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ABSTRACT: Solar-driven water splitting is highly desirable for
hydrogen fuel production, particularly if water oxidation is
effectively sustained in a complete cycle and/or by means of
stable and efficient photocatalysts of main group elements, for
example, carbon and nitrogen. Despite extensive success on H2
production on polymer photocatalysts, polymers have met with
very limited success for the rate-determining step of the water
splitting−water oxidation reaction due to the extremely slow “four-
hole” chemistry. Here, the synthesized metal-free oxygenated
covalent triazine (OCT) is remarkably active for oxygen
production in a wide operation window from UV to visible and
even to NIR (up to 800 nm), neatly matching the solar spectrum
with an unprecedented external quantum efficiency (even 1% at
600 nm) apart from excellent activity for H2 production under full arc irradiation, a big step moving toward full solar spectrum water
splitting. Experimental results and DFT calculations show that the oxygen incorporation not only narrows the band gap but also
causes appropriate band-edge shifts. In the end, a controlled small amount of oxygen in the ionothermal reaction is found to be a
promising and facile way of achieving such oxygen incorporation. This discovery is a significant step toward both scientific
understanding and practical development of metal-free photocatalysts for cost-effective water oxidation and hydrogen generation
over a large spectral window.

KEYWORDS: oxygen doping, covalent triazine frameworks, photocatalytic oxygen production, IR radiation, wide operation window,
hydrogen generation

■ INTRODUCTION

Photocatalytic hydrogen production directly from water allows
the conversion of solar energy into renewable and clean
chemical energy and thus provides a potential solution to
energy security and CO2 emission reduction.1 There have been
numerous studies on semiconductor photocatalysts for either
hydrogen or oxygen evolution half-reaction over the past
decades,2−8 which is the key for both photoelectrochemical
water splitting and Z-scheme water splitting that can
simultaneously produce spatially separated H2 and O2 gas.
However, the majority of these photocatalysts are inorganic
materials.9 It is only in the past decade that metal-free
photocatalysts have been developed, including graphite
oxide,10 g-C3N4,

11,12 and conjugated polymers.13,14 The latter
ones usually show excellent photocatalytic performance for
hydrogen production but are rather poor or moderate for water
oxidation (or oxygen generation) because of a too large band
gap and/or inappropriate band edges, especially not efficient at
the strongest solar insolation range from 400 to 700 nm.10,15

The oxygen evolution process involves both 4e−/4H+

electrochemistry and OO bond formation. As such, it is
much more challenging than proton reduction to hydrogen
and is the rate-determining step in water splitting.13,16

Currently, a few metal oxides (e.g., Ag3PO4 and BiVO4) are
reported to oxidize water under visible light, albeit with a
relatively narrow operation window (from UV up to 560 nm),
which does not match well with the solar spectrum and thus
limits their efficiency.17−20 Unmodified organic photocatalysts
usually show negligible activity for water oxidation, typically
due to high-lying valence bands that are too close to the water
oxidation potential, for example, g-C3N4.

11,12 Band gap

Received: June 16, 2020
Accepted: August 24, 2020
Published: August 24, 2020

Articlewww.acsaem.org

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acsaem.0c01153
ACS Appl. Energy Mater. XXXX, XXX, XXX−XXX

This is an open access article published under a Creative Commons Attribution (CC-BY)
License, which permits unrestricted use, distribution and reproduction in any medium,
provided the author and source are cited.

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 C

O
L

L
E

G
E

 L
O

N
D

O
N

 o
n 

Se
pt

em
be

r 
7,

 2
02

0 
at

 1
2:

44
:0

9 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dan+Kong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaoyu+Han"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+A.+Shevlin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Christopher+Windle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jamie+H.+Warner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng-Xiao+Guo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junwang+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junwang+Tang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaem.0c01153&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01153?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01153?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01153?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01153?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.0c01153?fig=tgr1&ref=pdf
www.acsaem.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c01153?ref=pdf
https://www.acsaem.org?ref=pdf
https://www.acsaem.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html


engineering to modify the optical properties of organic
photocatalysts has been experimentally and theoretically
proposed, for example, via addition of comonomers,21 addition
of sulfur,22 or anionic doping.23 However, such band gap
engineering has only been demonstrated for graphitic carbon
nitride (g-C3N4),

