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A B S T R A C T   

Propylene oxide (PO) is an important raw material and synthetic intermediate for organic chemical synthesis. 
The direct in-situ synthesis of hydrogen peroxide (H2O2) using molecular oxygen to produce PO is considered as 
one of the most promising methods. Herein, we propose a photocatalytic multiphase system for the production of 
PO with oxygen. The ligand 5-bromoindoline-2,3-dione doped graphitic carbon nitride (CN/Bd) was employed as 
a photocatalyst for the in-situ production of H2O2, in tandem with epoxidation catalyst titanium silicalite-1 (TS- 
1) to achieve the epoxidation of propylene. This system achieved H2-free and efficient production of PO at room 
temperature with a high yield of 1.33 mmol⋅g− 1⋅h− 1, the selectivity of PO over 99% and H2O2 utilization effi-
ciency over 95%. The combination of in-situ H2O2 generation and selective oxidation reaction realizes the 
efficient utilization of H2O2 and provides guidance for safer industrial production of PO.   

1. Introduction 

As an important basic chemical raw material for the production of 
polyether polyol, propylene glycol and various non-ionic surfactants, 
propylene oxide (PO) is the third largest propylene derivative after 
polypropylene and acrylonitrile [1–3]. In 2021, China’s PO production 
was about 3.46 million tons, while its apparent demand was about 3.89 
million tons. With the development of downstream polyurethane in-
dustry, the PO demand will continue to grow in the next few years [4]. 
However, China’s current production capacity still fails to keep up with 
the demand of its domestic market, and needs to import PO from other 
countries. Compared with pollution intensive production processes of 
PO (the chlorohydrin method and the co-oxidation method) [5,6], 
hydrogen peroxide (H2O2) oxidation method overcomes the disadvan-
tages of complex production process, serious environmental pollution, 
high operating pressure and serious equipment corrosion [7]. Therefore, 
the propylene epoxidation process with H2O2 as oxidant (hydrogen 
peroxide/propylene oxide, HPPO) has attracted great attention [8,9], 
which has high conversion and selectivity, only 30% of the wastewater 
volume and 65% of the energy consumption of other existing technol-
ogies [10]. 

As an effective oxidant for PO production, H2O2 is mainly produced 
via the anthraquinone route. This path can produce high concentrations 
of H2O2, but there are certain safety and economic problems during 
transportation and storage. Many achievements have been achieved in 
epoxidation reactions using in situ-generated H2O2 [7,11,12]. Feng et al. 
deposited gold-silver bimetallic catalysts on titanium silicalite-1 (TS-1), 
which first synthesized H2O2 from H2 and O2 at the gold-silver bimetallic 
site, and then H2O2 reacted with propylene at the nearby Ti4+ site to 
produce PO [13]. However, there are some problems with the noble 
metal doping, such as high operation costs and high explosion risk 
[14,15]. Therefore, developing a low-cost catalyst for in-situ synthesis of 
H2O2 using molecular oxygen and H2-free under mild conditions, and 
then reacts in tandem with titanium silicate-1 for PO production seems 
to be a good strategy. 

In recent years, photocatalytic H2O2 production has attracted 
extensive attention due to its H2-free and environmentally friendly 
process [16–18]. Several semiconductor materials have been developed 
for the photocatalytic production of H2O2 [19], such as TiO2 [20,21], g- 
C3N4 [22,23] and BiVO4 [24], etc. Noteworthily, many studies mainly 
focus on improving the yield of H2O2, while ignoring the in-situ utili-
zation of H2O2 synthesized by photocatalysis. Although in-situ 
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decomposition of H2O2 to ⋅OH has been reported for environmental 
remediation and sterilization, little attention has been paid to its use for 
selective oxidation of hydrocarbons. 

Herein, we proposed a tandem strategy to achieve the photocatalytic 
synthesis and in-situ utilization of H2O2 in propylene epoxidation. The 
5-bromoindole-2, 3-dione was doped into g-C3N4 (CN/Bd) by ligand 
doping strategy, mixed with titanium silicate-1 (TS-1) heterogeneous 
catalyst to realize epoxidation of propylene under mild conditions 
without any H2 or electrical energy. The selectivity of the product PO 
exceeded 99%, efficiently utilizing the in situ-generated H2O2. 

