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1. Introduction
Investigation of properties of materials that possess pho-

tocatalytic properties as well as the processes that are in-
volved in harvesting of light energy to achieve chemical and
electrochemical transformations are of utmost importance
for the development solar energy harvesting systems prima-
rily for environmental remediation by reducing mankind’s de-
pendence on fossil fuels. Nanomaterials are attractive class
of materials whose properties may be tuned by engineering
their shape, size morphology, aspect ratio and such physical
properties. These materials may also be combined with other
materials to form composites and core-shell type materials1

that give rise to unique properties. One of the major aims of
development of composites and core-shell architectures is
to increase the lifetime of the photo-generated excitons by
effective separation of the electrons and the holes. Other
aims of development of such structures include increase in
the light absorption range of materials and passivation of
surface defects on these materials that may result in exciton
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recombination. Tuning of surface facets by variation in phase
of nanomaterials is another-technique that is used to tailor
the photocatalytic activity of nano catalysts.

Our group has been active in development of novel nano
photocatalysts as well as nano photo-electrocatalysts of vary-
ing physical characteristics2. Apart from synthesis and char-
acterization of these materials, we have carried out exten-
sive investigation of the photo and well as photo(electro)
catalytic activity of these catalysts. Additionally, extensive
mechanistic investigations have been carried out3. This mini-
review summarizes the work done in our lab towards the
development and evaluation of novel nanomaterials that have
photo-catalytic and photo-electrocatalytic properties.

2. Nanostructured-photocatalysts
2.1. Oxide based semiconducting photocatalysts:
Semiconducting oxides are an important class of materi-

als that have been reported as photocatalysts and
photoelectrocatalysts. The primary advantage of these ma-
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terials is that they are cheap and synthetically easy to pro-
duce. Our group has reported numerous oxide materials with
tailored photocatalytic properties. Spindle-shaped
mesoporous TiO2 nanostructures with a diameter of 6 nm
and length of 30 nm were obtained by a simple based
microemulsion route carried out at room temperature4. Apart
from high thermostability, these nanospindles had a high sur-
face area (200 m2 g–1) and were highly monodisperse. The
photocatalytic efficiency was recorded to be about twice that
of commercial TiO2 and was comparable to the state of art
titania-based photocatalyst (TiO2 doped Pt) at the time of
that report. The catalyst retained its efficiency even after three
cycles.

Under alkaline conditions and an appropriate tempera-
ture, a template-free hydrothermal method resulted in
nanocubes of cadmium tantalate and cadmium niobate with
average edge-length of 15 nm5. The photocatalytic activity
of these nanostructures was evaluated by degradation of
Rhodamine B. The activating of the catalyst obtained by the
low temperature methods (~600ºC) is significantly (about
seven times) enhanced as compared to that bulk oxides of
the same composition obtained at higher temperatures
(1000ºC) by the solid state method. It was observed that
nanoparticles obtained on hydrothermal treatment of 48 h
exhibit the highest photocatalytic efficiency. The high effi-
ciency was attributed to the high surface area of 57 m2 g–1

and enhanced adsorption of the cationic dye due to the highly
negative surface charge. The nanoparticles are reasonably
photostable.

Cu2O NP of average size 25 nm were synthesized under
an inert Ar atmosphere, at a low temperature of 350ºC, with
CuO (107 nm) and copper oxalate nanorods as precursors6.
It was observed that in the absence of the oxalate nanorods
also Cu2O is obtained however a much higher temperature
(850ºC) is needed for the reaction. Additionally, the low tem-
perature synthesis results in smaller particles of Cu2O than
the synthesis at higher temperatures. However, the Cu2O
synthesized at higher temperature is much more efficient
(98%) in the degradation of methylene blue (MB) as com-
pared to the low temperature sample that shows only 40%
degradation.

