively. The
lower C/N molar ratio compared to that of fully condensed g-
C;N, (theoretical ratio of 0.75) confirms the above MAS
NMR findings about the presence of a high population of

https://doi.org/10.1021/acscatal.3c03394
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Table 2. Determination of the Elemental Composition of
Fresh Photocatalysts (Carbon, Hydrogen, Nitrogen, and
Balance Oxygen and Carbon/Nitrogen Ratio) Employing
the CHNS Analysis

sample C(wt%) HWt%) N Wwt®%) O (wt%) C/N
MRref 34.2 2.0 59.5 4.3 0.67
MRS 35.0 1.8 59.7 3.5 0.68
MR12 34.8 19 58.6 4.7 0.69
MRI15 34.7 1.8 59.7 3.8 0.68

residual NH groups within or NH, groups at the edges of the
g-C;N, network of the as-synthesized samples, which is also in
agreement with the results of FTIR analysis. All three samples
contain significant amounts of H (between 1.80 and 2.06 wt
%), suggesting incomplete condensation. Small amounts of
oxygen (between 3.5 and 4.7 wt %) detected in the
photocatalysts indicate that the materials tend to adsorb

water. The highest content of water was detected in the case of
the MR12 photocatalyst, which could be favorable as the
photooxidation runs are performed in an aqueous medium.
To further confirm the presence and location of NH,
functional groups, we performed Pyr-, CO,-, and O,-TPD
experiments, the results of which are shown in Figure S4a—d. It
can be seen that the concentrations of acidic and basic surface
sites and oxygen consumption are minimal (Table S2). This
supports the results of FTIR and NMR analyses, which
suggested an increased presence of NH, functional groups in
the generated pores between the layers of g-C;N, materials.
The access of the probe molecules (Pyr, CO,, or O,) to these
groups is restricted, thus resulting in the low adsorption
observed. Further, these findings are supported by {-potential
measurements, where the “trapping” of NH,, groups shifted the
pHpzc to lower values in comparison to the MRref sample
(Figure S4e), as the access to NH,, groups was restricted due to

https://doi.org/10.1021/acscatal.3c03394
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Figure 4. (a) XRD diffractograms of the investigated photocatalysts (vertical dashed lines and orange data points correspond to g-C;N, PDF ICDD
00-066-0813); (b) and (c) show selected peaks from the XRD diffractograms in (a).

ionization.”> Further information can be found in the
Supporting Information.

The phase composition and crystallinity of the investigated
photocatalysts were analyzed by powder X-ray diffraction
(XRD). The reflection peaks in the XRD patterns correspond
to g-C;N,, ref ICDD 066-0813 (Figure 4). In all cases, we can
observe the presence of the characteristic low-intensity peak
(Figure 4b) at around 26 = 13° that corresponds to the (100)
plane of the tri-s-triazine unit of g-C;N, and high-intensity
peak (Figure 4c) at around 26 = 27° originating from (002)
planes of graphitic materials.”*”***® From the relative
intensity and full width of half-maximum (fwhm) of the
(002) peak, we can conclude on low crystallinity of the MRref

sample, which is typical for conventional g-C3;N, materials

synthesized by the polycondensation synthesis.>*** In
comparison, the MRS pattern shows a narrower and more
intense (002) peak, which indicates more uniform interplanar
separation and order,*® which was already suspected from the
results of FTIR analysis (Figure 3a). The MR1S and MR12
samples exhibit even higher intensity peaks for the (002) than
for the MRS or MRref solids. Therefore, the “harsh” synthesis
conditions not only improved the specific surface area but also
improved the uniform separation of sheets bonded by van der
Waals forces.””*® For example, Cui et al.”> applied NaNO,
etching to obtain a high crystallinity of g-C3N,, which in our
case was obtained by just a facile thermal synthesis. An
improved crystallinity is favorable as it decreases the charge
carrier recombination tendency, which in turn results in an
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improvement of the photoresponse of the material.*” Table S3
shows that the positions of both peaks for the Simplex
obtained photocatalysts shifted to higher 26 values compared
to the MRref sample (Figure 4b,c). Additionally, their d-
spacing for both peaks slightly decreased, which is advanta-
geous for improved charge carrier transportation and
separation, as it makes it easier for the photogenerated
electrons to travel through the material, which is an important
parameter in photocatalyst design.*’”** Furthermore, the
decreased intralayer distance and narrower width of reflection
peaks suggest the presence of thin nanosheets, which is also in
agreement with the nitrogen adsorption/desorption experi-
ments.”> The findings are supported by the TGA measure-
ments performed in the air (Figure S3). The MRref sample
exhibits Ty, and T, values of 595 and 633 °C, respectively,
which are lower than the corresponding values for all Simplex-
optimized materials. The Ty, values for MRS, MR12, and
MR1S samples are 622, 610, and 622 °C, with T, values of
658, 653, and 654 °C, respectively. This suggests that the
Simplex-optimized photocatalysts exhibit improved thermal
stability, which can be ascribed to increased van der Waals
interactions.

