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Abstract

In this study, a hydrogen generation photocatalyst based on bismuth titanate (Bi,Ti,07-BTO)
with manganese (Mn) has been developed. Mn of varying weight percent was added to construct
a modified BTO catalyst (Mn_BTO), in order to enhance the opto-electronic and photocatalytic
hydrogen generation capabilities of the pristine BTO. The structural, morphological, and optical
properties of the photocatalysts were evaluated by X-Ray diffractometer (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and UV-visible
spectrophotometer. The XRD, SEM, and TEM analysis indicates the formation of the
pyrochlore BTO phase with particles of dimensions 30+10 nm. The UV-visible study revealed a
reduction in the bandgap of Mn_BTO and enhanced absorption in the visible range, compared to
the pristine BTO. The catalyst was optimized for maximum hydrogen generation from a water-
methanol (sacrificial electron donor) system in a slurry reactor. The photocatalytic hydrogen
evolution studies indicate that the Mn_BTO with up to 1 wt% Mn facilitates an optimal 140%
increase in the hydrogen yield. The role of formic acid and formaldehyde as an additive in
photocatalytic hydrogen evolution has also been examined. The effect of Mn content,

mechanistic overview, and reusability of the catalyst is discussed.
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Introduction
Hydrogen is a source of energy and is considered a clean and reliable fuel for the next
generation. One of the ways of acquiring hydrogen is by light activated splitting of water, or
water with sacrificial additives and a photocatalyst under solar irradiation.'™ This method
transforms light energy to chemical energy. Various semiconductors such as titania (TiO,),’
C3N,° tungsten oxide (WO3),” zirconia (Zr0,),} tantalum oxide (Ta,Os),” strontium titanate
(SrTi03),"° bismuth vanadate (BiVOy),"' (Oxy)nitrides'> have been evaluated to facilitate

B-18 " various

hydrogen generation. Among these, TiO, is a well-studied photocatalyst.
modifications/doping have been investigated including carbon/nitrogen' doped TiO,, noble
metal-oxide composites (Pt_TiO»/Au_TiO,/Ag_Ti0,)*** and several transition metal ion doped
titania®* in an effort to improve photocatalytic activity. Noble metal-based SrTiO; has also been
studied®® for improvement in the photocatalytic activity. The effect of different salts on various
photocatalysts during hydrogen evaluation has also been carried out.® Recently, inverse opal
structured hematite (oc-FezO3)27 has been developed as a photoanode for photoelectrochemical
water splitting. Electrophoretic deposition of colloidal hematite as a photoanode was also carried
out for water splitting.?®

BTO (Bi,;Ti,07) is a low bandgap semiconductor and a visible light-driven photocatalyst
for hydrogen generation,” but its ability to function as a composite with other additives and the
resulting properties are not well understood. Fundamentally, BTO (Bi,Ti,07-A;B,07) has a
pyrochlore type structure (consisting of an interpenetrating cuprite (A,O) tetrahedral with corner
sharing BOg octahedron),’® where the A and B sites can be altered by various elements®' causing
a small structural distortion. As a comparison, the bandgap of TiO, [bandgap of 3.2 eV (for
anatase) and 3.0 eV (for rutile)] is larger than BTO (band gap of 2.8 eV). The large band gap of
TiO, restricts the photocatalytic application to the UV domain only (sunlight contains only 4%
UV light). Hence it is important to develop a broad spectrum absorption catalyst that can absorb
in the visible and also demonstrates chemical stability similar to the TiO,. Compared to TiO,,
BTO based materials show increased absorbance in the visible spectrum.”

