Nitrogen Doped Sr,Ta,O- Coupled
with Graphene Sheets as Photocatalysts
for Increased Photocatalytic Hydrogen

Production

Aniruddh Mukherji, Brian Seger, Gao Qing (Max) Lu,* and Lianzhou Wang*

ARC Centre of Excellence for Functional Nanomaterials, School of Chemical Engineering and Australian Institute for Bioengineering and Nanotechnology,
The University of Queensland, St Lucia, Brishane, QLD 4072 Australia

ydrogen as a clean and renewable
Henergy carrier has attracted much
recent R&D attention.'* Among

the many reported methods for H, genera-
tion outside of the carbon cycle, the solar-
driven water splitting process in the pre-
sence of a semiconductor photocatalyst has
been considered as one of the ultimate
routes.>® The properties responsible for
photocatalytic water splitting have been
identified and well documented over the
years. However it has been a challenge to
date to find materials that satisfy all the
necessary requirements. Among a variety of
hydrogen production photocatalysts, tanta-
lum oxide based compounds have been
reported to be very active.”° The conduc-
tion band (CB) of these tantalate based
photocatalysts consists of Ta 5d orbitals
and the valence band (VB) consists of O2p
orbitals. It is known that Ta>" has excess
overpotentials for reduction of H" to H,,
which is higher than most other d° elements.
It has also been suggested that the closer the
O—Ta—0 bond is to 180° the more the
excitation energy is delocalized,”'® indicat-
ing that electron—hole pairs generated as a
result of photoexcitation can be mobilized
easily in photocatalysts containing TaOg octa-
hedra. This suggests that layered perovskite-
type materials containing TaOg octahedra
are suitable candidates for water splitting.
For instance, Sr,Ta,05, as a wide band gap
layered perovskite-type semiconductor, has
been reported to be an active water splitting
photocatalyst in the ultraviolet (UV) region."’
However, most of existing photoca-
talyst materials like the above-mentioned
Sr,Ta,0; and well-known TiO, are mainly
active under UV light irradiation because of
their wide band gap (usually 3.0—4 eV).”#1°
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ABSTRACT In this work we present the synthesis of a new type of nitrogen-doped tantalate,

Sr,Ta,0,,N,, which exhibited significantly increased visible light absorption and improved

photocatalytic hydrogen production by 87% under solar irradiation, compared with its undoped

counterpart Sr,Ta,0;. The photocatalyst also exhibited a strong capability in photoinduced reduction

of exfoliated graphene oxide (GO) to graphene sheets. By using graphene as a support for a Pt

cocatalyst, a new type of composite containing graphene-Pt and Sr,Ta,0,.,N, was designed, which

demonstrated an additional ~80% increase in hydrogen production and an quantum efficiency of

6.45% (~177% increase from pristine undoped Sr,Ta,0;) due to the efficient charge carrier

separation on the photocatalyst. This work suggests that graphene can play an important role as an

electron transfer highway, which facilitates the charge carrier collection onto Pt cocatalysts. The

method can thus be considered as an excellent strategy to increase photocatalytic hydrogen

production in addition to a commonly applied doping method.

KEYWORDS: photocatalysts - graphene - hydrogen production - visible light

photoactivity - electron transfer

Considering the percentage of UV light is
less than 5% of the total solar spectrum
incident on the earth, in the past decade it
has been a research focus to explore photo-
catalyst materials which can efficiently utilize
visible light. An appropriate photocatalyst
should function in the visible light region
(420 nm < 1 < 800 nm) with a band gap of
less than 3 eV. Thus band gap engineering of
photocatalysts to induce absorption into the
wide visible light region has been considered
as a possible solution to this problem. The
doping of anions such as N,'*'3 51415 p 16
and C'® into known wide band gap semi-
conductors, mainly TiO,, has been reported.
This approach was pioneered by Asahi et al.'?
Ever since then nitrogen doping has emerged
as a generic way of reducing the band gap of
semiconductor photocatalysts. Domen and
his co-workers group have made significant
progress in recent years by developing
TaON and many other tantalum oxy-nitrides
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including perovskite oxy-nitrides.”'”~'? It is now gen-
erally recognized that efficiency of anion doping can
be related to structural shortcomings of most photo-
catalysts. Nonhomogenous doping combined with
long diffusion lengths within the bulk of the photo-
catalysts before reaching surface active sites could play
a crucial role in determining the efficiency. We recently
reported a new strategy to realize homogeneous
nitrogen doping which exhibited significantly im-
proved visible light absorption and better photocata-
lytic properties. The layered perovskite structure was
crucial in achieving homogeneous doping.?® A similar
strategy was also employed to a tunnelled pyrochlore
structure, and the material showed a remarkable 2-fold
increase in photocatalytic hydrogen generation
performance.?’ This idea forms a good basis for achiev-
ing further improved visible light activity by nitrogen
doping UV-active other layered compounds like per-
ovskite-type Sr,Ta,O; while a number of additional
factors still need to be considered and optimized in
order to design new photocatalysts with higher photo-
catalytic performance.

