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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Surface group modification is a significant strategy to improve catalyst activity

- Cyano groups are incorporated on the surface of carbon nitride via copolymerization

- Cyano group reactive sites allow high selectivity of styrene oxide for aerobic oxidation

- The system can be scaled up under solar light irradiation
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The controlled generation of reactive oxygen species (ROS) to selec-
tively epoxidize styrene is a grand challenge. Herein, cyano-group-modi-
fied carbon nitrides (CNCYx and CN-Ty) are prepared, and the catalysts
show better performance in regulating ROS and producing styrene oxide
than the cyano-free sample. The in situ diffuse reflectance infrared and
density functional theory calculation results reveal that the cyano group
acts as the adsorption and activation site of oxygen. X-ray photoelectron
spectroscopy and NMR spectrum results confirm that the cyano group
bonds with the intact heptazine ring. This unique structure could inhibit
H2O2 and ,OH formation, resulting in high selectivity of styrene oxide.
Furthermore, high catalytic activity is still achieved when the system
scales up to 2.7 L with 100 g styrene under solar light irradiation. The
strategy of cyano group modification gives a new insight into regulating
spatial configuration for tuning the utilization of oxygen-active species
and shows potential applications in industry.

KEYWORDS: epoxidation; cyanomodification; carbon nitride; ROS; steric
hindrance

INTRODUCTION
Selective epoxidation of styrene by reactive oxygen species (ROS) origi-

nating from dioxygen is an economically important atomic reaction, and
the styrene oxide products are versatile intermediates for the synthesis of
perfumes, drugs, epoxy resins, and sweeteners and even for the chemical fix-
ation of CO2.

1–3 The ROS mainly include superoxide anion radical (O2
,�,

Scheme 1, Equation 3),4 hydrogen peroxide (H2O2, Equation 4, or the interme-
diate peroxyl species, -O-O-),5 hydroxyl radical (,OH, Equation 5),6 and singlet
oxygen (1O2, Equations 8, 9, and 10, the energy transfer from the excited state
of the sensitizer or O2

,� oxidation product).7,8 Among all the ROS, -O-O- and
1O2 react with styrene via [2 + 2] photochemical cycloaddition and generate
styrene oxide as the product.9,10 Yet, H2O2 and

,OH induce the olefin bond
break and overoxidation reaction of styrene (Scheme 1, Equations 1 and
2),9,11 resulting in a low yield of styrene oxide (<50%) in most catalytic sys-
tems (16 catalytic systems are summarized in Table S1). Progress has
been made on thermocatalysis and photocatalysis to achieve high epoxida-
tion efficiency. For example, the transition-metal species, especially cobalt-
based materials,12–14 WO3/TiO2 composite,15 CuNP/TiN2 photocatalysts,

16

VLB120 enzyme,17 etc., could drive the selective epoxidation of various al-
kenes with O2 successfully. However, the toxicity of heavy metals and prob-
lem of enzyme recycling limit their application. Thus, it is desirable to design
metal-free heterogeneous catalystswith high stability and recyclability. More-
over, a deep understanding of the ROS transformation mechanism is critical
for catalyst engineering.
ll
Polymeric carbon nitride has been widely investigated in the activation of
molecular oxygen and in driving the corresponding aerobic oxidation reac-
tions.4,5,7,18–22 It has been reported that the heptazine ring structure in car-
bon nitride can promote the two-electron reduction of oxygen and adjust
H2O2 formation (Scheme 1, Equation 4).23,24 In addition, carbon nitride
has exhibited high performance in ,OH generation (Equation 5) for photode-
gradation of organic contaminants.25 However, these ROS are not favorable
for the photocatalytic epoxidation of styrene reactions. A large amount of
low-value benzaldehyde and benzoic acid are still formed, although various
transition-metal cations (Fe3+, Mn2+, Co2+, Ni2+, and Cu2+) are loaded.26 Sur-
face modification of carbon nitride to manipulate the oxygen activation
pathway seems to be a promising strategy for ROS regulation.27 For
instance, the modification of carbon nitride with C-O-C, C-O, NO2, and
C=O as surface groups can enhance 1O2 generation and suppress the pro-
duction of H2O2 and ,OH.7 However, the role of functional groups and the
harsh preparation conditions using reflux treatment with concentrated sul-
furic/nitric acid limit its application. To date, there is no report on controlling
ROS evolution with carbon nitride and then promoting the selectivity of sty-
rene oxide. Thus, it is significantly important in seeking an eco-friendly
approach to introduce suitable surface groups to regulate ROS evolution
and uncover the reaction mechanism simultaneously.

