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Photocatalytic water splitting into H, and O, simultaneously is a
highly promising pathway towards clean and renewable energy
supply for the future."” The ultimate goal to this end is to
develop an efficient, low cost and stable photocatalyst available
for overall water splitting without using sacrificial agents and
external bias.”’ However, it still remains challenging to identify
a single photocatalyst material, which processes (i) a sufficiently
narrow bandgap (<3eV) to harness visible photons (ii)
suitable band-edge potentials for overall water splitting (i.e.,
simultaneous production of H, and 0, (iii) a high level of
stability against photocorrosion and (iv) relatively low cost.” In
this regard, various inorganic semiconductors have been ex-
plored for overall water splitting,” with few successful cases,
but it is possible when composed with other materials,?*” such
as the very recent report on Rh/Cr,0;-modified Ta;Ns/KTaO,
(with a solar to fuel conversion efficiency of 0.014 %), which also
indicate the significance of cocatalysts.”
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It is encouraging to witness recent growing interest in
conjugated-based frameworks on the application of
photocatalysis.">” CTFs were recently reported for half reac-
tions of water splitting in the presence of relevant sacrificial
reagents,”'” indicating that such CTFs could be good candidates
for pure water splitting. CTFs are characterised by high
porosities paired with exceptional inertness and high thermal
stability owing to their graphite-like composition and aromatic
carbon-carbon and carbon-nitrogen linkages."” The CTFs could
be impregnated with already formed metal nanoparticles,
yielding hybrid materials with well-dispersed nanoparticles
immobilized on the CTF support. Metal-modified CTFs exhibit
superior activity, stability and, hence, recyclability in oxidation
reactions as compared to other carbon supports modified with
smaller amounts of nitrogen.""'? Moreover, the presence of
stoichiometric and well-defined nitrogen sites in the triazine
frameworks has recently shown to be selectively sited by the
catalytically active metal ions strong nitrogen-metal interac-
tions, which renders CTFs promising catalysts and catalyst
supports.'*'¥ Among CTFs, CTF-0 features higher nitrogen
content than the other members of the CTF family."" The
framework structure is shown in Scheme S1. Taking into
account the excellent performance of CTF-0 for both water
oxidation and reduction reactions,™ it is highly possible to
achieve pure water splitting over this single photocatalyst.
However, such one-step overall water splitting by CTF-0 photo-
catalysts without any sacrificial agent has not been reported so
far. The optimised CTF-0 photocatalysts with cocatalysts Pt and
CoO, indicate an efficient way for solar H, production from
water.

The CTF-0 photocatalyst was synthesized by an ionothermal
method. Following the successful fabrication of crystalline
polymer, different amount of Pt and Co;0, were loaded on CTF-
0 by the photodeposition method and impregnation method,
separately (details are in the SI). Both X-ray powder diffraction
(XRD) and 'C solid-state nuclear magnetic resonance (ssNMR)
spectra of pure CTF-0 and cocatalysts decorated samples shown
the typical patterns of CTF-0 as presented in Figure 1. Two
distinct peaks at 15° and 26° could be distinguished in the XRD
spectra in Figure 1(a), indicating some degree of extended
order of the sample, while the intensity and width of the peaks
could be influenced by the monomer to ZnCl, ratio and
reaction time and temperature."* Even these peaks were too
broad to give a conclusive picture on the atomistic structure of
CTF-0, the low-angle peak could be interpreted as the in-plane
reflection (100) and the diffraction peak at ~26° could be
attributed to an inter-layer spacing between stacked sheets of
CTF-0 (3.35 A). There are some small peaks at 19 °, 32 °, 37 °
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Figure 1. (a) XRD patterns and calculated based on AA-stacking motif, (b) *C CP-MAS ssNMR spectra, (c) FTIR spectra of CTF-0 and Pt/Co,0,@CTF-0, and (d)

TEM and HRTEM (insert) images of 6 wt% Co,0, and 3 wt% Pt-deposited CTF-0.