The quantum efficiency, one of the most appropriate
measures in evaluating the performance of photoca-
talysts, depends highly on ratio between charge carrier
transfer rate and the electron—hole recombination
rate. Time resolved spectroscopic studies have con-
firmed that approximately 90% of electron—hole pairs
recombine rapidly after excitation,?*?* which is no
doubt a serious issue to be addressed in the field.
Improving the quantum efficiency would necessarily
involve understanding and controlling the interaction
between the electronic, crystallographic and surface
properties by a systematic and rational approach
toward designing active and efficient photocatalysts.
There has been much effort to date to improve effi-
ciencies by using cocatalysts like Pt, Rh, NiO, and
Ru0,,210192024 \which can affect the overall recombi-
nation rate, but the extent of success has been limited.
The interaction between the semiconductors and the
cocatalysts in heterogeneous material systems remains
complicated, and more investigation is warranted.

The use of carbon scaffolds to improve dispersion and
surface area of electrocatalysts was one of the major
breakthroughs in the field of fuel cell technologies.?
More recently carbon supports have been used as a
scaffold to increase photocurrent for solar cell applica-
tions with impressive success.?*?” However the use of
carbon scaffolds and its effect on increased efficiencies
has not been widely reported. Among carbon based
materials, layered graphite and graphene oxide has
shown excellent physical properties; however, the
isolation and separation of single layers have been a
challenge. Ever since the single carbon sheet, graphene,
was first isolated in 2004,%8 the material has offered
exciting new opportunities in various different fields of
nanotechnology. Due to graphene's two-dimensional
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structure with sp>-bonded carbon atoms arranged in a
honeycomb structure, its applications have been ex-
plored particularly in the fields of electronic and catalytic
fields. It has been previously reported that graphene
offers excellent charge mobility (200000 cm? V' s,
high theoretical surface area (2620 m?/g) and high
transparency.?* 3" Because of graphene's large network
of sp? hybridized carbon, this material tends to form
strong ;t— bonds with other graphene sheets to form
graphite. One of the most common methods to sepa-
rate the sheets is to oxidize the carbon by attaching
functional groups such as alcohols, epoxide, and car-
boxylate groups forming graphene oxide (GO).3%%3
This both delaminates the graphite into single gra-
phene sheets and adds polar groups to allow the
material to be soluble in polar solutions. A pitfall of
this method is that the oxidation destroys the sp?
hybridized network and thus the conductivity of the
material. However, GO can be converted to the much
more conductive graphene by chemical reduction with
materials such as hydrazine or HI.>* Recently Williams
et al 3¢ successfully demonstrated that it was possi-
ble to photocatalytically reduce GO using UV active
photocatalysts. Using such oxidation and reduction
techniques, researchers have been able to effectively
use the graphene in a broader range of fields from solar
cells,*” to fuel cells,*® to batteries.>® During the writing
of this manuscript Ng et al.*° showed great enhancement
with graphene oxide as a scaffold for photoelectrochem-
ical water oxidation and photocurrent generation on a
semiconductor BiVO, thin film. Because of the effective
results in fuel cells and photocurrent generation, there
appears to be great untapped potential of using carbon
nanostructures to help improve hydrogen production.
In light of the above-mentioned points, the key
issues which limit the efficiency of a photocatalyst
include (1) the inability of photocatalyst to utilize
visible light (>420 nm) and (2) high rate of recombina-
tion of charge carriers in such photocatalyst. In this
work we look at using two strategies in synchronization
to improve the photocatalytic hydrogen production. In
the first endeavor we took the UV active layered
Sr,Ta05, and doped it with nitrogen to minimize the
band gap thus allowing visible light absorption. In the
presence of a standard platinum cocatalyst, we de-
monstrated that the doped catalyst resulted in nearly
double hydrogen yield than the undoped counterpart.
The second strategy we used to further improve
photocatalytic hydrogen production was to use gra-
phene, which was acquired by using Sr,Ta,07.,N, to
reduce GO under visible light irradiation, as a scaffold,
or charge carrier transport “highway,” to shuttle elec-
trons to the platinum cocatalysts. This strategy was
expected to significantly mitigate the recombinatory
reactions of charge carriers, thus facilitating the elec-
tron transfer to photocatalysts surfaces for hydrogen
production reaction, as schematically illustrated in
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Figure 1. Using both doped Sr,Ta,0; and the reduced
GO as scaffolds with Pt decorated on them, we were
able to increase photocatalytic hydrogen production
substantially.

