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z Sustainable Chemistry

Engineered ZnO-TiO2 Nanospheres for High Performing
Membrane Assimilated Photocatalytic Water Remediation
and Energy Harvesting
Kiran P. Shejale, Devika Laishram, Ritu Gupta, and Rakesh K. Sharma*[a]

This paper is a study of ZnO doped TiO2 in various percentages
ranging from 0% (undoped) up to 10%. The effect of doping
was observed via the change in morphological, optical,
electrical and physical properties of ZnO-TiO2 nanospheres.
Hydrothermally grown nanospheres are used for removing
contaminants photo-catalytically from waste water and also as
photoanodes in dye-sensitized solar cells (DSSCs) with gra-
phene as counter electrode. Of the many approaches that have
been explored for purification of contaminated water, this work
presents designing of an environmental friendly solution, based
on easily available filter paper membrane and incorporating it

with the synthesized catalyst for photodegradation of the
harmful toxic substances. These reusable membranes assist in
the photodegradation process by creating room for better
light-catalyst-dye interaction via large surface sites. The spheri-
cally structured heterojunction of ZnO-TiO2 generates excitons
that oxidize methyl orange (MO) and reduce harmful Cr(VI) to
non-toxic Cr(III) with high efficacy. Additionally, the agile
nanostructures were employed as efficient photoanode materi-
al by fabricating dye sensitized solar cells with graphene as
counter electrode.

Introduction

According to the World Health Organization, 844 million people
suffer from lack of basic drinking water service and 159 million
people depend on surface water. It has been estimated that by
the year 2025, one-half of the total population in the world will
be living in the water-stressed areas. Apart from these,
contaminated water transmits many diseases leading to
death.[1] Thus, effectively addressing the water shortage of an
exponentially rising population without damaging the environ-
ment in any way is a major concern today. Contaminants in the
form of organic and inorganic waste discharge give rise to
shortage of potable water and various other crisis.[2,3] The major
contributor includes waste from industries such as dyes used in
leather tanning, textile, paints, electroplating, etc. that generate
potential carcinogens and non-biodegradable by-product.[4]

Another potentially lethal pollutant is heavy metal pollutants
such as Cr(VI), harming terrestrial and aquatic life systems
mainly caused by mining, ore processing and chemical
manufacturing industries.[5,6] One constructive way to fight
against the water-related stress is re-using water by means of
several purification techniques.[7] Decontamination and regen-
eration of water via solar energy has emerged as a preferred
method among the clean and sustainable form of purifying
polluted water.[8-11] A photocatalytic material is used for the

process of decontamination and purification whereby it
absorbs sunlight at a specific wavelength creating active
species that react with the contaminants resulting in the
production of non-toxic output.[10,12] In addition to this, recently,
photo-thermal water evaporation with plasmonic interfacial
system are used that increases confined heating process.
Merging solar evaporation with photocatalytic reactions, Liu et
al. fabricated bi-functional membranes of TiO2, Au nanoparticle
on anodized aluminum oxide that showed significant decon-
tamination efficiency.[7] Li et al also assembled chitosan/
polycaprolactum filter paper and tested it for reduction of
Cr(VI) to Cr(III).[13] However, these processes mainly include
high-cost metal nanoparticles, acidic conditions and sophisti-
cated equipment which make them less viable option for large
and continuous usage. Additionally, adsorption and reduction
are commonly adopted for removing toxic Cr(VI) pollutants
from surface and groundwater as these strategies offers higher
efficiency at low cost without any negative by-products.[14]

Nevertheless, semiconductor based photocatalytic degradation
is adopted as a preferred method for removing pernicious
waste from water as it offers regeneration and reusability by
reducing harmful substances without alleviating the toxicity.
Some of the commonly used forms of semiconductor include –
(i) plasmonic metal nanoparticle such as Ag and Au based
multifunctional semiconductor heterostructure[15] (ii) carbon as
co-catalyst in organic-inorganic hybrid nanocomposite[16] (iii)
semiconductor/metal oxide nanoparticle[17] and (iv) doping in
metal oxide nanoparticle.[18] Among these, metal oxide semi-
conductors offer properties such as appropriate band gap, flat
band potential, low cost, abundance, low electrical resistance,
good scalability and stability. And hence, these materials are
expediently utilized in applications like photo electrochemical
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(PEC) cells for renewable energy based applications. Amid all
the semiconductors used, TiO2 is ubiquitously utilized because
of its low cost, non-toxicity and stability. However, TiO2 suffers
from certain disadvantages like fast charge recombination and
limited UV absorption. To augment certain inadequacies and
also to harness its full potential, doping is performed with
another semiconductor nanomaterial, ZnO, which displays high
mobility of electrons.[19-21] In our previous work, the composite
of ZnO and TiO2 was demonstrated to exhibit effective surface
charge trapping with increased charge isolation as they have
matching band energy levels thereby creating a perfect
heterojunction with photo induced electrons enrichment in
ZnO and holes in TiO2.[22-25] This lead to decrease recombination
of charge exciton pairs consequently increasing the lifetime
and efficiency of dye sensitized solar cell. The surge of the
available surface charge of ZnO-TiO2 can also result in it being
an efficient photocatalyst ultimately improving the redox
activity.[26,27] The combination of TiO2 and ZnO with superior
property and PEC activity is well documented in literature
reports for applications including DSSC (dye sensitized solar
cells)[19,28] and PEC based photocatalysis.[29,30]