Surface functionalized nanorods of the wide bandgap ZnO
were synthesized7 and evaluated for RhB decomposition.
Two urea based imidazole compounds (R and S) were syn-
thesized and these served as structure directing agents for
the surface functionalized ZnO nanorods that were prepared
using a low temperature (30–40ºC) chemical precipitation
route. Two varieties of R functionalized nanorods (R1 and
R2) were prepared by using R: Zn(NO3)2· 6H2O: NaOH in
two ratios 1:2:4 and 1:1:1. For the S functionalized nanorods
only one variety was prepared with the ratio of S:
Zn(NO3)2· 6H2O: NaOH being 1:2:4. The photocatalytic per-
formance of R1 was better than that of S1 in terms of percent
degradation (84% vs 63%) under UV lamp irradiation for 3 h.

Spinel based ZnMn2O4 nanoparticles were obtained from
the decomposition of metal oxalate precursors synthesized
by the reverse micellar and the coprecipitation methods8.
The method of synthesis was found to affect the shape, size
and morphology of the oxalate precursors and oxides ob-
tained from them. The reverse micellar method lead to mi-
cron-sized rod-shaped oxalate precursors whereas spheri-
cal nanoparticles of size 40–50 nm were obtained by the co-
precipitation method. Treatment of these precursors at
~450ºC yielded ZnMn2O4 nanoparticles. The particles ob-
tained by co-precipitation were larger (40–50 nm) as com-
pared to those obtained by the reverse micellar method (20–
30 nm). Decomposition of methyl orange under UV-light irra-
diation was used as a test to evaluate photocatalytic activity.

The self-assembly of Pt NP on the surface of titania sup-
port by the photodeposition method was followed by TEM as
a function of pH9. As model reactions, photocatalytic degra-
dation of organic pollutants triclopyr and methyl orange were
carried out using these bimetallic (Pt/TiO2) catalysts. It was
observed that the pH of the solution influenced the ioniza-
tion state of the support which in turn affected the
photodeposition and distribution of the Pt NP on the surface
of TiO2. The difference in photocatalytic activity was attrib-
uted to a mechanism based on differences in the inter par-
ticle interaction between the TiO2 and the hydrolytic prod-
ucts of the metal ions.

Photocatalytic application of silica-supported tantalum
oxide (ST) hollow spheres were evaluated in the UV range



Ganguli et al.: Design of nanostructured materials for photocatalysis and photoelectrochemical applications

2527

(4.1 to 4.8 eV)10. The diameter of these nanostructures var-
ied from 100–250 nm while the shell thickness varied from
24–58 nm.Tantalum isopropoxide and tetraethyl ortho sili-
cate were hydrothermally treated at 120ºC for 48 h in the
presence of the capping agent, cetyl trimethyl ammonium
bromide. A high surface area of 610 m2 g–1 and pore size
distribution variation from 13.4 to 19.0 nm was observed.
The photocatalytic properties of these hollow spheres were
found to be dependent of the Lewis acidity of silica and the
contact area between SiO2 and Ta2O5. As compared to pure
Ta2O5, a 6-fold enhancement was seen in the photocatalytic
activity of the silica-supported tantalum oxide hollow spheres.
A simple, cheap but highly efficient technique for the fabrica-
tion of polydimethylsiloxane (PDMS) and polymethyl meth-
acrylate (PMMA) based microfluidic microreactors was re-
ported11. Spherical Ag3PO4 nanoparticles were synthesized
using these microfluidic reactors and their photocatalytic
activity was evaluated using decomposition of Rhodamine B
under visible light irradiation as a model reaction. Within just
15 min, 97% degradation of the dye was observed.

