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Polyoxometalates covalently combined with
graphitic carbon nitride for photocatalytic
hydrogen peroxide production†

Shen Zhao, a Xu Zhao,*ab Shuxin Ouyangcde and Yongfa Zhu f

The polyoxometalate (POM) cluster [SiW11O39]
8− (SiW11) with photoreductive ability has been successfully

covalently combined with graphitic carbon nitride (g-C3N4) through an organic linker strategy. The hybrid

catalyst g-C3N4–SiW11 exhibits efficient catalytic performance (15.2 μmol h−1) for photocatalytic H2O2 pro-

duction in the presence of methanol and can stabilize the formed H2O2 under sunlight irradiation (AM 1.5

filter). The Koutecky–Levich plot obtained from electrochemical rotating disk electrode (RDE) analysis of

the oxygen reduction reaction (ORR) for g-C3N4–SiW11 reveals that the value of electron transfer during the

ORR process is 2.76. Combining the electron spin resonance (ESR), Koutecky–Levich plots, O2 temperature

programmed desorption (O2-TPD) and density functional theory (DFT) calculation results, the enhanced O2

adsorption of g-C3N4–SiW11 can promote the two-electron reduction of O2 to H2O2.

Introduction

With increasing demands for a clean environment, green oxi-
dant hydrogen peroxide (H2O2) is used as the terminal oxygen
source in pulp bleaching, disinfection, and organic synthesis,
producing H2O as the sole byproduct.1 Nowadays, many
methods including the anthraquinone method,2a the direct
synthesis from H2 and O2,

2b the alcohol oxidation method2c

and electrochemical syntheses2d have been adopted to pro-
duce H2O2. However, the above methods have two shortcom-
ings: 1) large amounts of energy and organic solvents have
been consumed and 2) organic impurities may contaminate
the formed H2O2 and increase the difficulty of extraction.
Therefore, an efficient, energy-saving and green method to
produce H2O2 is highly desired.

R‐CH2OH + 2h+ → R‐CHO + 2H+ (1)

O2 + 2H+ + 2e− → H2O2(0.68 V vs. NHE) (2)

The photocatalytic H2O2 production through proton-
coupled electron transfer (PCET) can meet the above require-
ment because it needs only water (H2O), oxygen (O2) and
light.3 The reaction is carried out by light irradiation of O2-
saturated water with a catalyst in the presence of electron do-
nors, such as alcohols.4 Photoexcitation of the catalyst pro-
duces hole (h+) and electron (e−) pairs. The h+ oxidizes alco-
hol and produces aldehyde and H+ (eqn (1)), while the e−

promotes two-electron reduction of O2 and produces H2O2

(eqn (2)). Though graphitic carbon nitride (g-C3N4)-based cat-
alytic systems exhibit good efficiency for photocatalytic H2O2

production,4b,c,e two problems exist in the above systems
which restrict their further improvement: 1) the limited inhi-
bition of the one-electron reduction of O2 (eqn (3))4b and 2)
the subsequent decomposition of formed H2O2 by absorbing
light.4c To promote the two-electron reduction of O2 to H2O2

and stabilize the formed H2O2 under light irradiation, intro-
ducing guest molecules to the g-C3N4 host is therefore
desired.5

O2 + H+ + e− → ˙OOH(−0.13 V vs. NHE) (3)

O2 + 4H+ + 4e− → H2O(1.23 V vs. NHE) (4)

Polyoxometalates (POMs) are composed of cations and
polyanion clusters with structural diversity, in which the oxo-
metal polyhedra of MOx (M = W, Mo, V, Nb, Ta; x = 5, 6) are
the basic construction units.6 In the presence of light with
abundant energy, the excitation of POMs refers to the charge
transfer from O2− to Mn+ (n = 5, 6), leading to the formation
of a hole center (O−) and trapped electron center (M(n−1)+)
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pair. The excited POMs can act as both electron donors and
electron acceptors. In addition, the well-defined HOMO–
LUMO band gaps of POMs inhibit the recombination of
electrons and holes.7 Thus, POMs are capable of initiating hy-
drogen and oxygen evolution,8a,b carbon dioxide (CO2)
reduction,8c and selective organic synthesis8d due to the
strong photooxidative ability of the holes and photoreductive
ability of the electrons. These advantages make POMs the
ideal guest molecules for the g-C3N4 host. However, the
existing g-C3N4–POM hybrid catalysts based on weak interac-
tions such as electrostatic interaction and metal–ligand coor-
dination9 suffer from stability issues owing to POM
leaching.10 The primary amine (–NH2) groups of g-C3N4

frameworks can participate in organic reactions to introduce
functional groups to g-C3N4 frameworks.11 Though the POM
cluster [PW11O39]

7− (PW11) has been successfully covalently
combined with three dimensionally ordered macroporous
graphitic carbon nitride (3DOM g-C3N4) through an organic
linker strategy for photocatalytic H2O2 production,

12 this cata-
lytic system requires further improvement: 1) the amounts
and reactivity of –NH2 groups of g-C3N4 need improvement to
enhance the covalent interaction between g-C3N4 and POMs;
2) the photoreductive ability of POMs needs improvement to
promote the O2 reduction under sunlight irradiation.