Herein, we report a simple and environmentally friendly method to intro-
duce a surface cyano group onto carbon nitride by co-pyrolyzing trithiocya-
nuric acid with thiourea (Figure 1A). The cyano-group-modified samples
CNCY and CN-T have special spatial structures that can control the transfer
of oxygen and inhibit the generation of H2O2 or

,OH, achieving a higher sty-
rene oxide yield than the cyano-free sample. The 13C NMR spectrum re-
veals that the cyano groups bond with the intact heptazine ring. And this
unique structure reduces the steric resistance of styrene as attacking the
adsorbed 1O2 or -O-O-, which could inhibit the side reaction pathway and
prompt the formation of epoxy products. Various characterization tech-
niques and density functional theory (DFT) calculations were used to inves-
tigate the reaction mechanism. During the pyrolysis of thiourea, the gener-
ated SCN� species28,29 react with the terminal -NH2 forming -ChN groups,
which is the same as the thiocyanuric acid pyrolysis process reported
before.4,30 Compared with the traditional method whereby excessive thiocy-
anate (KSCN, NaSCN, etc.) (Scheme S1) is added, this novel strategy with
cyano group introduction avoids using alkali-metal ions.31 This is the first
report on the use of thiourea as the cyano group precursor, aimed at
preparing a unique space configuration and in turn controlling the ROS evo-
lution. Other precursors, such as dicyandiamide or melamine, are also appli-
cable, which opens broader application of our strategy for cyano group
introduction.
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Scheme 1. Proposed Reaction Pathways for the Oxidation of Styrene (Equations 1
and 2) and Oxygen Activation (Equations 3, 4, 5, 6, 7, 8, 9, and 10)
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RESULTS AND DISCUSSION
Crystal Structure Changes after Cyano Group Modification and
Correlation with the Selectivity Control

The X-ray diffraction (XRD) patterns of cyano-group-modified samples
CNCY (prepared using trithiocyanuric as precursor) and CN-T (prepared us-
ing trithiocyanuric and thiourea as precursors) show a weaker in-plane
peak (100) at 12.8� and interlayer stacking (002) peak at 27.5� compared
with those of the cyano-free sample CN (prepared usingmelamine as precur-
sor) (Figure 1B),32,33 indicating decreased crystallinity after cyano group intro-
duction. The morphology of CN, CNCY, and CN-T was analyzed by scanning
electronmicroscopy (SEM) and transmission electronmicroscopy (TEM). As
shown in Figures S3 and S4, a porous and sheet-likemorphology is observed
after cyano group introduction. The specific surface area and pore volume of
CNCY and CN-T are similar (Figure S5 and Table S2), and are larger than
those of the CN sample, in turn providing more active sites and promoting
the catalytic reaction.33

The molecular structure change of the samples was studied by Fourier
transform infrared (FTIR) spectroscopy. Compared with the CN sample, a
new peak around 2,100–2,250 cm�1, which can be identified as the cyano
group,31was observed for CNCYandCN-T. The peak area of the cyano group
increases with thiourea addition; however, excessive thiourea will decrease
the peak area of the cyano group (Figure 1C). The controlled sample CNth

with thiourea as precursor was then prepared, yet exhibits low cyano peak in-
tensity in the FTIR spectroscopy (Figure S6). We speculate that superfluous
SCN� fragments frompyrolysiswith thioureawill polymerizewith each other.
Thus, the cyano group can be introduced only bymaintaining the appropriate
concentration of SCN� fragments in the polymerization process.