and 39 ° in the Pt/Co;0,@CTF-0 sample, which do not exist in
the CTF-0 sample and can be indexed to cobalt oxide
particles."™ The C CP-MAS ssNMR shows the three distinct
peaks in Figure 1(b), the peak at 171 pm can be assigned to the
carbon atoms in the triazine units, the peak at 138 ppm to the
carbon atoms in the benzene units, and the peak at 117 pm to
the unreacted cyano groups and the neighbouring carbon in
the benzene rings. Furthermore, only one peak at —121 ppm in
both ®N ssNMR spectra was observed in Figure S1, which is
assigned to the triazine moiety,"" proving the stability of the
materials before and after cocatalyst decoration. The FTIR
spectra in Figure 1c show the vibrational fingerprints of triazine
rings at 1308 and 1519 cm™'. The small peak of CTF-0 at
2244 cm™' belongs to the cyano groups, which has the similar
height after decorating the cocatalysts on the photocatalysts. In
a short summary, all these characterizations illustrate the
chemical structure of the frameworks keep stable after
cocatalysts decoration.

To further examine the existence of the cocatalysts on the
surface of the photocatalysts, X-ray photoelectron spectroscopy
(XPS) measurements were conducted. Obviously, the XPS survey
of the CTF-0 samples only shows the peaks of carbon and
nitrogen elements in Figure S2, while the sample of Pt/
C0,0,@CTF-0 s also has the peaks of cobalt and platinum, e.g.
around 790 (Co 2p) and (Pt 4f) 70 eV, respectively. A small
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amount of oxygen was also detected from the survey spectra,
which was from the cocatalysts cobalt oxide. For the cocatalysts
Co;0,, the high-resolution XPS spectrum of Co 2p shows two
major peaks with binding energies of 779.5 and 794.8 eV,
corresponding to Co 2p,,, and Co 2p,,, respectively (Figure S3).
The energy difference between the Co 2p;, and Co 2p,,
splitting is around 15 eV, which indicates the existence of Co**
and Co*" and likely corresponds to the existence of C0;0,."”
The two small peaks at 784.9 and 800.2 eV are typical Co**
shakeup satellite peaks. Correspondingly, the deconvoluted XPS
spectra for O 1s displays two types of contributions for oxygen
species shown in Figure S4. The one peak at 529.7 eV is
dominant and is corresponding to the cobalt oxides, and the
other one at 531.1 eV indicates the presence of —OH species on
the surfaces of cobalt oxide cocatalysts."”™ To investigate the
electronic structures of Pt, the Pt 4f XPS spectra were measured
in Figure S5. The Pt 4f spectrum can be deconvoluted into two
pairs of doublets. The deconvoluted peaks at 71.3 and 74.7 eV
are ascribed to the 4f,, and 4f;, peaks of Pt metal,
respectively."® The set of peaks at 72.7 and 76.1 eV are assigned
to the 4f,, and 4f;, peaks of Pt>" (PtO or Pt(OH),), respectively.
A comparison of the relative areas of the integrated intensity of
the Pt® and Pt*" peaks in Figure S5 (the area ratio is 2.2:1)
indicates that most of the Pt elements exist as Pt® in the
cocatalysts, which should help H, evolution in the following
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overall water splitting as reported."” Moreover, TEM observa-

tion was carried out and shown in Figure 1(d) to investigate the
architecture of the cocatalysts on the surface of the samples. It
can be seen that the cocatalyst particles are dispersed on the
photocatalysts. The high resolution TEM image shows clear
lattice fringes in the sample (Figure S6). The lattice spacing of
Pt is 0.22 nm next to the d(111) and (400) crystal planes of cubic
Co,0,. The TEM analyses together with the XPS results indicate
the Pt and Co;0, nanoparticles were decorated on the surface
of CTF-0 successfully.

