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ABSTRACT: Multimetal oxides (AxByOz) offer a higher degree of freedom
compared to single metal oxides (AOx) in that these oxides facilitate (i)
designing nanomaterials with greater stability, (ii) tuning of the optical
bandgap, and (iii) promoting visible light absorption. However, all AxByOz
materials such as pyrochlores (A2B2O7)referred to here as band-gap
engineered composite oxide nanomaterials or BECONsare traditionally
prone to severe charge recombination at their surface. To alleviate the charge
recombination, an effective strategy is to employ reduced graphene oxide
(RGO) as a charge separator. The BECON and the RGO with oppositely
charged functional groups attached to them can be integrated at the interface
by employing a simple electrostatic self-assembly approach. As a case study, the
approach is demonstrated using the Pt-free pyrochlore bismuth titanate (BTO)
with RGO, and the application of the composite is investigated for the first
time. When tested as a photocatalyst toward hydrogen production, an increase of ∼250% using BTO in the presence of RGO was
observed. Further, photoelectrochemical measurements indicate an enhancement of ∼130% in the photocurrent with RGO
inclusion. These two results firmly establish the viability of the electrostatic approach and the inclusion of RGO. The merits of
the RGO addition is identified as (i) the RGO-assisted improvement in the separation of the photogenerated charges of BTO,
(ii) the enhanced utilization of the charges in a photocatalytic process, and (iii) the maintenance of the BTO/RGO structural
integrity after repeated use (established through reusability analysis). The success of the self-assembly strategy presented here
lays the foundation for developing other forms of BECONs, belonging to perovskites (ABO3), sillenite (A12BO20), or delafossite
(ABO2) groups, hitherto written off due to limited or no photoelectrochemicalactivity.
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1. INTRODUCTION

Hydrogen is a globally recognized clean and eco-friendly energy
carrier. The photocatalytic approach to produce hydrogen using
two decentralized and perennial resourceswater and sun
continues to be a promising but challenging option.1−5

However, the photocatalytic approach is undeniably the only
strategy, to meet the ever increasing global energy needs in a
sustainable manner. Oxides have traditionally been the core
material of choice due to their multifunctional properties
relevant to any photocatalytic process, including hydrogen
generation.6−10 Upon illumination of an appropriate photo-
catalyst, charged species (electron−hole pairs) required to
produce hydrogen are generated. Most members of the oxide
semiconductor family of compounds are limited in their ability
to facilitate separation of these photogenerated charges. For
oxide-based photocatalysis to be practical and commercially
viable, it is critical to form nanostructures of oxides with
something that (i) aids in the separation of photogenerated
charges in real time, (ii) demonstrates universal compatibility
with any member of the extended oxide family group such as
multimetal oxides, (iii) integrates with oxide easily using a

simple approach, (iv) is cost competitive, and (v) enables the
oxide to demonstrate improved efficiency in any photodriven
applications.
One of the choice additives that meet all of the above criteria

is reduced graphene oxide (RGO). Nanocomposites of single
metal oxides such as TiO2, or even nonoxide semiconductors
such as Cu2S that contain RGO as a building block, can
significantly and positively impact optical, surface, catalytic, and
electronic properties of oxides in ways thought not likely
possible, until recently.11−13 The key to the success of the
integration is the ability to leverage the unique transport
properties of RGO in the oxide-RGO nanostructures. The
beneficial role of RGO addition is clearly evidenced from some
leading examples in photocatalytic (conduction and valence
band-driven redox reactions),11 electrochemical (H2 gener-
ation),12 and photoelectrochemical processes (improvement in
the photoelectrochemical response of Cu2S quantum dots).13
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Furthermore, the multifunctional attributes of RGO in
promoting light-activated reactions are also evident through
end-user applications such as (i) photocurrent enhancement for
solar-cell anodes through strong electronic coupling with
TiO2

14 and (ii) solar fuels such as hydrocarbons15 or
hydrogen.16

Among the oxides, unlike the popular single metal oxides
(AOx), multimetal oxides (AxByOz) such as pyrochlores
(A2B2O7) offer distinct advantages. The chief enabling features
of these materials are (i) increased options to form unique
formulations by tailoring the choice of elements in the A and B
sites (for example, this is evident with the flexible structural
formula of pyrochlore), (ii) increased potential for band gap
engineering, and (iii) the possibility to achieve materials that
demonstrate visible light activity using earth-abundant elements
as building blocks.17 Because of these unique features, we refer
to these multimetal oxides as band-gap engineered composite
oxide nanostructures or BECONs. The multimetal oxides can
be synthesized using simple, cost-effective, and scalable
approaches with tight size and dimensional control.18

Furthermore, as indicated in Scheme 1, designing new

BECONs can potentially promote synthesis of solar fuels.
They need not be limited to hydrogen production alone but
can also be used for sustainable green energy technologies such
as CO2 control, hydrocarbon-based fuel production, and energy
storage.19 To enable these features, BECONs with band gap in
the region of 1.6−2.8 eV, which is the desired band gap for
visible light-driven reactions, are required. The only area
multimetal oxides significantly lag behind compared to single
metal oxide is the separation of photogenerated charges.20,21

The synergistic coupling of RGO in the area of improving
photoactivity has generally been explored with single metal
oxides as a candidate material. Studies that have focused on
TiO2 of various forms are relatively better understood.22 With
regards to RGO compatibility with nonoxides, MoS2/RGO-
based molecular p−n junction heteroarchitecture has been
synthesized and has demonstrated an enhanced charge
separation and reduced charge recombination.23 That system
also improved the photocatalytic hydrogen generation as
compared to pure MoS2. In another example, α-Bi2O3

microneedles hybridized with graphene oxide (GO) also
showed better photocatalytic activity.24

