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ABSTRACT: Photocatalytic production of hydrogen peroxide (H,O,) on
semiconductor catalysts with alcohol as a hydrogen source and molecular
oxygen (O,) as an oxygen source is a potential method for safe H,O,
synthesis because the reaction can be carried out without the use of
explosive H,/O, mixed gases. Early reported photocatalytic systems,
however, produce H,0, with significantly low selectivity (~1%). We found

that visible light irradiation (4 > 420 nm) of graphitic carbon nitride (g-

C;N,), a polymeric semiconductor, in an alcohol/water mixture with O, efficiently produces H,O, with very high selectivity
(~90%). Raman spectroscopy and electron spin resonance analysis revealed that the high H,0, selectivity is due to the efficient
formation of 1,4-endoperoxide species on the g-C;N, surface. This suppresses one-electron reduction of O, (superoxide radical
formation), resulting in selective promotion of two-electron reduction of O, (H,O, formation).
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B INTRODUCTION

Hydrogen peroxide (H,0,) is a clean oxidant that emits only
water as a byproduct and is widely used in industry for organic
synthesis, pulp bleaching, and disinfection. At present, H,O, is
commercially produced by the anthraquinone method,' which
has some nongreen features, such as high energy utilization,
because of the multistep hydrogenation and oxidation reactions.
Recently, direct production of H,O, with H, and O, gases has
been studied extensively with Pd*™* or Au—Pd bimetallic
catalysts.”~” This direct synthesis can be an alternative process
for H,O, synthesis from the viewpoint of green chemistry,
although some care is necessary for operation because of the
explosive nature of H,/O, mixed gases.

Photocatalytic H,O, production on semiconductor materials
such as titanium dioxide (TiO,) has also been studied
extensively.* "' The reactions are usually carried out by UV
irradiation (4 < 400 nm) of an O,-saturated water with TiO, in
the presence of alcohols as the electron and proton donor.
Photoexcitation of TiO, produces the electron (e”) and
positive hole (h*) pairs. The h* oxidize alcohol and produce
aldehyde and protons, whereas the e~ promote two-electron
reduction of O, and produce H,0,.

R—-CH,OH + 2h" - R—CHO + 2H" (1)

0, + 2H' + 2¢” - H,0, @)

The reaction proceeds without H, gas at room temperature and
atmospheric pressure, therefore, a clean and safe H,O,
synthesis. Its efficiency is, however, very low because the
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selectivity for the amount of H,O, formed relative to the
amount of alcohol consumed is less than 1%.%~"" Several kinds
of TiO, catalysts modified with fluoride'” or loaded with Au'?
or Au—Ag alloy nanoparticles'* have been proposed; however,
all of these systems exhibit insufficient H,O, selectivity. This is
because one-electron reduction of O, occurs predominantly
and produces a superoxide anion (eq 3)."® This suppresses two-
electron reduction of O, (eq 2), resulting in insufficient H,0,
selectivity.

0, + H" + ¢~ —» O0H (3)
Another reason for the low H,0, selectivity is that the formed
H,0, is subsequently decomposed by absorbing UV light
(~400 nm)."® Efficient H,0O, production, therefore, requires
selective promotion of two-electron reduction of O, and
suppression of subsequent photodecomposition of the formed
H,0,.

Graphitic carbon nitride (g-C;N,) is a metal-free polymeric
photocatalyst, with a graphitic stacking structure of the C;N,
layers consisting of tri-s-triazine units connected through amino
groups (Scheme 1)."” '8 This material is successfully activated
by the irradiation of visible light (~480 nm) and eXhlbltS hlgh
photocatalytic activity for H, or Oz evolution from water'® and
degradation of organic pollutants.” Electrochemical analysis of
g-C3N, revealed that the bottom of its conduction band is —1.3
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Scheme 1. (a) Graphitic Stacking Structure of g-C;N, Sheet
and (b) Photograph of the Prepared g-C;N,*

“The gray and blue spheres are the C and N atoms, respectively, and
the second and third layers of the sheets are green and brown,
respectively.

V (vs NHE),”" which is more negative than the reduction
potential of O, (—0.28 V vs NHE).*> This suggests that, as
reported,* ¢ g-C;N, is able to promote the reduction of O,
under visible light irradiation.