Herein, g-C3N4 with larger amounts and higher reactivity
of –NH2 groups than 3DOM g-C3N4 (Fig. S1A†) has been pre-
pared by thermally decomposing urea.13 The POM cluster
[SiW11O39]

8− (SiW11) with more negative conduction band
(CB) level than PW11 (ref. 14) has been covalently combined
with g-C3N4 through an organic linker strategy (Fig. S2†).15

The organosilicon agent (triethoxysilyl)-propyl isocyanate can
act as the linker to covalently combine the SiW11 cluster with
g-C3N4. The hybrid catalyst g-C3N4–SiW11 with well-defined
and stable structure can promote the two-electron reduction
of O2 to H2O2 and stabilize the formed H2O2 under sunlight
irradiation (AM 1.5 filter). The experimental and density func-
tional theory (DFT) calculation results reveal that the covalent
combination of SiW11 and g-C3N4 can largely enhance the O2

adsorption of SiW11, which can promote the two-electron re-
duction of O2 to H2O2.

Results and discussion

The 13C MAS NMR spectra of g-C3N4 (Fig. 1A) exhibit two typi-
cal signal groups of the g-C3N4: the first signal group at 163.1
and 165.2 ppm with a 1.9 : 1 intensity ratio is the resonances
for the CN2ĲNH2) groups, and the second signal group at
156.9 ppm belongs to the CN3 groups of the cyameluric nu-
cleus.16 In contrast, the 13C MAS NMR spectra of g-C3N4–

SiW11 (Fig. 1A) show not only the two typical signal groups of
g-C3N4 but also the signal group at 10.1 ppm assigned to the
organosilicon linker. The presence of the signal at 10.1 ppm
confirms that the organosilicon linker has been covalently
linked with g-C3N4. The 29Si MAS NMR spectra of g-C3N4–

SiW11 (Fig. 1B) display two resonance peaks centered at −64.9
and −85.2 ppm, which correspond to RSiĲOM)3 (T

3 mode, R =
CH2CH2CH2NHĲCO)–, M = Si or W) and the heteroatom of
the SiW11 cluster, respectively. The presence of the T3 signal
reveals the three M–O–Si (M = Si or W) bonds around the Si
atom, confirming that the organosilicon linker is covalently
tethered onto the vacancy of the SiW11 cluster.17 The above
13C and 29Si MAS NMR results confirm that the SiW11 cluster
has been successfully covalently combined with g-C3N4 by the
organosilicon linker.

The XRD pattern of g-C3N4, K-SiW11 and g-C3N4–SiW11 is
shown in Fig. S3.† The diffraction peaks located at 13.1° and
27.6° of g-C3N4 are assigned to g-C3N4 with (100) and (002)
lines, which come from in-plane repeating tri-s-triazine and
stacking of the conjugated aromatic units, respectively.18 For
g-C3N4–SiW11, the weak intensity of characteristic peaks at
27.6° and the presence of typical SiW11-related peaks in the
range of 8–11° indicate that the SiW11 cluster has been suc-
cessfully covalently combined with g-C3N4 through the
organosilicon linker.9c,d Fig. S4† shows the IR spectra of
g-C3N4, K-SiW11 and g-C3N4–SiW11. The peaks in the range of
1156–1741 cm−1 have been observed in both g-C3N4 and
g-C3N4–SiW11, which are the typical vibrations of heptazine-
based molecular units.9b The vibrations at 1051, 957, and 883
cm−1 corresponding to the WO, Si–O, and W–O–W chemi-
cal bonds in the Keggin-type POM SiW11 can be found in
both K-SiW11 and g-C3N4–SiW11.

19 The above IR results

Fig. 1 13C (A) and 29Si (B) MAS NMR spectra of g-C3N4, K-SiW11 and g-C3N4–SiW11.
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indicate that the primary structure of g-C3N4 and the SiW11

cluster has been well preserved after covalent combination.
In addition, the broad peaks at around 3100–3400 cm−1 are
mainly due to the –NH2 groups of the adsorbed H2O from
air, which become weaker after covalent combination,11 indi-
cating the decreased content of surface –NH2 groups in
g-C3N4–SiW11. CO2 temperature programmed desorption
(CO2-TPD) has been performed to investigate the amount of
–NH2 groups in g-C3N4 and g-C3N4–SiW11 as –NH2 groups can
act as Lewis base sites and adsorb slightly acidic CO2 mole-
cules.20 Fig. S5† shows that the peak area of g-C3N4–SiW11 is
much smaller than that of g-C3N4. Furthermore, the zeta po-
tentials of aqueous suspension of g-C3N4 and g-C3N4–SiW11