The chemical composition and structure of the obtained cyano-group-
modified samples were studied by X-ray photoelectron spectroscopy
(XPS). The presence of N 1s and C 1s signals of CNCY and CN-T samples
indicates the successful introduction of a cyano group in the heptazine.
The three peaks centered at 398.6, 400.1, and 401.3 eV (Figure 1D) are attrib-
uted to the C-N=C, N-(C)3, and C-N-Hx groups in the heptazine framework,
respectively.34 The relative peak area ratios of C-N-H with the total area
decrease from 3.8% to 3.4% and 3.0% (calculation method is shown in Table
S3) for CN, CNCY, and CN-T samples, respectively, indicating that some C-N-
H groups were replaced. It has been reported that the C 1s binding energy of
2 The Innovation 2, 100089, February 28, 2021
-ChN at 286.4 eV is similar to that of C-NHx, and the introduction of cyano
groups led to the generation of amino (-NH2) groups and an enhanced
peak intensity at 286.4 eV.35 However, there is no obvious enhancement in
the peak area (Figure 1E) and the peak area ratios between C-NHx and
-ChN and the N-C=N of the three samples were all 0.03 (calculation method
is shown in Table S4). These results demonstrate that the cyano group is
introduced by replacing the C-N-H groups, while the structure of heptazine re-
mains unchanged. In addition, the absence of sulfur signal (Figure S7) in
CNCY and CN-T indicates that all the sulfurs are removed from the samples.

Figure S8 gives the solid-state 13C NMR spectra of CN, CNCY, and CN-T. It
can be seen that all samples present two strong signal groups at 156.2 and
164.3 ppm, corresponding to the C(1) atoms of N=C-N(NHx) and the C(3 or 5)
atoms of N=C-N2 in the heptazine units, respectively.36 For CN-T, two new
peaks at 123.5 and 162.6 ppm can also be clearly observed, which can be
assigned to the C(17) atoms of -ChN groups and the neighbor C(10) atoms,
respectively. In heptazine, the C(10) atoms at 162.6 ppm are linked to the ter-
minal -NH2 groups.

37 It has been reported that a large number of hydrogen
bonds exist between the strands of polymeric carbon nitride units,34 and
these hydrogen bonds will passivate the NMR peak type. The -NH-ChN
could break the hydrogen bond structure, leading to the emergence of a
sharp peak at 162.6 ppm. Therefore, we can safely conclude that the
-ChN group was bonded with the intact heptazine. As we reported previ-
ously, the cyano group content can be obtained by titration (Figure S9 and
Table S5; the detailed methods are shown in the Supplemental informa-
tion).30 A good linear relationship between the cyano group content and
the yield of styrene oxide was found (Figure 2A), indicating that cyano groups
probably act as the active sites in this reaction. The content of cyano carbon
in CN-T is only 0.83 wt% based on the cyano group content (1.8 wt%), which
might explain its low signal intensity in 13C NMR spectra.

Structure-Activity Relationship after Cyano Group Introduction
The results from various temperatures, light intensities, and wavelengths

indicate that the epoxidation of styrene is primarily driven by photoinduced
electrons (Figures S10 and S11). For semiconductor photocatalysis, the gen-
eration and separation efficiency of photogenerated carriers can directly
affect the catalytic performance.38 The transient photocurrent, electrochem-
ical impedance spectroscopy, steady-state photoluminescence (PL), and
time-resolved PL spectra results all demonstrate that the recombination effi-
ciency of charge carriers for the cyano-modified sample is lower than for the
bulk carbon nitride (Figure S12). Yet, in our system, the improvement of
charge separation efficiency shows no influence on the selectivity of the
products.