The morphology and texture of the investigated samples
were analyzed by TEM (Figure S). The reference material
(MRref) consists of large multilayer sheets, partially over-
lapping and extending over several micrometers. The rounded
edges are ~20—30 nm thick, corresponding to 5—7 layers. The
surface of the individual sheet appears smooth, without any
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protrusions. A similar size and arrangement of the 2D material
can be observed in sample MRS. The individual multilayer
sheets are of approximately the same thickness, thickened and
often interrupted, and intermixed with scattered individual
flaxes of irregular morphologies. In sample MR12, the majority
of the sample consists of single-layer foils measuring about 1—
1.5 um?, intermixed with scarce multilayer sheets of character-
istics similar to those in previous samples. The surface of the
dominant foils appears torn and segmented, resulting in
individual polyhedral crystalline flakes of about 50 nm? in size
but still assembled in the general form of the original foil. In
sample MR1S, the majority of the particles are multilayer
sheets crushed, forming larger agglomerations. The presence of
wrinkles at the edges due to the surface energy minimization
and the decreased thickness of materials (especially the MR12
sample) enables the Simplex-optimized materials to exhibit
quantum confinement effects that can affect the optical and
photocatalytic properties.”” The crystal structure of the
samples was analyzed by selected area electron diffraction
(SAED, Figure Se,f). Similar to XRD analysis, we can detect a
small variation in the layer separation (c-axis); the MRI1S
sample deviates the most, approaching the graphene values.
Other samples show the same intralayer distances of about 3.4
A. The more obvious difference between the samples can be
observed around 8.5 1/nm, corresponding to intralayer C—N
bonds at 1.18 A. Samples MRref and MRS show strong
scattering from these planes, which indicate smooth,
continuous layers. The sample MR12 almost lacks this peak

https://doi.org/10.1021/acscatal.3c03394
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due to the segmentation of individual sheets on nanoscaled
flakes.

Based on the results of XRD and TEM analyses, we define
the crystallinity of our g-C;N, samples as the ratio of the
crystalline phase contributing to the XRD or electron
scattering originating from different crystal planes. The
individual monolayers consist of 2D atomic crystals with a
nearly orthohexagonal lattice structure, where structural
defects alter the bond length of the interatomic valence bond
between the atoms forming the basal plane. The monolayers
also undergo segmentation, resulting in individual crystalline
polyhedral nanoflakes that are further agglomerated, leading to
a large number of pores and a larger specific surface area.

The segmentation of the monolayers is reflected in the
diffraction peaks originating from the basal plane (a- and b-
axis). On the other hand, the monolayers are further stacked in
the c-axis direction and are only weakly bonded by van der
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Waals forces. The changed stacking of the monolayers, i.e.,
reduced d-spacing, is reflected in the intensity, width, and
position of the (002) reflection peak. In our optimal sample,
the intralayer distances in the c-axis are shortened, so the van
der Waals forces are increased compared to the bulk of g-C;N,,
which improves the thermal stability.

3.2. Determination of Optical and Electronic Proper-
ties. UV—vis-DR measurements were performed to determine
the light absorption properties of the investigated g-C;N,
materials. From the results illustrated in Figure 6a, we can
observe that all photocatalysts exhibit visible-light absorption
up to 630 nm and intense absorption in the UV region from
280 to 390 nm. The visible-light absorption appears due to the
charge transfer of electrons from the valence band (VB) of the
N 2p orbital to the conduction band (CB) C 2p orbital.** The
UV-light absorption is due to the possible 7—z* transitions in
conjugated aromatic systems,””** which seems more defined in

https://doi.org/10.1021/acscatal.3c03394
ACS Catal. 2023, 13, 13282-13300



ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

the case of Simplex-optimized photocatalysts than in the case
of the MRref sample (only two broad peaks). The reason for
this could originate in the improved crystallinity of samples
and the unique surface, chemical, and textural properties
discussed above. The absorption edge in all materials behaves
like a semiconductor band edge, with a position of ~468 nm
for the MRref sample and ~429 nm for all Simplex-optimized
photocatalysts. The blue shift could occur due to the “harsh”
Simplex synthesis conditions that resulted in obtaining
nanostructured (thin-layered) g-C;N,.

Consequently, the quantum size effects (e.g, quantum
confinement effects (QCE)**?”**™*) occur due to the
presence of induced ciuantum states and influence the
absorption edge.”*>***>*® Simultaneously, the generated
micropores, as observed from the results of NMR, FTIR,
BET analyses, and TPD experiments, where the presence of
NH,, functional groups in the layered structure of Simplex-
optimized g-C;N, was suggested, destroy the z-conjugation
and the range of 7-conjugation; thus, a blue shift occurred as
the absorption edge corresponds to the 7—7z* transitions.