2.2. Composite materials:
Engineering the bandgap of semiconductors by forma-

tion of composites and core-shell structures offers an excel-
lent route to tune the optical and electronic properties of these
semiconductor materials and thus aids in the development
of more efficient photocatalysts. The formation of core-shell
structures results in increased light harvesting capability as
compared to individual photocatalysts. Additionally, such
structures result in increased lifetime of the photogenerated
excitons (electron-hole pairs) and result in increased photo-
catalytic efficiency. CuS nanostructures were decorated on
the surface of ZnO nanotubes using a low-temperature wet-
chemical method to form type-II semiconductors with p-n
heterojunctions12. Initially CuO nanostructures were synthe-
sized on the surface of ZnO nanotubes and then the CuO
particles were converted to CuS at 80ºC to generate these
ZnO/CuS composite nanostructures. The decomposition of
methylene blue under visible light irradiation was carried out
to evaluate the photocatalytic efficiency of these nanostruc-
tures. Fig. 1(a) shows the TEM image of the ZnO/CuO core-
shell nanorods while (b) presents a comparison of the pho-

tocatalytic activity of the different catalysts. Mechanistic in-
vestigations suggested that enhanced photocatalytic effi-
ciency was due to efficient charge carrier separation due to
formation of these heterojunctions.

The photocatalytic properties of core-shell ZnO/CdS
nanorod arrays were evaluated as a function of variation of
shell thickness13. The average core diameter was 100 nm
while the shell thickness was varied between 10 to 30 nm,
by varying the concentration of citric acid added. Analysis of
XRD data indicates that a compressive strain is obtained for
core/shell nanorods while a tensile strain is obtained for ZnO
nanorods. With growth of the shell, the band edge of the
uncoated ZnO experiences a red shift in the UV-Visible spec-
tra. Additionally, with the increase in shell thickness, a red
shift in the emission band is seen in the steady-state photo-
luminescence (PL) spectra of the core/shell nanorod arrays.
The separation of the photogenerated electron hole pairs in
the ZnO/CdS core-shell arrays lead to a greater average life-
time of the core-shell structures as compared to the uncoated
ZnO nanorods. The photocatalytic efficiency, as indicated by
the photodegradation of Rhodamine B under simulated so-
lar radiation, is also enhanced for the core-shell structures.
The samples with shell thickness of 30 nm displayed the
highest photocatalytic efficiency. In the I-V studies too, the
samples with shell thickness of 30 nm exhibited a 16-fold
current enhancement as compared to the bare ZnO nanorods.

ZnO/In2S3 core/shell nanorod arrays were synthesized
to overcome the problem of electron hole recombination as

Fig. 1. (a) TEM image of the ZnO/CuO heterostructures in low mag-
nifications and (b) bar diagram of % dye removal efficiency of
bare ZnO, bare CuS and ZnO/CuS. Reproduced from J. Mater.
Chem. A, 2014, 2(20), 7517 with permission from the Royal
Society of Chemistry.
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well as broaden the photo-response rate14. ZnO nanorods
were surface functionalized using citric acid and In2S3 NP
were grown on them. This resulted in increase in photocata-
lytic efficiency of decomposition of Rhodamine B using vis-
ible light with In2S3, ZnO nanorods and ZnO/In2S3 core/shell
nanorod arrays exhibiting 35.0%, 2.7% and 83.7% degrada-
tion respectively. Additionally, a 6-fold enhancement (as com-
pared to the dark current) was seen in the photoconductivity
studies of core/shell nanorod arrays.

Ag2S was also decorated on the surface of ZnO nanorods
to produce bandgap engineered Ag2S/ZnO core-shell struc-
tures15. To evaluate the performance of Ag2S/ZnO core-shell
structures in comparison to toxic Cd-based catalysts of simi-
lar architecture, ZnO/CdS core/shell nanostructures with the
same thickness of the shell, were synthesized. The photo-
catalytic activity as indicated by the degradation of methyl-
ene blue confirmed that the degradation constant increased
40- and 2-times as compared to the pure ZnO and ZnO/CdS
core/shell nanostructures, respectively. Apart from the more
efficient light harvesting due to Ag2S, the increased photo-
catalytic efficiency was also attributed to more efficient charge
separation due to smaller conduction band offset between
ZnO and Ag2S. EPR spectroscopy was utilized to investi-
gate the mechanism of the photodegradation process and
the active species such as electrons, holes, hydroxyl radi-
cals (OH), and superoxide radical anions (O2

–) were ana-
lyzed. It was determined that the hydroxyl radicals play a
major role in the MB oxidation.