RESULTS AND DISCUSSION

Nitrogen Doping of Sr,Ta,0;, for Increased Visible Light
Absorption. Sr,Ta,0; was synthesized using a reported
procedure by a solid state reaction method.'? The
perovskite material was then doped in an ammonia
atmosphere as discussed in the Experimental Section.
Figure 2 shows the UV—vis absorption spectra for
Sr,Ta,0; and nitrogen doped Sr,Ta,0;,N,. The N
doping resulted in the shifting of the absorption edge
from 290 nm to nearly 550 nm in the visible light
region. The band gap was estimated from the Kubelk-
a—Munk function versus the energy of the light
absorbed to be ca. 2.3 eV (details in Supporting
Information), which is significantly lower compared
to that of Sr,Ta,05 (4.2 eV). The shift in the absorption
spectra was also indicated by the change in color of the
powders from white to bright yellow. Utilizing visible
light for driving photocatalytic reactions is a key chal-
lenge since most oxides only absorb UV light. In contrast
to the pristine Sr,Ta 05, SroTa,0,4N, exhibited a large

Figure 1. Schematic diagram for charge carrier separation
and photocatalytic H, production on Pt-loaded graphene-
Sr,Ta,0;.,N, photocatalyst under simulated solar light
irradiation.

1.2

red shift in absorbance. This shift in the absorbance is
quite different and far pronounced than the commonly
observed absorption shoulders. The steep absorption
edges of the Sr,Ta,0,,N, and the almost parallel
characteristics of the absorption edges are significant
due to the large shift in band gap. As discussed in our
previous report,'" the layered structure can offer diffu-
sion pathways allowing for much easier nitrogen pe-
netration into the crystal lattice resulting in a more
uniform doping. This uniform doping helps promote
the total red shift of the absorption, being different
from the commonly observed shoulder absorption. We
recently reported the successful nitrogen doping of a
new tantalum tungstate material which showed a
similar effect after nitrogen doping.?' The results de-
picted suggest that uniform nitrogen doping carried
out by the relatively simple process of annealing had
induced visible light absorption in the material. Ele-
mental analysis was carried out using a flash elemental
analyzer. It was determined that 0.905 wt % nitrogen
was doped into Sr,Ta,05.

Figure 3 shows the XRD patterns of pristine
Sr,Ta,0, and Sr,Ta,07,N,. It is evident that there is
nearly no change in the crystal structure of Sr,Ta,0,
after N-doping. It was suggested by Ji et al.*' that the
extent of nitrogen doping is very important for opti-
mizing photocatalytic performance of the photocata-
lysts. Nitridation beyond an extent to which alters the
crystal lattice has proven to be detrimental to photo-
catalysis performance. Thus, retaining the original
crystal structure of the photocatalyst is vital to their
functionality. From Figure 3 it was clear that nitrogen
doping had a negligible effect on the crystal structure
of our material.