2. Experimental 

2.1. Catalyst synthesis 

2.1.1. Synthesis of g-C3N4 (CN) 
10.00 g of melamine were annealed at 400 ◦C with a heating rate of 

3 ◦C min− 1 for 4 h in a muffle furnace. After cooling down naturally, the 
resulting white solid was washed three times and dried in a vacuum at 
60 ◦C overnight to obtain melem. 

Then, 2.00 g of melem were further calcined at 550 ◦C with a heating 
rate of 5 ◦C min− 1 for 4 h in a muffle furnace. After cooling down 
naturally, the resulting yellowish solid was washed three times and 
dried in a vacuum at 60 ◦C overnight. The prepared sample (g-C3N4) was 
denoted as CN. 

2.1.2. Synthesis of CN/Bd 
500 mg of melem and certain amount of 5-bromoindoline-2,3-dione 

(Bd) were mixed well with a mortar and pestle. Subsequently, the 
mixture was placed in a tubular furnace and heated at 550 ◦C for 4 h 
with a heating rate of 5 ◦C min− 1. After natural cooling, the resulting 
brown solid was washed three times and dried overnight and denoted as 
CN/Bd-X. The CN/Bd-X (X = 1, 5, 7, 10 mg) photocatalysts with 
different Bd content was prepared under the same conditions, where X 
represents the added amounts of Bd. 

2.1.3. Synthesis of titanium silicalite-1 (TS-1) and pure-silica silicalite-1 
(S-1) 

17.00 g of tetrapropylammonium hydroxide solution, 21.45 g of 
deionized water, 30.44 g of tetraethyl orthosilicate and 0.25 g of tet-
rabutyl titanate were mixed completely. Subsequently, the mixed solu-
tion was irradiated by ultraviolet light (500 W, mercury lamp) for 1 h, 
and then the transparent solution was transferred into a Teflon-lined 
stainless autoclave to crystallize at 170 ◦C for three days. The as- 
synthesized product was washed for several times and dried at 80 ◦C. 
The sample was calcined at 550 ◦C for 4 h in air at a heating rate of 4 ◦C 
min− 1 to remove the template and obtain white powder, denoted as TS-1 
[25]. The pure-silica silicalite-1 (S-1) was synthesized using the same 
procedure, except that no titanium source was added. 

2.2. Photocatalytic evaluation 

2.2.1. H2O2 production 
All photocatalytic H2O2 production experiments have been carried 

out in the custom-made photochemical vial (10 mL) and a blue light 
lamp (10 W) with a wavelength of 420–430 nm was used as the light 
source [26]. Typically, 3 mg of photocatalyst was dispersed in 2 mL of 
methanol aqueous solution (VMeOH: VH2O = 1:1), then the suspension 
was ultrasonically dispersed for 5 min. Next, oxygen was continuously 
bubbled into the suspension for 30 min and stirred for 30 min under dark 
condition to achieve adsorption–desorption equilibrium. After that, the 
reaction solution was taken at intervals under blue light irradiation and 
the concentrations were detected sequentially. 

2.2.2. H2O2 detection 
The concentration of H2O2 was detected by the UV 

spectrophotometer (model Shimadzu UV2700). Under acidic conditions, 
H2O2 can react with potassium titanium oxalate to produce the orange 
pertitanate complex, which can be detected by the UV spectrophotom-
eter with a peak of 400 nm. The absorbance produced by pertitanate is 
proportional to the H2O2 concentration. 

Different volume (0.2, 0.4, 0.6, 0.8, 1.0, 1.2 mL) of 2 mM H2O2 so-
lution was taken in a flask containing 0.5 mL of 3 M sulfuric acid and 0.5 
mL of 0.05 M titanium potassium oxalate, followed by the addition of 
water to 5 mL, and the absorbance was measured after 10 min. The 
equation between absorbance and H2O2 concentration was obtained 
(Eq. (1). The standard curve is shown in Fig. S1, where Y is the H2O2 
concentration (mmol L− 1) and X is the absorbance.  

Y = 1.03X + 0.002 (R2 = 0.9998)                                                     (1) 

Typically, 1 mL of the filtered reaction solution was added to mixed 
solution containing 0.5 mL of 3 M sulfuric acid and 0.5 mL of 0.05 M 
titanium potassium oxalate, followed by the addition of 3 mL of water. 
The absorbance was measured after 10 min and the concentration of 
H2O2 in the reaction solution was obtained according to the above 
equation. 