To compare the photocatalytic activity of core-shell struc-
tures as compared to composites of the same composition,
TiO2/CuS core/shell and composite nanostructures were
synthesized and their photocatalytic activity was evaluated16.
Core-shell structures were synthesized using a surface-
functionalizing agent 3-mercaptopropionic acid while com-
posites were synthesized without its use. The decomposi-
tion of methylene blue under visible light irradiation indicated
that the photocatalytic performance of core shell structures
was higher (90%) as compared to the composite structures
(58%). This was attributed to the increased interfacial con-
tact between TiO2 and CuS aiding the localization of the elec-
trons in the core and the holes in the shell, resulting in longer
exciton recombination times. Mechanistic investigations via

intermediate species analysis using mass spectrometry was
carried out and it was determined that the demethylation
pathway initiates the dye degradation.

NaNbO3/CdS type-II core/shell heterostructures were also
prepared by the aid of a surface functionalizing agent, 3-
mercaptopropionic acid (MPA) and the degradation of meth-
ylene blue under visible light irradiation was investigated (Fig.
2)17. Compared to individual counterparts and Degussa P25,
the photocatalytic standard, the resulting core/shell
heterostructures had higher surface areas, enhanced light
harvesting, and appreciably increased photocatalytic acti-
vity (Fig. 2b). The enhanced photocatalytic activity of these
core/shell heterostructures was attributed to the efficient
charge separation due to core/shell morphology and result-
ing type-II band alignment between NaNbO3 and CdS (Fig.
2c). This band alignment aids the localization of one of the
carriers in the core and the other in the shell. Active species
scavenger studies were carried out to investigate the mecha-
nism and it was determined that hydroxyl radicals (OH) play
an important role in the degradation mechanism.

Fig. 2. TEM image of NaNbO3/CdS core/shell heterostructures, deg-
radation efficiency of NaNbO3 nanorods, CdS nanoparticles,
Degussa P25, and NaNbO3/CdS core/shell heterostructures
for the degradation of MB solution under visible light irradia-
tion and Schematic diagram showing separat ion of
photogenerated charge carriers in NaNbO3/CdS core/shell
heterostructures. Reprinted with permission from ACS Appl.
Mater. Interfaces, 2014, 6(15), 13221. Copyright 2014 Ameri-
can Chemical Society.

2-Dimensional materials contribute to unique properties
seen in composite materials. Supraparticles of size ~400 nm
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comprising of 3–5 nm CdS quantum dots were synthesized,
conjugated to graphene sheets and their photophysical prop-
erties and exciton dynamics were investigated18. Ultrafast
electron transfer (<150 fs) from the CdS supraparticles to
the graphene support was observed. Quenching of the CdS
emission also supported this electron transfer. Enhanced
stability of the exciton and more effective charge separation
was observed in the composite as compared to the bare CdS
supraparticles via ultrafast transient absorption spectroscopy.
Photocatalytic degradation results indicate a five-fold en-
hancement in the rate when catalyzed by the composite as
compared to when catalyzed by the bare CdS supraparticles.

An Ag3PO4 (20 nm) – mesoporus SiO2 (200 nm) com-
posite was evaluated as a visible light photocatalyst and a
52 times enhancement in rate of decomposition of RhB was
observed in the composite as compared to the bare silver
phosphate19. A charge carrier lifetime enhancement (~4 times
as compared to the bare catalyst) was also observed in the
composite. A composite contributes to reduction of per gram
cost of the catalyst while resulting in higher photocatalytic
activity. We also reported the photocatalytic activity of the
nanocomposite g-C3N4-TiO2 that was synthesized by a
simple chemical route20. The composition with weight ratio
2:1 g-C3N4 to TiO2 exhibits the maximum photocatalytic ac-
tivity as quantified by photodegradation of Rhodamine B. This
composition demonstrates an enhancement of 10 times over
the activity of pure titania. The favorable band positions of
the g-C3N4 and composite aid the charge separation and
the increase in exciton lifetime leading to increased efficiency.