For example, Liu et al.”’ used the functional groups present
in pores of 2D hexagonal boron nitride (h-BN) to form B—O—
Ti bonds. As the h-BN is a similar planar system like g-C3N,,
we can tentatively assume that the detected NH, functional
groups are also at least partly present inside the pores as well as
trapped in the layers of g-C;N, according to our TPD
experiments.”* An additional broad peak appeared for all
Simplex-optimized photocatalysts centered at around 480 nm
(Figure 6a), which can be ascribed to the presence of nitrogen
vacancies and/or intrinsic electronic transitions (LP—
7%).>¥7* These double electron transitions occur when
defects and/or distortions are present in the structure, as in an
ideal planar structure of a polymer, and the LP-z* transitions
are forbidden.””** Using the pure absorption measurements
(i.e., excluding scattering; Figure SSa), we determined that the
blue shift and the presence of the second peak is a property of
the material that does not occur due to scattering. The
deviation of the ideal planar structure was observed in the
TEM images (Figure S), especially in the case of the MR12
photocatalyst that forms ordered nanoflakes of thin g-C;N,
foils, where the additional presence of NH, functional groups
formed distortions due to the formation of —NH— bonds in
the interchain.’” This was observed in the TEM analysis with
the wrinkling of the nanosheets. Therefore, the presence of the
double transitions in all Simplex-optimized materials and their
absence in the case of the MRref sample tentatively confirm
the presence of defects, probably in the form of generated
micropores and the formed nanoflakes that are different from
the nanosheets in terms of our definition of crystallinity and
defects.

Using the Kubelka—Munk theory (eq 1),”” we estimated the
optical band gap (Eg*) values of the investigated photo-
catalysts as follows:

(ahv)* = A(hv — Eg"pt) (1)
where a, hv, Egpt, and A are absorption coefficient, photon
energy, direct (optical) band gap, and proportional constant,
respectively. Therefore, the Egpt values are 2.63, 2.96, 2.94, and
295 eV (Table 3) for MRref, MRS, MR12, and MRI1S
samples, respectively. Interestingly, the E** values of the
Simplex-optimized g-C3N, samples are blue-shifted, which can
be advantageous, as higher band gap values limit the charge
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Table 3. Determined Conduction (CB) and Valence (VB)
Bands vs NHE, Calculated Highest Occupied Molecular
Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO) Positions, Calculated Optical (E;Pt) and
Electrochemical (Egl) Band Gap Values, and Comparison of
Charge Transfer Resistance (Rcy) of Investigated
Photocatalysts

CB vs VB vs

NHE NHE HOMO LUMO E! E%P* Rer
sample (V) (v) (V) V) @V (V) M)
MRref  —0.89 1.75 3.27 591 2.64 2.63 4.46
MRS —-0.91 1.75 3.25 591 2.66 2.96 3.07
MRI12 —-0.94 1.75 322 591 2.69 2.95 2.66
MRI1S —-0.92 1.73 3.24 5.89 2.65 2.94 2.83

carrier recombination. The origin of this phenomenon can be
attributed to the fact that the conduction and valence bands
shift in opposite directions when the thickness of g-C;N, is
reduced and the QCE are present, as observed by Zhang et
al.*? in their theoretical and experimental research.

To obtain information on the edge potentials of examined
photocatalysts, we performed cyclic voltammetry (CV)
measurements (Figure SSb). All cyclic voltammograms have
a quasi—rectan%ular shape that indicates pseudocapacitive
characteristics.”” Due to the presence of different positions
of nitrogen atoms in the g-C;N, structure, the voltammograms
are more complex.”’ All investigated photocatalysts exhibit
similarly enclosed areas, which suggests that no changes
occurred concerning their capacitive behavior. The oxidation
potential (E,,) and reduction potential (E,4) onset were
obtained from Figure SSb and are presented in Table 3. The
potentials are typically correlated to the valence (VB) and
conduction (CB) bands of photocatalysts. For conversion
between the potential (E) of SCE and NHE, we used eq 2

Exug = Egcg + 0.24 ()

From the results listed in Table 3, we can observe that the
VB and CB potentials are similar in all investigated
photocatalysts, as their chemical compositions are also similar.
The determined edge potential of the CB for all photocatalysts
is more negative than the reduction potential of oxygen
(—0.046 eV vs NHE’>**); thus, photogenerated ¢~ in all
photocatalysts can react with water-dissolved oxygen to
generate O3°. The potential for the OH*/H,0 (2.68 eV vs
NHE) and OH*/OH™~ (1.99 vs NHE)>’ is too positive for the
photogenerated h* in the VB of all photocatalysts to produce
OH?® radicals. The difference between these two potentials
represents the electrochemical band gaps (Eg). As can be
observed from the results listed in Table 3, the values of E;l and
EgP are different. The reason for the larger Eg* in comparison
to the E;l is probably the effect of (i) morphology and quantum
confinement and (ii) the effect of the solvent, temperature, and
electrolyte.”® In particular, the morphology and quantum
confinement effect explain the increased (~0.32 eV) E‘g’pt in all
Simplex-optimized photocatalysts in comparison to the Eg* of
the MRref sample. In the case of electrochemical determi-
nation, these two effects do not play a crucial role, and the EZI
values are more in the expected (moderate) range. However, a
slight increase in E;l values in all Simplex-optimized materials is
observed. Using eqs 3 and 4, we calculated the corresponding
profiles of frontier orbitals HOMO (IP) and LUMO (EA) for
investigated photocatalysts and listed them in Table 3:*°