Previously, theoretical modeling of BTO was investigated, based on pseudo-potential
plane wave calculations and substitution of BTO by various d-block elements (Fe, Mn, Cr, Ni),
in order to understand their electronic effects.*? It was shown that a reduction in the bandgap of

BTO is due to the 6s electrons of bismuth (these electrons also responsible for the inert pair
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effect observed in Bi) helping to reduce the band gap as observed from the electronic structure.
Not only is it the contribution of 6s” electrons, PDOS (partial density of states) investigation of
individual atoms of BTO further confirms that bismuth helps in the enhancement of the ‘p’ type
character of the conduction band (valence band of BTO has a good ‘p’ character due to the
contribution of oxygen 2p). These two synergistic effects of Bi assist in up-shifting the valence
band towards conduction band and help to promote the electron transfer during photo excitation.
It was also observed that the percentage of the p-character is 7% more in BTO (21.68%) than
TiO, (14.32%). These observations imply that BTO is a promising broad spectrum absorption
photocatalyst that is amenable for further modification and applied to photocatalytic reactions.

The theoretical investigation also indicated that there are multiple ways by which the
bandgap of BTO can be further reduced and its light absorption properties can be improved.
Specifically, doping of manganese in the BTO structure is one of the possible approaches to
improve the light absorption in the visible domain. The substitution of this dopant can create
interband states, which can help in the charge transfer from the valence band to the conduction
band. It is notable to mention that CdS with a band gap of 2.4 eV (similar to BTO onset
absorption) can absorb in the visible domain but the material is unstable and toxic. Alternately,
coupling of various co-catalysts and a visible light absorber (sensitization) to form a composite
have been used to improve the activity of TiO; in the visible region.

Unlike such multicomponent additive structure, this work illustrates the designing of a
single structure. In order to enhance the visible light absorption and boost the photocatalytic
activity, a modification of BTO using manganese (Mn_BTO) was examined. A wet chemical
approach was followed to synthesize the photocatalyst. Non-toxic, environmentally benign, and
earth abundant precursors were used to build up a ‘bandgap engineered composite oxide
nanocatalyst (BECON)’ system that can demonstrate a proof of concept generation of hydrogen
from various pollutants under light irradiation. The catalysts showed an improvement in the
visible light absorption with an increase in the manganese content. The photocatalytic hydrogen
generation carried out with the synthesized catalysts in a slurry reactor demonstrates an
improvement in the hydrogen production until a critical concentration of manganese was

reached.
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1. Experimental
1.1.Materials

Bismuth (III) nitratepentahydrate and manganese (II) acetate tetrahydrate were obtained from
Alfa Aesar and used as a precursor. Titanium (IV) iso-propoxide (97%), acetonitrile and Triton
X were obtained from Sigma Aldrich (St. Luis MO). Nitric acid (ACS, BDH3046-2.5LPC,
68%) and ammonia solution (A667-212, 27-31% ammonia solution in water and density of 0.91
g ml") were obtained from BDH Aristar and Fisher Scientific respectively. UHP deionized
water was obtained using a Millipore water purification system and used for the synthesis. The
chemicals were used without further purification.
1.2.Synthesis

Titanium isopropoxide was converted to 0.1 M titanium nitrate by hydrolysis using nitric
acid. In a typical procedure, first the precursor was hydrolyzed in water, to form white
precipitate of titanium oxohydroxide/hydroxide species [TiO(OH),/Ti(OH)4]. The precipitate
was dissolved in concentrated nitric acid with ultra-sonication, followed by the addition of water
to maintain an acid concentration of 1 M. This solution was used immediately as a titanium
precursor for the BTO synthesis. Bismuth nitrate and manganese nitrate stock solutions of 0.1 M
concentration were prepared by dissolving respective salts in nitric acid of 1 M concentration.

BTO was synthesized by a co-precipitation method, followed by annealing (Scheme 1).
Different groups have synthesized BTO by various techniques such as, solvothermal,* sol-gel,**
chemical solution decomposition method,* co-precipitation followed by microwave sintering®®
techniques. In this study, the synthetic procedure followed is based on co-precipitation of the
respective salts followed by calcination in a furnace at 600°C, which is described in scheme 1.
Co-precipitation method is a simple and cost-effective technique that provides a better control on
the particle size and it does not require any third component/template as is the case with some
other methods.