In the dynamic experiments, there is only a slight change in the styrene ox-
ide selectivity over CN and CN-T as the reaction is prolonged. Furthermore, at
the same conversion rate, CN-T shows higher styrene oxide selectivity than
the cyano-free sample (Figure 2B). These results indicate that the selectivity
is mainly dependent on the structure of active sites (major factor) rather than
the enhancement of photoelectric performance (minor factor). The photo-
electric performance of carbon nitride can be significantly improved by het-
eroatom doping, such as with phosphorus, without changing the terminal
group of the sample.39 In the controlled experiment, the phosphorus-doped
sample CN-P (prepared usingmelamine as precursor and 0.25 g ammonium
phosphate as doping source), which shows better photoelectric performance
than CN, was prepared and investigated (Figure S13A and Table S6). The
conversion of styrene was increased, whereas the selectivity of styrene oxide
was not improved. Furthermore, CNMT (prepared using 10 g melamine
mixed with 0.3 g thiourea as precursor) and CNDT (prepared using 10 g di-
cyandiamide mixed with 0.3 g thiourea as precursor) were prepared. These
samples showhigher cyanopeak area in the FTIR spectra andbetter catalytic
performance and selectivity for styrene oxide than bulk carbon nitride (CN
and CND) (Figure S13). These results further confirm that the cyano group
could improve the selectivity of the styrene oxide product.

The band structures of the catalysts were studied and determined by
combining the results of UV-Vis spectra, Kubelka-Munk formula, and Mott-
Schottky electrochemical test (Figure S14). The CB and VB positions of all
www.cell.com/the-innovation
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Figure 1. Structure Characterization of Cyano-Group-
Modified Carbon Nitride (A) Proposed cyano introduc-
tion mechanism via trithiocyanuric acid and thiourea co-py-
rolysis.
(B) XRD patterns of CN, CNCY, and CN-T.
(C) FTIR spectra of CN, CNCY, CN-T, and CN-T0.7.
(D and E) (D) N 1s and (E) C 1s XPS spectra of CN, CNCY, and
CN-T.

Report
T
he

Innovation
samples make them able to activate O2 forming O2
,� species (Scheme 1,

Equation 3), whereas they are unable to directly oxidize water to ,OH (Equa-
tion 7) (Figure 3A).40 Electron paramagnetic resonance (EPR) is a powerful
technique tomonitor catalytically relevant species that contain unpaired elec-
trons.41 The in situ EPR spectra in Figure 3B show that the ,OH signal inten-
sity27 is the highest for the CNsample and reduceswith the increase in cyano
group content in CNCYx and CN-T. It is probable that the ,OH is formed
through the decomposition of H2O2 as follows from Equation 5. The content
of H2O2 decreases as the cyano groups increase and a trace of H2O2was de-
tected for CNCY or CN-T (Figure S15; the H2O2 content was determined by
iodometry as shown in the Supplemental information). These results indicate
that the introduced cyano groups successfully inhibit the generation of H2O2

and ,OH species, while O2
,�, 1O2, and -O-O- species are probably the main

ROS that participate in the epoxidation reaction.
To identify the individual role of ROS involved in this study, O2

,� and 1O2

scavengers were adopted in the reaction system. The reaction was
completely terminated after adding 0.05 eq of tetrazolium blue (NBT, O2

,�

scavenger, the dosage is comparable to styrene)4 (Figure S16A). Meanwhile,
the conversion rate (Figure S16B) dropped by 45% after adding 9,10-dipheny-
lanthracene42 as a 1O2 trapping agent. This indicates that O2

,� is the initial
active species that can convert to other ROS. In general, 1O2 is generated
through an energy transfer process from the exited carbon nitride via
dipole-dipole (Förster processes) or direct electron-exchange interactions
ll
(Dexter processes).43 AddingNBT can terminate thewhole reaction, which in-
dicates that 1O2 is formed via the O2