H2O2conv. =
n0

H2O2
− nH2O2

n0
H2O2

× 100% (2)  

H2O2eff . =
nPO

n0
H2O2

− nH2O2

× 100% (3) 

H2O2 conv. and H2O2 eff. stand for the conversion and utilization 
efficiency of H2O2, respectively. n0

H2O2 
and nH2O2 stand for the initial and 

final mole content of H2O2, respectively. nPO stand for the numbers of 
moles of PO. 

2.2.3. PO production 
The PO production experiments were carried out under the same 

conditions as photocatalytic H2O2 production experiments. Typically, 5 
mg of photocatalyst and 5 mg of TS-1 were dispersed in 2 mL of meth-
anol aqueous solution (VMeOH: VH2O = 1:1), then the suspension was 
ultrasonically dispersed for 5 min. Next, oxygen was continuously 
bubbled into the suspension for 30 min and stirred for 30 min under dark 
condition to achieve adsorption–desorption equilibrium. In addition, 10 
mL of oxygen and 10 mL of propylene were injected into the reaction 
vial by using a 10 mL syringe. After that, a blue LED light lamp (10 W) 
with a wavelength of 420–430 nm was used as light source. The product 
yield of PO was detected using gas chromatography. 

2.2.4. PO detection 
After the reaction, the liquid products were filtered with a 0.22 µm 

syringe filter (HR70003, Prismatic) and analyzed with a gas chromato-
graph (GC 9790plus) equipped with the flame ionization detectors (FID) 
and the KB624 (30 m × 320 µm × 0.25 µm) column. The products were 
quantified according to the internal standard method with acetonitrile 
as an internal standard. 

2.3. Characterization 

The X-ray diffraction (XRD) pattern was performed using X’Pert PRO 
MPD (Netherlands) in Cu Kα radiation source, in the diffraction angle 
(2θ) range of 5–75◦. Scanning electron microscopy (SEM) images were 
taken on the Hitachi S-4800. Transmission electron microscopy (TEM) 
images were collected on JEM-2100UHR. X-ray photoelectron spec-
troscopy (XPS) measurements were performed on Escalab 250Xi 
(Thermo Fisher). Fourier Transform Infrared Spectra (FT-IR) were 
recorded on Thermo Nicolet nexus over 4000–400 cm− 1. Ultra-
violet–visible (UV–vis) diffuse reflectance spectra were obtained from 
the dry-pressed disk samples using a scan UV–vis spectrophotometer 
(UV-2700, Shimadzu) equipped with an integrating sphere, using BaSO4 
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as a reflectance sample. Photoluminescence Spectroscopy (PL) spectra 
were recorded on RF-6000 (Shimadzu) with an exciton wavelength of 
365 nm. Electron paramagnetic resonance (EPR) spectra using 5,5- 
dimethyl-L-pyrroline-N-oxide (DMPO) as spin trap reagent, were 
measured on a JES-X320 spectrometer in dark or under visible light 
irradiation (λ > 420 nm). Photoelectrochemical measurements 
including photocurrent density, electrochemical impedance spectros-
copy (EIS) and Mott-Schottky (M− S) plots were conducted with CHI 
660E (Chenhua) work-station with the traditional three-electrode cell 
system (Pt sheet as counter electrode, Ag/AgCl electrode as reference 
electrode, samples as working electrode). 

3. Results and discussion 

3.1. Synthesis and structural characterizations of CN/Bd and TS-1 

In order to achieve the epoxidation of propylene with O2, the whole 
reaction should be carried out by two catalysts: the photocatalyst for the 
selective reduction of O2 into H2O2 and the TS-1 for the activation of 
H2O2 to achieve the propylene epoxidation. As shown in Fig. 1a, the 
photocatalyst was synthesized by a two-step calcination method. The 
precursor melamine was first calcined at 400 ◦C to obtain the melem 
intermediate, which was then combined with the ligand Bd to obtain the 
final samples. The titanium silicate-1 (TS-1) zeolite was synthesized 
according to the previous report [25]. 

SEM and TEM images were performed to reveal the morphologies of 
catalysts. As shown in Fig. 1b, c, the irregular rod-like structure of g- 
C3N4 disrupted upon the introduction of the Bd molecule, leading to a 

partial collapse and gradual aggregation into fragmented forms. Further 
evidence came from TEM images (Fig. 1d, e). CN/Bd exhibited a 
multilayer lamellar structure compared with pristine CN. This increased 
multilayer structure may be beneficial to increase the activity of CN/Bd 
by increasing its adsorption activation site to O2 or substrates. 