Equal volumes (50 ml) of the titanium precursor and bismuth nitrate were added to a 250 mL
beaker. Manganese acetate solution [(0.5%X) ml, where, X is the % of Mn?*"; X=0 for pristine
BTO] was added in an equal volume, in place of Bi solution [50-(0.5xX)] and was mixed
uniformly. After mixing, ~50 mL of strong ammonium hydroxide solution was added with
stirring to this beaker to precipitate out all of the dissolved metals in the form of hydroxides

[pH=12]. Once the precipitate settled, the supernatant was removed. The precipitate was then
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collected by centrifugation and washed thoroughly with deionized water. The solid gel-like
precipitate was then oven dried at 150°C for 2 h. The dried mass was crushed into fine powder
using a mortar and pestle and was transferred to a small crucible. This crucible was placed inside
a larger crucible containing bismuth oxide at the bottom. The larger crucible was capped to
ensure the availability of high Bi vapor pressure (Scheme 1).

The furnace temperature was increased from 25°C to 600°C in 2 h, maintained constant at
that temperature for 4 h, and then decreased to 25°C in 1 h. The Lindberg®” Bluebox furnace
(from Thermo Fisher Scientific) with programmable temperature controller was used for this
process. As a control, pristine BTO was synthesized by following the same procedure mentioned
above but without introducing any manganese additives. The catalysts are labeled as following
this point forward: BTO, Mn _BTO0.5, Mn_BTO1, Mn_BTO2 and Mn_BTO3. These names
respectively correspond to pristine BTO, 0.5%, 1%, 2% and 3% Mn salt by weight at the time of
the synthesis.

1.3. Characterization

1.3a  Surface, morphological, and optical characterization

Phase analysis of the synthesized photo-catalysts was carried out using an XRD instrument
[Philips (model: 12045 B/3X-ray diffractometer) with a scan rate of 0.03°/min and Cu K-alpha
was used as X-ray source]. A Hitachi®S-4700 scanning electron microscope (SEM) was used to
determine the surface features of the as synthesized BTO powder. For the SEM studies the
particles were dispersed in ethanol and drop casted over carbon tape and observed under an
accelerating voltage of 3 kV. A JEOL® 2100F high resolution transmission electron microscope
(HRTEM) was used to examine the morophological features of the samples (Resolution.: Point
0.23 nm, Lattice 0.1 nm, Electron gun: Field emission ZrO/W (100), Acc. Voltage: 200 kV).
ICP-OES (Perkin Elmer” Optima 5300) of the catalysts were carried out using Perkinelmer® to
understand the variation of the concentration of Mn in the catalysts. The optical absorption
properties of the BTO and Mn BTO were examined using a UV—visible spectrophotometer
(Shimadzu UV-2501PC) with a wavelength variation from 300 to 800 nm. In order to study the
absorption properties, the powders were first dispersed in a solution containing an
acetonitrile/water mixture. Then the surfactant, Triton X was added and it was coated over the
glass slides and heated to 400 °C to burn the organics off and obtain uniform films. The films

were used in the absorbance measurements.
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1.3b  Photo-catalytic slurry reactor for the H, evaluation

The H, generation experiments were carried out in a slurry reactor connected with a high
pressure mercury lamp. A 500 ml capacity slurry reactor (contains a reactor, concentric quartz
tube with water circulation, and a power source) was purchased from Ace Glass®, Vineland, NJ.
A immersion-type medium pressure quartz mercury lamp was also purchased from Ace Glass.
The lamp has a maximum energy output in the visible range (further details are given in the
supporting information, Fig. S1, Section-A). The reactor configuration and setup is shown in
Fig. S1 (See ESI¥). 0.15 g of the catalyst was mixed with 250 ml water and 50 ml of methanol
(the amount of the catalyst was optimized initially). Argon gas was sufficiently purged for at
least 20 min to remove any dissolved gas species. Under the radiation, the gas produced due to
the photocatalytic process was collected by a process involving downward displacement of a
water column. The quantitative analysis of the gas (at a pressure of 1.003 atm and temperature
of 27°C) collected at various intervals of time was carried out using gas chromatograph. The
amount of the hydrogen evolved was determined using a SRI GC model 8610C, Multi gas
channel #3 with a TCD detector. The cumulative hydrogen yield is calculated by the summation
of the amount of hydrogen evolved at various interval of time over 130 min.(~ 2.16 hr). This
helps to understand the total hydrogen generated by the respective catalysts, within the time
window of 130 min.