,� oxidation process (Equation 10) rather
than a conventional energy transfer process.8We speculate that this transfor-
mation path improves the utilization of photogenerated charge carriers,
because it consumes electrons and holes subsequently. Only 27% of 1O2 is
observed with the cyano-free sample, which illustrates the low utilization effi-
ciency of photogenerated charge carriers. As previously reported, O2

,� could
be adsorbed on the surface of carbon nitride and reduced to -O-O- through a
fast two-electron reduction reaction.23,24 Thus the remaining 55% of O2

,� in
the cyano-group-modified sample probably evolves into -O-O- species.

The formation of -O-O- species and the function of cyano groups in this
process were confirmed by in situ FTIR spectrameasurements. Under illumi-
nation, the cyano-group-modified sample exhibits a clear vibration peak
around 892 cm�1 (-O-O-)23,44,45 under an oxygen atmosphere (Figure 3C).
Meanwhile, the intensity of the cyano group increases gradually with the
above peak (Figure 3D, bottom), which can be attributed to the electron trans-
fer between the O2 and the cyano group and the change in dipole moment of
the cyano group.25,46 The role of the cyano group as an oxygen transforma-
tion site is confirmed by adding 20 mL of styrene into the reaction cell. In the
first 20 min, the intensity of the cyano group remains almost unchanged, yet
the twisted vibration (990 cm�1) and out-of-plane oscillation (910 cm�1)
of =CH2 is decreasing (Figure 3E).47 As time goes on, the intensity of the
cyano groups increases (Figure 3D, top) with the increase in the -O-O-
The Innovation 2, 100089, February 28, 2021 3



Figure 2. Catalytic Performance Test of Cyano-Group-
Modified Carbon Nitride (A) Styrene oxide yield as a func-
tion of cyano content.
(B) Time profile of the conversion and the selectivity of sty-
rene oxide over CN-T and CN. Reaction conditions:
0.04 mmol of styrene, 2 mL of acetonitrile, 10 mg of catalyst,
1 atm air, 400 mW/cm2 white LED light irradiation, 60 �C, 4 h
(for A) and12 h (for B). Conv., conversion; Sel., selectivity for
styrene oxide.
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(890 cm�1) vibration peak (Figure 3E). These results indicate that the cyano
group is the active site for ROS evolution, which could anchor the -O-O- and
then facilitate the attack of styrene. The interaction between 1O2 and the
cyano groups was studied by DFT calculation. In the cyano-free sample, ac-
cording to thework reported andour calculation results, 1O2 also prefers tobe
adsorbed at the N4-C1 site (Figure S17 and Table S7).24 However, the
optimized configuration was changed after cyano modification. As shown
in Figure 3F, (i) and (ii) aremore stable than the other five configurations (Fig-
4 The Innovation 2, 100089, February 28, 2021
ure S18 and Table S8). This indicates that the interaction of 1O2with a cyano-
group-modified sample is the strongest when the 1O2 is located at the N7-
C17 (Figure 3F, i) or N7-N18 (Figure 3F, ii) site with a relative energy of
�39.3 and �39.1 kJ/mol, respectively. It is only �28.6 kJ/mol when the
1O2 is located at N4-C1.