The crystal and phase structure of CN/Bd with incorporation of 
different Bd content were investigated by XRD measurements. As shown 
in Fig. S2, two prominent peaks at 12.8◦ and 27.6◦ attributed to (100) 
and (002) facets were observed for CN, representing the in-plane 
structural stacking of the triple homogeneous triazine unit ring of g- 
C3N4 and the interlayer diffraction of graphitic phase structure [27–29], 
respectively. However, the peaks intensity of CN/Bd gradually becomes 
broader and weaker with the incorporation of more Bd group (Fig. 2a), 
suggesting that the presence of the Bd group may influence the crys-
talline characteristics of g-C3N4. The (100) peak gradually decrease, 
which is attributed to the substitution of the tert-N-H in g-C3N4 structure 
by Bd group, leading to a decrease in the structural periodicity of the 3-s- 
triazine ring within the layer. Besides, the weaker (002) peak of CN/Bd 
is assigned to the fact that the incorporation of Bd inhibit stacking of 
aromatic system to form thinner lamellae, suggesting the decreased 
crystallinity of the g-C3N4 structure induced by doping of Bd. This effect 
may favor the activity of CN/Bd by increasing the surface active site of 
catalyst, promoting visible-light absorption and photogenerated carrier 
separation [30]. 

FT-IR measurement was conducted to investigate the chemical states 
of catalysts. As shown in Fig. 2b, the peaks were observed on CN and 
CN/Bd at 810 cm− 1, 1200–1650 cm− 1 and 3000–3500 cm− 1, corre-
sponding to the bending vibration of graphitic carbon nitride triazine 

Fig. 1. (a) Two-step synthetic procedure of photocatalyst CN/Bd-X, (b-c) SEM images and (d-e) TEM images of CN and CN/Bd.  
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rings, the C-N and C = N stretching vibrations of heterocyclic aromatic 
groups, and the stretching vibrations of N-H and O-H bonds [31], 
respectively. It indicates that CN/Bd still retains the basic structure of g- 
C3N4. Notably, the peak intensity of CN/Bd at 3400 cm− 1 is higher than 
that of CN. Combined with the FT-IR spectrum of the Bd molecule 
(Fig. S3), the characteristic peak at 3400 cm− 1 could be attributed to the 
stretching vibration of the amino group in the Bd molecule. In addition, 
the stretching vibration peaks of C-Br bond at 500–700 cm− 1 are also 
observed on Bd molecule. Interestingly, these C-Br peaks disappear in 
CN/Bd, suggesting that the Br element may be involved in the poly-
merization with g-C3N4 during the synthesis of CN/Bd. 

To further reveal the chemical states of samples, XPS analysis was 
performed and the characterization results were shown in Fig. 2c–f. The 
total spectrum shows that all samples (CN and CN/Bd) contain C, N, O 
elements. As shown in the C 1 s spectrum, the peaks at 288.12 eV and 
288.30 eV were observed on CN and CN/Bd, respectively, corresponding 
to the (N-C = N) sp2-hybridized carbon of the triazine ring. In the N 1 s 
spectrum, CN displays similar characteristic peaks to CN/Bd with 
398.32 eV, 399.21 eV and 401.19 eV representing sp2 hybridized N (C-N 
= C) in the triazine ring, sp3 hybridized N (N-(C)3) and unpolymerized 
-NHX, respectively. As the electron-acceptor group, the introduction of 
Bd in the C 1 s and N 1 s spectra decreases the electron cloud density of 
the triazine ring, which increases the binding energy of CN/Bd [32]. 
This indicates the successful introduction of Bd and the strong interac-
tion between CN and Bd, which may be conducive to enhancing electron 
transfer and promoting the reduction of O2 to H2O2. Moreover, the peaks 
at 533.20 eV and 531.60 eV in the O1s spectrum are attributed to the 
adsorbed oxygen on the surface of catalysts and the C = O bond, 
respectively. Based on the above results and the decreased peak intensity 
of -NHx, it is concluded that the amino group (–NH2) of g-C3N4 reacts 
with the halogen group (-Br) in the Bd molecule through the C-N link-
age. The oxygen content in CN and CN/Bd is 2.17% and 5.57%, 
respectively (Table S1), due to the presence of carbonyl group in the Bd 
molecule. 

