9240  Wiley Online Library

Angewandte

Communications

Water Splitting

DOI: 10.1002/anie.201403375

Highly Efficient Photocatalytic H, Evolution from Water using Visible
Light and Structure-Controlled Graphitic Carbon Nitride **
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Xiaowei Chen, Zhengxiao Guo, and Junwang Tang*

Abstract: The major challenge of photocatalytic water split-
ting, the prototypical reaction for the direct production of
hydrogen by using solar energy, is to develop low-cost yet
highly efficient and stable semiconductor photocatalysts.
Herein, an effective strategy for synthesizing extremely active
graphitic carbon nitride (g-C3N,) from a low-cost precursor,
urea, is reported. The g-C;N, exhibits an extraordinary hydro-
gen-evolution rate (ca. 20000 umolh™ g™' under full arc),
which leads to a high turnover number (TON) of over 641 after
6 h. The reaction proceeds for more than 30 h without activity
loss and results in an internal quantum yield of 26.5 % under
visible light, which is nearly an order of magnitude higher than
that observed for any other existing g-C;N, photocatalysts.
Furthermore, it was found by experimental analysis and DFT
calculations that as the degree of polymerization increases and
the proton concentration decreases, the hydrogen-evolution
rate is significantly enhanced.

I norganic semiconductors have been at the forefront of
photocatalytic water splitting for the synthesis of renewable
fuels ever since the discovery of the phenomenon in the late
20th century.!! Advances towards an efficient photocatalyst
suitable for hydrogen and oxygen evolution under visible light
notably include: metal and nonmetal mixed oxides,” sulfides
and nitrides,®! doped perovskites,! and nitrided pyro-
chlores.’! These successes have drawn considerable interest
in the field, but are still far from meeting industrial require-
ments of efficiency and stability. The major challenge is to
develop a highly efficient, low-cost, and robust photocatalyst
that can successfully serve practical needs. A stable, organic
photocatalyst, graphitic carbon nitride (g-C;N,), was found to

show sufficient redox power to dissociate water under visible
light in a suspension (see Figure S1 in the Supporting
Information).’! However, the latest documented quantum
yields for H, production from water with g-C;N, (excluding
dye-sensitized systems) do not exceed 4 %" which is still
unsatisfactory for industrial applications.®! Graphitic carbon
nitride is composed of extremely abundant elements and is
nontoxic with proven stability, both thermally and in solutions
of pH 1-14. Therefore, if an effective and facile strategy is
devised to improve its energy-conversion efficiency, it can
meet all the aforementioned three requirements for a practical
photocatalyst. Although there has been extensive research on
g-C;N,-based photocatalysts,"™ little attention has been
paid to the effects of the protonation and polymerization of
pristine g-C;N,,.

Herein, we report a g-C;N, photocatalyst, synthesized
from low-cost and abundant urea, that shows an extremely
high quantum yield of 26.5% under visible light: nearly an
order of magnitude higher than the previous record of
approximately 4% for hydrogen evolution with g-C;N,." To
the best of our knowledge, this value is much greater than that
of most semiconductor photocatalysts, except sulfides (i.e.
CdS and ZnS), which are highly efficient but inherently
unstable."! More importantly, we have determined a proto-
nation mechanism from both experimental and computa-
tional findings to explain the extraordinary photocatalytic
activity of g-C;N, derived from a tailored polymerization
route.

For comparison, samples of g-C;N, were successfully
prepared by using different precursors (urea, dicyandiamide
(DCDA), and thiourea) under identical conditions and
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characterized by X-ray diffraction (XRD), attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spec-
troscopy, transmission electron microscopy (TEM), and UV/
Vis and Raman spectroscopy (see Figures S2 and S3 in the
Supporting Information for details of characterization and
analysis). Graphitic carbon nitride synthesized from different
precursors (600°C, 5°Cmin~' ramp rate) was tested for
hydrogen evolution in an aqueous sacrificial solution con-
taining triethanolamine (TEOA) at room temperature and
atmospheric pressure, in a procedure similar to a previously
reported method.”’" The fully optimized results are shown in
Figure 1 and further summarized in Table 1. The urea-derived
g-C;N, exhibited superior hydrogen evolution in comparison
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Figure 1. Hydrogen evolution with a 300 W Xe lamp, 3 wt% Pt, and
TEOA as a hole scavenger: a) full arc, b) 1>395 nm.