have been measured because the –NH2 groups with free lone
pair electrons on nitrogen atoms can act as proton acceptors
and acquire positive surface charges.21 Fig. S6† shows that
the zeta potential of g-C3N4–SiW11 (−22.8 mV) is more nega-
tive than that of g-C3N4 (−14.9 mV). The above IR, CO2-TPD
and zeta potential measurement results reveal the significant
decrease in the amount of –NH2 groups in g-C3N4 after cova-
lent combination, confirming the reaction between the –NH2

groups of g-C3N4 and the organosilicon linkers. The nitrogen
adsorption–desorption isotherms and pore size distribution
patterns for g-C3N4 and g-C3N4–SiW11 are shown in Fig. S7.†
The isotherms for g-C3N4 and g-C3N4–SiW11 (Fig. S7A†) show
a type IV isotherm with a type H3 hysteresis loop. These two
catalysts present a broad pore-size distribution curve (1–94
nm) from a small mesopore centered at 3.8 nm to a large
mesopore centered at 32.7 nm (Fig. S7B†). The above results
confirm that both g-C3N4 and g-C3N4–SiW11 possess a clear
mesoporous structure.9c,d,22 The surface area, pore volume
and pore diameter of g-C3N4 and g-C3N4–SiW11 are shown in
Table S1.† Compared with g-C3N4, the increase in these values

of g-C3N4–SiW11 is due to the exfoliation and tailoring of the
sheet structure of g-C3N4 after covalent combination.11

Thermogravimetric analysis (TGA) curves for g-C3N4, K-SiW11

and g-C3N4–SiW11 are shown in Fig. S8.† The total weight loss
of g-C3N4 is 97.21% between 30 and 800 °C due to the direct
thermal decomposition of g-C3N4. For K-SiW11, the weight
loss in the range of 30–160 °C (2.02%) corresponds to the
loss of physisorbed water and crystallization water, and the
weight loss in the range of 160–800 °C (2.55%) is assigned to
the Keggin structure decomposition.17 According to the above
results, the actual weight percentage of the SiW11 cluster for
g-C3N4–SiW11 is 18.25%. Combining the TGA, EA and ICP
analysis (Table S2†), the molecular formulas of g-C3N4 and
g-C3N4–SiW11 can be given as C2.61N4H1.58 and
C2.61N4H1.55ĲK4SiW11O42Si2C8H14N2)0.007 (18.25 wt% SiW11).

As shown in Fig. 2A, the XPS peaks of C 1s for g-C3N4 and
g-C3N4–SiW11 can be fitted to two peaks at binding energies
of around 283.8 and 287.1 eV, which are ascribed to the ter-
tiary carbon C–N3 groups and the C–C groups, respec-
tively.12,23 The area ratios of these two peaks are 0.19 and
0.45 for g-C3N4 and g-C3N4–SiW11. The large increase in the
amount of C–C groups supports that the organosilicon linker
has been covalent linked with g-C3N4. Nevertheless, the XPS
peaks of N 1s (Fig. 2B) for g-C3N4 can be fitted to the three
peaks at 397.6, 399.2, and 403.7 eV, which are assigned to
N–(C2), N–(C3), and –NH2, respectively.

12,23 However, g-C3N4–

SiW11 only exhibits two peaks at 397.5 and 399.1 eV corre-
sponding to N–(C2) and N–(C3). The disappearance of the
–NH2 peak indicates that the –NH2 groups of g-C3N4 react
with the NCO– groups of the silane coupling agent to form
carbamido groups during the covalent combination of the
SiW11 cluster with g-C3N4. The above C 1s and N 1s XPS re-
sults support the 13C MAS NMR results of g-C3N4 and g-C3N4–

Fig. 2 C 1s (A), N 1s (B), Si 2p (C), W 4f (D), and O 1s (E) XPS spectra of g-C3N4, K-SiW11 and g-C3N4–SiW11.
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SiW11. Both g-C3N4 and g-C3N4–SiW11 show one Si 2p XPS
peak at 101.2 eV (Fig. 2C). In addition, the XPS peaks of W 4f
(Fig. 2D) for K-SiW11 and g-C3N4–SiW11 can be fitted to two
peaks at binding energies of around 34.5 and 36.6 eV (W 4f7/2
and W 4f5/2), which are consistent with the WĲVI) oxidation
state.10 The Si 2p and W 4f XPS results reveal that the pri-
mary structure of the SiW11 cluster has been well preserved
after covalent combination. The XPS peaks of O 1s (Fig. 2E)
for K-SiW11 and g-C3N4–SiW11 can be fitted to two peaks at
binding energies of around 531.3 and 529.8 eV, which are as-
cribed to W–O–O–W/Si and WO, respectively.9b The area ra-
tios of these two peaks are 0.12 and 3.51 for K-SiW11 and
g-C3N4–SiW11. The tremendous increase of the peak area of
W–O–O–W/Si supports that the organosilicon linkers are co-
valently tethered onto the vacancy of the SiW11 cluster. The
above XPS results confirm that the SiW11 cluster has been co-
valently combined with g-C3N4 through the organosilicon
linker and the primary structure of SiW11 cluster has been
well preserved after covalent combination.