2. Results and discussions

2.1 Structural analysis of the catalysts: XRD

The phase analysis of the synthesized powders was performed by examining the XRD
results, shown in Fig. 1. XRD illustrates the presence of several peaks of the synthesized
material. The presence of multiple peaks in the XRD with large signal-to-noise ratio indicates
that the material is crystalline. The diffraction pattern in the XRD corresponds to the pyrochlore
phase bismuth titanate (Bi,Ti,07-BTO) as indicated by the reference JCPDS Card # 32-0118.
The XRD shows a peak at 28.7°, which corresponds to the (622) Akl plane, 29.9° which
corresponds to the (444) hkl plane, and 35° which corresponds to the (800) Akl plane (other peaks
are indexed likewise). The key 100% peak at 29.9° corresponding to the 444 (hkl) plane
indicates that the as synthesized Mn BTO reveals a pyrochlore phase. The representative XRD
patterns of BTO synthesized in the presence of varying Mn content are also shown. Furthermore

the equation, crystallite size = 0.89A/Bcos® where B= full-width half-maximum (FWHM) of the
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main diffraction peak and A = the Cu radiation, was used. For BTO, the crystallite size was
observed to be 24 nm, while for the Mn_BTO1 it was 22.1 nm.
2.2. Morphological analysis of the catalysts: SEM and TEM

The morphology and size of the particles were examined using scanning electron microscopy
(Fig. 2). This analysis shows that the BTO particles exhibit a uniform architecture with particle
size diameter of 30+10 nm. The SEM images of two Mn_BTO samples are shown in Fig. 2. The
synthesized Mn_BTO also shows particle size similar to the BTO. The observation indicates
that the addition of manganese slight alters the particle features making them finer and more
spherical in shape, but leaves them generally spherical. The general resemblance in the physical
features of the particles is a desirable feature since it ensures that a comparison of the
photocatalytic activity will not be clouded significantly by variation in the particle features. In
previous studies it was observed that thermal treatment method can be used as a robust and
standalone strategy for the control of particle shape and agglomerate size.”’

The Mn BTO particles were further characterized using HRTEM (high resolution
transmission electron microscopy). A multiparticle HRTEM image and a close-up of a single
particle image of Mn_BTO1 is shown in Fig. 3A. The image shows a particle size distribution of
~25+5 nm, which is in a close agreement with the SEM analysis. The high resolution fast
Fourier transformation (FFT) analysis (Fig. 3B) indicates a “d-spacing” value of 2.95 A,
corresponding to the 444 plane of the BTO. The clear lattice fringes can be observed from the
HRTEM image (Fig. 3B), which suggests a ordering with a high degree of crystallinity. The
high resolution fast Fourier transformation (FFT) analysis indicates the crystalline nature of the
synthesized nanoparticles (Fig. 3B Inset). Further, to understand the distribution of ‘Mn’ in the
samples, ICP-OES analysis was carried out with the catalysts. This analysis provided a
concentration (in PPM units) value of 0.08+0.01 for Mn_BTO1 and a concentration (PPM) of
0.16 for Mn_BTO2 indicating that the concentration gradually increases with the increase in the
Mn content during the synthesis of the catalysts.