Table 1: Summary of the properties of g-C;N, synthesized from different
precursors. The Hy-evolution rate was measured by using a 300 W Xe
lamp, 3 wt% Pt, and TEOA as a hole scavenger. All samples were
synthesized at 600°C in air. The TON value was calculated with respect
to the Pt catalyst.

Sample HER rate TON (6 h) Band edge SSA
[umolh~'g™] [nm] [m’g™]
urea 19412 641.1 415 43.8
DCDA 1350 52.5 451 12.8
thiourea 2470 96.4 453 18.5
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to either the widely used DCDA- or thiourea-derived g-C;N,
under both full arc and visible-light irradiation (Figure 1a,b).
The urea-derived g-C;N, evolved hydrogen at approximately
20000 pmolh™" ¢!, 15 times faster than DCDA-derived and
8 times higher than thiourea-derived g-C;N,, as reflected in
the turnover number (TON, over a platinum cocatalyst; see
the Supporting Information for the calculation): Urea-
derived g-C;N, had a TON of 641.1, which is much higher
than that of the other samples.

Even under irradiation with visible light (4>395 nm,
Figure 1b), the wurea-derived g-C;N, evolved H, at
3300 pmolh ‘g™, more than 10times faster than the
DCDA-derived g-C;N, at 300 umolh™'g™' and nearly
7times faster than thiourea-derived g-C;N, at
500 pmolh~'g~'. It may be tempting to conclude that the
activity difference is due to differences in surface area;
however, the urea-derived g-C;N, has a specific surface area
(SSA) only 3.4 times greater than that of DCDA-derived g-
C;N, and 2.4 times that of the sample of thiourea-derived g-
C;N, (see Figure S4). Meanwhile, the activity was over
15times and 8times higher than that of the samples
synthesized by using DCDA and thiourea, respectively.
Interestingly, urea-derived g-C;N, calcined at 550°C showed
a surface area of 83.5m?g !, double that of the sample
calcined at 600 °C. However, the activity of the former sample
is only a third that of the latter (see Figure S5a). Zhang
et al.”® prepared g-C;N, at 550°C (3 h) from a urea precursor
and reported a hydrogen-evolution rate (HER) of
625 pmolh~'g™!, which is similar to that of the sample
prepared in this study. The difference in activity is due to
the shorter calcination time employed during sample prepa-
ration, which probably affects the level of polymerization of
the compound. Curiously, despite being able to absorb less
light, the urea-derived carbon nitride still outperforms both
DCDA- and thiourea-derived counterparts (Table 1). There-
fore, the activity cannot be directly attributed to either
surface area or optical absorption.

Extensive tests were carried out on the urea-derived
sample owing to its excellent performance in evolving hydro-
gen from water. The synthesis parameters were tailored to
augment hydrogen production from water, including the
reaction temperature, ramp rate, cocatalyst species, and
loading of the cocatalyst (see Figure S5).

X-ray photoelectron spectroscopy (XPS) was undertaken
to accurately determine the specific bonding and structure of
the samples. In all samples, the typical C 1s and N 1s peaks
were observed, as in previous studies.””) A residual O 1s peak,
probably due to calcination in air, was also present. XPS
spectra of the three samples (prepared from urea, thiourea,
and DCDA) are shown in Figures S6 (N 1s XPS) and S7 (C 1s
and O 1s XPS spectra) of the Supporting Information. The
C 1s spectra show C—C, C-N—C, and a trace amount of C-O
bonding at 285.1, 288.2, and 289.2 eV, respectively. The N 1s
spectra can be fitted to elucidate four separate signals, and
provides a better idea of the bonding structure, since carbon
spectra are susceptible to contamination. The N 1s core levels
at 398.7, 399.7, and 400.9 eV correspond to sp> C-N—C, sp*
H—-N—[C];, and C-NH, (amino functional groups), respec-
tively.") The weak peak at 404.4 eV can be attributed to
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terminal nitrate groups, charging effects, or m excitations.!!]
Hybridized sp® nitrogen not only has three chemical bonds to
carbon, but because of hybridization, can also be bonded to
hydrogen perpendicular to the direction of the graphitic layer.