Fig. S9† shows the TEM images of g-C3N4 (Fig. S9A–C†)
and g-C3N4–SiW11 (Fig. S9D–F†), which exhibit a sheet-like
structure.9c,d However, SiW11 clusters cannot be observed ob-
viously in the HR-TEM images of g-C3N4–SiW11 (Fig. S9D–F†),
mainly due to the SiW11 clusters being highly dispersed on

g-C3N4.
9b To investigate the dispersion of SiW11 on g-C3N4,

STEM mapping characterization has been performed. As
shown in Fig. S10A,† g-C3N4–SiW11 retains its sheet-like struc-
ture after covalent combination. The STEM image in Fig.
S10B† shows a rough defect-rich surface with curvatures, dis-
tortions, protuberances, and crumpled edges.12 The elemen-
tal mapping images of C, N, Si, W, and O (Fig. S10C–H†)
clearly exhibit that the SiW11 clusters are highly dispersed on
the surface of g-C3N4 after covalent combination.

The above characterization results confirm that the SiW11

cluster has been covalently combined with g-C3N4 to form the
hybrid catalyst g-C3N4–SiW11. Furthermore, the catalytic per-
formance of g-C3N4–SiW11 should be investigated.

The photocatalytic H2O2 production over various catalysts
has been conducted and monitored under O2-equilibrated
conditions and sunlight irradiation (AM 1.5 filter) in the pres-
ence of 5 vol% methanol at 25 °C. As shown in Fig. 3A, H2O2

can be rapidly generated over g-C3N4–SiW11 and the amounts
of formed H2O2 can reach 17.8 μmol in 60 minutes. The cata-
lytic performance of individual g-C3N4 (8.7 μmol in 60 mi-
nutes) or K-SiW11 (1.0 μmol in 60 minutes) is lower than that
of g-C3N4–SiW11. For comparison, g-C3N4–SiW11-IMP based on
the electrostatic interaction has been prepared through an
impregnation method with the same SiW11 weight percentage

Fig. 3 Photocatalytic H2O2 formation over different catalysts in 60 minutes (A). Reaction conditions: methanol/water mixture (5/95 v/v, 100 ml),
catalyst (0.10 g, 1 g L−1), O2-equilibrated, AM 1.5 filter, 25 °C. Photocatalytic H2O2 formation over g-C3N4–SiW11, g-C3N4–SiW11-IMP, g-C3N4 and K-
SiW11 in 360 minutes (B). Reaction conditions: methanol/water mixture (5/95 v/v, 100 ml), catalyst (0.10 g, 1 g L−1), O2-equilibrated, AM 1.5 filter, 25
°C. Apparent quantum yield (AQY) of g-C3N4–SiW11 and g-C3N4 for photocatalytic H2O2 production at selected wavelengths (C). Reaction
conditions: methanol/water mixture (5/95 v/v, 100 ml), catalyst (0.10 g, 1 g L−1), O2-equilibrated, 25 °C. Photocatalytic H2O2 formation over
g-C3N4–SiW11 in the absence of an electron donor (D). Reaction conditions: water (100 ml), catalyst (0.10 g, 1 g L−1), O2-equilibrated, AM 1.5 filter,
25 °C.
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as g-C3N4–SiW11 based on covalent interaction. g-C3N4–SiW11-
IMP shows lower catalytic performance (9.6 μmol in 60 mi-
nutes). The reaction cannot proceed in the absence of a cata-
lyst (<0.1 μmol in 60 minutes). Table S3† shows that H2O2

can be produced with a high selectivity of 86.6% over g-C3N4

(ref. 4b and c), while the selectivity over K-SiW11 is 3.0% dur-
ing the 60 minute photoreaction. The above results reveal
that the SiW11 cluster is an efficient catalyst for methanol
photooxidation while g-C3N4 can enhance the selectivity of
H2O2. Though g-C3N4–SiW11-IMP based on the electrostatic
interaction can increase the H2O2 production (9.6 μmol in 60
minutes), it can't maintain the high selectivity of H2O2

(22.2%). Only the g-C3N4–SiW11 based on covalent interaction
can both increase the H2O2 production (17.8 μmol in 60 mi-
nutes) and maintain the high selectivity of H2O2 (80.1%). As
shown in Fig. S1B,† g-C3N4 exhibits better catalytic perfor-
mance for the photocatalytic H2O2 production than 3DOM
g-C3N4 under sunlight irradiation (AM 1.5 filter) because
g-C3N4 has larger amounts of –NH2 groups than 3DOM
g-C3N4 (Fig. S1A†).12,23 In addition, the effect of sacrificial
agents (methanol, ethanol and i-propanol) has been investi-
gated. The results in Fig. S11† reveal that the highest H2O2

production can be obtained using methanol as the sacrificial
agent because methanol is the easiest to be oxidized. The
photocatalytic H2O2 production over g-C3N4 and g-C3N4–SiW11

has been performed under N2- and O2-equilibrated conditions
to investigate the role of O2 in the photocatalytic H2O2 pro-
duction (Fig. S12†). Generally, the photoexcited CB electrons
can be scavenged by dissolved O2 under O2-equilibrated con-
ditions but the protons should take up the electrons in the
absence of O2 (N2-equilibrated conditions).4e Under N2-
equilibrated conditions, no H2O2 can be formed over both
g-C3N4 and g-C3N4–SiW11, confirming that H2O2 is generated
through the O2 reduction. g-C3N4–SiW11 exhibits efficient cat-
alytic performance for the photocatalytic H2O2 production
under sunlight irradiation (AM 1.5 filter). As the absorption
maxima of the POM cluster were found in the ultraviolet (UV)
region,6a the catalytic performance of g-C3N4 and g-C3N4–