To investigate the state of the nitrogen dopant in
Sr,Ta05.,N,, N1s core levels were measured using XPS.
The results have been depicted in Figure 4. A strong
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Figure 2. UV—visible spectra of (A) Sr,Ta,05 and (B) Sr,Ta,05.4N,; inset shows the color change from white (A) to bright yellow

(B) upon N-doping.
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Figure 4. XPS spectra of (A) Sr,Ta,07 and (B) Sr,Ta,07.4N, .

peak at ca. 404 eV was evident in all the XPS scans. This
can be attributed to the Ta 4p(3/,), due to the abun-
dance of Ta in both the samples. After nitrogen doping
a new peak centered at 395.2 eV appeared for Sr,Ta,0-,
in addition to the peak at 404 eV. A number of studies
have recently confirmed that doped nitrogen with
binding energy at around 395 eV can be attributed to
B-N.1131442 This suggests that within the bilayers
consisting of Ta—O bonds small portions of Ta—N
bonds were formed by the doped nitrogen. This might
be reasonably explained because the N/N—H/N—H,
species, derived from the decomposition of NH; mol-
ecules, can migrate into the interlayer galleries of the
perovskite structure, which readily replaces the oxygen
in Sr,Ta,0; to realize homogeneous nitrogen doping
in the material.

The H, production efficiency of pristine Sr,Ta,0,
and Sr,Ta07.,N, each with 0.5 wt % Pt loaded, was
measured under simulated solar light irradiation
(AM1.5, 1000 W/m?). AM1.5 contains only a small
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amount of UV light (<5%), thus this test will allow us
to analyze the predominately visible photocatalytic
capabilities of these photocatalysts. The photocatalysts
were stirred in an aqueous suspension with methanol
as a sacrificial agent (electron donor). Platinum has
been reported to be a cocatalyst for H, production and
it has been shown that 0.5 wt % was the optimum
concentration. As shown in Figure 5 excellent photo-
catalytic activity was confirmed for Sr,Ta,0;.,N, and
was considerably higher compared to the undoped
counterpart. The maximum H, production rate achieved
for the nitrogen doped material was 194 uM/hour
(£5%) compared to 106 uM/hour (+5%) for the un-
doped material. The evolved gases were sampled
continuously using an online quadropole mass spec-
trometer and the photocatalyst exhibited very high
stability under the same experimental conditions over
a course of 30 h.

The positions of the valence band maximum (VBM)
and the conduction band minimum (CBM) are critical
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Figure 5. Hydrogen evolution rates of Sr,Ta,0; and Sr,Ta,07.,N, using Pt as the cocatalyst: (i) total hydrogen produced in a

course of 4.5 h; (ii) hydrogen evolution rates per hour.

variables in determining the feasibility of solar hydro-
gen production. A photocatalyst exhibiting sponta-
neous water splitting must have a band gap of
greater than 1.23 V, with the CBM higher than the
H*/H reduction potential. However due to the large
overpotential typically found in the water oxidation
reaction, the band gap should be significantly larger.
As exemplified in some of our earlier works' " invol-
ving Density Functional Theory (DFT) and first principal
calculations, the increase in the VBM without altering
the CBM as a result of N-doping reduces the overall
band gap and thus forms intermediate steps higher
than the VBM formed as a result of N2p and O2p orbital
mixing. This leads to much greater visible light absorp-
tion, which may eventually result in increased H, pro-
duction yields as demonstrated. The increase in
hydrogen production activity after nitrogen doping
was almost doubled. The quantum efficiency of the
doped system was calculated to be 4.26%, which was
considerably higher compared to the value of 2.33% for
the undoped system. Both efficiencies were calculated
in the wavelength region of 280 to 550 nm for an AM1.5
light source (details in Supporting Information). This
implied that the nitrogen doping leads to more photons
being absorbed by the photocatalyst, which subse-
quently results in an increase in generating charge
carriers and an improvement of quantum efficiency.

MUKHERJI ET AL.

Photoinduced Reduction of Graphene Oxide (GO) in the
Presence of Sr,Ta,0,,N,. GO-Sr,Ta,O,,N, composite
photocatlaysts were prepared by first using an ultra-
sonic probe to sonicate and exfoliate GO particles in
methanol. Subsequently the as-prepared Sr,Ta,07.,N,
was added and sonicated with the suspended GO
single sheets in methanol to ensure good mixing of
the materials.