2.3. Optical properties of the photocatalysts: UV-visible analysis

The absorbance spectra of the BTO and Mn BTO samples were examined to get an insight
into the optical characteristics of these materials. The bandgap was calculated from the UV-
visible absorbance spectra (Fig. 4A),” using the expression, Eg= hc/A, where, E, is the optical

band gap, h is the Plank’s constant, A is wavelength corresponding to the onset of absorbance,
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and c is the velocity of light. In the case of BTO, the bandgap was estimated as 2.8 eV (Fig.
4A,a). Compared to BTO, Mn BTOO0.5 showed a red-shift in the absorbance by 50 nm.
Increasing the concentration of Mn, shifted the onset of absorbance by a maximum of 230 nm, in
the case of Mn_BTO3 (Fig.4A, b-e). It can be observed that there is a linear decrease in the band
gap with an increase in the concentration of manganese (Fig 4B).

An earlier modeling analysis of Mn_BTO has indicated that the reduction in bandgap is due
to the formation of an intermediate state above the valence band.*> The ‘d>’ electrons of Mn2+, 1S
responsible for the formation of this interband state since the valence band of BTO is formed
mainly by the ‘d’ orbitals of Ti. It is understood that this arrangement facilitates efficient
electrons transit from the impurity level formed by Mn above VB to the CB. The ensuing
redshift in the absorbance is also in accordance to our previous theoretical predictions.** A
collage of photographs with various Mn content is shown in the Fig. 4A (Inset). It indicates a
gradual change in color and is consistent with absorbance studies.

2.4. Effect of percent Mn loading on the hydrogen generation

The photocatalytic hydrogen generation studies were carried out using a slurry reactor. All
the synthesized photocatalysts demonstrated hydrogen generation from a water/methanol mixture
(Fig. 5). As compared to the BTO, the manganese incorporated samples showed an
improvement in hydrogen yield. A 50% increase in the hydrogen yield was observed with
minimal Mn content (Mn_BTO0.5) and a maximum of ~140% increase in the hydrogen yield
relative to BTO was observed with Mn_BTO1 (Fig. 6). Any further increase in the Mn content
was found detrimental and resulted in a decrease in the hydrogen yield; though this yield was
still higher than BTO. The decrease in hydrogen yield with the increase in the Mn concentration
can be attributed to the increase in the charge recombination sites as indicated below.

Higher concentration of d-block elements such as iron can be detrimental in that they often
act as a charge recombination center. For example, in a related study, excessive amount of Fe in
Ti0; has shown a similar behavior towards photooxidation of 2 propanol to acetone, in which the
key step is the photoexcitation.’® In our system, excess of Mn in the Mn_BTO function as
recombination centers effectively reducing the number of holes and electrons generated during
the photocatalytic reaction. As a result, there is a net reduction in the photogenerated charges
available at the catalyst surface for redox reactions.

2.5. Effect of methanol concentration
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The effect of methanol concentration was systematically examined by varying the
water/methanol ratio (water/methanol (v/v)- 300/0, 250/50, 200/100, 150/150, 50/250, 0/300)
using the catalyst ‘Mn_BTOI’. An increasing methanol concentration showed an increase in the
hydrogen yield (Fig. S2, See ESIt). This observation is attributed to improved reactivity of
CH;OH relative to water. CH;0OH becomes more reactive because of the accumulation of
negative charge on the oxygen (due to the inductive effect of -CHj3). Because of this effect,
methanol readily reacts with the generated holes and is preferentially consumed to form
hydrogen ions (for this reason, CH3;OH is also referred to as a sacrificial agent) and thereby
generates more hydrogen by the reduction of electrons from the conduction band.