Figure 2 shows the distinctive trend in bonding ratios
versus activity between samples (see also Table S1). The ratio
of sp> C—N—C bonds to the sum of sp’ H-N—[C]; and C—NH,

—,
3500
‘Tm |
- 9
"= 3000 z
— o
o ©
E 2500 2
=~ =]
g 2000 o
© °
5 2
= 1500 o et
3 o @
> S 2
S e g 2
i 1000 - 3 .
< [ —
S g 5= /
o (3]
° 500 O o=
° -
>
= 0 / 1 L 1
2.30 270 275 2.80 2.85

Nitrogen Bond sp’/sp’ Ratio

Figure 2. Ratios of bonds within the N 1s core-level peak in different
samples and their comparison to the hydrogen-evolution rate (HER)
under visible light (4> 395 nm): Decreasing proton concentration
leads to a dramatic increase in photocatalytic activity.

bonds (the latter represents the total amount of protons) is
2.83 in urea, 2.7 for thiourea, and only 2.31 in DCDA. As it is
part of the heptazine ring, linked by a double and a single
bond to two opposing carbon atoms, the sp>-bonded nitrogen
atom is the principle participant that contributes to band-gap
absorption and therefore is an extremely important part of
the structure. Both hybridized sp® nitrogen atoms and surface
functional amino groups (C—NH,) are also key features when
considering bulk and surface properties. Along with C—NH,
bonding, graphitic carbon nitride possesses a positively
charged, acidic surface, as confirmed by C-potential measure-
ments (see Figure S8). Elemental analysis (EA) further
confirmed the trend shown in Figure 2: As bulk H (atom %)
increases, the HER per SSA (umolm2h™") decreases (see
Figure S9). From these results and in combination with XPS
analysis, we could conclude that a lower proton concentration
leads to a larger HER.

The increase in proton concentration (from both sp’
nitrogen atoms and C—NH,) most likely stems from the
route of condensation, and even though all three samples
were synthesized under identical conditions, the extent of
polymerization varied owing to the different precursors,
which is consistent with the trends in XRD and FTIR
measurements (see Figure S2). In particular, only urea-
derived g-C;N, loses hydrogen in the form of formaldehyde,
owing to the presence of oxygen in the precursor (see
Figures S10 and S11 for thermogravimetic analysis—differ-
ential scanning calorimetry—mass spectroscopy analysis). This
trend not only applies to different precursors, but urea-
derived g-C;N, synthesized at different temperatures (550,
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650°C) also follows suit (Figure 2; see also Table S1): As
protonation increases, activity decreases. Therefore, both the
precursors and the synthetic parameters can control the
protonation and polymerization, thus leading to varying
activity. A small change in the preparation method can have
a huge impact on photocatalytic hydrogen production (such
as a change from 550 to 600 or 650°C; see Figure S5a and
ramp-rate changes in Figure S5b).

To determine exactly why polymerization and protonation
status influences H,-production rates, we modeled protona-
tion by DFT simulations using periodic supercells. Time-
dependent DFT (TDDFT) simulations were performed on
cluster models to determine the effects of hydrogen on
excited-state properties. The density of states (DOS) is shown
in Figure 3c. It can be clearly seen that the conduction-band
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Figure 3. Geometric and electronic structure of g-C;N,. a) Supercell
model of sheet carbon nitride; b) supercell model of protonated
carbon nitride. Nitrogen is denoted by light-blue spheres, carbon by
red-gray spheres, and hydrogen by white spheres. c) Total density of
states for sheet carbon nitride (black line) and protonated carbon
nitride (red dashed line). Energy is given with respect to the zero of
the simulation for sheet carbon nitride. The DOS of the protonated
carbon nitride has been shifted so that the corresponding zero points
align.

edge (CBE) of the protonated system is shifted down in
energy (towards more positive values with respect to the
normal hydrogen electrode, NHE) by 0.34 eV. This shift
significantly modifies the electrochemical properties, as it
provides a lower overpotential for reduction reactions, as also
shown in the UV/Vis absorption spectra (see Figure S2c¢). The
reason behind the drop in the position of the CBE can be
clearly seen in the site-decomposed DOS (see discussion in
the Supporting Information and Figure S12). The effects of
protonation on excited-state properties of a molecular model
were also calculated. The lowest energy vibrationally stable
structure involves strong distortions from planarity of all
three heptazine rings. The onset of optical absorption on
protonated g-C;N, occurs at a lower energy (more positive
with respect to the NHE) than for deprotonated g-C;N,.