A UV—vis spectrum of the composite in methanol
solution was taken initially. The material was then
stirred and irradiated with AM1.5 solar irradiation,
and subsequently the samples were analyzed at reg-
ular time intervals of every 60 min. The UV—visible
spectrum for the GO-Sr,Ta,0;_N, composite in 100%
methanol is shown in Figure 6. A very steady change in
the absorption spectrum of the GO-Sr,Ta,0,.,N, (1:1
by weight) suspension was recorded. The change in
absorption in the visible light region (400—700 nm)
was also evident by the color change of the suspension
as shown in the inset of Figure 6. This color change
from canary yellow to brown/black is due to the partial
restoration of 7 bonds within the carbon structure.*>**
In the absence of photocatalyst there was no change in
the UV—vis spectrum after solar irradiation. It should be
noted that the GO suspends well in aqueous solution
while the photocatalyst does not. Even though a stirrer
was used to mix the material, there was still not always
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Figure 6. The absorption spectra of GO and Sr,Ta,0;_,N, suspensions under simulated solar irradiation from 0 to 300 min
(indicated by the arrow). The inset shows the color change of methanol solution from yellow to black (10 mL containing 0.5

mg/mL of Sr,Ta,07.,N, and 0.5 mg/mL of GO).
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Figure 7. XPS C1s spectra of Sr,Ta,0,.,N,-GO composite (1:1 by mass): (A) before and (B) after photocatalytic reduction.

intimate contact between photocatalyst and gra-
phene. This may be a factor in the long time it took
to photoreduce the material compared to other dis-
persible photocatalysts.>3¢

The photoinduced reduction of graphene oxide
was analyzed using X-ray photoelectron spectroscopy
(XPS). C1s spectra of Sr,Ta,0,.,N,-GO composites (1:1
by mass) before and after being irradiated with simu-
lated solar irradiation are as shown in Figure 7. The
peak centered at 284.5 eV is attributed to nonoxyge-
nated C—C linkages while the C—O linkage is centered
at ca. 286.6 eV. There was an appreciable drop in the
peak intensity (counts) after irradiation in the presence
of the photocatalyst. This clearly illustrates that photo-
catalytic deoxygenation was effectively carried out
during the course of irradiation. These results were
further verified by Fourier transform infrared (FTIR)
spectroscopic studies as shown in the Supporting
Information, Figure S4. It was evidenced that the photo-
irradiated sample had lesser stretching at 1060 cm ™'
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(C—0 stretching vibrations) and 1600 cm™' (C—O
stretching vibrations). The stretching vibrations in the
range of 800—400 cm™ ' could be attributed to the
Ta—O linkages in the photocatalyst Sr,Ta;0;N,. XRD
patterns (Supporting Information, Figure S5) for the
Sr,Ta07.4N,-GO composites (1:1 by mass) before and
after photoirradiation were also examined. The sample
before irradiation did show a XRD peak at ~15.2°
which may be attributed to the (001) plane of GO,
but this peak was not observed after the photoirradia-
tion of the sample. Ng et al.*° suggested that this loss of
the peak may be attributed to the loss of oxygen
functional groups, which leads to structural changes
and the disappearance of the (001) peak after photo-
irradiation. When light strikes the photocatalyst the
promoted electron in the CB is at a high enough
reduction potential to reduce some of the functional
groups on the GO. The methanol acts to scavenge
the hole from the photocatalyst. While UV active
photocatalysts such as TiO,, and ZnO have shown to
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Figure 8. TEM images (a and b) of Graphene-Sr,Ta,07.4N,, showing that the Sr,Ta,0;.,N, particle is in contact with graphene
sheets and the Pt particles are deposited uniformly on the graphene sheets.

photoreduce GO.3*>3% In this work, we used a visible light
photocatalyst to reduce GO. Because of the higher CB
level of SryTa,0,,N, than that of TiO, or ZnO,%3° the
tantalum oxide species also has the potential to inject
higher energy electrons into the GO to reduce more
functional groups. Note that some stretching vibrations
are still observable in the FTIR spectra, thus this method
does not appear to completely reduce GO to graphene.
However, maintaining some functionalization allows
the GO to still be easily suspended in aqueous solution.