3. Nanostructured-photoelectrocatalysts
3.1. Semiconducting nanomaterials and their composites:
Photoelectrochemical experiments are a class of experi-

ments that are used to evaluate catalysts that can convert
light energy into electrical energy. We reported the synthesis
of a TiO2/CdS/Ag2S core-shell shell (CSS) structure and
evaluated its PEC performance21. As compared to pristine
TiO2 nanorods, PEC water splitting measurements using the
CSS catalysts as photo-anodes yield low photocurrent onset
potential of ~0.1 V and a high photocurrent density of ~7.6
mA/cm2 at 1.0 V versus Ag/AgCl. Mott-Schottky analysis in-

dicates that these heterostructures form a p-n junction that
aids in effective separation of charges. The quenching of
photoluminescence intensity and short average lifetime in
CSS structures as evident from exciton dynamics study fur-
ther support this observation. AgNi alloy nanoparticles were
embedded in a graphitic carbon nitride (g-C3N4) polymer
matrix by using an in situ solid-state heat treatment method
to produce AgNi/g-C3N4 photocatalysts22. PEC activity evalu-
ation indicated that this catalyst had the highest photocur-
rent density (1.2 mA cm–2) reported for any doped g-C3N4
material. As a photocatalyst too, 95% degradation of RhB
was achieved in 90 min.

Staggered gap core shell semiconductor NaNbO3/Ag2S
heterostructures were synthesized, characterized and evalu-
ated for PEC water splitting as well as for degradation of
methylene blue23. A photocurrent density of 2.44 mA cm–2 at
0.9 V against Ag/AgCl reference electrode as well as a posi-
tive shift in onset potential by approximately 1.1 V was ob-
served in a neutral Na2SO4 electrolyte. Efficient photoinduced
interfacial charge transfer (IFCT) was postulated to be the
reason for the high photoactivity.

We also reported the design and PEC as well as photo-
catalytic evaluation of catalysts in which specific facets were
exposed to investigate the difference in activity24. It is known
that variation in photocatalytic behavior is observed due to
the variation in the surface energy of different facets. To elu-
cidate the role of the different facets, NaNbO3 was synthe-
sized in the cubic and orthorhombic phases with crystals
having cubic and cuboctahedron morphologies respectively.
Thereafter NaNbO3/CdS core-shell were prepared. The sur-
face energies of the cubic phase comprising the 100 family
of facets and the orthorhombic phase comprising the (110)
and (114) facets of the NaNbO3 were calculated and differ-
ent mechanisms were proposed for photocatalytic activity
based on these calculations. As theoretically predicted, ex-
perimentally too, it was seen that the cubic phase was cata-
lytically more active than the orthorhombic phase.

To demonstrate the superiority of Z-scheme as compared
to Type-II band alignment, NaNbO3/CuInS2/In2S3 (core/shell/
shell) and NaNbO3/In2S3/CuInS2 (core/shell/shell) were syn-
thesized (Fig. 3)25. The former has a Z-scheme (Fig. 3d)
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while the latter has a Type-II band alignment (Fig. 3c).
Photoelectrochemical (PEC) water splitting studies and as
well as photocatalytic degradation of organic pollutants con-
firm that the structure with Z-scheme has a higher current
density and a lower onset potential as compared to the struc-
tures with Type-II alignment (Fig. 3b).