https://doi.org/10.1021/acscatal.3c03394
ACS Catal. 2023, 13, 13282-13300
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To investigate the charge carrier recombination tendency,
we performed the solid-state photoluminescence (PL)
measurements, where we measured the radiative charge carrier
recombination.”” From the PL spectra depicted in Figure 6b,
we can observe a broad PL signal with a maximum at around
485 nm for the MRref sample. For MRS, MR12, and MR135
solids, we can distinguish two peaks at around 460 and 507
nm, which is especially expressed in Figure S5c, where the
illustrated data were recorded using a wider emission slit (set
to 1 nm). This is due to the before-mentioned QCE.** In
Figure 6b, the solid PL spectra for g-C;N, contained three
different transitions: 6*-LP, 7*-LP, and 7*—."*"° Therefore,
we performed a deconvolution of the PL spectra using a three-
peak Gaussian fit model (Figure S6). Peak 1 at around 450 nm
corresponds to ¢*-LP transitions, peak 2 at around 500 nm to
m*-LP transitions, and peak 3 at around 570 nm to 7*—7x
transitions.”>*’ Interestingly, for the Simplex-optimized
materials, we can observe the presence of peak 1 and some
indication of peak 2 (Figures 6b and SSc). In the MRref
material, all three peaks are combined in a single broad signal.
As the MRS, MR12, and MRIS samples exhibit a more
nanosized and crystalline structure, quantum size effects occur,
which can be reflected in different optical and electronic
properties. If we compare the peak positions, no major changes
are observed, except for a slight blue shift that occurred in all
Simplex-optimized photocatalysts. This is in agreement with
the results of UV—vis-DR, TEM, and FTIR/NMR analyses as a
PL blue shift occurs due to the presence of pores in the plane
and crumbled structure (nanoflakes) that enables the presence
of QCE and opposite shifting of the CB and VB of the
materials.” However, the intensities (peak areas) change for
the investigated materials (Table S4). The improvement of the
structural characteristics can be observed by a decrease in PL
intensity for all Simplex-optimized photocatalysts. The lower
heating ramp, in comparison to the MRref sample, and the
longer synthesis duration induced the generation of defects in
the structure that especially affected the nitrogen atoms with
the generation of NH, functional groups, which hindered the
charge carrier recombination.’” Kang et al.** proposed that the
tricoordinated N atoms are absent from the VB and CB edges;
thus, they are localized and promote charge carrier
recombination in bulk g-C;N,. Therefore, if these N atoms
are forced to undergo changes in NH,, functional groups inside
the material, as observed by the FTIR, NMR, and nitrogen
adsorption/desorption experiments, the charge carrier recom-
bination tendency decreases, as observed in Figure 6b.

In the deconvoluted spectra (Figure S6), the MRS sample
expressed the most decreased area for all three transitions in
comparison to the MRref sample. In the case of the MR12
sample, only peak 1 area increased in comparison to the MRS
sample, although the areas for transitions 7*-LP and #*—x
decreased. Structural differences between MRS and MRI12
samples were already observed, which affected the electron
transitions. For example, structural defects can act as traps,
which slow down or even hinder the radiative recombination
of charge carriers. However, a too-large content of defects has a
negative effect, as they can act as recombination centers.”* This
is observed in the case of the MR1S sample, which exhibits the
highest charge carrier recombination among all Simplex

photocatalysts, which could be due to slightly lower
crystallinity (XRD and TEM analysis) and the possible high
amount of structural imperfections.40 However, charge carriers
can recombine with different nonradiative mechanisms that
affect the charge carrier dynamics.

To gain further insight into the electronic/structural
properties of the investigated photocatalysts, we first
performed the solid-state EPR measurements at room
temperature (Figure 6¢). It can be seen that the EPR spectra
of the studied materials consist of a single Lorentzian line, as
can be observed when comparing the experimental spectra
with the simulated spectra (Figure S7a). The g-value of most
samples corresponded to the value of 2.004, although the range
is from 2.009 to 2.003 due to some minor variations in the
working frequency of the EPR spectrometer.'”*' However, the
g-values in all cases can be attributed to the unpaired electron
in the g-C;N, 7-network at the sp® atom.””*” We can further
observe in Figure 6¢ that all Simplex-optimized photocatalysts
exhibit a higher EPR signal in the dark than the MRref sample,
thus possibly containing a higher number of defects.
Interestingly, the highest EPR signal, thus the sample with
the potentially highest content of structural defects (trap
states™), is MR15 solid, as these defects can act as
paramagnetic centers.”” Structural defects (e.g,, nitrogen
vacancies,”” defects in the layers or structure, distortions,
etc.) can reduce crystallinity, which was observed in the case of
the MRI1S sample, as it had lower crystallinity, by our
definition, than the MR12 photocatalyst (Figures 4 and $).
Additionally, a too-high number of defects can act as
recombination centers, as seen in the PL spectra for the
MRI15 sample (Figure 6b).*” In Figure 6¢, we can also observe
that under visible-light illumination, the EPR intensity
increases, as demonstrated for the MRI1S photocatalyst,
where the photogenerated electrons are trapped due to the
presence of defects.”” This phenomenon is seen more clearly in
Figure S7b, where the in situ, time-resolved measurements are
represented at the temperature of liquid nitrogen for the MR12
sample. It can be observed that the generated electrons are
trapped at the defect sites as their intensity increases from t = 0
min (scan starts immediately after light source ON) up to t =
1S min and then remains almost the same up to t = 45 min. As
e~ is trapped, it can accumulate and provide the observed
increase in EPR intensity. Using EPR analysis, we therefore
confirmed conclusions derived from the results of structural
(BET, FTIR, NMR, TPD) as well as UV—vis-DR and PL
analyses about the presence of defects, which were probably in
the form of pores created with the “burning” of the trapped
DCDA precursor and/or holes in the infinite 2D layer of g-
C:N,.