2.6. Amount of catalyst optimization

The catalyst amount was optimized for the Mn BTO sample showing the best hydrogen
yield based on the studies in section 2.5. The results shown in Fig. 7 indicate that with the
increasing catalyst amount there is an increase in hydrogen yield till a maximum of 0.15 g
catalyst loading is reached. Any further increase in the catalyst loading results in a decrease in
hydrogen production. This decrease is attributed to the undesirable light scattering effect or
shadowing of light caused by the turbidity of the solution common in photocatalysts using a
slurry reactor configuration.”®  These effects decreases the effective incident light for
photoexcitation of the charges and significantly decreases the number of electrons-holes that are
generated for sustaining the photocatalytic reaction. 0.15 g of catalyst was found to be optimum
for photocatalytic hydrogen generation and was therefore used in subsequent experiments.
2.7.Effect of additives, formaldehyde and formic acid (H, generation from pollutants)

The Mn_BTO photocatalysts were further tested for their role towards hydrogen generation
from various additives such as formaldehyde and formic acid. These additives are considered for
two reasons: They are reported as byproducts/intermediates of methanol conversion® and are
also considered as industrial waste products or model pollutants.* The experiments were carried
out using a mixture of water/additive (250/50 v/v) and a catalyst loading of 0.15 g. Hydrogen
evolution was noted with all the additives as indicated in Fig. 8. The cumulative hydrogen yield
in 2.16 h was two orders of magnitude higher for formic acid (32.5 ml g') than formaldehyde
(0.6 ml g'). While this shows that the photocatalysts can be used to decompose various
pollutants, it also alludes to the existence of a preferential pathway to produce hydrogen via

formic acid.
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2.8. Mechanistic details

The photocatalytic oxidation reaction in the presence of methanol is detailed here. Methanol
first undergoes hole mediated oxidation to formaldehyde (dissociation energy of 47.8 KJ mol ")
and releases two protons [H'] (Eqn. I). These protons react with the electrons (e) from the
conduction band to generate hydrogen (Eqn. II). Meanwhile, the formaldehyde further oxidizes
to formic acid (dissociation energy of —95.8 KJ mol™") as shown in Eqn. III releasing a single
[H']. It is interesting to note that the nature of the hydrogen evolution shows an initial slow rate
(till 70 min) and then a rapid increase with a greater slope reflecting increased rate (>70 min) in
the hydrogen evolution. In the methanol system, the formation of formaldehyde and formic acid
indicates that all of these reactions are competitive. However, the formic acid is responsible for
the increased rate of hydrogen, as explained below.

The experiments of section 2.7 with water/formaldehyde (A) and water/formic acid (B) were
carried out to further understand this process. In the case of (A) an inflection point was observed
with a low hydrogen yield (0.6 ml g"). In the case of (B), the large hydrogen yield was observed
(32.5ml g'). In the first case (A), at the beginning stage, formaldehyde oxidizes to formic acid
(Eqn. IV), generating a low amount of hydrogen. After that, at the inflection point, formic acid
generation occurs which then accumulates, and is finally oxidized to produce hydrogen (Eqn. V).
In the case of B, a huge amount of hydrogen is produced in the early stage. This explains that in
case of methanol, initially it converts to formaldehyde, which generates a small amount of
hydrogen. The formaldehyde then converts to formic acid which results in a large hydrogen
yield as, -COOH group of formic acid dissociates thermodynamically and spontaneously due to
low dissociation energy (—95.8 KJ mol™') compared to methanol (64.1 KJ mol ') and
formaldehyde (47.8 KJ mol *).*

The aforementioned photocatalytic oxidation reactions can be summarized as follows,

Mn_BTO—2=% e +h (I
CH,OH +2h, — HCHO +2[H"] (I

AH"]+2e — H,y, (1)
HCHO +2h* + H,O — HCOOH +2H*  (IV)

2H" +2e” = Hy,, )
HCOOH +2h" +2e¢” —» CO,+ H,, 25
Overall,

CH3OH + HZO 6 hvat Mn_BTO surface N COz(g) + 3H2(g)

10
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The beginning stage consists of methanol oxidizing to formaldehyde (A). After a substantial
accumulation of formaldehyde, the formaldehyde is oxidized to formic acid. Consequently
formic acid oxidizes to yield a large amount of hydrogen as observed in the later segment of the
time resolved hydrogen yield analysis. At this stage the dissolved hydrogen also exceeds the
saturation limit and that comes out of the solution.