SiW11 under visible light (λ ≥ 400 nm) have been investi-
gated. Fig. S13† shows that both g-C3N4 and g-C3N4–SiW11 ex-
hibit lower catalytic performance under visible light (λ ≥ 400
nm) than those under sunlight irradiation (AM 1.5 filter).
However, the catalytic performance of g-C3N4–SiW11 is always
better than that of g-C3N4, suggesting that the covalent com-
bination of SiW11 and g-C3N4 can promote the photocatalytic
H2O2 production.

(5)

The formation and decomposition of H2O2 over catalysts
proceed through two competitive pathways owing to the ther-
modynamic instability of H2O2 at room temperature.4a,24 The
Kf and Kd values have been estimated by substituting the data
in Fig. 3A to eqn (5), and the results are presented in Table

S4.†25 In order to investigate the stability of different cata-
lysts, the reaction time has been extended to 360 minutes.
The maximum amounts of formed H2O2 over g-C3N4–SiW11,
g-C3N4–SiW11-IMP, g-C3N4 and K-SiW11 is obtained to be 91.4,
24.0, 19.1 and 3.7 μmol in 360 minutes, respectively (Fig. 3B),
giving the H2O2 formation rate of 15.2, 4.0, 3.2 and 0.6 μmol
h−1 for g-C3N4–SiW11, g-C3N4–SiW11-IMP, g-C3N4 and K-SiW11

(Table S4†). The values of Kf obtained from the photocatalytic
H2O2 production over different catalysts (Table S4†) decrease
in the following order: g-C3N4–SiW11 (0.4831 μmol min−1) >
g-C3N4–SiW11-IMP (0.2981 μmol min−1) > g-C3N4 (0.2862
μmol min−1) > K-SiW11 (0.0255 μmol min−1) > none (0.0027
μmol min−1), which is consistent with the above H2O2 forma-
tion rate over different catalysts (Table S4†). Furthermore,
the values of Kd obtained from the photocatalytic H2O2 de-
composition over different catalysts (Fig. S14†) increase in
the following order: none (0.0093 min−1) < K-SiW11 (0.0163
min−1) < g-C3N4–SiW11 (0.0183 min−1) < g-C3N4 (0.0232
min−1) < g-C3N4–SiW11-IMP (0.0254 min−1). The 29Si MAS
NMR for used g-C3N4–SiW11 (Fig. S15†) reveals no signal of
the polyperoxometalate species of the SiW11 cluster, which
rules out the formation of polyperoxometalate species during
the photocatalytic H2O2 production.26 The above results con-
firm that the covalent combination of SiW11 and g-C3N4 can
stabilize the formed H2O2 under sunlight irradiation (AM 1.5
filter). Above all, the covalent combination of SiW11 and
g-C3N4 can promote the two-electron reduction of O2 to H2O2

and stabilize the formed H2O2 under sunlight irradiation
(AM 1.5 filter).

Under similar reaction conditions over the g-C3N4-based
catalysts with electron donors of alcohol, the H2O2 formation
rate (15.2 μmol h−1) over g-C3N4–SiW11 is higher than those
over g-C3N4 (2.5 μmol h−1),4b meso-g-C3N4 (3.8 μmol h−1),4c

g-C3N4–KPO (10.0 μmol h−1)4e and 3DOM g-C3N4–PW11 (10.4
μmol h−1, Fig. S16†).12 In addition, the catalytic performance
of g-C3N4–SiW11 (15.2 μmol h−1) is higher than that of
carbonate-surface modified bimodal size distribution-Au/TiO2

(BM-Au/TiO2–CO3
2−, 10.0 μmol h−1).4d The apparent quantum

yields (AQYs) of photocatalytic H2O2 production have been
compared between g-C3N4 and g-C3N4–SiW11. Fig. 3C shows
that the AQYs of g-C3N4–SiW11 in the UV range are 29.2% at
320 nm and 22.8% at 370 nm. In the visible light region, the
AQY at 420 nm was 6.5%, which is 3 times higher than that
for g-C3N4 at 420 nm (Φ420 = 1.9%). The AQY value at 320 nm
for g-C3N4–SiW11 (Φ320 = 29.2%) is higher than those for
g-C3N4 (Φ320 = 21.5%)4b and g-C3N4–KPO (Φ320 = 26.2%).4e