In the context of the work presented here, it is noteworthy to
mention that bismuth-based oxides are the focus of this study
since Bi is a nontoxic source and is known to promote visible-
light absorbance.25 However, to the best of our knowledge the
impact of RGO in the photoelectrocatalytic and activity of
bismuth titanate (BTO) has not yet been investigated. BTO is a
pyrochlore-type multifunctional photocatalyst that facilitates
light-driven processes such as solar-fuel generation and dye
degradation.26 Compared to TiO2 (band gap or Eg of 3.2 eV),
BTO has a lower optical band gap (Eg of 2.8 eV). Therefore,
absorption spectra of BTO show a red shift compared to TiO2.
In an earlier modeling analysis, we thoroughly investigated the
structure−activity relationship of BTO using pseudopotential
plane wave calculations and partial density of states (PDOS).17

Unfortunately, in such semiconductor systems, the recombina-
tion of photoilluminated charges [electron (e−) and hole pair
(h+)] causes a detrimental effect in the photoactivity. The
prolonging of the separation among photogenerated charges is
critical for the enhancement of photoactivity.
The present work delineates the self-assembly of a two-

dimensional RGO with zero-dimensional BTO nanoparticles to
form a nanocomposite (rGBTO). Specifically, a simple ligand
chemistry-based electrostatic approach to synergistically couple
RGO with BTO is presented, and the features of the composite
thus obtained are examined using complementary character-
ization tools. Not only is the hydrogen yield enhanced in the
presence of RGO, repeated runs indicate the stability of the
RGO/BTO composite, highlighting its sustainable use.
Furthermore, photoelectrochemical measurements offer in-
sights into the charge-transport properties at the composite
interface. The representative case study presented here reveals a
unique approach to effectively integrate a BECON with RGO
and demonstrates the viability of the composite to drive
photoelectrocatalytic processes. The findings reported in this
work are expected to aid in the synthesis strategy of other
BECONs that belong to family groups such as perovskites
(ABO3), sillenite (A12BO20), or delafossite (ABO2) config-
urations (besides pyrochlores), and to build upon this concept
for the sustainable promotion of photodriven applications.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Bismuth(III) nitratepentahydrate was used as a

precursor and was obtained from Alfa Aesar. Titanium(IV)
isopropoxide (97%), terpenol, and aminopropyltrimethoxysilane
(APTMS) were obtained from Sigma-Aldrich (St. Luis MO). Nitric
acid, sulfuric acid (ACS, BDH3046−2.5LPC, 68%), and ammonia
solution (A667−212, ≥25%) were obtained from BDH Aristar and
Fisher Scientific. Graphite powder was obtained from Bay Carbon (SP-
1). Acetic acid (CH3COOH), potassium permanganate (KMnO4),
and sodium nitrate (NaNO3) were obtained from EMD Chemicals.
Ethanol (CH3CH2OH) and methanol (CH3OH) were obtained from
Pharmco-Aaper. The chemicals were used without any further
purification. Ultra high-purity deionized water (Millipore system)
was used for the synthesis. The ammonia and the nitrogen gas
cylinders were obtained from Airgas (99.99%).

2.2. Syntheses. 2.2.1. Synthesis of Bismuth Titanate Nano-
particle. The BTO nanoparticles were synthesized by a co-
precipitation method, followed by furnace treatment. The synthetic
protocol is described in detail in the Supporting Information (Section
1), and the process schematic is shown in Figure S1.

2.2.2. Synthesis of Amine-Functionalized Bismuth Titanate. The
as-prepared BTO (1 g) nanoparticles were dispersed in dry ethanol
(150 mL) by ultrasonication to ensure uniform dispersion. Amino-

Scheme 1. Relative Energy Levels of the Valence Band and
Conduction Band of Various Oxides at pH 7 with Respect to
NHEa

aThe design of new band gap-engineered composite oxide
nanostructures (BECONs) with Eg in the range of 1.6−2.6 eV will
promote photocatalytic processes such as water splitting, CO2
conversion to hydrocarbons, and pollutant remediation.
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propyltrimethoxysilane (APTMS) was added in a ratio of 0.19 mmol
mL−1 and refluxed for 20 h under a N2 atmosphere. Subsequently, the
mixture was cooled to room temperature, and the powder was
separated by centrifugation. The powder was washed several times
with ethanol to remove any unreacted APTMS. Finally, it was dried at
80 °C in an oven and stored for further use.
2.2.3. Synthesis of Graphene Oxide. GO was synthesized by the

modified Hummer’s method.27 The synthetic method is discussed in
the Supporting Information (Section 2).
2.2.4. Synthesis of rGBTO Nanostructures. A “self-assembly”

method, well-documented in the literature,28−37 was used to fabricate
the reduced rGBTO nanostructures. First, GO was dispersed in water,
and the pH was maintained at ∼8 using ammonium hydroxide. The
basic medium aids in the deprotonation of the carboxylate groups
resulting in the GO becoming negatively charged (Scheme 2). The
amine-functionalized BTO nanoparticles were separately dispersed in
water, and the pH was maintained at ∼3 by the addition of acetic acid.
This makes the surface positively charged. Then various amounts
(0.25, 0.75, 1, and 6 wt %) of GO suspension (with respect to BTO)
were added to the BTO dispersion. These composites are denoted as
rGBTO0.25, rGBTO0.75, rGBTO1, and rGBTO6. The ratio of the
photocatalyst and reduced graphene oxide BTO/RGO in the
composite catalysts are thus pristine BTO, 1:0; rGBTO0.25,
1:0.0025; rGBTO0.75, 1:0.0075; rGBTO1, 1:0.01; and rGBTO6,
1:0.06. The addition causes an immediate flocculation due to assembly
of oppositely charged components and also results in a transparent
solution. Beyond 1 wt %, the solution does not remain transparent but
gives a brown color due to excess graphene oxide. The flocculated
matrix was separated using centrifugation, dried, and annealed under
constant flow of ammonia at 300 °C for 3 h (inside a tube furnace
obtained from Lindberg Bluebox furnace-Thermo Fisher Scientific).
This process results in the formation of the rGBTO composites. The
thermally induced reduction of GO38 was carried out at a temperature
chosen from the observations in the thermogravimetric analysis
(TGA) (the temperature was chosen where the weight loss achieves a
steady state).
A control experiment was also carried out using pristine and

nonfunctionalized BTO, following the procedure mentioned above
(using 1 wt % of GO with respect to BTO). In this case, no

flocculation was observed. However, the mixture was separated by
centrifugation, dried, and annealed in an ammonia atmosphere. The
sample was termed S1. In addition, another composite sample was
prepared using 1 wt % of GO by solid-state mixing followed by
annealing in ammonia atmosphere. This sample was labeled S2.