Angew. Chem. Int. Ed. 2014, 53, 9240 -9245
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Indeed, two absorption peaks of the C;sN,sH;; model occur at
lower energies than that of the initial absorption peak of the
C3N,sH, model, in qualitative agreement with the DFT DOS
in Figure 3. This result verifies our DFT-based electronic-
structure analysis with TDDFT.

We also plotted the distribution of the lowest-energy
exciton for both carbon nitride models (see Figure S13b,c).
For deprotonated C;N,, the exciton is distributed relatively
homogeneously over the cluster, with transitions from
occupied N p, orbitals to empty C p_* orbitals. For protonated
C;N,, the exciton is more heterogeneous; the photohole on
the protonated heptazine ring and the photoelectron are
distributed evenly on the other two heptazine rings. Although
there is a better spatial separation between photohole and
photoelectron, both charge carriers are more localized
around the central N3 site, and thus are not as available to
participate in the photochemical reactions. Moreover, this
localization will act to increase the exciton-recombination
rate, thus hindering the efficient utilization of charge carriers.

A relatively small change in protonation has a two-
pronged detrimental effect on the reduction ability of g-C;N,.
Protonation significantly reduces the reduction potential and
also localizes excitons around a central nitrogen N3 site, thus
hindering migration to active sites. In this material, proto-
nation is essentially controlled through the degree of poly-
merization, but also coupled with the degree of condensation.
Graphitic carbon nitride, if “underpolymerized” (at low
temperatures), has incomplete heptazine coupling, which
results in excess hydrogen-passivating N3c’' nitrogen sites,
thus hampering activity. If “overpolymerized” (at about
650°C), the structure of g-C;N, tends to overly condense
into buckled multilayered crystals of reduced surface area; as
a result, the density of active sites is reduced, and photo-
catalytic ability is adversely affected. Moreover, the buckling
also distorts the sp® planar geometry, thus leading to charge-
trapping states at nitrogen sites and hence reduced activity.

As mentioned previously, apart from the need for a photo-
catalyst to be cheap and robust, it must exhibit a high
quantum yield for hydrogen production from water if it is to
be considered commercially viable. Compounds that tradi-
tionally exhibit high efficiencies
either suffer from instability (e.g.
sulfides!™) or are made of relatively
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Figure 4. a) Quantum yield of urea-based g-C;N,, as measured by
using band-pass filters at specific wavelengths (absorbance is shown
by the black dashed line, internal quantum yield by circles with
crosses). b) Stability test of the urea-derived g-C;N, under irradiation
with visible light (1 >395 nm).

difference is due to the use of a 395 nm long-pass filter instead
of a 420nm filter). As proposed previously, the huge
enhancement in hydrogen-evolution rate of our urea-derived
sample (3327.5 vs. 142.3 ymolh~'g™") can be attributed to
a lower protonation status and the condensation state.

Table 2: Comparison of typical g-C;N, photocatalysts reported for hydrogen production and the
corresponding quantum yields.

expensive metals (e.g. GaAs-
GalnP,'")). The cheap and stable
urea-derived g-C;N, in this study

has a peak internal quantum yield
of 28.4% at 365nm (Figure 4a).

Even under irradiation with visible
light at =400 nm, the quantum
yield is 26.5%, nearly an order of
magnitude greater than the highest
reported (3.75% at 420 nm,
obtained by liquid exfoliation). To
ensure the reliability of our mea-
surement, we examined as a refer-
ence a benchmark cyanamide-
derived g-C;N,, which showed com-
parable activity (Table 2; the small

Angew. Chem. Int. Ed. 2014, 53, 9240 -9245

Photocatalyst!®! Band HER rate under QY [%]¢ Ref.
gap [eV] visible light
[umolh~" g |
g-C3N, (cyanamide) 2.7 106.9 ca. 0.1% (420-460 nm) [7€]
mpg-C;N, 2.7 1490 N/A 7]
g-G;N, (S-doped) 2.85 800 N/A [7a]
g-C3N, nanosheets 2.35 1860 3.75 (420 nm) [71]
g-C;N, (MCA_DMSO) 2.83 N/A 2.3 (420 nm) [12]
our g-C;N, (cyanamide) 2.7 142.3 N/A this study
our g-G;N, (MCA_DMSO) 2.8 261.3 3.1 (400 nm) this study
our g-C;N, (urea) 2.85 33275 26.5 (400 nm) this study

[a] All photocatalysts listed were loaded with 3 wt% Pt cocatalyst, except g-C;N, (S-doped), which was
loaded with 6 wt% Pt cocatalyst. mpg-C;N,=mesoporous carbon nitride. [b] HER rates for external
samples were measured by using a A >420 nm long-pass (LP) filter either, anda A >395 nm LP filter for
our g-C;N, samples (cyanamide and urea). The small differences observed are therefore due to the long-
pass filters used. [c] The band-pass value for the filter used for measurement of the quantum yield is
indicated by the value in brackets. N/A=not applicable.