Titanium silicate-1 (TS-1) zeolite with partial replacement of Si by Ti 
is a critical catalyst for propylene epoxidation. To confirm the successful 
synthesis of TS-1, a series of characterizations were performed. As 
shown in Fig. S4a, XRD analysis shows the pure-silica zeolite molecular 
sieve structure of silicalite-1 (S-1) with a particle size range of 200–300 
nm (Fig. S4b) [33]. Element mapping and EDX spectra analysis show no 

Ti element (0.01 wt%, probably due to instrumental error) was detected 
on S-1 (Fig. S4c–e). Noteworthily, TS-1 maintains the topology of the 
original MFI molecular sieve and similar particle size compared with S-1 
(Fig. S5a, b) [34,35]. Moreover, a certain of Ti element (0.76 wt%) was 
uniformly dispersed on TS-1 (Fig. S5c, d), indicating the successful 
doping of Ti. FT-IR spectra analysis further demonstrate the successful 
replacement of Ti. A vibrational band at 960 cm− 1 in the FT-IR spectra of 
TS-1 is attributed to the stretching vibration of Si–O–Ti bond in the 
framework (Fig. S6a) [36]. Further evidence comes from the UV–vis 
spectra analysis. An absorption peak of 205 nm attributed to tetrahedral- 
coordinated Ti species is observed on TS-1 compared with S-1 (Fig. S6b) 
[36]. And there is no extra-framework TiO2, as evidenced by the absence 
of an absorption band at 330 nm [8,37]. The above chemical structure 
characterization confirms the successful synthesis of TS-1. Moreover, N2 
adsorption − desorption isotherms of TS-1 show that the Bru-
nauer–Emmett–Teller surface area and pore volume of TS-1 are 397 
m2⋅g− 1 and 0.22 cm3⋅g− 1, respectively (Fig. S7). This suggests that the 
larger surface area of TS-1 may be conducive to the adsorption activa-
tion of propylene substrate. 

3.2. Photocatalytic H2O2 and PO production 

In order to evaluate the photocatalytic activities of CN/Bd, photo-
catalytic production of H2O2 tests were conducted under saturated ox-
ygen at room temperature with a blue light lamp (10 W, λ = 420–430 
nm) as the light source, and a UV spectrophotometer was used to detect 
the product H2O2. Different precursors including melem, urea, dicyan-
diamide and melamine were selected to examine their catalytic effects 
under the same test conditions (Table S2, entry 1–4). The highest yield 
of H2O2 was obtained when melem as the precursor. Moreover, different 
types of sacrificial agents (methanol, ethanol and isopropanol) were 
screened (Table S2, entry 1, 5, 6). Compared with the common sacri-
ficial agents (ethanol and isopropanol), methanol possesses the best 
performance with a high H2O2 yield of 9.41 mmol⋅g− 1 at 7 h. In addition, 
the photocatalytic performance under blue light (10 W, λ = 420–430 
nm) is nearly four times that of Xenon light (300 W) (Table S2, entry 7), 
which may be due to the better absorbance of CN/Bd around 420 nm. 
The control experiments (Table S2, entry 8–10) showed that no H2O2 is 
detected in the absence of catalyst and light, indicating that they are 
extremely important for the photocatalytic synthesis of H2O2. 

Fig. 2. (a) XRD patterns and (b) FT-IR spectra of CN and CN/Bd-X, (c) total XPS spectra and (d-f) C 1 s, N 1 s and O 1 s XPS spectra of CN and CN/Bd.  
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The effect of ligand Bd addition amount on the H2O2 yield was 
investigated (Fig. 3a). Pristine CN exhibites a low H2O2 yield of 5.49 
mmol⋅g− 1 after reaction for 7 h, consistent with the severe charge 
recombination in pristine CN. After the introduction of Bd molecules, 
the catalytic performance is significantly improved. The highest yield 
(9.41 mmol⋅g− 1) of H2O2 is achieved over the optimized CN/Bd-7 
catalyst, which is nearly twice that of pristine CN. However, CN/Bd-7 
shows a low yield of 4.17 mmol⋅g− 1 under air condition (Fig. 3b), 
which is about 50% of that under the O2 condition. And almost no H2O2 
is detected under argon, indicating the essential role of O2 in the pho-
tocatalytic H2O2 production. Moreover, the catalytic performance at 
different intervals on CN/Bd-7 was studied (Fig. 3c). The yield of H2O2 
increases linearly within 1 h and reach 3.51 mmol⋅g− 1⋅h− 1, exceeding 
most reported literatures (Table S3). The production rate of H2O2 de-
creases over time, probably due to the depletion of methanol and dis-
solved oxygen. Cycling tests were used to evaluate the photoactive 
stability of CN/Bd-7. As shown in Fig. 3d, CN/Bd exhibits preferable 
stability, and the catalytic performance has no significant decline even 
after 5 cycles. 