In this present study, a facile and environmental friendly
membrane loaded with the ZnO-TiO2 nanospheres has been
designed by a filtration process to maximize the photo-
degradation of water contaminants. A hydrothermal method
was adopted for the synthesis of ZnO-TiO2 heterojunction
nanospheres with high surface area with good light scattering
ability.[31] The ZnO doping up on TiO2 in various percentages
has been carried out by varying the concentration of dopant
(i.e. ZnO). The synthesized material have been consequently
used for applications like dye degradation and DSSC, to fully
understand and explore the properties of ZnO-TiO2 hetero-
structure. Heterogeneous catalyst has been earlier reported in
the literature to have property for remediation of waste water
pollutants.[32,33] This study, however, aims at using the ZnO-TiO2

nanosphere as a potential candidate in a nanoparticle-assisted
membrane-based purification process for degrading water

contaminants significantly. The membrane having porous
structure along with the nano-spherical heterojunction photo-
catalyst traps lights better alleviating the degradation efficiency
of harmful contaminants such as methyl orange (MO) and
Cr(VI). The heterojunction between the two semiconductor
nanomaterials create an n-type doping effect leading to an
enhanced number of available electrons thereby amplifying the
degradation effect. Furthermore, these synthesized nano-
spheres are examined as a photoanode material during DSSC
fabrication using graphene as a counter electrode material.

Results and Discussion

The textural change of doping different percentages (0, 1, 5
and 10 %) of ZnO up on TiO2 sphere is shown in Figure 1a. All
the diffraction peaks are indexed to the anatase phase of TiO2

according to JCPDS No. 21-1272. Scherrer equation was used
for estimating the crystallite size from the highest intense (101)
X-ray diffraction peak (see Figure S2, Supporting Information
and summarized in Table 1). The XRD pattern became sharp
and narrow with increasing ZnO percentage and thus the
resultant crystallite size followed a linearly increasing pattern
(12 to 22 nm). This result is in agreement with the FESEM
images in Figure 1a, where the nanoparticles comprising the
spheres increases in size with doping percentage. Rietveld
Analysis of the X-ray diffraction pattern of all the synthesized
samples were carried out to determine the structural changes
due to ZnO doping as shown in Figure 1b. The calculated
profile factor (Rp), weight profile factor (Rwp) and the goodness
of fit (S) together increases on crystallite size as indicated in
Table 1. Additionally, the lattice cell parameters showed infin-
itesimal change as a function of ZnO doping, e.g., a (3.7973 to
3.7914 Å) and c (9.5154 to 9.512 Å) on increasing doping %
from 0 to 10%. Such influence on the structural parameters can
be an indication of the formation of heterojunction in the
synthesized nanospheres.[34,35]

Figure 1. (a) Effect of ZnO doping percentage on crystallite size and morphology and (b) Cell parameters and lattice strain on ZnO % variation.
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To support these finding, the lattice strain for all the
synthesized nanomaterial were calculated by Williamson–Hall
plot[36] as shown in Figure S3, Supporting Information and
summarized in Table 1. As indicated in Figure 1b, the lattice
strain was reduced from 0.1855 to 0.0962 a.u. on varying ZnO
from 0 to 10%. The strain variation between 0 to 1% ZnO (5%)
was observed to be very small compared to 0 to 10% ZnO
(48%). The defects in the grain boundaries effectively enhances
the strain in the lattice and crystallite size indicating reduced
crystallite size over lower ZnO percentage. This is in agreement
with average crystallite trend as shown in Table 1. The decrease
in strain with increase in doping concentration is likely due to
the filling of the Ti interstitial atoms by Zn leading to a
compressive strain on the lattice of TiO2 in the high percentage
doped TiO2 spheres. Moreover, the increase in doping concen-
tration leads to more number of Zn atoms diffusing in the TiO2

dislocation sites thereby increasing the crystallite size and
reducing the strain.[37,38]