Here, we report that g-C;N, activated by visible light in water
with alcohol and O, selectively promotes two-electron
reduction of O, while suppressing subsequent photodecompo-
sition of the formed H,0,. This thus facilitates highly eflicient
production of H,0, with more than 90% selectivity. Raman
spectroscopy and electron spin resonance (ESR) analysis
revealed that selective two-electron reduction of O, on the
photoexcited g-C;N, is due to the efficient formation of 14-
endoperoxide species on its surface, which is selectively
transformed to H,0,.

B RESULTS AND DISCUSSION

The g-C;N, photocatalyst was simply prepared by calcination
of cyanamide®” as yellow powders (Scheme 1b). As shown in
Figure la, the obtained powders (BET surface area, 10.3 m?
g~') show strong absorption in the visible region; its band gap
is 2.62 eV (= 474 nm). The X-ray diffraction (XRD) pattern of
g-C;N, (Figure S1, Supporting Information) shows a
distinctive signal assigned to the (002) packing of the C;N,
layers at 260 = 27.4 (d = 0.325 nm).”® X-ray photoelectron
spectroscopy (XPS) of g-C;N, (Figure S2, Supporting
Information) shows a C 1s peak at 288 eV assigned to the
N=C-N, groups of the triazine ring and a N s peak at 398—
399 eV assigned to the sp>-hybridized N atoms (C=N-C).*’
The transmission electron microscopy (TEM) image of g-CN,
shows a sheet-like structure (Figure S3, Supporting Informa-
tion), as often observed for related materials.>** These data
suggest that, as shown in Scheme 1a, g-C;N, indeed possesses a
stacking structure of the C;N, layers consisting of tri-s-triazine
units.

Photocatalytic reactions were performed with ethanol
(EtOH) as the electron and proton donor. An EtOH/water
mixture (9/1 v/v, S mL) containing catalyst (20 mg) was
photoirradiated by a Xe lamp (1 > 420 nm) with magnetic
stirring under O, atmosphere (1 atm) at 298 K. Table 1
summarizes the results obtained by 12 h of photoreaction with
the respective catalysts. It must be noted that all of the systems
produce acetaldehyde as the main photooxidation product of
EtOH, along with minor amounts of acetic acid and CO, (mass
balance > 95%). With bare TiO, (entry 1), the amount of H,0,
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Figure 1. (a) Absorption spectrum of g-C;N, and action spectrum for
H,0, formation. Apparent quantum yield for H,O, formation was
calculated with the equation {®g.0n (%) = ([H,0, formed] X 2)/
[photon number entered into the reaction vessel] X 100}. The inset
shows the change in H,O, selectivity as a function of excitation
wavelength. (b) Absorption spectrum of H,0, (420 M) and action
spectrum for H,0, decomposition calculated using the equation
{Pecomposition (%) = [H,0, decomposed]/[photon number entered
into the reaction vessel] X 100}.

formed is <0.2 ymol, although a large amount of acetaldehyde
(83 umol) is produced. The selectivity for the amount of H,0,
formed relative to the amounts of photooxidation products (=
[H,0,]/[acetaldehyde + acetic acid + (CO,)/2] X 100) is
<0.2%, suggesting that two-electron reduction of O, does not
occur selectively.

As shown by entry 2, TiO, loaded with 1 wt % Pt particles
(Pt,/TiO,) produces a much larger amount of aldehyde (>0.1
mmol) because of the enhanced charge separation by the
creation of a Schottky barrier;>" however, the H,0, selectivity
scarcely changes (<0.1%). In addition, TiO, loaded with Au
particles®® or modified with fluoride (entries 3 and 4), which
has been proposed for H,0, production,'>'® still shows very
low H,0, selectivity (~6.3%). Furthermore, nitrogen-doped
TiO,, a well-known visible light-responsive catalyst,* is also
ineffective for H,0, formation (entry S). In contrast, as shown
by entry 6, photoreaction with g-C;N, produces a very large
amount of H,0, (30 umol) with significantly high selectivity
(90%). This indicates that g-C;N, specifically promotes two-
electron reduction of O, and facilitates selective H,0,
production. It is noted that oxidation of water by the
photoformed hole on the semiconductor surface is also a
possible mechanism for H,0, formation.** In the present g-
C;N, system, visible light irradiation in pure water with O,
scarcely produces H,0, (<0.2 umol), although the reaction
with EtOH produces a much larger amount of H,0, (30 ymol,
entry 6). This clearly suggests that oxidation of water by the
photoformed hole scarcely contributes to the H,O, production,
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Table 1. Results for Photocatalytic Production of H,0, from EtOH and O, with Various Catalysts”