Water Splitting for Hydrogen Production Using Graphene-
Sr,Ta,0;.,N, Composites. The above-reported procedure
was slightly modified for carrying out photocatalytic
efficiency measurements with graphene-Sr,;Ta;0;4N,.
Noble metal loading is a well-established method for
increasing H, yield in water splitting, and Pt loading is
known to have a significant impact on H, production
yields. In our study, platinum was loaded onto GO
particles using an earlier reported procedure. This was
mixed with the photocatalyst so that the GO-Pt was 5
wt % of the total solution. Thus the Sr,Ta,0,.,N, to Pt
ratio was 0.5 wt %, which is typically the standard Pt
concentration for most photocatalytic hydrogen pro-
duction systems.””® Figure 8a shows that both a few
isolated Sr,Ta,0,.,N, particles and a large agglomera-
tion were attached to the graphene sheets, indicating
that the graphene sheets have very good interaction
with the photocatalyst particles. Figure 8b visualizes
that the Pt nanoparticles are well dispersed on the
graphene sheet with a size of 4—10 nm. High resolu-
tion TEM images indicate the crystallinity and distribu-
tion of Pt nanoparticles and Sr,Ta,O;,N, material
(Supporting Information Figures S2 and S3).

Figure 8b also shows that there is minimal direct
contact between the photocatalyst and the platinum in
this composite, thus the electron must travel through
the graphene to the platinum particle if the support is to
be effective. The photocatalytic reduction of the GO
earlier in this work has already shown that electrons can
be inserted to the GO to reduce the functional groups,
but photocatalytic hydrogen production tests were
needed to determine the effectiveness of electron
transfer to and through graphene to the Pt cocatalyst.

Photocatalytic Hydrogen Production. Different
amounts of graphene (2.5—10 wt %) were mixed with
Sr;Ta 07N, to test for photocatalytic hydrogen
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evolution efficiency using methanol as a scavenger.
The solution in the photocatalytic reactor was purged
with argon for 3 h under dark conditions. The com-
posite was then photoirradiated to carry out photo-
reduction of the graphene oxide and photocatalytic
hydrogen measurements.

It should be noted that when the platinum metal
was reduced onto GO via sodium borohydride, the
sodium borohydride could also partially reduce the
support GO,%” providing some degree of conductivity.
This allows electrons to pass from the photocatalyst
through the graphene to the platinum for hydrogen
production. During the initial stages of photoirradia-
tion, photoreduction of GO is quite likely in addition to
photocatalytic hydrogen production. However the de-
gree to which GO is reduced by photoreduction com-
pared to sodium borohydride is beyond the scope of
this investigation. Though the photoreduction of GO is
an important process for increasing the electron trans-
fer capabilities of the composite, there are so few
functional groups to be reduced compared to the
amount of photocatalytic hydrogen produced, that
the amount of methanol used in the photoreduction
process is negligible compared to that used in the
photocatalytic hydrogen production.

Figure 9i shows the photocatalytic hydrogen produc-
tion graphene—Sr,Ta,0;.,N, photocatalysts as a function
of irradiation time. These materials are also compared to
the Sr,Ta,0; and Sr,Ta,0,,N, photocatalysts with Pt as
cocatalysts (previously shown in Figure 5i). It was clear
that both the photocatalysts containing 2.5 wt % and 5
wt % graphene showed better photocatalytic hydrogen
production performance than the Sr,Ta,0,,N,-Pt with-
out graphene, and total amounts of generated hydro-
gen were increased very steadily without apparent
change during a testing course of over 4 h, suggesting
the good stability of the composite photocatalysts. The
5 wt % graphene sample exhibited the optimized
average yield of 293 uM/h (£5%) while too much
graphene loading (10 wt %) was detrimental to photo-
catalytic hydrogen production performance. This might
be attributable to the trade-off between the excellent
charge transfer capability of graphene and its detrimen-
tal effect on visible light absorption. We also tested Pt-
loaded graphene oxide (without photocatalyst) as a
controlled sample, and the samples did not show any
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photocatalysts.

hydrogen production performance under the same
experimental conditions.