2.3. Characterization. 2.3.1. Surface and Optical Character-
ization. The phase analysis of the synthesized photocatalysts was
carried out using X-ray diffraction (XRD) [Philips model 12045 B/3X-
ray diffractometer with a scan rate of 0.03° min−1]. A Hitachi S-4700
scanning electron microscope (SEM) was used to determine the
morphology of the as-synthesized BTO powder and the composites. A
JEOL 2100F high-resolution transmission electron microscope
(HRTEM) was used to examine the rGBTO composite. The BTO
and rGBTO were dispersed in ethanol and drop-casted over carbon
tape (purchased from Ted Pella). The morphologies of the particles
were observed under an accelerating voltage of 3 kV. TGA was
performed using a PerkinElmer STA 6000 (simultaneous thermal
analyzer) with an alumina crucible under nitrogen flow at a heating
rate of 5 °C min−1 (flow rate of 20 mL min−1 was used). The
absorption properties and band gap of the powder were examined
using a UV−visible spectrophotometer (Shimadzu UV-2501PC) over
a wavelength region of 300−800 nm. Fourier transform infrared
(FTIR) analysis of the samples was performed using Thermo Nicolet
6700 spectrophotometer in the range from 400 to 4000 cm−1 (in
transmittance mode). Micro-Raman spectroscopies of the samples
were carried out using a ReinshawinVia microscope at room
temperature with a 633 nm laser under low laser intensities (to
avoid sample heating/burning). The spectra were collected by
averaging multiple scans. X-ray photoelectron spectroscopy (XPS)
was recorded using PHI 5000 Versa Probe System, Physical
Electronics, MN, and the C1s peak was used as a reference to calibrate
the binding energies. Photoluminescence (PL) spectra of the samples
were measured using Fluoromax-3 Horiba Fluorimeter.

2.3.2. Photoelectrochemical Characterization. The current−
voltage (I−V) characteristics of the catalysts were measured using a
three-electrode system, with a quartz cell and a Pt wire as the counter
electrode, and a leak-free Ag/AgCl (in 3 M KCl) as the reference
electrode. A 0.5 M NaOH solution in water was used as the electrolyte.
An Autolab PGSTAT 30 electrochemical analyzer was used for the

Scheme 2. Step-by-Step Procedure to Couple GO and BTO Using Ligand Chemistry and Electrostatic Self-Assembly Approach,
Forming a Composite Nanostructure, Referred to Here as rGBTO, after Thermal Treatment
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photoelectrochemical analysis. The working electrode (catalyst-
deposited conducting glass slide; the method of the film preparation
is discussed in Supporting Information, Section 3) was irradiated with
a 500 W Newport xenon lamp as the light source with a light intensity
of ∼100 mW cm−2 with 0.5 M CuSO4 solution as a far-UV cutoff filter.
The electrochemical impedance of the catalyst samples were
performed using a Gamry electrochemical workstation in a three-
electrode apparatus. The ITO deposited with the catalysts served as
the working electrode, with a platinum wire as the counter electrode,
and Ag/AgCl (saturated KCl) as the reference electrode. The
measurement was performed in the presence of a 0.2 M Na2SO4
solution under dark and illuminated conditions.
2.3.3. Photocatalytic Slurry Reactor for the H2 Evaluation. An off-

the-shelf slurry reaction system was used to perform the photocatalysis
experiments. The H2 yield estimation was carried out by employing a
method that involved the use of a slurry reactor connected with a high-
pressure immersion-type medium-pressure quartz mercury lamp
(Section 4, Figure S2, Supporting Information). The detail of this
experiment is given in the Supporting Information (Section 4).

3. RESULTS AND DISCUSSION
3.1. Characterization of Graphene Oxide. The synthe-

sized GO and its transformation to RGO was characterized
using TGA. These results are shown in Figure 1. The TGA of

the base material graphite is also shown (Figure 1A). No weight
loss in the temperature range from 30 to 350 °C is observed.
However, in the case of GO, the initial weight loss of ∼10%,
from 30 to 150 °C, is noted. This is attributed to the removal of
physisorbed water at the GO surface [also indicated by an
endothermic peak in the differential thermal analysis (DTA)
curve, Figure 1 inset]. From 150 to 300 °C a significant weight
loss of ∼68.5% was observed with a strong exothermic peak at
∼200 °C in the DTA curve (Figure 1 inset). A majority of the
weight loss is noted as a sharp fall in the curve at a temperature
of ∼185 °C. This observation can be attributed to the pyrolysis
of the various functional groups such as hydroxyl, epoxy, and
carboxylate. During the pyrolysis process, weight loss occurs via
these functionalities generating carbon monoxide (CO), carbon
dioxide (CO2), and moisture (H2O).