3.2. Plasmonic nanomaterials:
Apart from other semiconductors, we also investigated

PEC activity of SPR active nobel metals used to sensitize
semiconductors. Photocorrosion resistant Au nanoparticles
(NPs) (< 5 nm in size) in very low concentration (0.5–1 wt%)
were decorated on the surface of P25-titania to extend its
photocatalytic activity to the visible region (Fig. 4)26. These

Au-P25-TiO2 nanocomposites with varying concentration of
Au NP (loading of 0.5, 0.6, 0.7, 0.8 and 1 wt% labelled as
samples PA1 to PA5 respectively) were synthesized and char-
acterized. P25C refers to unloaded P25-TiO2, calcined in
under the same conditions. The PEC response indicates that
at lower Au loadings the photocurrent increases with Au con-
centration to maximize at a loading of 0.7 wt% Au, but sub-
sequently at higher loadings the photocurrent decreases
monotonically (Fig. 4a). This behavior was attributed to a
balance between charge carrier density (Nd, a kinetic pa-
rameter) and the flatband potential (VFB, a thermodynamic
parameter) as indicated by the Mott-Schottky analysis (Fig.
4c and d).

Fig. 3. (a) TEM image of Z-scheme NaNbO3/CuInS2/In2S3 core/shell heterostructures, photoelectrochemical measurement of synthesized core/
shell heterostructures (inset: the magnified photocurrent density) and schematic representation of (a) Type-II and (b) Z-Scheme band
alignment between NaNbO3/In2S3/CuInS2 and NaNbO3/CuInS2/In2S3 core/shell heterostructures respectively. Reprinted with permis-
sion from Inorg. Chem., 2018, 57(24), 15112. Copyright 2018 American Chemical Society.
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4. Conclusions and perspectives
In summary, we have reported a variety of compositions,

and physical characteristics namely shape, structure and
morphology of nanomaterials, that were used as efficient
photocatalysts and photo(electro)catalysts. Our initial efforts
were directed to the development of individual semiconduc-
tor materials, primarily semiconducting oxides. Variation of
the physical characteristics was seen to effect the photo-
catalytic performance of these nanostructures. Thereafter,
primarily to increase the exciton lifetime and thus result in
higher efficiency, composites and nanostructures with spe-
cialized  geometry like core-shell structure were synthesized
and evaluated for photocatalysis. Indeed, it was observed
that the performance of these composites and core-shell

structures was better (in some cases by an order of magni-
tude) than the individual semiconductors. Additionally, we
reported enhancement in photocatalytic and photo-
(electro)catalytic performance by variation of the surface fac-
ets in these structures achieved by variation of the phases.
We also reported core-shell-shell type structures and engi-
neered the synthesis to produce both Type-II and z-scheme
band alignment. It was seen that, as expected, the latter ex-
hibited better photocatalytic and photo(electro)catalytic per-
formance than the former.

Though, much progress has been made in the develop-
ment of photo and photo(electro)catalysts still commercial
utilization of the novel nanomaterials with exotic architecture
has still not been achieved. Still, silicon based solar cells are

Fig. 4. (a) Variation of photocurrent as a function of Au loadings, (b) HRTEM image of Au-P25-TiO2 nanocomposite, (c) charge carrier density
(Nd) and (d) flatband potential (VFB) trends for P25C, PA3, PA4, PA5, PA6 and PA7. Reprinted from A. Das, P. Dagar, S. Kumar and A. K.
Ganguli, Effect of Au nanoparticle loading on the photo-electrochemical response of Au-P25-TiO2 catalysts. Journal of Solid State
Chemistry, 2020, 281, 121051, with permission from Elsevier.
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cheaper to produce and have a higher photcatalytic efficiency
than the nanomaterials being developed worldwide. One of
the fields where more effort needs to be directed is theoreti-
cal studies of these nanomaterials, a field which is yet to
mature fully. This would aid in more directed experimental
research endeavors that would be based on sound theoreti-
cal groundwork. Another, area to direct resources is tech-
niques to synthesize nanomaterials on a commercial scale.
Most of the research carried out is on a laboratory scale and
this prevents commercial utilization of the materials produced,
primarily due to the higher cost associated with small scale
production.
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