24,25 of which the majority narrows the band
gap by raising the valence band edge (VBE) so that it is too
close to the water oxidation potential to drive water oxidation.
It has so far been proved that it is challenging to engineer the
band gap of organic photocatalysts by the way of controllable
shifting conduction band (CB) positions to enhance the much
harder oxygen evolution reaction (with kinetics 5 orders of
magnitude slower).16 Recently, Wang et al. were successful to
prepare a series of CTP organic photocatalysts, with CTP-2
presenting a visible absorption to 530 nm with a ca. 3 μmol h−1

oxygen evolution rate under full arc irradiation.26 Moreover, it
is still challenging to demonstrate an organic photocatalyst
possessing visible light activity of oxygen evolution comparable
to the best inorganic oxygen evolution photocatalysts, for
example, BiVO4. The present study employs an efficient
strategy to enable the band gap narrowing primarily by shifting
down the conduction band edge (CBE) of a wide band gap
polymer photocatalyst by oxygenation, not only maintaining
the strong oxidation potential but also enhancing visible light
absorption to the NIR region;27 as such it would be an ideal
photocatalyst in a Z-Scheme system for complete water
splitting.1,28

In the past decade, a planar organic material, covalent
triazine framework (CT), has been shown to possess
promising structural and chemical properties, with a large
surface area of ca. 500−2500 m2/g.27,29−31 This material is
composed of two molecular units, benzene and triazine, in
contrast to the single molecular unit of g-C3N4. Theoretical
work demonstrated that this is a semiconductor, with band
edges straddling both the oxidation and reduction potentials
for water splitting.32 Experimentally the onset for light
absorption is 2.94 eV due to a very negative CB; light
absorption mainly occurs under UV irradiation.33 More
importantly, band positions of CT are easy to be functionalized
through a synthetic process (e.g., by doping), potentially
improving the optical absorption and the photocatalytic
performance.34

By coupling experimental molecular synthesis and simu-
lations, it is identified that oxygen-doped CT (OCT) obtains
the modified or disrupted triazine units, which in turn alters
optical absorption properties and band gap levels. These new
materials composed of carbon, nitrogen, and oxygen show
exceptional photocatalytic performance for oxygen generation
under visible light, with appreciable external quantum
efficiency spanning from UV to 800 nm. Simulation identifies
several prospective triazine modifications arising from
polymerization in oxygen-containing conditions. In particular,
one structure with four distinct carbon sites is proposed, in
agreement with all characterizations and the photocatalytic
performance of O2 and H2 evolution, experimentally and
theoretically, where the doped oxygen results in the suitable
unoccupied states in the band gap engineering. Optimum O-
doping effectively narrows the band gap by means of a
moderate upshift of the VBE and an adequate downshift of the
CBE, resulting in sufficiently large driving forces for hydrogen
generation and water oxidation over the whole solar spectrum.
Finally, controlling the different amounts of doped oxygen in
the frameworks was explored to optimize the band gap and

thus enhance the photocatalytic performance of the oxygen
evolution.

■ RESULTS
We first introduce the three possible oxygenated products
applied in the calculations and compared with undoped CT
(Figure 1a,b) to explain the general strategy and structural

analysis of OCTs. For ideal CT (Figure 1d), the triazine unit
forms from condensation of 1,4-dicyanobenzene (Figure 1a)
with molten zinc chloride in a low vacuum, following the
nucleophile reaction mechanism. The prediction (Figure 1b,c)
was derived from simple tuning on the end of the precursor,
1,4-dicyanobenzene, and preserved the same formation
mechanism of the CT. Here CT denotes the structure of the
pure triazine ring and those with oxygen-containing structures
as OCT(1), OCT(2), and OCT(3) in Figures 1d, 1e, 1f, and
1g, respectively, with the supercells shown in Figure S1. During
the synthesis, oxygen may be used for functionalizing the end
groups of the molecules, resulting in the modified triazine and
thus modified optical properties. To clarify, oxygen will disrupt
the formation of some triazine molecules, forming ketone or
nitrous groups in the final materials. The most likely structure,
OCT(2), is discussed later.
OCT was fabricated by copolymerizing monomers of 1,4-

dicyanobenzene with zinc chloride in a 1:1 molar ratio in the
oxygen-containing condition, as shown in Scheme S1. After
synthesis, a black crystalline material was observed. The XRD