The half reactions of overall water splitting for H, and O,
evolution were first tested as shown in Figure 2 (a) and (b),
respectively. For comparison, pure CTF-0 was served as a
reference. Obviously, 0.01g CTF-0 could produce H, of
22.62 umol h™" with Pt as a cocatalysts stably in the presence of
TEOA as the sacrificial agent, more than 200 folds enhancement
and extremely higher than that without Pt under full arc
irradiation (Figure 2(a)). On the other side, Co,0, decorated
CTF-0 have much higher initial O, evolution rate, namely
3.65 umol in the first hour, twice higher than pure CTF-0, more
than 36 times of pure Co;0, (Figure 2(b)). Following these
successful half reactions, the decoration of both Pt and Co;0,
on CTF-0 has been explored to realize the overall water splitting
into H, and O, and the results are shown in Figure 2 (c) and (d).
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The pure CTF-0 (blank) sample exhibits no detectable activity
toward overall water splitting. However, hydrogen and oxygen
gases were detected when co-deposited Pt and Co;0, on the
CTF-0 surface. This result demonstrates that the loading of
cocatalysts is a critical step to induce the pure water splitting
reaction. The stoichiometric ratio of hydrogen and oxygen
equal to 2:1 was achieved when both Pt and Co;0, cocatalysts
were loaded on the surface of the photocatalysts, interpreting
that the evolved O, is mostly originated from water oxidation. It
is also suggested that the photogenerated electrons and holes
are well separated and equally consumed by the water splitting
reaction with the highest efficiency when 6 wt% Co;0, and 3 wt
% Pt were decorated on the surface of CTF-0 photocatalysts. A
long-time course of the simultaneous evolution of H, and O, for
the overall water splitting on 3wt% Pt and 6 wt% Co;0,
deposited CTF-0 without any sacrificial agent was mentioned
and is showed in Figure 2 (d). H, and O, evolution are observed
only after turning on the light, confirming a photoactive
response. The both gas evolutions show constant rates with an
expected molar ratio of 2:1 for H,/O,. Moreover, the photo-
catalytic activity displays no noticeable reduction in an 18 h-
reaction, and the FTIR spectra of Pt/Co;0,@CTF-0 before and
after the photocatalysis during the prolonged operation remain
unchanged as shown in Figure S7. All the above confirm the
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Figure 2. (a) H, half reaction by pure and 3 wt% Pt-deposited CFT-0 with TEOA as the sacrificial agent, (b) O, half reaction by pure and 6 wt% Co,0,-deposited
CTF-0 with AgNO; as the sacrificial agent, (c) photocatalytic overall water splitting of different amounts of Co-loaded on CTF-0 with 3 wt% Pt as co-catalysts
except for the blank one, (d) cyclic runs of H, and O, production from pure water by 6 wt% Co,;0, and 3 wt% Pt-deposited CTF-0. All the experiments were
under full arc irradiation of a 300 W Xe lamp and 10 mg photocatalysts were used.
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stability of the photocatalysts and the solar to fuel conversion
efficiency was measured to be about 0.028%, which is
moderate while higher than the recently reported inorganic
system (Rh/Cr,0;-modified Ta;Ns/KTa0,).”! These results suggest
that the suitable amount of Pt and Co species on the surface of
CTF-0 is of crucial significance for the photocatalytic overall
water splitting, resulting into a turn over number of 958 with
respect to Pt and 593 with respect to Co,0, assuming all
powders of Pt and Co;0, are active sites. This clearly under-
estimates the performance of the photocatalyst to some extent.

Efficient optical absorption and charge separation are of
great importance for a photocatalytic reaction. In the UV-vis
spectra, the typical band edge of the CTF-0 photocatalyst is
observed at around 400 nm, as shown in Figure S8. Correspond-
ingly, the bandgap of CTF-0 is calculated as 3.0 eV, observed
from the Tauc plots of the UV-vis absorption data. After
coupling with Pt particles on CTF-0, the absorption edge has no
discernible change, indicating that the introduction of Pt
cocatalysts does not affect the band structure. However, after
loading cobalt oxide cocatalysts into Co;0,@CTF-0, there is an
additional absorption edge at ca. 430 nm, and the correspond-
ing bandgap is ca. 2.9 eV. For the absorption edge at 480 nm,
this absorption (AL <500 nm) were referred to ligand-metal
charge transfer events O(-I)—Co(ll).”” As a result of decoration

of both Pt and Co;0, on the surface of CTF-0, the UV-vis light
absorption shows two sharp absorption edges at 430 nm and
480 nm and the corresponding band gaps were 2.9 and 2.6 eV.
So, the two-bandgap absorption should be attributed to
bandgap absorption of CTF-0 and Co;0,.