Furthermore, the formed H2O2 can reach 1.8 μmol in 60 mi-
nutes over g-C3N4–SiW11 without an electron donor (Fig. 3D),
suggesting that g-C3N4–SiW11 can act as a dual-functional cat-
alyst for both water oxidation (Fig. S17†) and oxygen reduc-
tion.12,27 Therefore, the relatively high H2O2 formation rates
among the reported g-C3N4-based catalysts and the ability to
produce H2O2 without an electron donor make g-C3N4–SiW11

a promising catalyst for photocatalytic H2O2 production.
Photoelectrochemical characterization should be

performed to clarify the reason for the efficient activity of
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g-C3N4–SiW11. As shown in Fig. S18A,† the photocurrent den-
sity of g-C3N4–SiW11 (0.45 μA cm−2) is much larger than that
of g-C3N4 (0.13 μA cm−2). Photoelectrochemical impedance
spectroscopy (PEIS) results are shown in Fig. S18B.† The di-
ameter of the Nyquist semicircle for g-C3N4–SiW11 is smaller
than that of g-C3N4, which indicates that the g-C3N4–SiW11

composites have lower resistances than g-C3N4. The emission
peak appearing at about 458 nm in photoluminescence (PL)
spectra of g-C3N4 and g-C3N4–SiW11 is attributed to the direct
electron–hole recombination of band transition. Compared
with g-C3N4, g-C3N4–SiW11 exhibits a weaker emission peak
(Fig. S19A†). The above results reveal that the covalent combi-
nation of SiW11 and g-C3N4 can enhance the charge separa-
tion of g-C3N4–SiW11.

Electron spin resonance (ESR) analysis with 5,5-dimethyl-
1-pyrroline N-oxide (DMPO) as the spin-trapping reagent has
been performed to confirm the pathway of O2 reduction over
different catalysts. Fig. 4A shows the ESR spectra of the solu-
tions recovered after photoreaction over g-C3N4 and g-C3N4–

SiW11 for 3 minutes. Both solutions exhibit distinctive signals
assigned to the DMPO–˙OOH spin adduct (αN = 13.1 G, αβ

H =
9.8 G, g = 2.0059).4c The signal intensity for the solution
obtained by photoreaction over g-C3N4–SiW11 is much weaker
than that over g-C3N4. In order to quantify the ˙OOH concen-
tration, nitro blue tetrazolium (NBT) has been chosen as a
˙OOH radical scavenger because NBT can be reduced by

˙OOH radicals and formed purple formazan, which was insol-
uble in water.28 Fig. S20† shows the evolution of NBT disap-
pearance and the subsequent formation of ˙OOH radicals
during the photocatalytic H2O2 production over g-C3N4 and
g-C3N4–SiW11. After the covalent combination of SiW11 with
g-C3N4, the amounts of ˙OOH radicals decrease significantly
(Fig. S20B†). Scavenger experiments using p-benzoquinone
(PBQ) have been performed to investigate the role of ˙OOH.
As can be seen from Fig. S21,† the addition of PBQ can actu-
ally depress the photocatalytic H2O2 production over g-C3N4,
while the addition of PBQ has no effect on the photocatalytic
H2O2 production over g-C3N4–SiW11. The ESR signal and
quantitative and ˙OOH scavenger experimental results sug-
gest that one-electron reduction of O2 (eqn (3)) is indeed
suppressed over g-C3N4–SiW11, which thus promotes the two-
electron reduction of O2 (eqn (2)).

Electrochemical rotating disk electrode (RDE) analysis of
the oxygen reduction reaction (ORR) further investigates the
pathway of O2 reduction. Fig. S22† shows the LSV curves of
g-C3N4, TBA-SiW11 and g-C3N4–SiW11 measured on the RDE in
an O2-saturated 0.1 M phosphate buffer solution (pH 7) at
different rotating speeds. The lipophilic tetrabutyl ammo-
nium (TBA) salt of SiW11 was used because TBA–SiW11 is in-
soluble in the above 0.1 M phosphate buffer solution.9a

Fig. 4B summarizes the Koutecky–Levich plots of the data at
−0.9 V vs. Ag/AgCl.29 The n value for g-C3N4 (n = 1.68)

Fig. 4 DMPO spin trapping ESR technique to measure ˙OOH generated photoreaction over these catalysts (A), Koutecky–Levich plots of the ORR
data measured by RDE analysis for g-C3N4, TBA–SiW11 and g-C3N4–SiW11 (Fig. S22†) in a buffer solution (pH 7) at a constant potential of −0.9 V vs.
Ag/AgCl (B), O2-TPD profiles of g-C3N4, K-SiW11 and g-C3N4–SiW11 (C), and scheme of the energy levels and charge transfer pathways of g-C3N4

and g-C3N4–SiW11 (D).
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suggests that one-electron O2 reduction indeed occurs, which
confirms the ESR results. In contrast, the n value for TBA–
SiW11 (n = 3.67) reveals that the SiW11 cluster can promote
the two-electron O2 reduction reaction. Therefore, the cova-
lent combination of the SiW11 cluster with g-C3N4 can pro-
mote the two-electron reduction of O2 to H2O2, which is
supported by the n value for g-C3N4–SiW11 (n = 2.76).