Figure 1. Schematic of formation process of pure CT (a, d), OCT(1)
(b, e), OCT(2) (b, f), and OCT(3) (c, g) structures. In the ideal
process, three dicyanobenzenes coordinate to form triazines. In
structure OCT(1), O2 attacks the nitrile group, replacing nitrogen by
oxygen (ON). In structure OCT(2), the CO bond is created by O2
attacking the nitrile group in the first step and then remains
unattacked but emits NO in the second step. In structure OCT(3),
one oxygen atom binds to the tail of a nitrile group directly and then
forms a single C−O−N linker in the triazine ring. Carbon is
represented by a brown sphere, nitrogen gray, hydrogen light pink,
and oxygen red. (h) Band alignments of CT and proposed OCT
structures. The dots represent the VBEs, and the squares and triangles
represent the unoccupied states and CBEs, respectively. The dashed
lines are the H+/H2 (top) and O2/H2O (bottom) redox levels. All the
energy is calculated with reference to the vacuum level.
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analysis shows several intense reflection peaks, namely (100),
(110), (200), and (001) in Figure 2a. This indicates that
crystalline triazine-based frameworks have been formed.15 The
large diffraction peak at 2θ = 26.4°, assigned to the (001) peak,
corresponds to an interlayer distance of 3.4 Å. Compared with
the ideal CT in previous study,30 the OCT shares the similar
level of crystallinity with the ideal CT but a shift of the (001)
peak from 26.1° to 26.4°. It suggested the stacking distance is
slightly reduced due to the doped oxygen atom, which is
smaller than the substituted nitrogen atom in the same
position. Moreover, from the calculated VBM/CBM (valence
band maximum/conduction band minimum) spatial distribu-
tion (Figures S2 and S3), the oxygen substitution on the
opened triazine units further induces charge delocalization,
which can contribute to the van der Waals bonding
additionally, and then enhances interlayer integration by
reducing the interlayer spacing.
Figure 2b shows further structural characterization from

DRIFT, which clearly confirmed the existence of triazine units
and CO bonds in the OCT in the following details. The
peaks at 1017 and 808 cm−1 match well with the CC
bending of benzene units35,36 and the C−H in-plane bending
vibrations of the benzene rings,36 respectively. The character-
istic bonds for the triazine unit were found at 1537 cm−1 (C−
N stretching mode)31,37 and 1358 cm−1 (in-plane ring
stretching vibrations),37,38 confirming the successful formation
of triazine rings in our experiments. The peak at 1411 cm−1

corresponds to the absorption by the benzene ring that also
forms the basic framework, which proves the existence of the
aromatic hydrocarbon.39 The peak at 1818 cm−1 represents the
CO bond, indicating the presence of oxygen in the
polymer.40,41 The peak at 2230 cm−1 contributes to the
conjugated CN bonds due to the remaining triazine ring
terminals.42,43

Further structural analysis performed by 13C cross-polar-
ization magic angle spinning (CP-MAS) solid-state NMR
(ssNMR) spectroscopy (Figure 2c) shows that the OCT has
strong peaks at 170, 139, 129, and 116 ppm. The peak at 170
ppm was assigned to the symmetric carbon C1 in the central
triazine ring,44 while the peaks at 139 and 129 ppm were
identified as the two separate carbon atoms of the benzene ring
(C2 and C3), respectively. The small peak at 116 ppm was
assigned to the terminal nitrile.15,45 The CO band signal is
at 174 ppm, dominated by the symmetric carbon C1 signal and
overlapping with the peak at 170 ppm. The elemental
composition analysis was made by XPS in Figure 2d. The
presence of oxygen is detected with no ZnCl residue left in the
samples. Detailed analysis of the OCT C 1s and O 1s signal
profiles (Figure S4) reveals CO peaks at both 288.0 eV in C
1s XPS spectra and 533.0 eV in O 1s XPS spectra. This agrees
with the FTIR spectra that show carbon−oxygen double
bonds. EELS measurements were further taken from numerous
positions in thin sections of the sample, which indicate the
presence of oxygen in Figure S5. To obtain a higher signal-to-
noise C, N, and O K-edge EELS, we averaged three EELS
measurements taken in different regions of sample, shown in
Figure S5d, where the ADF-STEM image of line profiles across
the edge of sample were taken. The reason to collect data from
the thin edge of sample is to make sure the beam passes
through the samples and the outlet signal can be collected.
Figures S5a, S5b, and S5c show the C, N, and O K-edge EELS
signal, respectively, from the line in Figure S5d. Analysis of C
and N K-edge EELS shows that the system is practically
exclusively composed of sp2-hybridized carbon and nitrogen
atoms, as indicated by the presence of the 1s → π* transition
for both elements. The carbon-K ionization edge and nitrogen-
K ionization edge show identical near-edge structures,
indicating a similar 3-fold coordination and electronic
environment of carbon and nitrogen in the synthesized