The surface area of the prepared ZnO-TiO2 nanospheres
were estimated by means of Brunauer Emmett Teller (BET)
adsorption-desorption isotherm curves (see Figure S4, Support-
ing Information). The observed isotherm conforms to type IV
having H3 type hysteresis loop indicating the existence of
lamella like pore structure as discussed in previous study.[31] The
highest surface area was observed at 1% ZnO doped TiO2

having a value of 95.23 m2/g and gradually decreases up to~
51% for 10% ZnO-TiO2. Similar observations were made for the
pore size distribution and pore volume. The amount of ZnO
doping percentages thus played a crucial role in shaping the
crystallite size, specific surface area and pore size distribution.

The band gap (Eg) of the samples were calculated from
equation (ahn)1/2 = A1/2(hn-Eg) using the Tauc method[39] as
shown in Figure 2a and summarized in Table 2. Theoretical
calculations and experimental results show that ZnO and TiO2

nanospheres have a direct forbidden optical band gap.[8] In
case of ZnO doping in TiO2, red shift was observed with higher
ZnO %. This overall shift is less and in accordance with actual
Zn doping concentration (3.09%, atomic). The observed red
shift can be attributed to Eg of anatase TiO2 and ZnO, ~ 3.2 and
3.3 respectively, which results in the blue shifting of the overall
band gap of type II heterojunction ZnO-TiO2 sphere. Moreover,
uniform distribution of ZnO within the sphere, surface area and
defects have a prominent contribution in the bandgap shifting.

The flat band potential (Efb) determines the donor density
(Nd) and band edge positions from the Mott-Schottky (M-S)
plot[40] as shown in Figure 2b by explicitly exploring the
conduction band electrons and valance band hole energies at

Table 1. Crystallite parameters of the various ZnO-TiO2 nanosphere.a

ZnO % Wt. % of Zn a (Å) c (Å) Rp (%) Rwp (%) S Lattice strain (a.u.) Average crystallite size (nm)

0 0 3.7951 9.5370 8.19 11.8 1.1348 0.1855 12
1 0.45 3.7901 9.5006 5.07 6.23 1.8968 0.1775 14
5 1.81 3.7842 9.4930 5.17 6.44 1.7490 0.1013 18
10 3.09 3.7868 9.4972 5.09 6.33 1.9914 0.0962 22

aa and c are the lattice parameters. Rp, Rwp and S are the profile factor, weight profile factor, the goodness of fit, respectively.

Figure 2. (a) Tauc and (b) Mott-Schottky plots for various ZnO-TiO2.

Table 2. Band gap, flat band potential (Efb) and donor density (Nd) of ZnO-
TiO2 nanosphere with different ZnO doping.

ZnO % Band Gap
(eV)

Efb/V vs
Ag/AgCl

Donor density
(Nd 3 1017 cm-3)

0 3.17 -0.63 1.53
1 3.19 -0.66 7.29
5 3.22 -0.75 8.84
10 3.24 -1.11 4.11
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semiconductor-electrolyte interface.[41] The Efb and Nd of all the
different percentage doped ZnO-TiO2 films were calculated
from M-S plot as shown in Figure 2b using the equation 1/C2 =

(2/qe0Nd) (E - Efb- KT/q), where C is the capacitance of the space
layer, q is the elementary electron charge, e is the dielectric
constant of the ZnO-TiO2 layer, e0 is the vacuum permittivity, Nd

is the donor density, E is the applied potential, Efb is the flat
band applied potential, K is the Boltzmann constant and T is
the absolute temperature. The curves are in concordance with
n-type semiconductor behavior where the donor density is
associated with electrons. As summarized in Table 2, the Efb is
shifted to more positive value (~76%) with increase in Zn
doping concentration from 0 to 10%. This indicates the shifting
of fermi level of ZnO-TiO2 towards conduction band on
increasing doping percentage. Similar observations were made
in Tauc plot (Figure 2a). The donor densities calculated from
the slope of M-S plots is shown in Table 2. When Zn percentage
is increased from 0 to 1%, Nd or number of electrons were
increased from 1.53 to 7.29 3 1017 cm-3 which can be attributed
to high surface area (95.23 m2/g) due to Zn incorporation (1%)
in TiO2. Thus, the highly porous type II heterojunction ZnO-TiO2

structure can be attributed to higher charge carrier density.
However, at 5% and 10% Zn doping, donor density firstly
increased and reduced subsequently. This data agrees well with
previous characterization of TEM images BET surface area and
XRD findings. Thus, at higher Zn doping % high crystallinity
and low surface area could lead to lower donor densities.