39 After 300 °C, the
weight remains almost constant. The formations of these

groups were further characterized by FTIR spectroscopic
technique.
The FTIR spectra of neat graphite precursor and the product

formed from it are shown in Supporting Information, Figure
S3. The spectrum of graphite does not indicate any features in
the wavenumber window of 3500−500 cm−1, while several
features are observed in this region after the oxidative treatment
of graphite. These features are attributed to the formation of
different functional groups. The key peaks are identified as
follows: a broad peak around 3120 cm−1 is attributed to
hydroxyl (−OH) stretching, and the 1620 cm−1 peak is due to
−OH bending or in-plane vibrations of sp2-hybridized CC
bonding (Supporting Information, Figure S3).40 A peak around
2760 cm−1 is due to aliphatic C−H stretching, whereas peaks
observed around 1724 cm−1, 1221 cm−1, and 1042 cm−1 are
due to the presence of carbonyl (−CO), −C−OH
stretching, and epoxy (C−O−C)-containing functionalities,
respectively.41 These peaks indicate the formation of GO. The
as-synthesized sample at this stage is readily dispersible in water
due to the polar functionalities at the surface. Thus, the FTIR
observation supports the TGA results in that the weight loss
observed from 120 to 300 °C in TGA is caused by the loss of
the functionalities identified using FTIR.

3.2. Characterization of Surface-Modified BTO. The
surface functionalization of BTO was also tracked using FTIR
spectroscopy, as indicated in Supporting Information, Figure
S4. It can be observed that after functionalization, additional
peaks appear, which are attributed to the surface modification
by APTMS. In pristine BTO, the broad peak at 3264 cm−1 is
due to −OH groups on the nanoparticle surface, and the peak
at 1641 cm−1 is due to the −OH bending vibrations. After
APTMS treatment, new peaks appear at 2918 and 2846 cm−1.
These are characteristic of asymmetric and symmetric −CH2
stretching vibrations, respectively.42 The appearance of a band
at 1470 cm−1 is attributed to the −CH2 bending (scissoring)
vibration. The band appearing at 1562 cm−1 is caused by the
N−H bending (scissoring), the band at 1130 cm−1 is due to
C−N stretching, and the peak at 1035 cm−1 is due to (M−O−
Si) stretching (where M-surface metal from BTO). The
chemistry of the surface functionalization process of the BTO
before it is made to interact with the RGO is shown in
Supporting Information, Figure S4 (inset).

3.3. Characterization of the GO/BTO Composite after
Thermal Treatment. 3.3.1. Structural Characterization
Using FTIR. The FTIR of BTO and GO (1 wt %) with BTO
after thermal treatment is shown in the Supporting
Information, Figure S5. After thermal treatment, a significant
reduction in the −OH and carbonyl peak intensity (1720 cm−1)
can be noted. Two key observations are important here. First,
the carbonyl peak totally disappears after heat treatment. The
other peaks, except the peak at 1042 cm−1 (epoxy
functionality), are also removed. This is because of the partial
recovery of graphene structure. Second, the occurrence of a
new peak at ∼1569 cm−1 is due to the skeletal vibration of the
graphene sheet. This observation also alludes to a partial
recovery of the sp2 framework. It is known that a two-step
chemical exfoliation followed by thermal treatment leads to the
transformation of graphite to RGO. FTIR measurements aid in
the tracking of graphite-to-RGO transformation by monitoring
the evolution of skeletal vibrations, characteristic of graphene-
like behavior of the RGO.43−45 These two observations indicate
the formation of reduced graphene oxide (RGO) from

Figure 1. Thermogravimetric analysis (TGA) of (A) pristine graphite,
(B) reduced graphene oxide + BTO (rGBTO), and (C) graphene
oxide (GO) are shown. The XYY plot in the inset shows the TGA and
differential thermal analysis (DTA) data of the GO.
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graphene oxide. The composite nanostructure after thermal
treatment is referred as rGBTO.
3.3.2. Structural Characterization Using TGA. The TGA

thermogram of rGBTO is showed in Figure 1B. As expected,
the result indicates an insignificant weight loss in the
temperature range of 30−600 °C, implying the fact the GO
was converted to a graphene-like structure by losing most of
the surface functionalities during the thermal annealing process.
This result is complemented by the FTIR analysis as well
(discussed earlier), which indicates that the GO-to-RGO
transition occurs during the thermal treatment after the
electrostatic interaction (see Experimental Section and
Supporting Information).
3.3.3. Structural Characterization Using Raman. The

product of thermal treatment of the rGBTO and GO was
further investigated using Raman spectroscopy and is shown in
the Supporting Information, Figure S6. The two peaks
observed at 1352 and 1589 cm−1 are attributed to the D
band (defect-mediated breathing mode of A1g symmetry) and
G band (first-order scattering of the E2g mode), respectively.
Alternately, the ID/IG ratio was observed to be 0.76 for GO; it
increases to 0.85 for the thermally treated rGBTO. The
increase in the ID/IG ratio is attributed to the formation of
smaller sp2 domains during the thermal treatment proc-
ess.41,46,47 In addition, a downshift of G bands from 1592
cm−1 (GO) to 1584 cm−1 (rGBTO) was observed after thermal
reduction, indicating the formation of more graphene
domains.48 Thus, the combination of the results obtained
using FTIR and Raman reveals that during the thermal
treatment of the BTO−GO composite prepared by electrostatic
assembly, GO was converted to RGO.
3.3.4. Structural Characterization Using XPS. To further

probe the interface of the BTO−RGO material, XPS analysis
was performed. The C1s feature of GO is shown in Supporting
Information, Figure S7A. The deconvolution of this broad
asymmetric feature shows two peaks, specifically, a peak at
284.4 eV, which corresponds to graphitic −C−C, and a
relatively high-intensity peak at ∼287 eV, which corresponds to
−C−O functionalities, formed during the oxidation process.
The deconvolution of C1s of RGO is shown in Supporting

Information, Figure S7B. This indicates that the shape of the
peak totally changes after the thermal treatment with a
reduction in the higher binding energy peak at 287 eV. The
deconvoluted peaks can be designated as (a) graphitic −C−C
(284.4 eV), (b) −C−N (285.9),48 (c) −CN (287 eV),48 (d)
−O−CO (288.5 eV),41,49 and (e) π−π* shakeup satellite
peak (290.6 eV).50 The occurrence of −O−CO indicates the
formation of Ti−O−CO by the condensation of surface Ti−
OH of BTO and COOH groups at the graphene surface.41,49