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Recently, a facile synthetic method for three-dimensional
porous g-C;N, was introduced by using aggregates of
melamine and cyanuric acid (MCA) co-crystals in dimethyl
sulfoxide (DMSO, sample denoted MCA_DMSO) as precur-
sors.'¥ It was reported that the quantum yield of g-
C,N,_ MCA_DMSO at A=420nm was 2.3% (Table 2),
much higher than that of melamine-derived bulk g-C;N,
(0.26 %) under the same conditions. We repeated this study
and observed very similar morphologies and optical proper-
ties to those reported (see Figure S14). Correspondingly,
a similar quantum yield of 3.1 % at A =400 nm was obtained
(Table 2; the difference is due to the wavelength of the band-
pass filter). Since MCA_DMSO is another oxygen-containing
precursor, the rise in the quantum yield as compared to that of
a melamine sample further supports our proposed protona-
tion mechanism. Furthermore, the reason why our optimized
urea-derived g-C;N, is more than 10 times more efficient than
MCA_DMSO g-C;N,, in terms of quantum yield at 400 nm,
given the very similar specific surface area of these two
samples, is because of the much higher oxygen concentration
in the urea precursor, which helps to passivate protonation
sites and polymerize g-C;N, without structural instability/
buckling.

The stability of the optimized photocatalyst was also
tested in an extended experiment (Figure 4b). The high
activity was reproducible, and the material showed excellent
stability during a period of 30 h. Attributes for a high
quantum yield commonly include good absorption, efficient
charge separation, and rapid carrier transfer to the surface for
redox reactions. Even though the overall band gap of urea-
based carbon nitride is larger than that of both the DCDA-
and thiourea-derived carbon nitrides, it produces more
hydrogen; therefore, the bulk absorption and band gap are
not the determining factor in overall activity. Owing to the
fewer protons in g-C;N, (urea), the band-gap and therefore
the overpotential is larger, which also results in better
separation of charge and consequently causes better migra-
tion of charger carriers to active sites. The trend of the proton
concentration and the trend of polymerization for the sample
set are in very good agreement with the corresponding
activity, which contributes to charge transport. Therefore, for
the first time, it has been demonstrated that the protonation
and degree of polymerization determines hydrogen-evolution
rates from water, whereby the surface area plays a minor role.

To conclude, we have presented a novel strategy for the
production of a structure-controlled graphitic carbon nitride,
which acts as a highly efficient photocatalyst for hydrogen
synthesis from water by using solar energy. The internal
quantum yield in the visible region is 26.5 %, nearly an order
of magnitude higher than reported previously. Under full-arc
irradiation, the optimized g-C;N, can be tailored to produce
approximately 20000 umolg™' of hydrogen per hour from
water. The optimized g-C;N, photocatalyst is very stable. It
exhibited a near-linear profile of H, production from water
for 30 h and resulted in a TON of over 641 in a 6 h test under
irradiation with a 300 W Xe lamp. Data from XPS, FTIR
spectroscopy, C-potential measurements, and XRD show that
both the protonation status and the degree of polymerization
can influence the g-C;N, hydrogen-evolution rate. In other

www.angewandte.org
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words, it has been experimentally proven that as the degree of
polymerization increases and the protonation status is
reduced, the hydrogen-evolution rate can be significantly
enhanced. By using two different lines of computational
evidence (DFT and TDDFT), we showed that this enhance-
ment is because of a shift in the position of the conduction-
band edge, thus increasing the overpotential for reduction
reactions at the surface. There is a significant shift in the CBE
position even for limited proton concentrations that are less
than experimental values. Furthermore, excess protonation
localizes photoelectrons at non-active redox sites. It was also
shown that both a high degree of polymerization and a low
level of protonation can be achieved by means of an oxygen-
containing precursor, such as urea in this study, as further
verified by another recently reported oxygen-containing g-
C;N, precursor.?
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