Figure 2. Structure analysis of the 6.68 at. % OCT. (a) Powder XRD spectra, (b) DRIFTS spectroscopy, (c) 13C cross-polarization magic angle
spinning solid-state NMR, and (d) XPS survey spectra after etching to 150 nm thickness.
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material.46 The first peak of O K-edge EELS spectrum at 532
eV is assigned to OCO 1s → π*47 in Figure S5c, and the
second peak at 538 eV is attributed to OCO 1s → 3p
according to the EELS study of liquid acetone,46,48 which
strongly indicates the presence of the CO structure in the
materials. Elemental analysis (EA) shows that the precise
molar ratio of C to N is around 4.5, as detailed in Table S1,
which is closed to the theoretical value of 4 for the pure CT.30

The 6.68 at. % oxygen gradient into the sample may be due to
initial rapid nucleation and seed formation of CT with
insufficient oxygen, and then slow growth/polymerization
occurred, allowing the incorporation of relatively high levels of
oxygen. The sample has a large BET surface area of 388.7 m2/g
with a pore size of 0.212 cm3/g, similar to other values
obtained experimentally.31 Above all, oxygen-doped covalent
triazine materials were synthesized successfully by the creation
of CO bonds in the structure (structure OCT(2)), which
can play a key role in optical, electronic, and photocatalytic
properties as discussed in the following.
Density functional theory (DFT) study was taken into

consideration based on the formation process (see Figure 1)
and probed the electronic structures and optical properties of
several prospective modified structures.
To compare the pure CT and the OCTs, the reaction energy

was calculated according to the following equation: Ef =
ECT/OCTs − 2Eprecursor,0 − Eprecursor + ΔEH, where the ECT/OCTs is
the total energy of the systems of CT or OCTs. The Eprecursor,0
represents the total energy of the 1,4-dicyanobenzene

molecule, and Eprecursor is the energy of the proposed precursors
shown in Figure 1b,c. The ΔEH is the adjustment energy to
balance the equation and was calculated by half of the energy
of H2. The reaction energy of each structure is listed in Table
S2. From the thermodynamic point of view, all the reactions
are exothermic; so, all the three structures could be produced
in the final compounds. Structures OCT(1) and OCT(3)
conserve the framework, while OCT(2) disrupts the triazine
unit that links benzenes, hindering complete crystallization of
the OCT and resulting in crystal disorder as observed in XRD
(Figure 2a).
The oxygenation not only disturbs the formation of the

triazine ring but, more importantly, also changes the electronic
distribution on VBM and CBM, as shown in Figure S2. For the
pure CT (Figure S2a,b), the nitrogen atoms contribute to both
VBM and CBM, respectively, by electrons from px and py
orbitals and from pz orbitals. The oxygen doping dramatically
tunes the configuration of the band configurations. For the
OCT(1), both carbon and oxygen donate pz electrons to the
VBM. For OCT(2) and OCT(3), the VBM is from electrons
over a wider area, especially in the carbonyl group. Moreover,
the oxygen does not contribute to the CBM in OCT(1) and
OCT(3) but does partially to the CBM from the pz orbital in
OCT(2). Overall, partially distorted triazine units due to
oxygenation show relatively high delocalization of electron
density (Figure S2), implying that photogenerated charges are
more ready to diffuse through the OCT to react with other
species than through the pure CT. Thus, oxygen incorporation