The nitrogen doping in the RGO is also evident from XPS
studies (Supporting Information, Figure S8). The analysis
showed a broad asymmetric peak around 400 eV (N 1s), which
corresponds to the doped nitrogen in the RGO matrix.38

3.3.5. Phase and Morphological Characterization Using
XRD, SEM, and TEM. The phase analysis of the as-synthesized
pristine BTO and of the BTO with RGO was performed using
XRD and is reported in Figure 2. The peaks in the XRD
correspond to the pyrochlore-phase of the BTO. The detailed
characterization of this phase is presented elsewhere.26 The
XRD peaks are indexed as per JCPDS Card No. 32−0118,
where the peak at 28.7° corresponds to the (622) hkl plane,
while 29.9° corresponds to the (444) hkl plane. The latter is the
highest intensity peak unique to the composite and is also

present in the samples with the RGO. This observation
indicates that the physical integrity of the BTO is maintained
when it is synthesized as a composite with RGO.
The SEM was used to analyze the physical features of the

pristine BTO and the rGBTO samples. The pristine BTO
showed a particle size of 30 ± 10 nm [Figure 3A]. The
evolution of the rGBTO composite with an increasing amount
of GO addition is shown in the collage of images in Figure 3B−
D. The difference between Figure 3A and the rest of the SEM
images in Figure 3 is that the overall size of the composite is
increased irrespective of the GO content. This observation
indicates that the electrostatic self-assembly approach results in
the BTO encapsulation. Such a close contact between RGO
sheets and the BTO surface is desirable for the reasons
identified in the Introduction and is expected to assist in the
photocatalysis (discussed later). To further understand the
microstructure, TEM analysis of the composite nanostructure
was performed. The TEM image in Figure 3E indicates the
presence of RGO sheet encapsulating one or more of the BTO
nanoparticles. The RGO and the BTO are labeled in the Figure.
Such a composite structure formation (inorganic oxide with
graphene or graphene-like material) is observed in related
studies.51−53 Thus, in conjunction with SEM, TEM aids in
further understanding the BTO/RGO composite nanostructure
formation.
The continued existence of a fairly dispersed BTO particle

presence with increased GO content leads to an interesting
observation. With the increase in the loading of RGO, it is
possible that the GO exists as multiple layers wrapped around
the already coated BTO. As the synthesis method followed here
is an electrostatic self-assembly approach, this form of wrapping
can be expected to continue until the charge neutralization
point between positively charged (+Ve) BTO surface and
negatively charged (−Ve) GO is reached. In the case of high
GO loading, the excess GO is expected to remain in the
solution and cannot wrap around the BTO surface through
electrostatic interaction, due to lack of any positively charged
surface (Supporting Information, Figure S9).

4. PHOTOCATALYTIC HYDROGEN GENERATION
4.1. Boosting the Hydrogen Yield. The photocatalytic

hydrogen-generation studies using the composite nanostruc-
tures were carried out in a slurry reactor setup as described in
Supporting Information (Section 4 and ref 26). It can be

Figure 2. X-ray diffraction (XRD) patterns of the (A) BTO and the
(B) BTO wrapped in RGO (rGBTO) are shown. The various peaks
corresponding to the BTO phase are indexed in both samples.
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observed from Figure 4 that the presence of RGO (rGBTO)
shows a gradual increase in the overall hydrogen yield

compared to the pristine BTO. On comparing the activity of
BTO and 0.25 wt % RGO-loaded BTO, an ∼100% increase in
the hydrogen yield is noted. Note that the color of the
photocatalyst becomes darker when the RGO loading is
increased, as indicated in Figure 5. The hydrogen yield
continues to gradually increase further until a loading of 1 wt
% rGBTO is reached. The 1 wt % RGO-loaded BTO shows an
∼250% increase in the hydrogen yield compared to the pristine
BTO, highlighting the benefits of RGO inclusion.

However, a further increase in the RGO loading beyond the
1 wt % indicates a decrease in the hydrogen yield as evidenced
from the results of the 6 wt % sample. This observation can be
attributed to the light shielding effect of the RGO. With the
increase in the graphene-like material (such as RGO) loading,
the RGO at the surface can block the light absorption and
reduce the light intensity at the surface resulting in a reduced
photocatalytic activity.54,55 Further, the excess RGO can block
the active sites of the catalyst. This effect can also contribute
toward the activity reduction.56 This phenomenon is
responsible for driving down the performance of the photo-
catalyst. Thus, the reason for the 250% increase in the
performance with the 1 wt % rGBTO composite is (i) the
achieving of an optimal conjugation of RGO with the BTO and
(ii) RGO-driven enhanced separation of photogenerated
charges. The proof for the latter aspect is further evidenced
using the photoelectrochemical measurements (discussed in
Section 5.2).
We also conducted two experiments as control. First,

hydrogen generation from pristine BTO with pure water
using the photocatalytic reactor and UV−visible illumination
was performed. This experiment showed no hydrogen
generation during the entire course of the photocatalytic
reaction. Second, we also carried out another reaction with
APTMS-modified BTO after thermal treatment at 300 °C.
(The condition used for the synthesis was maintained the same
as the one used for the composite catalysts, i.e., rGBTO.) The
thermally treated APTMS-modified BTO did not produce any
hydrogen during the photocatalytic reaction from pure water.
The absence of hydrogen in these two experiments shows that
no photocatalytic or APTMS degradation-related hydrogen
generation occurs in the control reaction.