In order to improve the utilization efficiency of H2O2 in propylene 
epoxidation reaction, TS-1 was used as the epoxidation catalyst to study 
the tandem process of photocatalytic generation of H2O2 and PO. The 
reaction conditions were the same as before, but TS-1 was added into 
reaction system. Fig. 3a indicates that the rate of H2O2 production plays 
a decisive role in PO production. With the increase of Bd molecule 
doping amount, the production rate of PO is consistent with that of 
H2O2, showing a volcanic trend. The maximum PO production is ach-
ieved when the doping amount of Bd is 7 mg (CN/Bd-7, doping ratio of 
1:72). Therefore, the optimized CN/Bd-7 catalyst is screened for the 
propylene epoxidation reaction (CN/Bd in the latter refers to CN/Bd-7 if 
not otherwise specified). Further increasing the Bd content causes a 
decreased catalytic performance, possibly because the excessive doping 
of Bd seems to destroy the electronic structure of CN and hinder the light 
absorption ability of CN in the range of 250–450 nm [38,39], which are 
detrimental to photocatalytic H2O2 and PO production. Moreover, the 
tests results (Fig. 3b) under different reaction atmospheres show the PO 
production of O2, Air and Ar are 8.244, 3.594 and 0.018 mmol⋅g− 1 at 7 
h, respectively. The difference in catalytic performance may be related 
to the concentration of O2, indicating the importance of O2 in PO 

production. Moreover, the production rate of PO is also consistent with 
that of H2O2, which further proves that the production of PO is related to 
the yield of H2O2 generated in situ. 

The PO production was monitored at different reaction time. As 
shown in Fig. 4a, PO production gradually increases with the increase of 
reaction time. Noteworthily, the highest PO yield of 1.33 mmol⋅g− 1⋅h− 1 

is obtained at 6 h, followed by a gradual deceleration, possibly due to the 
consumption of oxygen/air and propylene in the reaction system. 
Moreover, the selectivity of main product PO is over 99% for the whole 
reaction, and no other by-products are detected by gas chromatographic 
and 1H NMR tests (Fig. S8), except for a trace amount of acetone. In 
addition, based on the difference value between the amount of H2O2 
produced (49.35 μmol) in the absence of TS-1 and the H2O2 remaining 
(9.40 μmol) after PO production, the consumption of H2O2 is calculated 
to 39.95 μmol at 6 h. Meanwhile, the production of PO is 39.93 μmol at 
6 h. Thus, the utilization efficiency of H2O2 reached more than 95% at 6 
h (Fig. 4b, Fig. 4c). Moreover, the yields of H2O2 and PO were basically 
the same at 6 h (Fig. S9), indicating that in situ-synthesized H2O2 could 
be efficiently used for PO production. At the initial stage of the reaction, 
the low utilization efficiency of H2O2 may be due to the low concen-
tration of H2O2 generated in situ, which cannot effectively combine with 
TS-1 to participate in the formation of PO [40]. The PO yield did not 
decrease significantly after three cycles on the catalyst, which proves 
that the catalyst has good cycling stability (Fig. 4d). 

In summary, the in-situ production of H2O2 for the propylene 
epoxidation reaction was achieved, which promoted the efficient utili-
zation of H2O2. The PO yield was as high as 1.33 mmol⋅g− 1⋅h− 1 with PO 
selectivity over 99%, exceeding most reported literatures (Table S4) and 
H2O2 utilization over 95%. 

3.3. Photocatalytic mechanism 

Series of mechanism investigations were carried out to explain the 
above experimental observations. The photochemical and photo-
electrochemical properties of photocatalysts were obtained by UV–Vis 
DRS spectra, PL spectra, transient photocurrent responses and EIS plots. 
As shown in Fig. 5a, the light absorption capacity of CN is the poorest. 
With the doping amount of the ligand Bd, the maximum absorption edge 
of the photocatalyst is continuously extended, so that the CN/Bd has a 