Figure 3. Photocatalytic performance and band structure diagram of 6.68 at. % OCT. Time courses for oxygen (a) and hydrogen (b) production
from water under full arc irradiation and visible light illumination (λ > 420 nm) in the presence of relevant scavengers and (a) an inset of gas
chromatography mass spectra (GC-MS) of oxygen obtained under full arc irradiation in the 95% 18O-labeled-water photocatalytic system after 2 h
reaction. (c) External quantum efficiency at 400, 420, 500, 600, and 800 nm (left-hand axis) with an optical absorption spectrum plotted (right-
hand side). (d) Band positions and the pathways for water redox of 6.68 at. % OCT, where the CBE is the original conduction band in the
unmodified CT and the unoccupied state is the lowered CB in the OCT.
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would dramatically narrow the band gap and is also supposed
to inhibit the recombination of electrons and holes.49

The photocatalytic activity of the 6.68 at. % OCT was
determined in the presence of sacrificial reagents under full arc
and visible irradiation in Figure 3. Without cocatalysts, the
OCT shows near-linear oxygen evolution from the aqueous
solution with an initial rate of 10.24 μmol h−1 (Figure 3a).
Remarkably, the photocatalytic activity for oxygen production
under visible light (λ > 420 nm) is very close to that under full
arc, distinguished from the water oxidation photocatalysts
reported so far, where visible-light-driven activity is always
much smaller than full-arc-driven activity. We also investigated
the ability of the OCT to produce hydrogen, with triethanol-
amine as an electron donor and Pt as a cocatalyst. The OCT
produces hydrogen from water at an average rate of ca. 13
μmol h−1 under full arc irradiation (Figure 3b). Under visible
light, hydrogen is produced at ca. 0.5 μmol h−1. This suggests
that there are likely at least two low-energy accessible
unoccupied states in the OCT, one significantly more positive
than the other. The more positive unoccupied state is unable
to provide enough driving force for the proton reduction,
hindering hydrogen production under visible light illumination
as shown in Figure 3d. The experimental measurement
obtained from the UV−vis absorption data (Figure 3c and
Figure S6) determined two optical band gaps with separation
ca. 1.6 and 2.8 eV. Valence band X-ray photoelectron spectra
were measured for g-C3N4 and OCT (Figure S7). The valence
band of OCT is 0.3 eV more negative than that of g-C3N4. The
valence band of g-C3N4 was reported as ca. +1.8 eV.49 Thus,
these experimental data confirmed the VBM of +1.5 eV and
two CBM of −0.1 and −1.3 eV, consistent with the modeling
results. The modified polymer photocatalyst shows a very
attractive activity beyond 600 nm, more competitive than the
majority of inorganic photocatalysts. Under full arc irradiation,
the electrons are excited from the VBE to the unoccupied state
and CBE, enabling both efficient O2 and H2 productions.
Under visible light irradiation, electrons are excited from the
VBE only to the unoccupied state, so the rate of oxygen
generation is maintained, but the rate of hydrogen production

is relatively slow due to the reduced driving force for the
hydrogen evolution. The feature that appears near 750 nm is
assigned to n−π* transitions involving lone pairs on the doped
O atoms within the layers to the π* levels of the condensed
rings, as shown in Figure S2. Thus, the unoccupied state with
contributions from the pz orbitals includes the σ and σ* C−N
bonds and the lone pairs on the oxygen atoms in the distorted
triazine rings, as shown in Figure S2f. The bottom of the
conduction band CBM is instead formed by pz contributions
on the C and N atoms of the triazine rings and has therefore a
level of π* character, as shown in Figure S2b. This results in
the intense band of 2.8 eV and is assigned to π−π* transitions
that are commonly observed in conjugated ring systems
including heterocyclic aromatics.50,51 As a result, we believe
there are two band gaps in the OCT, and these correlate well
with the photocatalytic activity and experimental data.
To determine the efficiency for oxygen generation of the