Figure 3 shows the morphological analysis of the ZnO-TiO2

nanospheres. It was found that all the samples with variable

ZnO% were in solid spherical shape with uniform nature as
precursor beads and sphere (see Figure S5a and b, Supporting

Information). Interestingly, the average diameter of the sphere
is reduced when the ZnO doping percentage was changed
from 0% to 10% (see Figure 3a-d). It can be observed that the
surface of the solid sphere is rough and possesses high-density
pores and larger crystallite size with ZnO doping % which is in
accordance with the XRD findings. The selected area electron
diffraction pattern of the 5% ZnO-TiO2 reveals polycrystalline
diffraction rings that corresponds to the anatase phase of TiO2.
The lower concentration of ZnO could be the reason behind
the absence of ZnO diffraction ring as shown in left part of
Figure S5c, Supporting Information. The HRTEM image revealed
lattice fringes of TiO2 and ZnO having interplanar spacing
calculated to be 0.35nm corresponding to the (101) plane of
anatase TiO2 and 0.26nm for the (002) plane for wurtzite phase
of ZnO. The elemental mapping revealed that Ti K, Zn K and O
K were uniformly distributed all over the ZnO-TiO2 sphere (See
Figure S5d, Supporting Information).

In order to understand the chemical state and to confirm
the presence of the ZnO, all samples were investigated by XPS.
The XPS survey spectra of 0%, 1%, 5% and 10% ZnO-TiO2 is
shown in Figure S6, Supporting Information, where the inten-
sities of the Ti 2p, Zn 2p and O 1s were increased with the
enhancing percentage of ZnO in the TiO2 sphere.[31]

Figure 4(a-d) shows high resolution Ti 2p XPS spectra of the
ZnO-TiO2 sphere with different ZnO doping. In all the Ti 2p
spectra, the two main peaks of Ti 2p3/2 and Ti 2p1/2 are situated
at binding energies 458 and 464 eV respectively due to spin-
orbit splitting and corresponds to titanium dioxide (Ti4 +).[40,42]

Apart from these peaks at 458.6 and 464.4 eV, 0% ZnO showed
one more shoulder peak of Ti3 + at binding energy 456.9 eV
which consists of Ti2O3 as shown in Figure 4a. This confirms the
formation of both TiO2 and Ti2O3 in the sample. After doping
with 1% ZnO, the Ti 2p3/2 and Ti 2p1/2 peaks position were
similar to 0%, but Ti3+ peak shows a slight shift in the position
at 457.1 eV and variation in all peak areas (Figure 4a). The shift
in the peak position can be attributed to the few Ti atoms that
were substituted by Zn resulting in a change in the electronic
state of Ti. Compared to 0%, the peak area of the Ti4 + and Ti3+

in 1% doped TiO2 is increased by 12 and 13% respectively. The
increase in Ti4 + indicates an enhancement in the TiO2 structure
whereas in case of Ti3 + it shows the formation of other metal
oxide. However, for 5% and 10% ZnO, Ti 2p spectra fitted with
only two peaks attributing to Ti4+ as 458.4 and 464.2 eV as
shown in the Figure 4c and 4d. The Ti3+ peak clearly disappears
on doping with higher percentage of ZnO as expected due to
the formation of Ti-O-Zn structure in TiO2 lattice.[43] The
variation in the area of the peaks were directly estimated by
the stoichiometry change. The peak for Ti4 + maximum
increased by 25% on higher ZnO doping.

The high resolution spectra of O 1s of 0% ZnO is shown in
Figure 4e with three deconvoluted peaks at binding energies
528.1, 530 and 530.8 eV which refers to the dissociated or non-
lattice oxygen/OH (OC), lattice oxygen in O2

- form (OL) and
vacancies/defects (OV).[44,45] Similarly, for doping by 1 and 5 %
ZnO in TiO2 sphere, three peaks are fitted with an observed
slight red shift as shown in the Figure 4f and 4g. This indicates
the presence of metal oxide in TiO2 on ZnO doping. In the

Figure 3. (a-d) TEM images of 0, 1, 5 and 10 % ZnO-TiO2 respectively.
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stoichiometry change, as the doping percentage increased
from 0 to 5%, the peak area at 530.8 and 530 eV increases by 4
and 11% respectively, while the peak area at 528.1 eV decreases
by 84%. For the 10% doping, only two peaks at 529.6 and 530.6
eV were found and designated to lattice and non-lattice
oxygen repectively. Furthermore, the peaks attributed to
vacancies and defects disappeared. In comparison to 0%, the
peak area at 529.6 and 530.6 eV of 10% ZnO-TiO2 sphere
increased by 92% and 6% respectively. This enhancement in
the peak area of lattice oxygen is in agreement with the Ti 2p
XPS spectra.

