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Abstract

ZnO nanoparticles on carbon nanotube, graphene and carbon nanotube-graphene composites at a ratio of 1:1, were
synthesized via a surfactant free approach. All samples were characterized by XRD, TEM and N-adsorption (BET
technique). The electrical conductivity of samples was measured. The composites obtained were used in solar cell
application. The characterization results show the strong interaction between G and CNT; via hydrogen bonding, that was
then well maneuvered by dispersion of ZnO nanocrystallites (of an average diameter of 22 nm). The results show a
greater surface area and pore radius values (227.5 m?/g, 58.9A) of the ZnO/Carbon nanotube-graphene composite
compared to other composites. The assembled dye sensitized solar cell of the photoanode ZnO/Carbon nanotube-

graphene shows the greatest performance with a power conversion efficiency comprised of 7.76%.
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1. Introduction

The 2D graphene restacking is one of the effects that
impede its catalytic characteristics via reducing the
available active sites and the restriction consequences
correlated to the reactants diffusion between the layers.
Moreover, enlarging the graphene basal plane hinders
electron transfer and thus dowdown the reaction kinetics
[1, 2]. To obviate such declines in graphene catalytic
performances, a hybridization with CNT is functioned to
work as a spacer for graphene nanosheets and to boost the
electronic conductivity of the hybrid. The synergistic
effects created by the 3D construction obtained via 2D
graphene and 1D CNT have shown high activity toward
ORRs performed in acidic media and when incorporated
with Fe [3]. The overall electrical and mechanical
characteristics can be improved by the hybrid systems [4]
and demonstrated that Cu involvement exhibits high
lucidity and electrical conductivity based on CNT-
reinforcing graphene structure [5]. Some difficulty during
fabrication of hybrid (CNT-graphene) appears such as
weak bonding, created defects as well as conductivity
declining throughout the remnant oxides on their surfaces,
which created to facilitate their mutual interactions in the
first place [6]. Accordingly, the combination of
graphene/CNT composite could offer a potential answer
during assembly in solar cells via accelerating electron
transfer; through the adhered CNT and G interface, and
affording high surface areas for dyes immobilization.

However, the reported power conversion efficiency while
using such composite has shown very naive values (e.g.
0.85% [7]).

In order to enhance the photovoltaics characteristics of
the hybrid, ZnO; as a translucent conducting oxide, was
incorporated to enhance the optical properties [8, 9] and to
congtruct a heterojunction at the CNT/graphene interface
to control the electron-hole recombination processes [10,
11]. The cheap ZnO modified CNT/graphene composite is
going to prevent graphene restacking and managing the
bundle shrinkage of CNTs; used to affect its activity
during solution reforming processes [12], beside the
electrical conductivity and optical properties ZnO can add
to the composite. An expected Schottky barrier between
ZnO (n-type) and the residual oxides localized on CNT-
graphene (p-type) is presumed to regulate the
recombination of the photo-excited electron-hole pairs
[13]. In this work, the ZnO incorporated CNT-graphene
composite was prepared by means of a facile sonication-
hydrothermal-calcination approach with the use of
commercially available zinc nitrate, graphene oxide and
oxygen functionalized multi-walled carbon nanotubes as
precursors. These composite materials were tested as
anodes in solar cell application via using the dye-
sensitized approach (DSSC). Successfully, the DSSC
based on reduced graphene functionalized CNT films
produced conversion efficacy of 5.29% exceeding that of
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graphene oxide/CNT films [14]. The fabricated
CNTg/polythiophene  hybrid  generated  conversion
efficiency of 4.72%, which approached the verticaly
aligned single-walled carbon nanotubes [15], that gives a
conversion efficiency of 5.5% [16]. The as-synthesized
sponge-like CNTs that owned homogeneous nanoscale
structure with great porosity shows a conversion efficiency
of 6.21% [17]. These aforementioned catalysts necessitate
hard conditions during fabrication and they are rather
costly. Thus, designing a photoanode with an efficient
charge transport to the current collector is going to
improve the DSSC performance. This indeed is going to
be achieved via modulating the surface texturing of the
incorporated hybrid, band gap decrement, increasing
active sites and charge transfer improvement with
minimizing their recombination at the formed interface.
Assembling the ZnO/CNT-G heterojunction cell of
superior flexibility achieved a moderately high PCE up to
7.7 %. The aim of this work is how to create devices of
high solar energy collection capacity via employing
cheaply viable nanomaterials with scalable and simple
production techniques. The composite materials are
characterized by X-ray diffraction (XRD), transmission
electron microscopy (TEM), electronic conductivity and
N adsorption.

2. Preparation methods

2.1. Preparation of GO

Graphene oxide (GO) was prepared from natural
graphite according to a modification of the Hummers-
Offeman method.

2.2. Preparation of ZnO NPs

Three grams of urea and one gram of zinc acetate were
dissolved in 50 mL de-ionized water containing
polyethylene glycol (0.5 g/50 ml, M.wt=4000), and stirred
for 35 min. Then, this transparent solution was transferred
to an oven heated at 100 °C for 5 h. The obtained
precipitate was then centrifuged, washed, and dried at 65
°C. Finadly, the ZnO nanoparticles were obtained after
annealing at 300-C for 4 h in an air atmosphere.