hv (A >420 nm), 12 h

“SOH + O > g + H0,
45mL (1 atm) catalyst (20 mg)
water (0.5 mL), 298 K
entry catalyst” H,0,/umol” CH,CHO/umol? CH,COOH/umol” CO,/pumol? H,0, selectivity/%°
1 Tio;" <02 83 0.1 34 <02
2 Pt,/TiO,* <0.2 188 3.6 3.0 <0.1
3 Au,/TiO,# 30 47 N.D. 1.5 63
4 E-TiO, <0.2 50 N.D. 1.4 <04
S N-TiO, <0.2 23 N.D. 2.1 <0.8
6 g-CN, 30 32 0.7 Ls 90
7 Pt,,/g-CsN & 42 38 ND. 19 11
8 Pt,/g-C,N& 12 308 67 5.6 04

“Photoirradiation was carried out with a 2 kW Xe lamp (light intensity at 420—500 nm was 26.9 W m™2). “The subscript texts (M,) denote the
amount of metal loaded on the support (x = wt %). “Determined by redox titration with KMnO, (detection limit: 0.2 ymol). “Determined by GC.
°= [H,0,]/([CH,CHO] + [CH;COOH] + [CO,]/2) x 100./JRC-TIO-4 TiO, supplied from the Catalyst Society of Japan (equivalent to Degussa
P25; particle size, 24 nm; BET surface area, 57 m? g_l; anatase/rutile = ca. 83/17). Average diameters of metal particles determined by TEM
observations are 3.1 + 1.1 nm (Pt;/TiO,), 3.4 + 0.9 nm (Au,/TiO,), 2.3 + 0.5 nm (Pt,;/g-C;N,), and 4.9 + 2.2 nm (Pt;/g-C;N,), respectively (see

Figure S4, Supporting Information).

leaving that two-electron reduction of O, is the main
mechanism for H,0, formation.

Figure SS (Supporting Information) shows time-dependent
change in the amount of products during photoreaction of an
EtOH/water/O, system with g-C;N,. Even after prolonged
photoirradiation (~24 h), the H,0, selectivity is unchanged
(~90%), and the rate of H,0, formation is almost constant. In
addition, as shown in Table S1 (Supporting Information), use
of other aliphatic or benzylic alcohols also exhibits high H,O,
selectivity (ca. 90%). These data suggest that g-C;N, activated
by visible light with alcohol selectively produces H,O,.

Figure la (black circle) shows the action spectrum for H,0,
formation, obtained by photoreaction of an EtOH/water/O,
system with g-C;N, under irradiation of monochromatic
light>® The apparent quantum yield for H,0, formation
(Pgormation) 2lmost agrees with the absorption spectrum of g-
C;N,, indicating that photoexcitation of g-C;N, promotes
H,O, formation. The inset of Figure la shows the change in
H,0, selectivity as a function of excitation wavelength.
Irradiation with >400 nm light shows high H,O, selectivity
(>90%), but the selectivity decreases with <400 nm light
irradiation. This is because the formed H,O, is decomposed by
absorbing UV light.'® Figure 1b (white circle) shows the action
spectrum for H,0, decomposition obtained by photo-
irradiation of a water (3 mL) containing H,0, (18 pmol)
with O, at 298 K. The apparent quantum yield for
decomposition (P gecomposition) agrees with the absorption
spectrum of H,0, and increases significantly with <400 nm
light irradiation. The result is consistent with the decreased
H, 0, selectivity by <400 nm light irradiation (Figure 1a, inset).
These data clearly suggest that photoexcitation of g-C;N, by
visible light suppresses subsequent photodecomposition of
H,0, and facilitates selective H,O, formation.