The results indicate that BTO is amenable to bandgap modulation with promising activity
towards photocatalysis. The catalysts have shown that it can be used for simultaneous
multifunctional applications such as clean fuel (hydrogen) generation as well as pollutant (formic
acid, formaldehyde) photodegradation.
2.9.Reusability of the catalyst

In order to verify the stability of the photocatalysts, reusability studies were performed. Both
photocatalytic and surface analysis of the same batch of photocatalysts were systematically
carried out. The used photocatalyst were collected by centrifugation after the 1% run, dried in air,
and subsequently reused with a fresh batch of methanol-water mixture. It is to be noted that some
of the photocatalyst was lost during the centrifugation and not recoverable. The repeat use in a
2" run shows that there is a reduction in the hydrogen yield by approximately 33% (Fig. 9). The
process was repeated again (recovering catalyst and reusing in a 31 run). At this time the loss of
activity was much smaller (~3%) as indicated in the Fig. 9.

In order to investigate this reduction in activity the catalysts were analyzed by SEM, XRD,
and FTIR spectroscopic technique. XRD and SEM results indicated no disintegration or change
in the morphology and particle size (Fig. S3 and Fig. S4, See ESIt). This observation rules out
any physical attrition or change of phase. However, the FTIR spectra of the reused catalyst
showed additional peaks before and after subjected to photo-catalytic reaction (Fig. S5, See
ESIt). These additional peaks, correspond to methoxy (-OMe), carbonyl (-C=0) and aliphatic
regions. The surface coverage by carbonyl fragment confirms that the reaction proceeds through
the ‘formaldehyde-formic acid intermediate’ (Eq II and IV) pathway discussed in the previous
section. The surface coverage of the used catalyst by methoxy (—OCH3) and other functional
groups suggest that there is a considerable reduction of the available active sites as per the
mechanism shown in Fig. 8 (Inset). These groups hinder the reaction of methanol molecules at
the surface and results in a decrease in hydrogen yield. A similar observation was noted in a gas

phase photocatalytic conversion of hydrogen from methanol and water using TiO, as a catalyst.*’
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The fact, that the 3™ run showed only a further 3% reduction in hydrogen yield as compared to
2" run, indicates that the effective surface of the catalyst remained the same as that observed
after the 2™ run. It is likely that the steric factor from preadsorbed groups does not allow other
species to adsorb onto the catalyst surface.
3. Conclusions

A series of Mn_BTO photocatalysts were developed by implementing a wet chemical route.
The Mn modified catalysts showed a redshift in the absorption of upto a 100 nm in Mn_BTO3
(3 wt% Mn), compared to pristine BTO. An increase in the Mn loading till a critical
concentration of 1 wt% showed a ~140% increase in the photocatalytic hydrogen production,
compared to pristine BTO. Higher concentrations of Mn can act a recombination center for
photogenerated charges and effectively reduces the hydrogen yield compared to Mn BTOI.
However, Mn_BTO3 still yields more hydrogen (~22% higher) compared to pristine BTO.
Separate studies with aqueous formic acid and formaldehyde solutions assist in sheading light
into the mechanism of hydrogen evolution. Acceleration in the hydrogen yield is attributed to
the formation of formic acid (intermediate of methanol photooxidation). A 33% reduction noted
during reusability studies can be attributed to the surface coverage by various groups as
evidenced from FTIR analysis, leading to a blockage of active centers of the photocatalyst. The
catalyst showed an insignificant reduction in subsequent run. The evidence of hydrogen
generation from methanol, formic acid, and formaldehyde indicates that Mn_BTO can be used as
a versatile multifunctional photocatalyst for environmental remediation as well as clean fuel

production.
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0.1 M Bismuth nitrate
in 1 M HNO;