The high resolution XPS spectra of Zn 2p shown in Figure 4i
and contains two peaks at binding energy 1044 and 1021 eV
corresponding to Zn 2p3/2 and Zn 2p1/2 repectively. These peaks
exhibit a binding energy difference of 23.2 eV and is in
agreement with the standard ZnO XPS spectrum.[46,47] At 0%
ZnO-TiO2, the peaks were absent as ZnO percentage is zero,
however Zn 2p peaks start appearing at 1% ZnO doping and
further increase in its intensity with higher doping percentages

takes place for 5% and 10%. Figure 4j summarizes the actual
weight percentage of Zn, Ti and O over varying percentage of
ZnO from 0 to 10% during ZnO-TiO2 preparation. The bulk Zn/
Ti atomic ratio and individual elemental percentage were
analyzed by XPS and electron dispersive spectra respectively
(see Figure 4j). The Zn/Ti atomic ratio was 0.04 at 1% and
increased up to 0.2 over 10% ZnO, which strongly indicates the
random distribution of Zn and Ti elements all over the
nanosphere. The Zn percentage enhanced from 0 to 3.09%
indicating successful incorporation of ZnO from 0 to 10%
respectively, and the mismatch confirms the growth of ZnO-
TiO2 heterojunction (see Figure 4j).

Vacuum filtration is a simple approach for the formation of
thin film on porous substrate compared to other conventional
methods like spin coating, interfacial and evaporation.[48] Films
produced by the vacuum filtration offers wide range of
optimization in terms of film thickness, compositions and
flexibility. Such process is especially useful for very large scale
production with high reproducibility and provides homoge-

Figure 4. High resolution XPS spectra of (a-d) Ti 2p, (e-h) O 1s of 0, 1, 5 and 10 % ZnO-TiO2 respectively, (i) Zn 2p of all samples, and (j) Zn/Ti with Zn, Ti and O
weight percentage as a function of ZnO percentage in ZnO-TiO2.
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neous, layer-by-layer formation along with highly stable
structures. The filter paper (Fp) was taken as the preferred
paper substrate due to its cost effectiveness, eco-friendly and
biodegradable nature. Moreover, high porosity to absorbance
leads to coating of more sample on the surface with significant
strength to sustain pressure, multiple coatings and washings.
The Fp-ZnO-TiO2 membrane is prepared by a simple process as
schematically demonstrated in Figure S1, Supporting Informa-
tion. The membrane fabrication details are mentioned in the
experimental section. Briefly, the solution consisting of ZnO-
TiO2, surfactant and distilled water (1:1x10-4:1) was made to
pass through the Fp by using mild vacuum followed by
washing with D/W for several times and annealing overnight at
608C. Interestingly, after the first use, mere washing with DI
water and annealing at 608C, the membrane was made ready
to use for the next cycle.

A distinct deposition/layer can be clearly observed after
fabricating Fp-ZnO-TiO2 membrane as shown in Figure 5a. With

uniform distribution, some discrete islands of sphere were
formed on the Fp surface (Figure 5a, right). The inset Figure 5a
shows the before and after photographs of Fp-ZnO-TiO2

membrane. It can be seen through Figure 5b that Fp-ZnO-TiO2

formed a uniform and compact layer (~3 mm) all over the
highly porous Fp. The sphere diameter of ZnO-TiO2 is varying
with ZnO percentage from 600 to 200 nm, and way smaller
than the membrane pores which eventually resulted in the
stable and porous structure. This can be very useful to minimize
the loss and reuse of catalyst during water treatment. The
vacuum created by suction deposits highly dense, randomly
distributed spheres, interpenetrated with moderately aggre-
gated and physically stable film as shown in Figure 5c.