It was interesting to explore the possible reason for
this significant increase. As schematically demon-
strated in Figure 1, charge carriers are produced when
photons are irradiated onto the photocatalyst in the
suspended solution. While the hole is scavenged by
methanol, the electron produced is promoted to the
conduction band as a result of photoexcitation. The
earlier experiment with the Sr,Ta,0,,N, photocataly-
tic reduction of GO showed that electrons from the CB
of the photocatalyst can be injected into the GO.
Lightcap et al.*® had established that, even after photo-
reduction, electrons can still be inserted into reduced
graphene sheets. Graphene has high charge carrier
mobility, and thus the electron is now mobilized on the
graphene sheet. The Pt nanoclusters decorated on the
graphene surface act as active sites for hydrogen
evolution. The presence of graphene suspended in
solution reduces the possible recombination, which
in turn results in higher H, production in graphene
composites. One issue with using graphene is that it
does absorb a certain amount of light, and thus at
higher graphene to Sr,Ta,0,,N, ratios there is a
competition for light absorption. This may explain
the decreasing efficiency using 10 wt % graphene.

This electron transfer scheme using a visible light
photocatalyst and Pt-decorated graphene has not
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been reported before and is thus an innovative attempt
forenhancing H, production yield. As mentioned earlier,
the quantum efficiency for Sr,Ta,0;.N, with Pt cocata-
lystin the wavelength of 280—550 nm was calculated to
be 4.26%. This value was further improved to 6.45%
(~177% increase compared to the value of 2.33%
for undoped Sr,Ta,0,) when Pt-loaded graphene scaf-
folds (5 wt % composite) were incorporated into the
Sr,Ta,057.,,N, photocatalyst. Thus it is clear that, through
the strategic combination of nitrogen doping and using
a conductive electron transport “highway”, we were
able to improve the hydrogen production efficiency of
tantalum oxide based catalysts significantly when com-
pared to that of the pristine Sr,Ta,0O;, photocatalyst. The
efficiency is comparable to some of the well-known
visible light active photocatalysts summarized in recent
reports.®*¢~*8 |t is also worth noting that the evaluation
of photocatalytic efficiency relies on the measurement
of the number of molecules of hydrogen evolved as a
result of photocatalysis. In general, it is still very difficult
to compare the photocatalytic efficiencies in one reac-
tion system to another, because there is still no stan-
dardized testing condition (such as the shape and size of
reactors, catalyst loadings, reaction solvents, and light
sources) in this field to date.*® The quantum efficiency
has thus been considered as one of the most appro-
priate ways of comparing photocatalyst efficiency at
this stage.

VOL.5 = NO.5 = 3483-3492 =

A AN

WWww.acsnano.org

3490



In this work, we have demonstrated the feasibility
of a new strategy in using graphene-functionalized
nanocomposites for significant efficiency improve-
ment in photocatalytic hydrogen production. The
innovative aspects are not just the enhancement in
performance but also the better understanding of
crucial factors which play key roles in photocatalytic

EXPERIMENTAL SECTION

Synthesis of Materials. Sr,Ta,O; was prepared by calcining
stoichiometric mixtures of SrCO5 and Ta,O5 powders obtained
from Sigma Aldrich (purity >99%) at 1100 °C for 32 h with one
intermediate grinding after 16 h by using a reported procedure.'?
Nitrogen doping of this Sr,Ta,O; powder was carried out by
calcining these powders in ammonia atmosphere at 910 °C for
90 min, resulting in the formation of a bright yellow colored
compound.

Graphite oxide (GO) was prepared through the Hummers'
method,*? by reacting commercially obtained graphite powder
in a mixture of strong oxidizing agents namely H,S0,4, NaNOs,
and KMnO,. The GO was filtered and washed twice with 1 M HCI
and twice with DI water. The GO was then dried to form a brown
powder.