To complement the results of PL and EPR analyses, we
further performed EIS (Figure S8), photoresponse (Figure
6d), and TCSPC measurements (Figure S9) as well as
phosphorescence decay and QY analyses (Figure S11a,b). The
MRI12 photocatalyst exhibits the lowest charge transfer
resistance (Rcp) value of 2.66 MQ and the highest photo-
current with the longest relaxation duration, which is due to
the improved crystallinity, lower thickness of layers, and
“trapped” NH, functional groups in pores.”**°>°° The average
photoluminescence lifetime of charge carriers was also found
to be the highest for the MR12 sample (Figure S10b) at the
emission peak of 490 nm (12.7 ns, Table S4). The long
lifetime of the charge carriers and their increased mobility
could be attributed to the nanostructure observed in TEM

https://doi.org/10.1021/acscatal.3c03394
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Figure 7. Photocatalytic oxidation of water-dissolved BPA in the presence of investigated photocatalysts under visible-light illumination (inset
represents the values of total organic carbon (TOC) removal at the end of BPA degradation runs) (a) and correlation between BPA degradation
and the properties of investigated photocatalysts (b). (c) and (d) represent in situ quenching experiments of BPA photooxidation for MR12 (c) and
MRref (d) samples under visible-light illumination. The gray area in the graphs represents the visible-light-off period.

(Figure S), which influences (enhances) the diffusion path of
the free charge carriers. In addition, the nanostructure affects
the mass transfer and access to the active sites in the
photocatalyst. The presence of residual functional groups
observed by FTIR, NMR, and EPR techniques further
enhances the charge carrier mobility due to the changes in
the electronic structure of g-C;N, (presence of carbon sites)
and the presence of NH, functional groups.”” This again
implies that the photogenerated carriers can be utilized for
redox reactions for a longer period of time, leading to
improved properties of the MR12 photocatalyst in comparison
to the MRref sample, which is due to the Simplex-optimized
synthesis parameters. For further details, refer to the
Supporting Information.

3.3. Photocatalytic Oxidation and Determination of
Reactive Oxygen Species. To evaluate the applicability of
the synthesized photocatalysts for the heterogeneous photo-
catalytic wastewater remediation, we performed the photo-
oxidation of an aqueous solution of bisphenol A (BPA) under
visible-light illumination. Of all of the bisphenols, bisphenol A
(BPA) is most commonly used in packaging materials that end
up in landfills. Rain, snow, and other environmental factors

cause BPA to leach into the soil and contaminate underground
drinking water reservoirs.”® This is a major concern because
BPA is considered an endocrine disruptor that interferes with
estrogens in the developing human brain.®

From the results illustrated in Figure 7a, we can observe that
all investigated photocatalysts exhibit the ability to degrade
BPA. As expected, due to its low specific surface area and poor
structural and electronic properties, the MRref sample exhibits
a low BPA degradation rate (39.6% in 600 min of irradiation),
which is similar to the degradation rate of the commercially
available g-C;N, sample (TCI). In comparison, all Simplex-
optimized g-C3;N, solids exhibit improved BPA oxidation,
which is in agreement with the outcome of the performed
characterization. The most active photocatalyst enabling
complete BPA degradation in the given range of operating
and reaction conditions is the MR12 photocatalyst (100% BPA
conversion after $80 min of visible-light illumination), followed
by MR1S and MRS samples (BPA conversion of 76.4 and
62.7%, respectively, after 600 min of visible-light illumination).
The origin of the high activity of the MR12 photocatalyst lies
in the optimal balance between crystallinity, specific surface
area, and electronic properties, which enables the optimal

https://doi.org/10.1021/acscatal.3c03394
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utilization of generated charge carriers (Figure 7b). This means
that we did not only optimize the specific surface area using
the Simplex method but also other important factors like
charge carrier mobility. The inset in Figure 7a shows that the
synthesized photocatalysts exhibit a high degree of mineraliza-
tion, with only a minor accumulation of surface carbon during
the BPA degradation run. Moreover, assuming the pseudo-
first-order kinetics (Figure S12a), we calculated the values of
reaction rate constants using eq S

ln[c—o] = kt
C (5)

where ¢, is the initial BPA concentration, ¢, is the actual BPA
concentration at a selected time, k is the photodegradation
reaction rate constant, and t is the selected time.” The
corresponding reaction rate constants are 1.13 X 103, 2.44 X
103, 4.44 X 103 and 3.33 X 10> min™! for MRref, MRS, MR12,
and MRI1S samples, respectively. As expected, the MRI12
photocatalyst exhibits the highest initial BPA degradation rate.
The optimal synthesis procedure obtained by the Simplex
method did not only improve the characteristics of the MR12
sample (specific surface area, electronic properties) for
enhanced photocatalytic activity but also provided high
stability g-C3;N, photocatalyst, as was already suggested by
the results of TGA analysis (Figure S3). Consequently, the
same batch of the MRI2 photocatalyst was tested in five
reusability cycles (Figure S12b), where the drop in the
photocatalytic activity was slight (~9%).