4.2. Mechanistic Insights into Methanol-Assisted H2
Evolution. The time-resolved hydrogen yield using the BTO

Figure 3. A series of microscope (SEM) images of the synthesized (A) BTO [no RGO], (B) rGBTO0.75 [RGO = 0.75 wt %], (C) rGBTO1 [RGO
= 1 wt %], and (D) rGBTO6 [RGO = 6 wt %]. The TEM image of rGBTO composite is shown in (E).

Figure 4. Cumulative hydrogen yield obtained using the pristine BTO
and the BTO/RGO composite catalysts with RGO content varied
from 0.25 to 6 wt %. The results presented in this bar graph are
obtained in the presence of a water/methanol mixture with 250/50 (v/
v) composition and UV−vis illumination continuously over a period of
130 min.
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and BTO/RGO composite is shown in Supporting Informa-
tion, Figure S10. The first 1 h results in a low hydrogen
generation. A rapid increase in hydrogen yield is noted between
1 and 2 h. The mechanism of the hydrogen evolution begins
with the photogenerated species formation. In the course of the
photoillumination, the BTO first generates electron−hole pair
(eq 1). The well-known conductive nature of the RGO is
responsible for the electrons to move away from the BTO (eq
2). The hole oxidizes the methanol to formaldehyde
(dissociation energy of 47.8 kJ mol−1) and generates two
protons (eq 3). The photogenerated electrons carried away by
the encapsulating RGO (interfacial charge transfer) remain
over the carbon network where the two protons react with the
electrons (e−) to generate hydrogen (eq 4). The formaldehyde
further oxidizes to formic acid (eq 5), releasing a single proton
[H+]. This formic acid, having a low dissociation energy (−95.8
kJ mol−1), is responsible for the increased rate of hydrogen
production at the end of 1 h. At the beginning of the first hour,
the formaldehyde builds up as an intermediate of methanol
oxidation. When a sufficient amount of formaldehyde is present
in the system, its oxidation to formic acid supersedes methanol
oxidation rates. This yields a higher rate of hydrogen evolution
as evident from the time-resolved data between 1 and 2 h.
The steps involved in the photocatalytic oxidation process

can be summarized as follows:57

⎯ →⎯⎯⎯⎯⎯⎯ +
− − +rGBTO e h

UV vis
CB VB (1)

→− −e e (RGO)CB CB (2)

+ → ++ +CH OH h HCHO 2[H ]3 (3)

+ → ↑+ −2[H ] 2e H (g)2 (4)

+ + + → + ↑+ −HCHO 2h 2e H O HCOOH H2 2g (5)

+ + → + ↑+ −HCOOH 2h 2e CO H2g 2g (6)

To further understand the effects of the intermediates of
methanol oxidation and their role, two experiments were
carried out. First, the photocatalysts were separated after a 2.1 h
run by centrifugation, and FTIR analysis was carried out
(Supporting Information, Figure S11). After photocatalytic
reaction, the peak noted at 1727 cm−1 is attributable to the
carbonyl (−CO) stretching frequency. This is indicative of
methanol oxidation resulting in the formation of formaldehyde

and formic acid. The other peaks arising at ∼2927, 1387, and
1219 cm−1 are due to the −CH3 stretching of adsorbed
−OCH3, the −C−H vibration of formic acid and −CO−OH
stretching vibration of formic acid,58 respectively. Thus, the
FTIR analysis shows the presence of oxidation products as the
factor that influences the rate of hydrogen evolution. Second,
since it is reported57,59 that formic acid and formaldehyde are
the byproducts of the oxidation, we performed a set of
experiments with formic acid−water and formaldehyde−water
as the starting solution (with rGBTO0.75 as the photocatalyst).
We ensured that the v/v ratio is the same as methanol−water in
both cases. The comparative hydrogen yields from these three
mixtures are shown in the bar graph (Figure 6). The hydrogen

yield with HCOOH/H2O is ∼5 times higher than that with
methanol/water and ∼24 times higher than that with HCHO/
H2O. The fact that the hydrogen yield is highest with formic
acid indicates that its presence accelerated the rate of hydrogen
production. This experiment, along with the references,
confirms that the formation of formic acid as a byproduct of
methanol oxidation is the basis for the higher rate of hydrogen
evolution.

4.3. Reusability of the Catalyst. To verify the reusability
and stability of the composite catalyst, a cycling experiment was
performed with the optimal rGBTO1 as well as with rGBTO6.

Figure 5. Photographs of the as-synthesized (A) BTO [no RGO], (B) rGBTO0.75 [RGO = 0.75 wt %], (C) rGBTO1 [RGO = 1 wt %], and (D)
rGBTO6 [RGO = 6 wt %].

Figure 6. A comparison of the hydrogen yield from various aquous
mixtures indicates that the presence of formic acid results in enhanced
hydrogen generation.
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This experiment was carried out for a prolonged period of time
(∼8.6 h) under continuous illumination. The results are shown
in Figure 7. The cycling experiment indicates a small reduction

(for rGBTO1) in the cumulative hydrogen over a 2 h run after
the first cycle. This reduction of ∼10% in the hydrogen yield
compared to the first cycle was evident with two batches of
samples. The cumulative yield remains constant from the
second cycle to the fourth cycle. These results confirm the
reusability of the photocatalyst.
It is possible that the intermediates of the reaction could be

playing a role in the performance of the catalyst. To evaluate
this possibility, FTIR analysis of the used photocatalyst was
performed. At the end of the first cycle the used photocatalyst
indicates the presence of adsorbed methoxy (−OCH3),
carbonyl (−CO), and aliphatic groups at the photocatalyst
surface. These groups are generated during the catalytic
oxidation of methanol as discussed above. The surface coverage
by methoxy (−OCH3) and other functional groups such as
carbonyl reduces the active sites of BTO, thus hindering the
reaction of subsequent methanol molecules at the surface. The
presence of these groups is identified as the cause of the
observed ∼10% decrease in the hydrogen yield. After the
second, third, and fourth cycles, almost no reduction was
observed, indicating that the photocatalyst is stable. The reason
for this no reduction taking place after the second cycle lies in

the steric hindrance created by the already adsorbed groups.
These groups do not allow blockage in subsequent cycles. The
stability of the composite is also attributed to the wrapped
RGO around the BTO surface, acting as a protective/
passivation layer. The results of Supporting Information, Figure
S12 further prove that a simple additive approach to assemble
BTO and RGO together does not result in hydrogen yields
greater than the electrostatic assembly technique.