OCT, we compared to one water oxidation photocatalyst the
monoclinic BiVO4, prepared by an aqueous process using
layered compounds.52,53 From inspection in Figure S8, the
OCT is as efficient as BiVO4 (8.29 μmol h−1) when a 420 nm
cutoff filter was used. Figure 3c shows the external quantum
efficiency (EQE) for oxygen production, which is more reliable
as an indicator of photocatalyst efficiency. Notably, compared
with the nearly pure CT54 and CTF-0,34 the OCT has a much
wider operation window, with an EQE of 2.6% at 400 nm,
1.1% at 500 nm, and even 0.2% at wavelengths as long as 800
nm, while the previous polymers show the oxygen production
only when using 3 wt % RuOx as a cocatalyst below 600 nm.54

The OCT has obtained the large amount of O2 but no need of
any noble-metal cocatalysts, also 5 times higher than the
reported CTP-2 under the similar reaction condition.26

Moreover, the previous one exhibited the relatively low
water oxidation activity at long wavelength even by decorating
certain cocatalysts, for example, an AQY of 0.2% at 600 nm.54

However, the OCT shows the strong water oxidation ability at
600 nm without any cocatalysts, for example, the EQE of 1%.
Such a long wavelength response goes far beyond any
inorganic and organic photocatalysts reported so far for

Figure 4. Typical time courses of (a) H2 production from water containing 10 vol % TEOA as an electron donor and 3 wt % Pt (H2PtCl6) as a
cocatalyst and (b) O2 production from water containing 1 g of AgNO3 as a hole scavenger, under full arc and visible light (of wavelength longer
than 420 nm) by 6.68 at. % OCT. The reaction of O2 evolution was run for 24 h, with purge by Ar every 8 h (dashed line). The reaction of H2
evolution was run for 18 h, with purge by Ar every 6 h (dashed line). Continuous O2 is produced but with the somewhat degradation from the
beginning of second cycle, which is reasonable due to the deposition of metallic silver on the catalyst surface when using Ag+ as an electron
scavenger, blocking light absorption and obstructing active sites. The overall water splitting for both H2 and O2 production simultaneously from
water without any sacrificial agents was observed under full arc irradiation as shown in Figure S11, which indicates the possibility that the ratio of
H2 to O2 is far from the ideal. A further optimization of the cocatalysts is underway.
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oxygen evolution. In addition, the correlation between UV−vis
absorption spectrum and EQE suggests that water oxidation is
driven by light.
Finally, we assessed the stability of our samples by running a

three-cycle photocatalytic test, undertaking structural analysis
before and after water oxidation and hydrogen evolution.
Obviously, as shown in Figure 4a, the reaction of H2 evolution
was run for a total of 18 h with intermittent purging by Ar
every 6 h under both full arc and visible light irradiation (λ >
420 nm). The amount of H2 evolution is almost the same at
the end of every cycle, which means the stability of 6.68 at. %
OCT during the reaction. On the other hand, the reaction of
O2 evolution was run for a total of 24 h within intermittent
purging by Ar every 8 h under both full arc and visible light
irradiation (Figure 4b), whereas the structure of photocatalysts
remains stable after reaction, as confirmed by the FTIR and
ssNMR spectra taken before and after water oxidation in
Figure S9. Both demonstrate the stability of the polymer
during photocatalytic reaction.
We further verified the detected O2 was indeed generated by

water oxidation. First, the total evolution amount of O2
obtained after 24 h was ca. 135.2 μmol of O2 or 270.4 μmol
of oxygen atoms, as shown in Figure 4a. This is more than 4
times the amount of oxygen atoms (63.3 μmol) contained in
the 6.68 at. % OCT sample drawn from the elemental analysis
in Table S2, proving that the oxygen gas was produced from
water rather than deoxygenation of the polymer. In addition,
isotopic measurement showed that the photocatalytic oxygen
evolution in the 18O-labeled water generates a strong 18O2 peak
after reaction for 2 h reaction, as noted in the GC-MS spectra
in Figure S10 and the inset in Figure 3a, further confirming
that the oxygen production is originally from the water.
We next compared the density of states (DOS) of CT and