According to the above analysis, we can safely conclude that the cyano
groups bond with the heptazine ring and act as the optimal adsorption site
for -O-O- and 1O2 species. This unique configuration will change the reaction
Figure 3. Characterization of Reactive Oxygen Species (A)
Band structure of CN, CNCY, and CN-T.
(B) In situ EPR spectra. Room-temperature EPR spectra were
measured after in situ illumination for 5 min by using DMPO
as trap agent.
(C–E) In situ FTIR spectra of CN-T with the addition of O2 or
dual addition of O2 and styrene to observe the formation of
ROS (peroxy species) and the reaction pathway on the
catalyst surface. The FTIR spectra were obtained in a
sealed in situ reaction cell and the dosages of the styrene
and oxygen were 20 mL and 5 mL (1 atm), respectively.
(F) Dioxygen adsorption mode on cyano-modified sample,
located above (i) N7-C17 or (ii) N7-N18.
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Scheme 2. Proposed Reaction Mechanism for Epoxidation
of Styrene over Cyano-Group-Free and Cyano-Group-Modi-
fied Carbon Nitride
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pathway. Traditionally, the -O-O- and 1O2 species are easily adsorbed at C1-
N4 (inset of Figure 3F) in the cyano-free sample CN.24 However, owing to
the steric hindrance caused by the rigidplane heptazine ring units, it is difficult
for the activated styrene to attack the -O-O- or 1O2 species at C1-N4. Further-
more, the 1,4-adsorptionmode of -O-O- (i–iii in Scheme 2) in cyano-free CN is
favorable for the attack of protons (at positions 2 and 6) formingH2O2.

5 Once
the -O-O- and 1O2 are adsorbed at the cyano group site, the steric hindrance
will be drastically reduced, which will be beneficial for generating olefin oxida-
tion intermediates. Meanwhile, after cyano group introduction, the terminal
adsorption mode formed will increase the offensive distance of protons to
form H2O2, and also provide a retrospective interpretation of why a trace of
H2O2 was detected with cyano-group-modified carbon nitride. Thus, the
cyano groups bonded with the heptazine ring (structure B, Table 1) is favor-
able for enhancing the influence of spatial configuration on product selec-
tivity. For comparison, cyano-group-modified carbon nitrides with different
spatial configurations were prepared (structures C and D, post-heating treat-
Table 1. Photocatalytic Activity over Various Carbon Nitride Catalysts under Visible L

Entry Sample Yield (%)

1 CN 19.2

2 CN-T 65.7[

3 CN(KSCN) 61.3[

4 CN 26.4

5 CNQ680 23.7

6 Bulk g-C3N4 32.3

7 Ribbon-like g-C3N4 15.9

8 g-C3N4 36.5

9 g-C3N4-0.01 35.1

10 CN 20.3

11 DCN-200 20.1

aThe reaction conditions were as follows: 0.04 mmol of styrene, 2 mL of acetonitrile
Samples in entries 3–11 were synthesized referring to the literature methods (details

ll
ment,48 copolymerization with NaCl,49 KOH etching35 and post-treatment us-
ing NaBH4;

50 structure B, KSCN coheating31). As shown in Table 1, only the
samples with B-type structure can increase the yield of styrene oxide. This
demonstrates that the spatial configuration determines the reaction
selectivity.
Catalyst Stability and Reaction Scale-up under Solar Irradiation
These cyano-group-modified samples exhibit high stability. There is no

obvious change in XRD, UV, or FTIR spectra after recycling five times (Figures
S19A–S19C). The yield of styrene oxide remains unchanged above 65% (Fig-
ure S19D, diamond), which is superior to the catalytic performance of iron,
cobalt-based, and zeolites (summarized in Table S1). With isobutyraldehyde
as reductant the yield of styrene oxide further increases to 85% (Figure S19D,
star), since the isobutyraldehyde can promote the conversion of the olefin
oxidation intermediate to the styrene oxide products.10 As shown in Table
ighta

Sample structure Reference

A this paper

B this paper

B Lau et al.31

A Niu et al.48

C Niu et al.48

A Yuan et al.49

C Yuan et al.49

A Yu et al.35

C Yu et al.35

A Liu et al.50

D Liu et al.50

, 10 mg of catalyst, 1 atm air, 400 mW/cm2 white LED light irradiation, 60�C, 24 h.
shown in the Supplemental information).