5. INSIGHTS INTO THE UNIQUE PERFORMANCE OF
THE BTO−RGO COMPOSITE

5.1. Photoelectrochemical Analysis: Current−Voltage
Response of the BTO/RGO Films. Photoelectrochemical
measurements were performed to test the hypothesis that the
presence of RGO will promote charge separation. The
current−voltage (I−V) characteristics of the nanostructures
were measured using the film of the catalysts deposited over the
conducting glass slides. The typical I−V responses of the films
are shown in Figure 8A. The rGBTO1 sample [I(at, V=0) = 41
μA] showed a better current response under AM 1.5
illumination (intensity 100 mW cm−2) light condition.
Compared to this result, the response of the BTO samples

Figure 7. This bar graph shows the reusability characteristics of the
RGO/BTO composite photocatalyst with RGO content of (A) 1 wt %
(rGBTO1) and (B) 6 wt % (rGBTO6) performed under continuous
photoillumination for 8.6 h. The result indicates the stable hydrogen
yield at the end of the fourth cycle.

Figure 8. (A) The photoelectrochemical response of the (a) BTO and
(b) RGO/BTO nanostructures with 1 wt % RGO was examined using
I/V measurements. The experiment was conducted in a three-arm
photoelectrochemical cell with the photocatalyst film as the working
electrode and aqueous 0.5 M NaOH solution as the electrolyte in the
presence of AM 1.5 (100 mW/cm2) illumination. (The films were
prepared from a terpenol-based solution on ITO/glass slides). (B)
The electrochemical impedance response of BTO and RGO/BTO
nanostructures under dark and illuminated condition.
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were rather insignificant. (BTO displayed a photocurrent of
I(at, V=0) = 2.8 μA under the same condition).
The higher current generation/better photoresponse from

rGBTO samples demonstrates that the presence of the RGO
indeed facilitates electron removal and transport (immediately
upon generation in the BTO) compared to pristine BTO. This
photoelectrochemical study complements the photocatalytic
results in that the improved charge separation and electron
transport allows for greater hole availability to promote
oxidation reactions, consistent with the hydrogen evolution
results made with rGBTO earlier [Figure 4]. Furthermore, a
negative shift in the apparent flat band potential of the films
with 1 wt % rGBTO compared to the BTO film is noted. This
shift indicates an electron accumulation in the rGBTO film.
This is also evidence that the holes produced upon illumination
are not consumed by recombination, since electron accumu-
lation gives rise to this shift. Instead the holes are available for
photocatalytic hydrogen generation, as again indicated in the
mechanism and the results of Figure 4.
5.2. Electrochemical Impedance Analysis. Electro-

chemical impedance analyses were performed to understand
the charge-transfer mechanism in the BTO and rGBTO
composite systems. In an electrochemical impedance response,
the radius of arc reflects the effectiveness of charge transfer
occurring in the system. Summarily, the smaller the radius of
arc, the more effective is the charge transfer occurring within
the system.28,60−62 Electrochemical impedance analysis (Figure
8B) shows that there is a decrease in the radius of the arc in the
rGBTO composite compared to BTO samples when tested
under dark and illuminated conditions. This observation
indicates that an efficient separation of electron−hole pairs
occurs in the presence of RGO. The inference drawn from PL
analysis (discussed below) also complements this inference
drawn from EIS measurements.
5.3. Photoluminescence Analysis. Photoluminescence

(PL) measurements were performed to observe the effect of
RGO inclusion on the electron−hole recombination in the
BTO and rGBTO. From Figure 9 it can be observed that the
PL intensity from BTO is caused by the recombination of
electron−holes in the BTO. The PL intensity is significantly
reduced with rGBTO compared to the pristine BTO. This is
because the excited electrons are delocalized in the RGO sheet
and are not consumed by recombination. The role of RGO in

promoting the separation of photogenerated electrons is thus
evident. This approach to determine charge separation is
documented elsewhere as well.49,63 This reduced recombina-
tion was the basis for the observed enhancement in the
photocatalytic activity of the rGBTO.

5.4. UV−Visible Analysis: Extended Light Absorption
of the Composites. The UV−visible absorption spectra of the
composites with various RGO content is shown in Figure 10.

Because of the opaque nature of the composites, diffuse
reflectance measurements were performed and later trans-
formed. BTO exhibits an absorption onset at ∼444 nm. This
onset is attributed to the Bi, which causes the valence band to
shift closer to the conduction band.26 With an increase in the
RGO content there is a progressive red shift in the absorbance
onset. In fact, at low loadings between 0.25 and 1 wt % RGO,
the red shift is from 488 to 547 nm. The background
absorption toward the far right is due to the black carbon
material at the BTO surface that at high concentrations (>1 wt
%) absorbs the light but also prevents (screening) it from
interacting with BTO. The observation of red shift with RGO
presence is consistent with other findings on related oxide
RGO systems reported elsewhere.41,49

The band gap was estimated from the absorbance onset,
using the following equation: Eg= hc/λ, where Eg is the optical
band gap, h is Planck’s constant, λ is the wavelength
corresponding to the onset of absorbance, and c is the velocity
of light.64−66 For the RGO-free BTO the band gap was
estimated to be 2.8 eV. A shift from 2.8 to 2.54 eV (with
rGBTO0.25) and to 2.26 eV (with rGBTO1) is indicative of
doping effect of carbon. It is due to the Ti−O−C bond
formation between Ti−OH of BTO and C from the RGO. This
occurs during the thermal treatment step as indicated from the
XPS analysis (discussed earlier). Similar red shift in the
absorbance due to Ti−O−C bond formation has been noted in
previous studies.41,49 The absorbance measurements thus
indicate that the photoactivity of the catalyst is due to the
combined absorbance of UV−vis light.