In the present g-C;N, system, reaction temperature (<298
K) and addition of water to alcohol (>10%) are very important
factors for selective H,0O, formation. As shown in Figure 2a,
photoreaction of an EtOH/water/O, system with g-C;N, at
<298 K produces H,0, with high selectivity (~90%), but the
selectivity decreases significantly at >298 K. This is due to the
thermal decomposition of H,0, at elevated temperature.® In
addition, as shown in Figure 2b, photoreaction of g-C;N, at
298 K without water shows very low H,0, selectivity (63%),
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Figure 2. (a) Effect of reaction temperature on the amount of
products and H,O, selectivity during photoreaction with g-C;N, in an
EtOH/water/O, system. Reaction conditions are identical to those in
Table 1. (b) Effect of water content in solution on the amount of
products and H,O, selectivity during photoreaction with g-C;N, in an
EtOH/O, system.

but it increases up to ~90% by the addition of >10% water.
This is probably because the stabilization of H,O, by the
hydration with water molecules®” suppresses decomposition of
H,0,. These data suggest that photoreaction with water at
around room temperature promotes selective H,O, production.

Mechanism for selective H,0, formation on the photo-
excited g-C;N, can be explained by Scheme 2. Photoexcitation
of g-C3N, by two photons (a) creates e”—h* charge-separated
state (b). The formed e are localized at the Cl and N4
positions of the triazine ring, whereas the h* are localized at the
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Scheme 2. Proposed Mechanism for Selective H,O,
Formation on the Surface of Photoactivated g-C;N,

1,4-endoperoxide
species

fast

superoxo radical

N2 and N6 positions.”® The h* remove a- and B-hydrogens of
alcohol and produce aldehyde (c).*' The e~ on either C1 or N4
position reduces O, and produces a superoxo radical (d).*” The
radical is usually released as a superoxide (*OOH) radical (e)
via the reaction with the proton, promoting one-electron
reduction of O, (eq 3)." In contrast, on g-C;N,, the superoxo
radical (d) is rapidly reduced by the e~ at the para position of
the triazine ring, producing a 1,4-endoperoxide species (f).*’
Protonation of the endoperoxide species produces H,0,">*!
and completes the photocatalytic cycle. These mechanisms
indicate that selective H,O, formation on the photoexcited g-
C;N, is due to the rapid formation of the 1,4-endoperoxide
species (d — f). This suppresses one-electron reduction of O,
(d > e — a) and selectively promotes two-electron reduction
of O,.

The suppression of one-electron reduction of O, (*OOH
radical formation) on g-C;N, is confirmed by ESR analysis with
5,5-dimethyl-1-pyrroline N-oxide (DMPO), a spin trapping
reagent. Figure 3 shows the ESR spectra of the solution
recovered after photoreaction of an EtOH/water/O, system
with catalyst and DMPO. As shown in Figure 3a, the spectrum
obtained after photoreaction with TiO, shows strong signals

g = 2.0066

an=13.7
(xHB:Q.Z

a Tio,
’ WW\WWM
T T T 1
3400 3420 3440 3460

Magnetic field / G

Figure 3. ESR spectra measured at 298 K for the solutions obtained by
photoirradiation of (a) TiO, or (b) g-C;N, in an EtOH/water/O,
system. Reactions were carried out for 1 min under conditions
identical to those in Table 1 with DMPO (0.1 mmol). The spectra
obtained by S min irradiation are shown in Figure S6 (Supporting
Information).
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assigned to the DMPO—"OOH spin adduct (ay = 13.7 G; o
= 92 G, g = 2.0066).** This suggests that one-electron
reduction of O, indeed occurs on TiO,, resulting in very low
selectivity for H,O, production (Table 1, entry 1). In contrast,
as shown in Figure 3b, the reaction with g-C;N, shows only a
very small adduct signal.>>** This suggests that, as shown in
Scheme 2, the superoxo radical is rapidly reduced by another e~
(d — f), thus suppressing one-electron reduction of O, (d —
e).