It has been reported that the enhanced O2 adsorption of
catalysts can promote the multi-electron reduction of
O2.

29a,30 Furthermore, O2 temperature programmed desorp-
tion (O2-TPD) has been performed to detect the changes in
oxygen species after the covalent combination (Fig. 4C). The
oxygen desorption at low temperature (<400 °C) is ascribed
to adsorbed oxygen (Oads), and the lattice oxygen (Olatt) starts
to be released at high temperature (>400 °C).31 SiW11 only ex-
hibits an oxygen desorption peak at 462 °C, while the g-C3N4–

SiW11 exhibits two oxygen desorption peaks at 337 °C and
452 °C. The above results reveal that the covalent combina-
tion of SiW11 and g-C3N4 can enhance the O2 adsorption of
SiW11. Combining the ESR, Koutecky–Levich plots and O2-
TPD results, it is shown that the enhanced O2 adsorption of
g-C3N4–SiW11 can promote the two-electron reduction of O2

to H2O2.
The Mott–Schottky plots of g-C3N4 and g-C3N4–SiW11 at

varied frequencies (1.0, 1.5 and 2.0 kHz) exhibit positive
slopes (Fig. S23A and B†), suggestive of their n-type semicon-
ductor features.32 A flat band potential of −0.15 V and 0.01 V
vs. normal hydrogen electrode (NHE) has been obtained for
g-C3N4 and g-C3N4–SiW11, respectively.

33 Considering that the
conduction band (CB) could be 0–0.1 V more negative than
the flat band position, the corresponding CB edge of g-C3N4

and g-C3N4–SiW11 has been estimated to be −0.25 V and −0.09
V vs. NHE, respectively. From the Tauc plots of g-C3N4 and
g-C3N4–SiW11 (Fig. S19C†), the band gap of g-C3N4 and
g-C3N4–SiW11 are 2.67 and 2.64 eV, respectively.34 Combining
the Mott–Schottky measurements and Tauc plots results, the
valence band (VB) positions of g-C3N4 and g-C3N4–SiW11 have
been estimated to be 2.42 V and 2.55 V vs. NHE, respectively.

As shown in Fig. 4D, a positive shift of 0.16 V for the CB
level from g-C3N4 to g-C3N4–SiW11 has been observed. The

positive shift of the CB level in g-C3N4–SiW11 likely leads to
improvement in the selectivity of O2 reduction to H2O2.

12,27,35

Moreover, the CB level in g-C3N4–SiW11 (−0.09 V vs. NHE) is
more positive than that in the one-electron reduction of O2 to
˙OOH (−0.13 V vs. NHE) and has sufficient potential differ-
ence (0.78 V) from that in the two-electron reduction of O2 to
H2O2 (0.69 V vs. NHE).36 Above all, the positive shifts of the
CB level from g-C3N4 to g-C3N4–SiW11 can promote the two-
electron reduction of O2 to H2O2.

To investigate the effect of g-C3N4 moieties on the
electronic structure of SiW11, the theoretical calculations of
the geometry and electronic structures of SiW11–organic
linker and g-C3N4–SiW11 have been performed using density
functional theory (DFT) in Tables S5 and S6.† As shown in
Fig. 5, the observed HOMO (0.67 eV) and LUMO (4.22 eV) en-
ergy levels considerably decreased, which indicates that the
g-C3N4 moieties can stabilize both HOMO and LUMO energy
levels. In addition, the HOMO–LUMO gap of g-C3N4–SiW11

(3.55 eV) is obviously smaller than that of SiW11–organic
linker (4.07 eV). The electrons at both HOMO and LUMO+2
energy levels of the g-C3N4–SiW11 model are mainly located at
the oxygen atoms of the SiW11 unit due to the high electron
affinity of the SiW11 unit,

6a indicating that the SiW11 unit can
behave as both oxidation and reduction sites.35

As shown in Table S7,† the absolute value of the calculated
total negative charge localized on O atoms in the SiW11 clus-
ter of g-C3N4–SiW11 is 29.77 |e|, which is lower than that of
the SiW11 cluster of SiW11–organic linker (30.07 |e|). The co-
valent combination of SiW11 and g-C3N4 results in the de-
crease in the surface charge of the SiW11 cluster and increase
in the adsorption capacity of O2, which is consistent with the
O2-TPD results (Fig. 4C). The O2-TPD results reveal that the
covalent combination of SiW11 and g-C3N4 can enhance the
O2 adsorption of SiW11. Therefore, the experimental and DFT
calculation results reveal that the covalent combination of
SiW11 and g-C3N4 can largely enhance the O2 adsorption of
SiW11, which can promote the two-electron reduction of O2 to
H2O2.