The photodegradation of methyl orange (MO) and Cr(VI)
(typical organic pollutant in the textile and leather industries
effluents) with 0%, 1%, 5% and 10 % of ZnO-TiO2 as well as Fp-
ZnO-TiO2 was investigated at pH 6.58, room temperature and
under 1 sun irradiation (Figure 6). On an average, the experi-
ments were repeated for 3 times to check repeatability, and the
adsorption/desorption equilibrium was obtained by exploring
Fp in contaminated water for 1 hour in dark condition. All the
photocatalytic process follows the pseudo first order reaction
kinetics (see Figure S7, Supporting Information) and apparent
rate constant (k min-1) with high coefficient (R2 � 0.95). After
120 min of irradiation, the highest degradation was 92% for
MO demonstrated by 1% ZnO-TiO2 as shown in the Figure 6a
which is attributed to the specific surface area (95.23 m2/g) and
donor (electron) density (7.29 3 1017 cm-3) of type II hetero-
junction ZnO-TiO2 structure. The MO removal efficiency
followed the chronological order 1% (92%) > 5 (84%) > 10
(81%) > 0 (77%) > blank (55%) agreeing with various structural
and physical properties like crystallite size, lattice strain, specific
surface area, band gap and donor density. The 0, 1, 5 and 10%
Fp-ZnO-TiO2 showed (Figure 6b) remarkable enhancement in
MO removal efficiency in comparison to ZnO-TiO2. As shown in
Figure 6b, the 1% Fp-ZnO-TiO2 system reports complete MO
photodegradation within 80 mins of the start of the reaction.
On the other hand, the blank (33%), 0 (54%), 5 (94%) and 10%
(90%) Fp-ZnO-TiO2 showed increased MO photodegradation
performance in 120 min. The apparent MO removal rate
constants (k) for both ZnO-TiO2 and Fp-ZnO-TiO2 were calcu-
lated and shown in Figure 6c. It is interesting to note that, in
1% ZnO-TiO2, the MO photodegradation performance was
dramatically enhanced (by ~ 2 times) from 0.0182 to 0.0556
min-1 just by the introduction of Fp system in it (1% Fp-ZnO-
TiO2). The Cr(VI) removal efficiency and the rate constant
followed the same pattern as observed in the MO removal (see
Figure 6d, e). In the event of using Cr(VI) as water contaminant,
95% of Cr (VI) was photodegraded after 180 min into the
reaction for 1% ZnO-TiO2 as shown in Figure 6d. The 1% Fp-
ZnO-TiO2 showed highest Cr(VI) photodegradation efficiency as
complete photodegradation of impurities occurred over 160
min (see Figure 6e). With pseudo-first order reaction (Figure S7,
Supporting Information), the rate constant of Fp-ZnO-TiO2

follows the order 0.0223 min-1 (1%) > 0.0097 min-1 (10%) >
0.008 min-1 (5%) > 0.0076 min-1 (0%) > 0.0068min-1 (blank).
Similar to MO, photodegradation of Cr(VI) rate was also
increased by ~ 2 times for 1% Fp-ZnO-TiO2 system and
significant enhancement in blank and other ZnO% were also
observed as shown in Figure 6f. To support the above finding,
the trend between 1 to 5% Fp-ZnO-TiO2 was also examined
where 2% Fp-ZnO-TiO2 was observed to have 53 and 76%
photodegradation of MO and Cr(VI) as water contaminates
respectively. Moreover, it followed the same trend as the ZnO
doping percentage gets higher as 5 and 10% (see Figure S8a
and b, Supporting Information).

The Fp-ZnO-TiO2 was made to float in the contaminated
water pollutant system. The solar thermal heat generated by
the solar simulator along with a constant stirring at 150 rpm
delocalized the photodegradation in the system completely.[49]

Figure 5. SEM images of Fp (a) before and after ZnO-TiO2 filtration where
inset shows photographs of same, (b) Cross-sectional image and (c) surface
morphology of 5% Fp-ZnO-TiO2 membrane.
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The synergistic enhancement in the photodegradation of the
MO and Cr(VI) by Fp-ZnO-TiO2 system is mainly attributed to
two factors and is schematically demonstrated in Figure 7.

Firstly, ZnO-TiO2 heterojunction exhibits high charge density
and provides the essential driving force for charge separation.[7]

This superior electron-hole pair generation further have a long-
life due to highly dense packed ZnO-TiO2 nanospherical

structure. Moreover, this mesoporous hierarchy has multiple
sites for harvesting and scattering light, thus, inducing efficient
photodegradation. The ZnO-TiO2 structure with its band gap >

3.2 eV belonging to the type II heterojunctions generates
photo-catalytically active holes at valance band and oxidizes
the organic MO whereas the Cr(VI) consumes the electron at
conduction band and rapidly gets reduced to non-toxic Cr(III).
Structure exhibiting such behaviors efficiently reduces charge
recombination and significantly enhances the photodegrada-
tion. Secondly, as shown in Figure 7, the floating Fp improves
the delocalization of light and results in dramatic increase the
light absorbance ability.[31] Altogether, ~1mm thick and highly
porous Fp along with ZnO-TiO2 having high specific area can
effectively trap more contaminants causing an efficient photo-
degradation of water compared to degradation observed by
ZnO-TiO2 alone.