0.1 M Titanium isopropoxide
in 1 M HNO;

0.1 M Manganese acetate
in 1 M HNO;

(50-0.5X) mL, where
X is the % of Mn

50 mL

Hydroxides of
the

metal salts

Mortar and pestle

Furnace treatement

(D
@ [T Y

l Small crucible l

(0.5X) mL, Where X is the
% of Mn
X=0 for pristine BTO

v

Stoichiometric precursor solution

Drop -wise addition of concentrated
ammonium hvdroxide

Formation of pink-white precipitation

l

Collection of precipitate by centrifugation at 5000 rpm and

drying in oven at 150°C

Grinding to obtain fine
powder

l

Heating in the furnace* at
600°C

*Furnace protocol:

1. Temperature was raised
from 25°C to 600°C in 2 h.

2. Kept at 600°C for 4 h.

3. Cooled downed to 25°C in
the lastl h.

Scheme 1 The schematic indicates the step-by-step details applied for the synthesis of bismuth
titanate (BTO) and Mn_BTO, with varying Mn content.




Physical Chemistry Chemical Physics Page 16 of 26

444
i T T T T T T T T T 1
20 30 40 50 60 70
- C
= — MnBTOI
2
8 | ! | ! | ! | ! | ! |
E 20 30 40 50 60 70
E
— MnBTO2
| ! | ! | ! | ! | ! |
20 30 40 50 60 70
20, degree

Fig. 1 The XRD of the as synthesized BTO, BTO with 1 wt % Mn (Mn_BTO1), and 2 wt % Mn
(Mn_BTQO?2) are shown. The diffractograms were obtained using a scan rate of 0.03°/min.
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Fig. 2 The SEM images of (A) BTO, BTO with a varying Mn content (B) 1 wt% (Mn_BTO1),
(C) 3 wt % (Mn_BTO3), and (D) Mn_BTO3 with higher magnification.
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Fig. 3 (A) The TEM image of a cluster of Mn_BTO1 and a magnified image of one of the
particles, indicating a size of 25+5 nm. (B) The HRTEM image of the Mn BTOI1 particle
indicating the crystalline nature of the material. The inset of (B) shows the high resolution fast
Fourier transformation (FFT) analysis of the Mn_BTOI.
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Fig. 4 (A) The UV-Visible spectra of (a) BTO and Mn_BTO catalysts indicating a gradual red
shift in the absorbance onset with various Mn content of (b) 0.5 wt%, (c) 1 wt% (d) 2 wt%, and
(e) 3 wt%. The inset of the figure shows a collage of photographs of BTO with varying Mn
content indicating gradual darkening consistent with the absorbance spectra (B) The Bandgap
variation of BTO and Mn BTO as a function of manganese concentration (Inset: Linear
reduction of band gap with the increase in manganese concentration)
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Fig. 5 The time resolved hydrogen yield obtained using (a) BTO and Mn-BTO with varying Mn
content of (b) 0.5 wt%, (c) 1 wt%, (d) 2 wt%, and (e) 3 wt%. The experiment was carried out in
a water-methanol mixture of 250/50 (V/V) and using a UV-visible light source in a slurry
reactor.
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Fig 6. The cumulative hydrogen yield obtained using the BTO and Mn_BTO with varying Mn
content over a 2 hour duration. The hydrogen was generated from a water-methanol mixture of
250:50 in a slurry reactor. The illumination was performed using a UV-visible light source.
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Fig. 7 The effect of the catalyst loading was examined with 1 wt% Mn (Mn_BTOLl) in the
presence of a water: methanol mixture of 250/50 (V/V) in the slurry reactor. The cumulative
yield at the end of 2.16 h is shown.
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Fig. 8 Cumulative hydrogen yield with various wastes as additive using Mn_BTO1 catalyst.

(Inset: Time resolved hydrogen yield)
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Fig. 9 The studies on the reusability of the catalyst Mn_BTOI. (Inset: Showing reason for the
decrease in the catalyst surface activity after one run)
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Graphical Abstract The applicability of pyrochlore bismuth titanate as a photocatalyst
amenable to additional element inclusion resulting in a bandgap engineered composite oxide
nanostructure (BECON) offers significant potential to multifunctional photo-driven applications.