To understand the very first reaction steps of BPA
degradation (i.e., the involvement of active species), we
performed in situ quenching experiments with the MR12 and
MRref photocatalysts under visible-light illumination for 360
min. For this purpose, the following scavengers were
employed: +BuOH (OH®), BQ (0O;°®), purging with N,
(removal of water-dissolved O,), NaN; ('0,), HCOOH
(h*), and Cu(NO;), (e”). From Figure 7c, it can be observed
for the MRI12 photocatalyst that adding t-BuOH only
minimally decreased the photocatalytic activity. This was
expected due to its unfavorable VB position (Table 3), which
is not suitable for forming OH® radicals directly. On the other
hand, the addition of either BQ or Cu(NO;), neatly
completely decreased the photocatalytic degradation rate of
BPA, as photogenerated e” are needed to form O3 °, which is a
crucial ROS when g-C;N, is used.” Another interesting trend
was observed with the addition of NaN; and HCOOH, as they
both inhibited the photocatalytic activity of the tested
materials by around 50%. This was expected as the materials
that are similar to organic macromolecules produce '0,.”>”" In
large organic macromolecules and materials such as organic
macromolecules, the 'O, can, in theory, be generated via three
different pathways. However, the generation typically occurs
with either or both chemical reaction generation or physical
generation (energy transfer).”' The chemical generation of 'O,
can occur with two typical reactions, either between h* and
05° or 05° and H,0.”” Another possibility for the generation
of '0, is exciton energy transfer, in which energy is transferred
from the excited photocatalyst to 30,.”*~”° In that case, the
photocatalyst behaves similarly to lar§er carbon-containing
macromolecules (i.e, Rose Bengal).”” The differentiation
between the energy transfer mechanism and chemical
generation of 'O, is difficult, as typically both processes take

place, and the longevity of the species is reduced in the
aqueous medium.

To determine the most probable generation mechanism, we
need to look at in-situ quenching experiments. As both
quenching experiments for h* and 'O, have similar BPA
degradation rates, we suspect that the h* reacts with O3*
according to eq 6 to form 'O,.”””® However, from Figure
S1la, we can observe that the MR12 photocatalyst exhibits a
phosphorescence decay; thus, the energy transfer mechanism
could be possible.”’

0, +h =0, (6)

However, quenching with BQ_that acts as an O3* scavenger
gives more information on the dominant mechanism. In our
case, water-dissolved O, and e~ were still present in the BPA/
photocatalyst suspension when BQ was added. This means
that 'O, could theoretically be formed by the energy transfer.
However, with the addition of BQ, the photocatalytic
degradation decreases nearly completely and is different than
in the case when NaN; was used as a 'O, scavenger, meaning
that 'O, is either formed from O;° and H,O or Oj®and
h*.">777% As the quenching experiments for h* and 'O, gave
similar results, we assumed that the generation of 'O, occurred
predominantly with the reaction described in eq 6.”°
Nevertheless, the energy transfer cannot be completely
discarded because it could also be enhanced with the observed
presence of QCE in the Simplex-optimized samples as they
influence the energy states and transitions in organic
materials.>”"7%7%%

As the quenching with NaN; or HCOOH did not
completely stop the photooxidation, this probably means that
not all O3° is converted to 'O, and both O3* and 'O, are the
responsible active ROS for the degradation of BPA. Because
the MRI12 photocatalyst produces O3° and 'O, it acts
simultaneously as a Type I and Type II ROS photo-
sensitizer,””*” which usually requires organometallic com-
plexes, usage of plasmonic metals on different supports,” or
large organic macromolecules.”® Moreover, the generation of
singlet oxygen is generated probably with the dismutation
reaction, hole oxidation, and energy transfer as observed in ref
70 and our experiments.

The production of 'O, is also in agreement with the results
of the reusability and TGA experiments, as it is typical that
materials capable of producing 'O, show high stability.”> We
additionally performed BPA degradation experiments by
purging the reaction suspension with N, (end O, concen-
tration 0.56—0.65 mg/L), which resulted in a similar BPA
degradation rate as during the experiments where NaN; and
HCOOH were employed. We assume that some surface-
adsorbed oxygen was left that could participate in the
generation of ROS. In addition, the h* present could attack
the surface-adsorbed BPA molecules directly, as nearly no
oxygen was available to form O3* that would react with h* to
form '0,. It can be concluded that the photogenerated h* can
degrade the surface-adsorbed BPA if no water-dissolved
oxygen is present and plays a key role in the generation of
ROS ('0,) in the presence of oxygen.