The Innovation 2, 100089, February 28, 2021 5



Figure 4. Characterization of Catalytic Performance under
Solar Light Irradiation (A) Photograph of up-scaled reaction
with volume of 2.7 L.
(B) Amplification reaction with 100 g styrene and the tem-
perature and light intensity change curve. Catalytic setup
was placed on a rooftop (latitude 37�510 north, longitude
112�320 east) so that the reactor would be directly irradiated
by the sun for the duration of the experiment. Reaction
conditions: 100 g of styrene, 2,500mL of acetonitrile, 200mL
of isobutyraldehyde, 10 g of catalyst, bubble with 1.5 L of
oxygen every day, May 28 to June 11, 2020, 25 �C–35 �C,
light intensity 13–85 mW/cm2. Conv., conversion; Sel.,
selectivity.
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S9, the cyano-group-modified photocatalyst also exhibits good performance
on electron-rich group-containing, aromatic, conjugated, and linear alkenes.

The scale-up reaction driven by solar light was conducted to investigate
the performance of the catalyst for industrial application. Figure 4 depicts
the scaled-up reaction (styrene was up to 100 g, which was 25,000-fold qual-
ity increase compared with the lab-scale reactions) under solar light irradia-
tion. The reaction temperature and solar light intensity ranged from 25 �C
to 35 �Cand 13 to 85mW/cm2, respectively. The conversion rate could reach
above 99%with a selectivity of>82% in the scaled-up reaction under identical
irradiation time (Figure 4B). It should be noted that the conversion rate will
decrease on rainy or cloudy days; this result implies that it will be easier to
realize the practical application of photocatalysis in drought areas or those
with long sunshine time.

Based on the above discussion, a possible mechanism is proposed
(Scheme 2). The catalyst has an appropriate CB position to activate oxygen
forming O2

,�, of which 45% could convert to 1O2. The
1O2 is preferentially ad-

sorbed on the cyano group, facilitating the attack of styrene. The remaining
55% of the O2

,� can convert to -O-O- via a fast two-electron reduction pro-
cess, and the -O-O- could also be adsorbed on the cyano group. The styrene
is more easily absorbed in the hole-enriched region, such as 2 and 6 in
Scheme2A,24 and transfer an electron to the VB of the catalyst. The activated
styrene will react with the -O-O- or 1O2 to generate a four-membered ring in-
termediate. In the action of another styrene molecule, two molecules of sty-
rene oxide are finally formed. This process is similar to the transition-metal
activation process discussed in the introduction, which can avoid the bond-
breaking reaction and then increase the selectivity of styrene oxide.
CONCLUSIONS
In conclusion, we successfully designed and synthesized cyano-group-

modified carbon nitrides CNCYx and CN-Ty for selective epoxidation of sty-
rene. The cyano-group-modified sample achieved higher styrene yield than
the bulk carbon nitride using O2 as oxidant. Solid-state 13C NMR and XPS
spectra proved that the cyano group bonded with the heptazine ring. The
in situ FTIR spectra and DFT calculations demonstrated that cyano groups
could selectively adsorb peroxyl and 1O2 species. This structure could also
inhibit the formation of H2O2 and

,OH species as well as reducing the steric
hindrance beneficial to the interaction between the active site and styrene.
Thus, the special spatial structure, which could adjust the transformation
of ROS, led to the enhanced photocatalytic epoxidation of styrene for
cyano-group-modified carbon nitride. The cyano-group-modified sample
can be applied to a variety of substrates and the catalytic system can be
scaled up to 2.7 L under solar irradiation. This surface-group-modification
6 The Innovation 2, 100089, February 28, 2021
strategy highlights that a surface-functionalized carbon nitride photocatalyst
could be prepared via a simple and green route, which opens up a new win-
dow to design and fabrication of highly active metal-free photocatalysts for
solar ray-driven selective controlled organic synthesis.

MATERIALS AND METHODS
Materials

All chemicals were purchased from Aladdin and used as received without further
purification.