The effect of ZnO-TiO2 nanosphere specific surface area on
the photodegradation ability was also studied and is demon-
strated in Figure 8. The normalized specific surface area for MO
and Cr(VI) removal and the rate constant k’ (g min-1 m-2) was
calculated by using the equation k’ = k/SBET, where k (min-1) is
the removal rate constant of these contaminants and SBET (g m-

2) is the specific surface area of 0%, 1%, 5% and 10 % ZnO-TiO2

repectively.[5] Blank experiments in Figure 6 suggested that the
change in the concentration of water contaminants using Fp
without any catalyst (ZnO-TiO2) and is insignificant compared
to the different % of ZnO-TiO2 and thus it can be attributed to
the self-degradation of dye under 1 sun radiation. The MO

Figure 6. Time profile photocatalytic conversion of (a, d) ZnO-TiO2 and (b, e) Fp-ZnO-TiO2 with methyl orange (MO) and Cr(VI) as water contaminant
respectively, (c, f) comparison of MO and Cr(VI) photodegradation rate constant k over various ZnO % in ZnO-TiO2 respectively. Blank demonstrates condition
without any catalyst. The dotted lines in c and f are guide to eye.

Figure 7. Schematic illustration of the photodegradation of water contami-
nants like MO and Cr(VI) by Fp-ZnO-TiO2 under 1 sun irradiation.
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removal performance also (see Figure 8a) followed similar trend
while the Cr(VI) removal efficiency showed significant
enhancement because of the specific surface area over rate
constant as shown in Figure 8b. The Cr(VI) removal rate
increased by ~ 2 times for 1% Fp-ZnO-TiO2 over the normalized
specific surface area. Whereas, in case of ZnO-TiO2, after 1%
ZnO, Cr(VI) removal rate is stabilized due to high crystallite size
of ZnO-TiO2 with prolonged irradiation exposure and have
marginal potential to increase Cr(VI) decomposition kinetics.

The Fp-ZnO-TiO2 also showed a good reusability as shown
in Figure S9, Supporting Information. After immediate cleaning
with D/W and overnight annealing at 608C, Fp were ready to
use for the next cycle. After using for 3 consecutive cycles,
photodegradation of MO and Cr(VI) by 1% Fp-ZnO-TiO2

demonstrated a drop in the removal efficiency by an amount of
5 and 6% respectively. The fabrication of Fp-ZnO-TiO2 is a
simple, eco-friendly and cost-effective process and have a large
potential for targeting various other kinds of water contami-
nants. A comparative literature review of various nanomaterial

systems used for degrading different agents of pollution is
given in Supporting Information Table S2.

Further, these ZnO-TiO2 nanosphere were extensive ex-
plored as energy harvesting semiconductor metal oxide, The
third-generation solar cell, dye sensitized solar cells (DSSC) is
simple, fast developing and cost-efficient solar cell which has
attracted many attention for energy harvesting.[32] As reported
in our recent study, high photoconversion efficiency was
achieved by solid ZnO-TiO2 nanosphere on varying ZnO doping
percentage along with the use of Pt as counter electrode.[31] A
polydisperse aggregate structure of 1% ZnO-TiO2 solid nano-
sphere facilitates high light scattering ability and creates good
electron trapping sites. Together with increased number of
anchoring sites for dyes and better architecture for electron
transport, harvesting of photon has increased with lower
recombination rate. As shown in Figure S10 and Table S1
Supporting Information, among all the different doping
percentage of ZnO synthesized, 1% doped was reported with
highest photo-conversion efficiency and was used to further
explore using graphene as counter electrode in this study.

The performance of 1% ZnO-TiO2 solar cells was reportedly
reduced by Dh ~ 11% on replacing Pt with graphene as active
part/catalytic part of the counter electrode (see Figure 9a and
performance parameters summarized in Table 3). The highest

photo conversion efficiency (8.25%) has been reported with Pt
counter electrode whereas with similar composition, 7.3%
efficiency was observed using graphene as counter electrode
with reduced photocurrent density from 19.39 to 17.30 mA/cm2

respectively. Graphene, 2d sheets of sp2 bonded carbon atoms
have high conductivity (>200 000 cm2 V-1 s-1), optical trans-
parency (97.7%) and a high specific surface area (2630 m2 g-1)
most importantly it showed significant chemical stability and
catalytic activity, but still does not outperform Pt counter
electrode in performance.[50] Traditional Pt counter electrode
has better performance but it implies that about 60% of the
total fabrication cost is spent for its sole purpose. So, replace-
ment of Pt with graphene for the counter electrode aspect of
DSSC is a viable option even with lesser efficiency.[51]