OCTs in Figure S3. The band gap of the pure CT is 2.6 eV,
and OCT(1) shows a slight reduction in band gap, to 2.54 eV,
whereas the other structures display significant red-shifts in
absorption by 0.37 eV (OCT(2)) and 0.42 eV (OCT(3)). The
unoccupied states result from the formation of the oxygen-
containing functional groups, albeit with significant delocaliza-
tion arising from the significant aromaticity of the benzene and
triazine components of the CT. As shown in Figure 1h,
oxygenation of the polymer dramatically reduces the over-
potential for H2 production under visible light irradiation but
almost retains a relatively stable VBE, not affecting O2
production. Among them in Figure 1h, the OCT(2)

demonstrates the narrowest band gap, most benefitting the
visible optical absorption, but the unoccupied state is too close
to the potential of water reduction to produce H2 under visible
light irradiation; thus, efficient hydrogen production only
occurs under full arc irradiation. Furthermore, OCT(2) is the
only structure containing the CO bonding, which is
consistent with the experimental structure characterization
results and further confirms that OCT(2) is the most
promising structure matching all the characterization and
simulation results.
Furthermore, we explored the effect of oxygen content in the

materials on their water oxidation performance. Five samples
with different levels of oxygen doping were synthesized, and
the detailed elemental ratios are shown in Table S1. The C/N
ratios of all polymers are around 4.5, close to the theoretical
value of 4 for the pure CT. The slightly higher ratio is believed
to be mainly due to oxygen doping and more benzene ring
terminals or edges. The higher the level of oxygen doped in the
framework, the narrower the band gap, up to 1.6 eV when an
oxygen content is 6.68 at. % (Figure 5b). Moreover, the effect
of the level of doped oxygen on the photocatalytic performance
and the band gap conversed from UV−vis absorption has been
further investigated experimentally, shown in Figure 5a. The
results show that the amount of photocatalytic oxygen
evolution increases as the oxygen doping level increases to a
peak at the oxygen-doping level of 6.68 at. %, of the initial rate
of 10.24 μmol. Afterward, the amount of produced oxygen
drops as the oxygen doping level increases to 7.71 at. %. The
trend of this experimental performance is in good agreement
with the changes of calculated the band positions and the band
gap of the OCT polymers, as shown in Figure S12. Compared
to the pure CT, the unoccupied state of OCT shifts down
greatly, and the VB relatively remains, thus narrowing the band
gap. Above all, doping oxygen into covalent triazine framework
synthesized by a controlled polymerization method realized
readily band gap engineering. The UV−vis absorption spectra
of different oxygen-incorporated CT polymers show the
increase in the level of doped oxygen, leading to a long
wavelength absorption value, λmax, due to a narrower band gap
at a higher level of doped-oxygen in the CT, as predicted
theoretically. With further increase of the oxygen doping level,
as indicated by the XPS spectra in Figure S13, the extra oxygen
tends to form C−O/C−OH bonds, rather than the CO
bonds. This indicates that the CO bond is more effective to

Figure 5. Oxygen evolution amount for different amounts of oxygen doped in OCT (a) and the corresponding Tauc plots calculated based on the
UV−vis spectra (b).
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tune the band gap and, more importantly, acts as an active site
for water oxidation.

■ CONCLUSIONS
In conclusion, we have successfully synthesized an oxygen-
doped covalent triazine (OCT) material by polymerization of
1,4-dicyanobenzene in controlled gas mixtures of oxygen and
nitrogen. Under full arc irradiation, the new OCT photo-
catalyst shows both oxygen and hydrogen evolutions from
water in the presence of separate scavengers and demonstrates
oxygen evolution longer than a day. For the first time, water
oxidation proceeds from UV up to 800 nm irradiation by a
metal-free photocatalyst, consistent with the UV−vis absorp-
tion spectrum, with an EQE of close to 1% even at 600 nm.
The visible light absorption is attributed to a significant
reduction in the gap, caused by disruption of the triazine
structural unit and the formation of the effective CO moiety.
This moiety has a very significant effect on the band gap
engineering, creating the unoccupied states, which benefits the
water oxidation under the visible light irradiation. We have
demonstrated, for the first time, an organic water oxidation
photocatalyst that has an exceptionally wide window of
operation, up to 800 nm. Overall, our findings demonstrate a
strong potential for the development of low-cost and
environmental-friendly photocatalysts for effective solar energy
conversion and environmental remediation.
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