The formation of 1,4-endoperoxide species (Scheme 2f) on
the photoactivated g-C;N, is confirmed by Raman spectrosco-
py. As shown in Figure 4A, the g-C;N, itself exhibits three

A 709
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a 730 } 9
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Figure 4. Raman spectra for (A) g-C;N, and the sample recovered
after photoreaction (12 h) of an EtOH/water mixture with (B) ‘6O,
and (C) '®0,. Calculated Raman shift for (a) the tri-s-triazine unit and
the units with (b) *0—'°0 and (c) '*0-'°0 1,4-endoperoxide
species. Calculations were performed at the DFT level with the
B3LYP/6-31g(d) basis set. The white, gray, blue, red, and purple
spheres represent H, C, N, 160, and '®0 atoms, respectively.

bands at 709, 753, and 982 cm™!. Both 709 and 982 cm™! bands
are assigned to the breathing modes of triazine ring,45 and the
753 cm™" band is assigned to the out-of-plane bending mode of
graphitic domains.*® Figure 4a shows the Raman shift of the tri-
s-triazine unit, obtained by ab initio calculation using the
density functional theory (DFT) within the Gaussian 03
program. The obtained three bands (730, 760, and 950 cm™")
are similar to the observed bands (Figure 4A), suggesting that
DFT calculation precisely represents the electronic structure of

dx.doi.org/10.1021/cs401208c | ACS Catal. 2014, 4, 774—780
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g-C3N,. Figure 4B shows the spectrum of the g-C;N, recovered
after photoreaction in an EtOH/water/'°0, system. A new
broad band appears at 891 cm™'. Figure 4b depicts the
calculated Raman shift of the 1,4-endoperoxide species
adsorbed on the tri-s-triazine unit. The obtained three bands
(876, 912, and 929 cm™) are assigned to C1—'°O symmetric
vibration, *0—1°0 stretching vibration, and C1-'0 asym-
metric vibration of the 1,4-endoperoxide species, respectively,
and agree well with the observed broad band at 891 cm™
(Figure 4B).

These data suggest that an endoperoxide species is indeed
produced on the g-C;N, surface. The endoperoxide formation
is further confirmed by the spectrum of g-C;N, recovered after
photoreaction with labeled molecular oxygen (**0,). As shown
in Figure 4C, the 891 cm™' band disappears, and a new broad
band appears at 861 cm™. DFT calculation of the 080
endoperoxide species on g-C;N, (Figure 4c) revealed that the
isotopic shifts of the three bands are —24, —35, and —4 cm™’,
respectively, which are consistent with the observed shift (A =
—30 cm™"). These data suggest that, as shown in Scheme 2 (d
— f), photoexcited g-C;N, indeed produces 1,4-endoperoxide
species via two-electron reduction of O,. Almost no formation
of *OOH radical (Scheme 2; d — e) is probably because the
superoxo radical is rapidly reduced (d — f) due to the
stabilization of endoperoxide species on the Cl and N4
positions of the triazine ring, as often observed for related
anthracene systems.””** This thus suppresses one-electron
reduction of O,, thus promoting selective two-electron
reduction.

The proposed photoreaction mechanism (Scheme 2)
involving the formation of endoperoxide species on the g-
C;N, surface and its transformation to H,0, is supported by
the photoreaction using g-C;N, loaded with Pt nanoparticles
(Pty1/g-C3N, and Pt;/g-C;N,). As shown in Table 1 (entries 6,
7, and 8), increased Pt loadings enhance photooxidation of
EtOH because of the enhanced charge separation by the
transfer of conduction band e” to Pt particles.’’ The increased
Pt loadings, however, significantly decrease the H,O, selectivity
(<11%). This suggests that the g-C;N, surface indeed behaves
as the active site for two-electron reduction of O,. In addition,
as shown in Figure S7 (Supporting Information), the intensity
of the Raman band for 1,4-endoperoxide species (891 cm™') on
these catalysts decreases with the Pt loadings. These cross-
relationships clearly suggest that, as shown in Scheme 2, the
efficient formation of 1,4-endoperoxide species on the photo-
activated g-C3N, surface and its transformation to H,0,
promote highly selective formation of H,O,.

The g-C;N, system successfully produces H,O, even under
sunlight irradiation. Figure Sb shows the time-dependent
change in the amount of H,O, formed and the H,0, selectivity
during photoreaction with g-C;N, under sunlight exposure. As
shown by the blue symbo], irradiation of the entire wavelength
light (>300 nm) successfully produces H,0O,, but the selectivity
is only about 80% due to the subsequent photodecomposition
of the formed H,0, by absorbing UV light.'® In contrast,
irradiation with >420 nm light using a glass filter (orange
symbol) produces H,O, with high selectivity (>90%). These
results indicate that the g-C;N, system is successfully activated
by the visible region light within sunlight and promotes
selective production of H,O,.