Interestingly, when we performed the quenching experi-
ments in the presence of the MRref sample, the determined
reactive oxygen species was O3 since the photooxidation rate
of BPA was reduced only to a low extent by the addition of
NaNj; and +-BuOH. The generated h" probably could not play
an important role, as the specific surface area of the MRref
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Figure 8. Dependence of 7-hydroxycoumarin (a) and relative ABTS** (b) concentration on irradiation time measured upon visible-light exposure
(Schott, model KL 2500 LED) for investigated materials, EPR spin trap measurements of water-dissolved TEMP (c) and DMPO in DMSO (d) in
the presence of MRref and MR12 photocatalysts under different experimental setups.

sample is low, which limits the access of water-dissolved
species to the active sites. These trends can be ascribed to the
absence of the quantum confinement effect, as the MRref
sample presents a thicker layered material in comparison with
the MR12 solid (Figure S). Additionally, the MR12 photo-
catalyst expressed a higher content of oxygen than the MRref
sample (Table 2), which favors the generation of '0,.*” The
results show that by using the Simplex optimization method,
we can not only optimize g-C3N, but also manipulate the
generation of different types of ROS.

We further studied the photooxidation of different emerging
bisphenols® using the MR12 photocatalyst under visible-light

illumination. From Figure S13a, it can be observed that the
more stable BPA analogues exhibited a lower photooxidation
rate than BPA; however, due to the generation of 10,, the
degradation of BPAF and BPS was unexpectedly high.®
Moreover, under simulated solar irradiation (Figure S13c), the
degradation of BPA, BPAF, and BPS significantly increased
due to the presence of UV emissions in addition to the
increased lamp intensity (1 Sun), which proves the possibility
of real-life application of the MRI12 photocatalyst. The
generated 'O, additionally exhibited a selective oxidation
potential when different pharmaceutical compounds were
treated (Figure S13b). Only caffeine, paracetamol, and salicylic
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acid were degraded under visible-light illumination, which
prevents the formation of toxic byproducts, for example, that
are generated when benzoic acid is oxidized.””** Furthermore,
due to the generation of 'O,, the application possibilities of the
MR12 photocatalyst increased to water remediation using solar
irradiation (Figure S13c), organic synthesis,””*" detoxification,
and decontamination processes.”” For further information,
refer to the Supporting Information.

3.4. Mechanistic Study of Reactive Oxygen Species
under Visible-Light Illumination. The generation of
different ROS was further confirmed by performing EPR
measurements in the liquid phase using TEMP ('O,) and
DMPO (O3;° or OH®) traps under various experimental
conditions. As can be observed in Figure 8¢, pure TEMP under
visible-light illumination and TEMP/catalyst suspension in the
dark do not produce the TEMP—'0, adduct, as the signal
intensity is the same as for the pure TEMP in dark conditions.
When the suspension containing MR12 or MRref photo-
catalyst is illuminated, the signal of the TEMP—'0, adduct
(1:1:1 triplet signal) increases, proving the generation of 'O,.
As was already observed in the BPA quenching experiments
(Figure 7c,d), the MRI2 photocatalyst produces 'O, in a
higher amount than the MRref sample, thus showing that 'O,
is one of the crucial ROS. These findings are confirmed in
Figure 8¢, where the signal increase in the case of the MR12
photocatalyst is significantly larger than in the case of the
MRref sample. This was expected due to the thin-layered
structure of the MR12 photocatalyst that enabled quantum
confinement effects and improved charge carrier transfer
properties. To demonstrate that the degradation of BPA occurs
with 'O,, we prepared the TEMP solution with BPA (initial
concentration of 10 mg/L). It can be seen in Figure 8c that the
signal for the TEMP—'0, adduct does not increase for the
MR12 photocatalyst as it did when no BPA was present in the
reaction mixture. This means that 'O, has a higher affinity to
attack BPA (0.0438 mM) than the abundant TEMP (7.08
mM) and proves that 'O, can react with BPA.

To confirm the generation of O;°, DMPO dissolved in
DMSO was used to stabilize the DMPO-O5* adduct. Again, as
can be observed in Figure 8d, both pure DMPO under visible-
light illumination and DMPO/catalyst suspension in the dark
do not produce the characteristic signals of the DMPO-05*
adduct (1:1:1:1 quartet). Under visible-light illumination,
MRref and MRI12 photocatalysts produced O3° as the
DMPO-05* adduct was formed. Additionally, the broadness
of the peaks can be ascribed to the DMPO-OCHj; adduct
formed by the reaction with the solvent (DMSO) under
visible-light illumination®® or to the interactions of O, with
DMPO-05"," as the photocatalysts contain small amounts of
oxygen. In the case of the MR12 sample, the signal intensity of
the DMPO-0O5* adduct was increased in comparison to the
MRref solid due to the above-mentioned improvements of
properties of the MR12 sample. The addition of BQ_inhibits
the generation of the DMPO-O3"* adduct, thus proving that
the signal originated from the O3°. Furthermore, we purged
the DMPO/DMSO/MRI12 suspension with different gases
before illumination (Figure Sl4a). When we purged the
suspension with N, or He, the DMPO-O;* adduct was still
formed, although with a minor decrease. The reason could be
that the MRI2 photocatalyst contains a large amount of
adsorbed oxygen (~5%, Table 2). As the photocatalyst was not
degassed, the present oxygen could still form O3°; thus, the
DMPO-05* adduct was observed.”” Purging of the reaction

suspension with oxygen did not significantly increase the
formation of the DMPO-05**adduct, as either the solution
was saturated with oxygen at the beginning or the surface-
adsorbed oxygen in the photocatalyst exceeded the required
amount; thus, the additional oxygen did not undergo the
formation of O3°. Additionally, we performed a DMPO/H,0
experiment to follow the generation of OH®. We can observe
in Figure S14b that in the dark conditions, no signal for the
DMPO—OH®* adduct was observed (1:2:2:1 quartet signal).
IMumination of the reaction suspension containing either the
MRref or MR12 sample produced the DMPO—OH?* adduct,
thus proving the generation of OH®, although its intensity was
low. This could be attributed either to the lower tendency of
the examined solids to form OH® rather than other ROS or to
the experimental conditions. However, the generation of OH®
from O3° was proven by the results of experiments where
coumarin (Figure 8a) and ABTS®* (Figure 8b) were used as
scavengers. This is discussed in detail in the Supporting
Information.