Fig. 3. The production of H2O2 and PO (a) under different Bd addition, (b) under different gas atmosphere; (c) the production of H2O2 with different reaction time on 
CN/Bd-7. Inset: H2O2 production rate for 1 h; (d) the cycle tests for CN/Bd-7. 
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much higher utilization of the available light than normal CN. Bandgaps 
of these samples were determined from the transformed Kubelka-Munk 
function. Compared to CN, the CN/Bd optical energy gap is reduced 
from 2.48 eV to 2.27 eV (Fig. S10). In addition, for CN/Bd, the con-
duction band (CB) value is − 0.50 V, lower than − 0.33 V (E(O2/O2•− ) =
-0.33 V vs. NHE), and the valence band (VB) value is 1.77 V, higher than 
0.68 V (E(O2/H2O2) = 0.68 V vs. NHE). Therefore, the excellent visible 
light absorption capacity and suitable bandgap position show that the 

CN/Bd has great theoretical potential in the photocatalytic reduction 
reaction of O2 to H2O2 (Fig. 5b and S11). PL spectra were examined to 
explore the transfer, recombination and utilization of photo-generated 
carriers in samples. As illustrated in Fig. 5c, the PL emission intensity 
of CN/Bd is decreased significantly after doping with appropriate 
amount of ligands, which suggests that Bd doping is more effective for 
the separation of photogenerated electron-hole pairs [41]. This 
conclusion is also confirmed by the photoelectrochemical testing. As 

Fig. 4. (a) The production and selectivity of PO, (b) H2O2 and PO production and remaining H2O2 after the reaction, (c) the conversion and utilization efficiency of 
H2O2, (d) the PO cycle test results for CN/Bd-7. 

Fig. 5. (a) UV–Vis diffuse reflection spectrum of CN/Bd-X, (b) conduction band and valence band value of CN and CN/Bd-X, (c) PL spectra of CN/Bd-X, (d) transient 
photocurrent response curves of CN and CN/Bd-7, (e) electrochemical impedance curves of CN/Bd-X. 
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shown in Fig. 5d, e, CN/Bd exhibits higher photo-current density and 
lower EIS radius compared with pristine CN, further confirming the 
excellent optical and electrical properties of CN/Bd: more efficient 
separation and migration of photogenerated electron-hole [42]. 

There are two pathways for the photocatalytic synthesis of H2O2, 
including the O2 reduction pathway and the H2O oxidation pathway 
[43]. As shown in (Table S2 entry 11), almost no H2O2 was detected 
under argon atmosphere and pure water on CN/Bd. This result suggests 
that H2O2 is produced from O2 reduction rather than H2O oxidation. In 
order to further investigate the reaction mechanism of CN/Bd in pho-
tocatalytic H2O2 synthesis, the linear scanning voltammetry (LSV) 
curves of CN/Bd at 400–1600 rpm were tested by rotating disk electrode 
in the O2 saturation state (Fig. 6a). The average number (n) of electron 
transferred on CN/Bd during oxygen reduction reaction was obtained by 
fitting the Koutecky-Levich equation (Eq. (4). As shown in Fig. 6b, the n 
value for CN/Bd is calculated to be 1.8, confirming its 2e− -dominated 
oxygen reduction process, which further explained the strong produc-
tion ability of H2O2 over CN/Bd. 

1
i
=

1
ik
+

1

0.62nFD
2
3
0ϑ− 1/6C0

× 1/ω0.5 (4) 

In order to further explore the reactive oxygen species (ROS) in the 
reduction of O2 to H2O2, ROS trapping experiments were performed. 
Para-Quinone (PBQ), silver nitrate (AgNO3), 2,2,6,6-tetramethylpiperi-
dine (TEMP), and ammonium oxalate ((NH4)2C2O4) were adopted as 
the scavengers of superoxide radicals (O2•− ), electron, singlet oxygen 
(1O2) and hole, respectively (Fig. 6c). The yield of H2O2 decreased 
slightly after the addition of (NH4)2C2O4, indicating hole had little effect 
on the formation of H2O2, and the water oxidation reaction path was 
further excluded. Compared with TEMP, H2O2 production decreased 
significantly after adding AgNO3 and PBQ, demonstrating that the re-
action was the oxygen reduction path. In particular, O2•− played a major 
role in the reaction, followed by e− , while 1O2 almost rarely worked. 
This further confirms the formation of H2O2 may undergo a two-step 

single-electron path. 
To further reveal the formation mechanism for H2O2, the in-

termediates during the reaction were investigated. In situ electron 
paramagnetic resonance (EPR) with 5,5-dimethyl-1-pyrroline-N-oxide 
(DMPO) as the spin-trapping agent was performed to identify interme-
diate radicals, confirming the pathways of H2O2 generation. As shown in 
Fig. 6d, six prominent characteristic signals of DMPO − O2•− were 
detected under irradiation compared with dark conditions, suggesting 
that O2•− radicals may be the reactive oxygen species (ROS) during the 
reaction process [40]. Moreover, CN/Bd exhibites a stronger signal of 
DMPO − O2•− than pristine CN, indicating that the photogenerated 
electrons of CN/Bd possessed superior reductive ability to reduce O2 by 
taking one electron to form O2•− . The above results reveal that the 
production of H2O2 may undergo two-step single-electron ORR process, 
consistent with the ROS trapping experiments results. 