778

a all wavelength light
9
5 0.1
=
€
3
C
O
el
Y
600
Al nm
b 100

< 100+ X
s 3
3 2
o 150 8
& 50 3
S, )
T T

0 0

0 3 6 9

t/h

Figure S. (a) Average spectral irradiance of sunlight and (b) time-
dependent change in the amount of H,O, and the selectivity during
photoreaction of g-CsN, in a 2-propanol/water/O, system under
sunlight exposure (orange) without filter and (blue) with filter (4 >
420 nm). Photoreaction was performed at 8:00—17:00 (north latitude
34.7°, east longitude 135.5°).

B CONCLUSION

We found that g-C;N, activated by visible light irradiation
(>420 nm) in water with alcohol and O, produces H,0, with
very high selectivity. Photoexcited g-C;N, promotes selective
two-electron reduction of O, due to the efficient formation of
1,4-endoperoxide species on its surface. This suppresses one-
electron reduction of O, and promotes selective production of
H,0,. Sunlight activation of g-C;N, also successfully promotes
selective H,0, production. At present, the photocatalytic
activity of g-C3N, is low; the amount of H,0, formed by 12 h
of reaction is only 30 ymol. The activity, however, would be
improved by using g-C;N, materials with high surface area
synthesized by polymerization of urea* or silica-templated
polymerization of cyanamide.”” The present photoprocess has
significant advantages: (i) inexpensive metal-free photocatalyst,
(i) cost-free light source (sunlight), (iii) safe hydrogen source
(alcohol), and (iv) mild reaction conditions (atmospheric
pressure and ambient temperature). The basic concept
presented here, based on selective two-electron reduction of
O, on the photoactivated g-C;N, surface, may contribute to the
design of more efficient photocatalytic systems for H,0,
production and may open a new strategy toward organic
synthesis driven by sunlight.

B EXPERIMENTAL SECTION

g-C3N,.*7 Cyanamide (9.0 g) was added to a porcelain cup
and calcined under N, flow at 823 K for 4 h with the heating
rate being 2.3 K min~". Grinding of the resultant affords yellow
powders of §—C3N4 (6.8 g).

Pt,/Ti0,.>° TiO, (1.0 g) was added to water (20 mL)
containing H,PtCl-6H,0 (26.8 mg). Solvents were removed
by evaporation at 353 K with vigorous stirring. The obtained
powders were calcined under air flow and then reduced under
H, flow at 673 K. The heating rate was 2 K min™, and the
holding time at 673 K was 2 h.

dx.doi.org/10.1021/cs401208c | ACS Catal. 2014, 4, 774—780
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Au,/Ti0,.** TiO, (1.0 g) was added to water (50 mL)
containing HAuCl,-4H,0 (22.9 mg). The pH of the solution
was adjusted to ~7 with 1 mM NaOH, and the solution was
stirred at 353 K for 3 h. The particles were recovered by
centrifugation, washed with water, and dried at 353 K for 12 h.
The powders were calcined under air flow, for which the
heating rate was 2 K min~' and the holding time at 673 K was 2
h.

F-Ti0,."* TiO, (20 mg) was added to an EtOH/water
mixture (9/1 v/v, S mL) containing NaF (0.1 mol L™") within a
Pyrex glass tube (¢ 12 mm; capacity, 20 mL). The solution was
then used for photocatalytic reaction.

N-TiO,.>" Tetraisopropyl titanate (35 mL) was added to an
ammonia solution (~28 wt %, 100 mL) and stirred vigorously
at room temperature for 12 h. The resultant precipitate was
washed thoroughly with water and recovered by filtration. The
obtained powders were dried at 343 K for 12 h and calcined at
673 K for 3 h under air flow.

Pt,/g-C3N,. g-C3N, (1.0 g) was added to water (40 mL)
containing H,PtClg-6H,0 [2.7 mg (x = 0.1) or 26.8 mg (x =
1.0)]. Solvents were removed by evaporation at 353 K with
vigorous stirring. The obtained powders were reduced under
H, flow at 573 K for 2 h with the heating rate being 2 K min™".