6. TOWARD EFFICIENT REDUCED GRAPHENE
OXIDE/MULTIMETAL OXIDE PHOTOCATALYSIS

In a recent editorial the comparison of photocatalyst perform-
ance against appropriate benchmarks was recommended.67

Figure 9. Photoluminescence spectra of BTO and rGBTO composites
(rGBTO0.75 and rGBTO1). The measurements were performed
using an excitation beam (λex = 350 nm) with the photocatalysts.

Figure 10. UV−visible spectra of the pristine BTO and the rGBTO
composites with RGO content varied from (A) 0 wt %, (B) 0.25 wt %,
(C) 0.75 wt %, (D) 1 wt %, and (E) 6 wt % shows a red shift in the
optical absorbance onset from 444 to 547 nm.
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Therefore, we carried out a systematic comparison of the BTO
and rGBTO with other benchmark catalysts (shown in the
Supporting Information, Figure S13). The comparison allows
us to determine where the present composite catalyst stands in
terms of photocatalytic hydrogen yield. Note that the catalyst
produces hydrogen with the same order of magnitude as other
Pt-free catalyst. Obviously, it is to be determined how Pt
addition will impact H2 yield. In rGBTO-based composites, the
enhanced charge transfer from semiconductor to reduced
graphene oxide (RGO) needs further investigation. In the case
of multimetal oxides, such as BTO, the band gap can be
engineered by various metal ion substitution, and hence the
absorption onset can be tuned. Furthermore, in A2B2O7
systems, the A and B sites can be modified independently to
form AÀBB̀O7,

17,68 without (or with a minimal) structural
distortion for enhancement in the visible light absorption. In
previous studies, iron- and manganese-loaded BTO (Fe-BTO
and Mn-BTO) systems65,69 have been investigated for the
improvement of visible light absorption and photocatalytic
activity. The result indicated a red shift in absorption as well as
an improvement in the overall hydrogen yield compared to
BTO. Hence, for a proper metal ion/anion substituted BTO
having a significant absorption in the visible light can be
combined with reduced graphene oxide (RGO) to form a
composite nanostructure with an efficient charge-separation
process. Such environmentally benign, nontoxic, and green
composite catalyst systems can be used for multifunctional
applications (Figure 11).

7. CONCLUSIONS

A two-step electrostatic assembly method, followed by
temperature-assisted reduction, has been used to synthesize a
nanostructure composite consisting of reduced graphene oxide
(RGO) and bismuth titanate (BTO). The composite catalyst
system was characterized using various techniques such as
TEM, SEM, and XPS. The TEM and SEM observations
indicated a composite formation, where one or more BTO
particles were wrapped with RGO. Improved photocatalytic
and photoelectrochemical performance from the BTO in the
presence of RGO is attributed to (i) the better interfacial
contact between RGO and BTO through the self-assembly
approach and (ii) the unique ability of the RGO to promote

charge transport. The nanostructures exhibit a 2-fold enhance-
ment in its photocatalytic activity. The RGO loading was
optimized at 1 wt % to achieve maximum photocatalytic
activity, and the composite system demonstrated excellent
reusability characteristics, highlighting the stability of the
nanostructure assembly. The photoluminescence and photo-
electrochemical analyses indicate a better separation of charges
in the composite photocatalysts. This work also demonstrates
that the RGO can function as a charge separator as well as an
electron sink, thus providing fundamental insights into the
functioning mechanism of the nanostructure. Importantly, this
also means that RGO can be a practical cost-effective substitute
for expensive noble metals, thus making this process sustainable
and economical. Furthermore, since the band gap of oxides
such as BTO can be tuned by doping, assembly of these doped
BTO or other BECONs with RGO can only be expected to
additionally benefit photocatalysis and photoelectrocatalysis.
The true impact of the work lies in the implementation of this
approach to other related photodriven applications such as
pollution control or CO2 conversion to useful hydrocarbon
products/fuels.
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(19) Navaloń, S.; Dhakshinamoorthy, A.; Alvaro, M.; Garcia, H.
Photocatalytic CO2 Reduction using Non-Titanium Metal Oxides and
Sulfides. ChemSusChem 2013, 6, 562−577.
(20) Jing, L.; Zhou, W.; Tian, G.; Fu, H. Surface Tuning for Oxide-
Based Nanomaterials as Efficient Photocatalysts. Chem. Soc. Rev. 2013,
42, 9509−9549.
(21) Qu, Y.; Duan, X. Progress, Challenge and Perspective of
Heterogeneous Photocatalysts. Chem. Soc. Rev. 2013, 42, 2568−2580.
(22) Fan, W.; Lai, Q.; Zhang, Q.; Wang, Y. Nanocomposites of TiO2

and Reduced Graphene Oxide as Efficient Photocatalysts for
Hydrogen Evolution. J. Phys. Chem. C 2011, 115, 10694−10701.
(23) Meng, F.; Li, J.; Cushing, S. K.; Zhi, M.; Wu, N. Solar Hydrogen
Generation by Nanoscale p−n Junction of p-type Molybdenum
Disulfide/n-type Nitrogen-Doped Reduced Graphene Oxide. J. Am.
Chem. Soc. 2013, 135, 10286−10289.
(24) Som, T.; Troppenz, G. V.; Wendt, R. R.; Wollgarten, M.;
Rappich, J.; Emmerling, F.; Rademann, K. Graphene Oxide/α-Bi2O3

Composites for Visible-Light Photocatalysis, Chemical Catalysis, and
Solar Energy Conversion. ChemSusChem 2014, 7, 854−865.
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