Electrochemical impedance spectroscopy technique has
been mainly explored to investigate electron transport mecha-
nism in DSSC. The impedance spectra were measured ranging
from 0.01 Hz to 100 kHz and shows three well defined
semicircles (See Figure 9b). The inset represents the equivalent
circuit considering the Warburg diffusion resistance at the
oxide-electrolyte interface and electron diffusion at counter

Figure 8. Comparison of normalized specific surface area (a) MO and (b)
Cr(VI) photodegradation rate constant k’ over various ZnO % in ZnO-TiO2

respectively with and without Fp.

Table 3. Photovoltaic parameters of 1% ZnO-TiO2 photoanode DSSC with
different counter electrodes (CE).b

Active part of CE Jsc (mA/cm2) Voc (V) FF (%) h (%)

Pt 19.39 0.7 61 8.25
Graphene 17.30 0.69 62 7.3

bJsc, Voc, FF and h are the short circuit current, open circuit voltage, fill
factor and efficiency, respectively. The with 0.04 cm2 active area, all cells
performance measurement were carried out under 1sun irradiation.
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electrode. The first semicircle in Nyquist plots is ascribed to the
sheet resistance (Rs) at the interfaces of FTO and the contacts.
The second semicircle is fitted to charge transfer resistance (R1)
at redox electrolyte and counter electrode.[52,53] In case of
graphene as counter electrode material in the fabricated DSSC,
Rs and R1 increased to 31.69 and 16.49 W compared to Pt
electrode with resistances 18.11 and 6.68/W respectively. The
charge transfer resistance in case of graphene was marginally
enhanced compared to Pt, however graphene based DSSC
showed high FF (62%). The graphene based DSSC was reported
to have 11% less photoconversion efficiency, compared to the
Pt counterpart (h = 8.25) which is remarkably good taking into
account the various facts like cost effectiveness, potential for
large scale, flexible solar cell and many more.

Conclusion

In summary, photo catalytic ZnO-TiO2 heterojunction nano-
sphere filter paper membrane with different doping percentage
was prepared and explored as an efficient water purification

system. 1% ZnO-TiO2 was observed as the most efficient
photocatalytic material amongst all the synthesized nano-
materials. Moreover, by comparing two different methods of
removing toxic Cr(VI) waste and MO dye, it can be concluded
that using filter paper assimilated with ZnO-TiO2 enormously
reduces (by 33% and 11% respectively) the time taken to
completely remove the toxic wastes than the conventional
dispersion method. This is attributed to good trapping of
contaminants increasing the photodegradation effectively.
Additionally, use of the nanospheres as photoanode material in
DSSC revealed high photoconversion efficiency of 7.23% with
graphene as counter electrode which is attributed to the better
light harvesting and scattering combined with increased
number of trapping sites created due to doping. This work
establishes a definite amount of ZnO doping level to be
introduced to TiO2 for efficient use in photodegradation and
photoconversion processes. Furthermore, a highly beneficial
method of using inexpensive filter paper to effectively reduce
toxic waste in minimal amount of time along with high
reusability has been proposed.

Supporting Information Summary

Schematic illustration of highly porous ZnO-TiO2 coated paper
fabrication; XRD pattern and Williamson Hall plot of ZnO-TiO2

with different ZnO doping; nitrogen adsorption-desorption BET
surface area; HRTEM and SAED pattern of 5% ZnO-TiO2 along
with Ti K, Zn K and O K elements of same; XPS survey spectra of
with different percentage of ZnO; reaction kinetics of all ZnO-
TiO2 and Fp- ZnO-TiO2 with MO and Cr(VI) as water contaminant
respectively; photodegradation of MO and Cr(VI) as water
contaminant respectively with 2% Fp-ZnO-TiO2; repeated
photodegradation of water contaminant as 1% Fp-ZnO-TiO2 for
3 cycles; J-V characteristics of ZnO-TiO2 sphere as photoanode
with various percentage of ZnO; Photovoltaic performance
parameters of ZnO-TiO2 DSSC by varying ZnO doping levels
with Pt as counter electrode; Comparative literature review of
various nanomaterials used for degradation of different pollut-
ing agents
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ZnO-TiO2 as photoanode with Pt and graphene as counter electrodes and (b)
Nyquist plots and equivalent circuit (inset) of same with summarized
parameters in inset table.
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