For photocatalytic reduction of GO experiments, light was
irradiated onto the cell, using a 300 W Xe lamp (Newport, Oriel
91160) sun simulator with integrated AM1.5 filter. These reac-
tions were carried out in an ice bath to eliminate effects of heat.
A typical mixture of the ratio of (1:1 by weight) of GO (0.5 mg/
mL) and Sr,Ta,07.,N, (0.5 mg/mL) was taken with total con-
centration of the mixture being 1 mg/mL in methanol. The
solutions were dearated with argon for 30 min before photo-
irradiation as well as during the entire run. Samples were taken
every 60 min and analyzed with a UV—vis spectrophotometer.

Pt nanoparticles were deposited on graphene sheets by
slightly modifying an earlier known procedure.>® GO was mixed
with H,PtClg in a ratio of 10:1 in aqueous solution. A 50 mM
solution of NaBH, was then added dropwise to reduce the
platinum salt onto the GO scaffold. The solution turned darker
as NaBH, was added due to the reduction of [PtClg] ™ to Pt metal.
While the sodium borohydride reduces the platinum salt, it only
partially reduces the GO. This material was then mixed with
Sr,Ta;07.4N, in varying ratios (2.5 wt %, 5 wt %, and 10 wt %
graphene—Pt).

Characterizations. X-ray diffraction (XRD) patterns of all sam-
ples were collected in the range 2°—90° (26) using a Bruker D8
advance X-ray diffractometer (Co Ko radiation, 1 = 1.7 A). The
UV—vis absorbance spectra were obtained for the samples
using a scan UV—vis spectrometer (Shimadzu UV-2450). The
spectra for solid samples were obtained using an integrating
sphere attachment for obtaining diffused reflectance spectra
for the samples. BaSO, was used a reference. For the liquid
samples absorption measurements were made using optically
transparent quartz cuvettes. X-ray photoelectron spectroscopy
(XPS) was carried out using a Kratos axis ULTRA X-ray photo-
electron spectrometer. The binding energies were charge cor-
rected using adventitious carbon as a reference. Elemental
analysis was carried out using a flash elemental analyzer
(Thermo-Flash EA1112). Real time Fourier transform infrared
(FTIR) spectra were recorded using the Nicolet 6700 FT-IR. Data
were recorded as percent transmittance relative to KBr, which
was used as a reference.

Photocatalytic hydrogen production was carried out in an
air free closed gas circulation system reaction cell made of
quartz. The total cylindrical volume of the cell was 150 mL. There
was an optically polished piece of quartz glass that was fused on
the top of the cell to minimize light scattering. Hydrogen
evolution was detected online, carried out using the setup
illustrated in Supporting Information, Figure S6. Argon with a
flow rate of 100 mL/min was used as a carrier gas, controlled by
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process. While the anion doping is a known techni-
que for increasing visible light photoactivity, the
findings of graphene-containing nanocomposite
design is of great importance which could be applic-
able to other wide band gap semiconductor mater-
ials for more efficient clean energy conversion
systems.

Brooks 5850E mass flow controller, and was passed through a
quartz glass cell containing aqueous suspensions composed of
100 mg of active photocatalyst and 100 cm® of 20% methanol
solution (electron donor) in water. The simulated sunlight was
irradiated onto the reaction cell for 4.5 h using a 300 W Xe lamp
(Newport, Oriel 91160) sun simulator with integrated AM1.5
filter, while the cell was cooled using a water bath to room
temperature. Long-term stability tests for up to 18 h were also
carried out and used to analyze the average H, production rate
per hour. The resulting gases were continuously sampled
downstream through a 25 um capillary connected to a Varian
leak valve. The leak valve introduced gases in a vacuum
chamber attached to SRS RGA300 quadrupole mass spectro-
meter. Varian MiniTask, with a maximum pumping speed of
40 L/s (for nitrogen) and base pressure of 1.5 x 10~ Torr, was
used to evacuate the vacuum chamber. The partial pressures of
the gases evolved from the sample were recorded with respect
to time every 10 s. Partial pressures for H, were then converted
to umol/min using the calibration from a standard gas mixture
(0.0994 £ 0.002% hydrogen in argon = 53 uM/h of H,) at the
same flow rate of 100 mL/min. The whole system, including the
photocatalyst, was flushed with Ar at 100 mL/min for 1 h to
remove any trace of air (including nitrogen and oxygen) before
every photocatalytic reaction was carried out.
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