All of the performed mechanistic studies are in agreement
with the observed BPA quenching experiments (Figure 7c,d),
from which we can conclude that the generation of 'O, and
0O3* as the primary ROS is favored and that the OH® radicals
are generated only in minor quantities and as such do not
significantly contribute to the photooxidation of organic
pollutants.

4. CONCLUSIONS

Using the Simplex optimization method, we optimized the
synthesis conditions for thermal polymerization and prepared
several g-C3N,-based photocatalysts (MR1—15). Compared to
the traditional stepwise optimization technique, we quickly
obtained an improved g-C;N, photocatalyst with a larger Sggr.
The Sggr increased from 16 m*/g (MRref sample) and 19 m?/
g (commercial TCI) to 86 m®/g (MRI12 solid), which is
atypical for the g-C;N, precursor dicyandiamide used.
Structural investigation of the three most promising candidates
(MRS, MR12, and MR1S samples) revealed that all samples
have characteristic stretching and vibrational modes of g-C;N,
(FTIR analysis) and that the structure consists of the tri-s-
triazine motif, as revealed by NMR analysis. The Simplex
optimization method improved not only the Sgr but also the
crystallinity (decreased d-spacing from 0.325 to 0.320) and
reduced the thickness of the material as shown by TEM
analysis (S—7 layers for MRref to a single-foil layer for MR12).
This allowed the presence of quantum size effects, which are
evident in the changes in optical properties (increase in Eg™* to
2.95 eV compared to 2.63 eV for MRref) and electronic
properties (decrease in Rep from 4.46 MQ for MRref to 2.64
MQ for MR12) of the obtained g-C;N, materials. Moreover,
the “harsh” Simplex synthesis conditions encapsulated the
DCDA precursor and burned it to gaseous products, leading to
the formation of defects (pores) with the remaining NH,
functional groups. By using different temperature-programmed
techniques, we found that these functional groups were indeed
“trapped” in the layered structure, as they did not interact with
the probe molecules. However, an extension of the lifetime of
the charge carriers was observed, as these defects can act as
electron traps and prevent the recombination of the charge
carriers. It should be noted that a higher number of defects, as
in the case of the MRI1S sample, can act as recombination
centers for charge carriers and thus reduce the lifetime of the
charge carriers. This was confirmed by the solid-state
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photoluminescence and EPR analyses, where the MRIS
photocatalyst (Tavmge = 11.8 ns) had a shorter charge carrier
lifetime than, for example, the MR12 solid (‘L’avmge = 12.7 ns),
as its defect content was the highest (highest EPR signal). Due
to these structural and textural features, the MR12 sample
exhibited the most favorable balance between all studied
parameters, with a reduced charge transfer resistance (2.64
MQ) and an enhanced photocurrent response (highest value
of 627 uA/cm?®) with a prolonged relaxation time. As the
lifetime of the charge carriers was prolonged, the MRI2
material utilized the charge carriers to a higher extent than the
other studied materials, resulting in (i) the highest BPA
photooxidation rate (100%), (ii) the highest degree of BPA
mineralization (TOC,cralization = 28:0%), and (iii) high
photocatalytic stability (about 9% activity loss after five
cycles). By using different quenching agents, we confirmed
that in the case of the MR12 photocatalyst, the ROS that are
responsible for the degradation of BPA are 'O, and 05,
proving the synergistic effect between the photooxidation of
free and unfree radicals and the similar behavior of the
photocatalyst toward organic macromolecules (e.g., Rose
Bengal). This synergistic effect of type I and II sensitizers
normally requires a metallic compound, but we achieved this
phenomenon only with an environmentally friendly polymeric
material (g-C;N,). In comparison, in the case of the MRref
sample, the main ROS is only O;*® due to its thicker structure
and lower Sgpr. This restricts quantum confinement effects and
limits the formation of 'O, in addition to its poorer optical and
electronic properties. The enhanced formation of 'O, enabled
the MR12 photocatalyst to successfully degrade BPS (13.9%)
and BPAF (20.7%) to a higher extent than that of TiO,/Au
systems under visible-light (S and 7% for BPS and BPAF,
respectively). Furthermore, the generation of 'O, enabled the
MRI12 photocatalyst to selectively degrade the studied
pharmaceutical compounds under visible light and showed
the potential for “real-world” application as the degradation of
BPA, BPS, and BPAF increased under simulated sunlight. By
using TEMP and DMPO as spin traps as well as coumarin and
ABTS®" trap experiments, we were able to confirm the
mechanistic conclusions from the BPA degradation experi-
ments.
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