Photoreaction. Catalyst (20 mg) was added to an alcohol/
water mixture (9/1 v/v, S mL) within a Pyrex glass tube (¢ 12
mm; capacity, 20 mL), and the tube was sealed with a rubber
septum cap. The catalyst was dispersed well by ultrasonication
for 3 min, and O, was bubbled through the solution for 5 min.
The tube was immersed in a temperature-controlled water bath
and photoirradiated at 4 > 420 nm using a 2 kW Xe lamp
(USHIO Inc.) with magnetic stirring.*> The light intensity at
420-500 nm was 269 W m™> Sunlight reactions were
performed on October 14, 2013 at 8:00—17:00 at the top of
the laboratory building (north latitude 34.7°, east longitude
135.5°). The light intensities at 300—500 nm and at 420—500
nm were 8.0 and 4.1 mW cm™ respectively. The highest
temperature of the solution during reaction was 303 K. After
the reaction, the gas-phase product was analyzed by GC—TCD
(Shimadzu; GC-14B). The catalyst was recovered by
centrifugation, and the liquid-phase products were analyzed
by GC—FID (GC-2010 system). The H,0, amount was
determined by redox titration with KMnO,.* Spectral
irradiance for the light source was measured with a
spectroradiometer USR-40 (USHIO Inc.).

Action Spectrum Analysis. Photoreactions were carried
out using an EtOH/water mixture (9/1 v/v, 3 mL) and g-C;N,
(12 mg) within a Pyrex glass tube (¢ 12 mm; capacity, 20 mL).
After ultrasonication and O, bubbling, the tube was photo-
irradiated using a Xe lamp for 3 h, for which the incident light
was monochromated by the band-pass glass filters (Asahi
Techno Glass Co.).** The full-width at half-maximum of the
light was 11—16 nm. Photodecomposition of H,O, was carried
out in water (3 mL) containing H,0, (6 mM) within a Pyrex
glass tube. After O, bubbling, the tube was irradiated by a
monochromated light using a Xe lamp for 3 h.

Calculation Details. All calculations were performed at the
DEFT level within the Gaussian 03 program using the B3LYP/6-
31G(d) basis set. Cartesian coordinates for the tri-s-triazine unit
and the unit with 1,4-endoperoxide species are summarized in
Supporting Information.

Raman Spectroscopy. The spectra were measured on a
confocal Raman microscope (LabRAM HR-800, HORIBA)."
YAG laser (784 nm line) was used as the excitation source,
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where the laser power was 100 mW and the total data
accumulation time was 15 s. The samples were prepared as
follows: After photoreaction, g-C;N, samples were recovered
by centrifugation and dried at room temperature in vacuo. They
were mounted on a microscope slide and subjected to analysis.

ESR Measurement. The spectra were recorded at the X-
band using a Bruker EMX-10/12 spectrometer with a 100 kHz
magnetic field modulation at a microwave power level of 10.5
mW, where microwave power saturation of the signals does not
occur.”® The magnetic field was calculated using a using a 1,1-
diphenyl-2-picrylhydrazyl (DPPH) as standard. The measure-
ment was carried out as follows: catalyst (20 mg) was
suspended in an EtOH/water mixture (9/1 v/v, S mL) and
DMPO (0.10 mmol) within a Pyrex glass tube (@12 mm;
capacity, 20 mL), and the tube was sealed with a rubber septum
cap. After ultrasonication (3 min) and O, bubbling (5 min), the
solution was photoirradiated (4 > 420 nm) with stirring. The
catalyst was recovered by centrifugation, and the resulting
solution was subjected to analysis.

Other Analysis. Diffuse-reflectance UV—vis spectra were
measured on a UV—vis spectrophotometer (JASCO Corp.; V-
550) equipped with Integrated Sphere Apparatus ISV-469,
using BaSO, as a reference. XRD patterns were measured on a
Philips X’Pert-MPD spectrometer. XPS analysis was performed
using a JEOL JPS-9000MX spectrometer with Mg Ko radiation
as the energy source. TEM observations were performed using
an FEI Tecnai G2 20ST analytical electron microscope
operated at 200 kV.**
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Photoreaction results with various alcohols (Table S1); XRD
pattern (Figure S1), XPS chart (Figure S2), and TEM image
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