Catalyst Preparation
Cyano-Modified Samples (CN-Ty). Typically, y g (y = 0.1, 0.3, 0.5, and 0.7) of thio-

urea and 10 g of trithiocyanuric acid were dissolved in 100 mL of deionized water un-
der vigorous stirring. The deionized water was evaporated at 95�C to afford a yellow
block mixture powder. The mixture powder was collected and heated in a crucible
loaded in a muffle furnace at 550�C for 4 h with a ramp rate of 3�C/min. The samples
were namedasCN-Ty. TheCN-T0.3 sample showed highest catalytic performance (Fig-
ure S1) and was also named as CN-T.

Cyano-Modified Samples (CNCYx). The samples were prepared by the thermal
polymerization method as we reported previously.4 Typically, m g of melamine and
n g of trithiocyanuric acid (m + n = 10, x = n/(m + n)) were dissolved in 50 mL of deion-
ized water under vigorous stirring. The deionized water was evaporated at 95�C to
afford a yellow block mixture powder. After that the mixture powder was treated
following the above calcination procedure. Among the samples, CNCY1.00 exhibited
the highest catalytic performance in the epoxidation reaction and was abbreviated
as CNCY (Figure S1).

Bulk Carbon Nitride (CN). The bulk carbon nitride was prepared by using mela-
mine as precursor, following the above calcination procedure. The sample was named
as CN. Other samplesmentioned in this study were prepared by the reportedmethods
(details shown in the Supplemental information).

The above light-yellow product was ground thoroughly into a fine powder using a
pestle and mortar prior to various characterizations.

Structural Characterization
Powder XRD patterns were collected using a Bruker D8 Advanced diffractometer

operating with a Cu Ka X-ray source (l = 1.5405 Å). The scan range was from 5� to
60� with the scan rate of 5�/min. FTIR spectra were obtained by a Bruker Tensor II
spectrometer in a KBr pellet and the frequency range was 4,000–600 cm�1. SEM
was performed using a Hitachi S-4800 microscope with an acceleration voltage of 5
kV. Morphology was assayed using TEM (Tecnai G2 F20 S-Twin) with an accelerating
voltage of 200 kV. The specific surface areas were analyzed by a nitrogen adsorption-
desorption instrument (TriStar II 3020). Prior to measurement, all the photocatalysts
were degassed under evacuation at 120�C for 10 h. The pore size distribution was ob-
tained by desorption isotherms using the Barret-Joyner-Halenda method. UV-Vis
diffuse reflectance spectra were obtained on a Shimadzu UV3600 spectrophotometer
using BaSO4 as the reference. XPS was conducted on a USA Thermo ESCALAB 250
spectrometer using a monochromate Al Ka X-ray radiation source (200 W). The bind-
ing energy correction was referenced to C 1s peak (284.6 eV) arising from surface
www.cell.com/the-innovation
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hydrocarbons. The spectra deconvolution was carried out using the XPS PEAK41 soft-
ware package. The solid NMR spectra were performed using a Bruker AV-III 600 MHz
wide-bore spectrometer equipped with a 4 mmdouble-resonance probe. Steady-state
PL spectra were performed on a Hitachi F-7000 FL spectrophotometer at room tem-
perature with an excitation wavelength of 365 nm. Time-resolved PL decay curves
were recorded on a FLS920 fluorescence lifetime spectrophotometer (Edinburgh In-
struments, UK) under excitation of 365 nmand probed at 460 nm. EPRmeasurements
were obtained using a Bruker model EMXPLUS 10/12 spectrometer. The samples
were prepared as follows: 1 mg of the catalyst was dispersed in 1 mL of acetonitrile
by sonication; 10 mL of the above mixture was mixed with 10 mL of DMPO acetonitrile
solution (1mg/mL). The EPR spectraweremeasured after in situ illumination for 5min.
The in situ diffuse reflectance infrared experiments were performed on Bruker Tensor
II FTIR spectrometer (Figure S2).
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