Based on the above experimental results, the mechanism of H2O2 
generation on CN/Bd is reasonably speculated (Fig. 7). Under visible 
light irradiation, abundant electrons (e− ) are generated and excited to 
conduction band (CB) of CN/Bd, while holes (h+) remain on valence 
band (VB). Next, h+ oxidize methanol to release H+ protons (Eq. (5), and 
O2 is reduced to O2•− by single electron (e− ) on CB (Eq. (6). The 
reduction potential value of CN/Bd is − 0.5 eV, more negative than that 
of O2/O2•− (-0.33 V), proving the feasibility of H2O2 generation via ox-
ygen reduction pathway on CN/Bd. The generated O2•− reacts with H+

to produce •OOH radicals (Eq. (7), which in turn reacts with another 
electron to produce HO2

− anion (Eq. (8). Finally, HO2
− reacts with H+ to 

produce the final H2O2 product according to Eq. (9). In summary, the 
proposed photocatalytic H2O2 production mechanism on CN/Bd adopts 
the two-step single-electron oxygen reduction pathway.  

CH3OH + h+→ HCHO + 2H+ (5)  

O2 + e− → O2•
− (6)  

O2•
− + H+ → •OOH                                                                        (7)  

Fig. 6. (a) LSV of CN/Bd in O2 saturated 0.1 M KOH at different rotating speeds, (b) Koutecky-Levich plots of the CN/Bd vs. Ag/AgCl at − 0.6 V, (c) reactive oxygen 
species contributions of H2O2 production on CN/Bd and (d) comparison of EPR signals of CN and CN/Bd in the presence of DMPO after 10 min of light. 
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•OOH + e− → HO2
− (8)  

HO2
− + H+ → H2O2                                                                         (9) 

Based on the above results, a plausible reaction mechanism on the 
generation of PO and by-products on TS-1 was depicted in Scheme S1 
and Scheme S2. Firstly, H2O2 synthesized in situ on CN/Bd catalyst is 
absorbed on TS-1 (Step I) and then activated to form Ti-OOH (Step II), 
an active species of titanium peroxide. Subsequently, propylene is 
adsorbed at the Ti4+ site (Step III) and reacts with Ti-OOH to form PO 
and H2O, and desorb from the Ti4+ site to complete the reaction cycle 
(Step IV-V) [44–49]. In addition, various kinds of side reactions 
(Scheme S2) may occur in the process of PO production. For example, 
propylene can be oxidized into acrolein. Moreover, the as-obtained PO 
products can also be ring-opened to generate propylene glycol, acetone, 
propanal and other by-products [46]. However, the production of these 
by-products may be more likely to occur under high temperatures, high 
pressures or other harsh conditions [10,36,50]. In this work, H2O2 is 
synthesized in situ on CN/Bd by photocatalysis with blue lamp (10 W, λ 
= 420–430 nm) as light source, and reacts with TS-1 to produce PO 
under ambient conditions. The mild conditions of the whole reaction 
process ensure the efficient and selective generation of PO, and almost 
no by-products are detected. 

4. Conclusion 

In conclusion, we propose a tandem strategy for the production of PO 
using photocatalytic in situ-synthesized H2O2. The CN/Bd is prepared by 
introducing the electron-acceptor Bd group and applied to photo-
catalytic synthesis of H2O2. For the propylene epoxidation reaction 
under ambient conditions, a high PO yield of 1.33 mmol⋅g− 1⋅h− 1 is 
achieved on TS-1 with high PO selectivity of over 99%, and the H2O2 
utilization efficiency of over 95%. The proposed system enables PO 
production with O2 as the oxidizing agent through the in situ- 
synthesized of H2O2 under light irradiation without using H2 or 
expensive reagents, improving the H2O2 utilization and solving the 
problems of storage and transportation. This work not only provides a 
safer and more economical method for industrial PO production, but 
also provides guidance for in-situ utilization of H2O2. 
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