For the investigation of the transfer of photoexcited
electron-hole pairs, photoelectrochemical analysis was per-
formed on the CTF-0 and Pt/Co,0,@CTF-0 excited by the
simulated solar light. The increase of photocurrent was
confirmed by transient photocurrent response as shown in
Figure 3 (a), The Pt/Co;0,@CTF-0 exhibits a higher photocurrent
than the pure CTF-0, which likely indicates the more efficient
separation and transmission of the photogenerated carriers.
The impedance arc radius of Pt/Co;0,@CTF-0 is much smaller
than pure CTF-O (Figure 3 (b)), indicating the better electrical
conductivity, which would facilitate the migration of the photo-
excited carriers and therefore, enhancing the photocatalytic
efficiency. Figure S9 presents the offset of the sample in the
binding energies of the valence electrons, i.e. +2.1eV. In a
typical XPS measurement, the binding energy of an electron
represents the energy that the electron requires to occupy the
Fermi level of the XPS analyser. The work function of the XPS
analyser is ca. 4 (vs. vacuum) and —0.4 eV (vs. RHE at pH=0).""
Thus, the valence band positions of vs RHE at pH=0 can be
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Figure 3. (a) transient photocurrent response, (b) electrochemical impedance spectroscopy Nyquist plots of CTF-0 and Pt/Co;0,@CTF-0 in 0.1 M Na,SO, with
0.4V bias versus Ag/AgCl and pH=6.5, and (c) proposed schematic of the photocatalytic overall water splitting reaction mechanism on Pt/Co;0,@CTF-0.
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estimated at + 1.7 eV. Given the band gap obtained from the
Tauc plots in Figure S8 and the XPS electron spectra, the
conduction band position was deduced as —1.2 eV. Therefore,
the band positions of Pt/Co;0,@CTF-0 are shown in Figure 3(c).
In light of the above results and analysis, a schematic
illustration of the reaction mechanism on the Pt/Co;0,@CTF-0
was proposed in Figure 3 (c). Firstly, the electrons are excited
from the valence band (VB) of CTF-0 to the respective
conduction band (CB) under light irradiation. Next, the
generated electrons and holes transfer to the Pt and Co;0,
cocatalysts as evidenced by photoelectrochemical and impe-
dance scans. These cocatalysts with separated charges can
catalyse proton reduction (2e” +2H"—H,) and water oxidation
(2H,0+4h™—0,+4H") for the overall water splitting,
respectively.”? At this point, decorating cocatalysts on CTF-0
can increase the charge carrier separation and transfer, and
more importantly realise the photocatalytic activity of the
overall water splitting.

In summary, it is demonstrated, for the first time, that
photocatalytic overall water splitting over a single CTF-0 photo-
catalyst has been achieved by loading both Pt and Co;0, as
cocatalysts. The photocatalytic activity of the cocatalyst-modi-
fied CTF-0 was improved greatly in each half reaction of water
splitting. A hydrogen production rate of 2262 umolg™'h™' and
an initial oxygen evolution level of 365 umolg™" were achieved
in the water reduction and oxidation reaction, respectively. The
stoichiometric ratio of H,/O,=2:1 was obtained by adjusting
the levels of Co;0, and Pt cocatalysts; and the optimum is 6 wt
% Co;0, and 3wt% Pt, leading to 82 pumolg™'h™' H, and
40 pmolg™'h™" O, produced in 18 hours, resulting into a turn
over number of 958 over Pt and 593 over Co;0,. Based on the
light absorption and photoelectrochemical measurements, it is
found that loading both Pt and Co;0, is essential for the overall
water splitting of CTF-0, which offers more active sites, and
accelerates the transfer of photogenerated charges. The one-
step approach of water splitting on CTF-0 provides new insight
into the artificial photocatalysis and represents a promising
route for further practical applications.
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