The catalytic results reveal that g-C3N4–SiW11 is truly
heterogeneous for H2O2 production, and heterogeneous

Fig. 5 The HOMO and LUMO energy levels and the HOMO–LUMO gaps of the SiW11–organic linker and g-C3N4–SiW11.
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g-C3N4–SiW11 can be recycled five times under the same con-
ditions (Fig. S24†). The characterization results reveal that
the structure and composition of the used g-C3N4–SiW11 re-
main unchanged (Fig. S15, S25, S26 and Table S2†). The
above results indicate that the heterogeneous g-C3N4–SiW11 is
catalytically stable.

Conclusions

To summarize, to optimize the structure of g-C3N4–POMs, the
g-C3N4 with larger amounts and higher reactivity of –NH2

groups than 3DOM g-C3N4 has been prepared by thermally
decomposing urea. The POM cluster of SiW11 with more neg-
ative CB level than PW11 has been covalently combined with
g-C3N4 through an organic linker strategy. The organosilicon
agent (triethoxysilyl)-propyl isocyanate can act as the linker to
covalently combine the SiW11 cluster with g-C3N4. The hybrid
catalyst g-C3N4–SiW11 exhibits efficient catalytic performance
(15.2 μmol h−1) for photocatalytic H2O2 production in the
presence of methanol and can stabilize the formed H2O2 un-
der sunlight irradiation (AM 1.5 filter). Three reasons have
been presented for the efficient catalytic performance of
g-C3N4–SiW11 from the catalytic and characterization results:
1) the conduction band (CB) level of g-C3N4–SiW11 (−0.09 V
vs. NHE) is more positive than that of the one-electron reduc-
tion of O2 to ˙OOH (−0.13 V vs. NHE) and the potential differ-
ence between the CB level of g-C3N4–SiW11 (−0.09 V vs. NHE)
and the O2 to H2O2 potential (0.69 V vs. NHE) is sufficient
(0.78 V), which can promote the two-electron reduction of O2

to H2O2; 2) the hybrid catalyst of g-C3N4–SiW11 can stabilize
the formed H2O2 under sunlight irradiation (AM 1.5 filter);
and 3) most importantly, the experimental and DFT calcula-
tion results reveal that the covalent combination of SiW11

and g-C3N4 can largely enhance the O2 adsorption of SiW11,
which can promote the two-electron reduction of O2 to H2O2.

Experimental section
Preparation of g-C3N4–SiW11

12g-C3N4 (1.00 g) was dispersed in 50 ml isopropanol, and (tri-
ethoxysilyl)-propyl isocyanate (1.00 g, 4.04 mmol) was added.
The reaction mixture was kept at 80 °C, to which small
amounts of triethylamine were added. After reaction for 24
hours, the g-C3N4 linker was obtained by centrifugation and
used directly in the next step after washing with ethanol.
Then, K-SiW11 (6.50 g, 2.02 mmol) was added to the 300 ml
aqueous dispersion of the g-C3N4 linker. After adjusting the
pH to 0.5 with 1 M HCl, the reaction mixture was stirred for
24 hours. The hybrid catalyst of g-C3N4–SiW11 was
centrifuged, washed with water, and then dried at 60 °C in
air. Based on the TGA, EA and ICP analysis, the formula of
g-C3N4–SiW11 was determined to be C2.61N4H1.55ĲK4SiW11O42-
Si2C8H14N2)0.007 (18.25 wt% SiW11). For comparison, g-C3N4–

SiW11-IMP based on the electrostatic interaction has been
prepared through an impregnation method with the same

SiW11 weight percentage as g-C3N4–SiW11 based on covalent
interaction.

Photocatalytic evaluation

The photocatalytic activities were evaluated by the activation
of oxygen under light irradiation. The light source was a 300
W xenon lamp (Perfect Light Company, Beijing), and an AM
1.5 filter was used to simulate sunlight. During each photo-
catalytic performance, 0.10 g of the catalyst was dispersed
into 100 ml of the methanol/water mixture (5/95 v/v) in a con-
tainer (1 g L−1 catalyst). After that, the dispersion was stirred
in the dark for 60 minutes to ensure the adsorption–desorp-
tion equilibrium among the catalyst, dissolved oxygen and
water before light irradiation. During irradiation, 1.5 ml of
the suspension was taken from the reaction cell at given time
intervals, and then filtrated to remove the catalysts. The
liquid-phase products were quantified using a high perfor-
mance liquid chromatograph (HPLC; Shimadzu LC-20AT, To-
kyo, Japan) equipped with a C18 (250 mm × 4.6 mm × 5 μm)
reversed-phase column (GL Sciences Inc., Tokyo, Japan) and
a UV detector. The gas-phase product was analyzed using a
gas chromatograph (Agilent 7890A) equipped with FID (HP-
INNOWAX column) and TCD detectors (Porapack-Q column).
The concentrations of the generated H2O2 were determined
by iodometric titration.4d After completion of the reaction,
the catalysts can be recovered by centrifugation, washed with
water, and dried at 60 °C in air. To investigate the decompo-
sition behavior of H2O2 over the photocatalysts, a 1 g L−1

sample was dispersed in H2O2 solution (initial concentration:
1 mM) and irradiated for 60 minutes under continuous
stirring.
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