2.3. Preparation of ZnO incor porated CNT-
graphene

The as-synthesized ZnO (0.5 gm) dissolved in 100 ml
mixture of ethanol-water (1:1) was stirred for 1 h and then
poured onto the mixture of CNT-graphene formed at
1:1weight % ratio i.e. the weight ratio percentage
concentration of ZnO is 50%. This mixture was sonicated
for 2 h and then autoclaved at 150°C for 18 h followed by
the same procedure mention for the hybrid fabrication.
The individual analogue ZnO/CNT and ZnO/graphene was
also synthesized in a typical procedure and the ratio of
ZnO to either CNT or graphene was to give a weight %
ratio of 50%.

2.4. Photovoltaic efficiency measur ements

The viscous paste of ZnO/CNT-graphene, ZnO-CNT
and ZnO-graphene samples formed with 1.0 ml triton X-
100 was delivered onto FTO-conducting glass of a
resistance equal 18 Q cm™. The films were fired at 300°C
for 1 h and then engrossed in the N719 dye of
concentration of 2.7 x 10* mol L for 36 h a room
temperature. The counter electrode that consisted of the

same conducting glass and coated with a very thin graphite
film was placed directly on the top of the dye coated the
composite films, permitting the two ends of the glass for
application of electrical contact. The electrolyte containing
0.03M 12-0.3 M KI dissolved in acetonitrile was injected
via the capillary force into the inter electrodes space. The
I-V characteristic for the cell was measured in the
presence of light using AM 1.5 G lamp at a light intensity
of 100 mw/cm?. The voltage and current were recorded
using Keithly voltammeter 175A and Keithly electrometer
614, respectively. The fill factor was calculated using the
following relation: FF = Vi IW/Voc lsc, where Vi and 1
are respectively, voltage and current for maximum power
output. The solar cell efficiency is calculated (ny) using the
following relation: ny = Vo I FF/ Pin where Piy is the
power of the incident light.

2.5. Characterization Techniques

X-ray diffractions (XRD) are measured at room
temperature using a Philips diffractometer (type Pw-
3710); equipped with Ni-filtered copper radiation (A =
1.5404A), at 30 kV and 10 mA with a scanning speed of
20 = 2.59min. The surface properties specifically BET
surface area, total pore volume (Vp) and mean pore radius
(r) are determined from N, adsorption isotherms measured
at 77 K using Digisorp technique and the samples are out-
gassed at 473 K for 3 h at a pressure of 107° Torr, before
starting the measurement. TEM micrographs are measured
using a FEI; model Tecnai G20, Super twin, double tilt
1010, at an accelerating voltage of 200 KV.

3. Resultsand discussion

3.1. XRD and TEM investigation

The XRD results of ZnO-CNT, ZnO-G and ZnO
incorporated CNT-graphene (Zn/CNT-G) are presented in
Fig (1) The ZnO-CNT pattern shows a hexagonal wurtzite
structure (JCPDS Data Card No: 36-1451) of well
resolved diffraction peaks indexed to (1 00), (00 2), (10
1),(102,(110),(103),(200,(112ad((2012)
planes with higher intensities compared to that in ZnO-G,
where it suffers a marked decrease in ZnO/CNT-G. The
ZnO/CNT-G pattern displays a peak at 26=25.45° due to
the (002) plane of carbon, which disappeared in ZnO-G
and objectively detected in ZnO/CNT. Increasing the ZnO
peaks intensities in the ZnO-CNT pattern may propose a
decrease in the interaction between CNT and the ZnO
crystals.
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Fig (1): XRD patterns of ZnO/CNT-G, ZnO/CNT and
ZnO/G catalysts.
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The existence of the crystal plane (002); due to reduced
carbonaceous moieties, in ZnO-CNT while its fading in
ZnO-G and remerging in Zn/CNT-G with higher
broadness than the former could give a hint about
graphene restacking via dispersion of ZnO crystallites.
This also estimates not only the stimulating ability of CNT
towards graphene reduction but also the strong interaction
between CNT and graphene sheets in addition to ZnO
crystallites. Consistently, the crystallites size determined
by Scherrer equation estimates a value of 42 nm for ZnO-
CNT and 33 nm for ZnO-G; as determined from the
intense (101) plane of ZnO, and diminishes into 29 nm in
Zn/CNT-G. Interestingly, the latter sample suffers a
decrease in d-spacings comparatively probably due to
strain (crystal faults) and surface roughness effects,
emphasized via the broadness discussed before.

Fig (2) shows the morphologies of the ZnO-CNT, ZnO-
G and ZnO/CNT-G nanocomposites. The TEM image of
ZnO-CNT, shows big spherical particles of ZnO of an
average diameter of 60 nm, comprehending the facile
crystalization of ZnO on CNTs and to the strong
interaction between them, evident from the morphology
change. The SAED pattern (inset) indicates that ZnO
decorates CNT via emergence of (100), (002), (101), (102)
crystal facets of the former on (002) of the latter.
Retaining the ZnO hexagonal array with an average
diameter of 25 nm was remarkably seen on the graphene
substrate (ZnO-G) with high capacity of agglomeration,
and with a typical SAED pattern to that depicted for ZnO-
CNT. Preserving the ZnO morphology could give a hint
that the interaction with G is not strong as such. The TEM
image of ZnO/CNT-G evidences the dispersion of ZnO
into CNT and graphene as well as it exhibits the binding of
CNTs; via its extended spider trap, with the graphene
nanosheets. The latter combination between CNT and
graphene affected the particle diameter of ZnO to be the
lowest (22 nm) among all the samples and the morphology
was typical to that existed for ZnO-CNT (mainly
spherical), explaining the influential effect of CNT rather
than graphene on the Zn0O morphology
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Fig (2): TEM and SAED (as inset) images of ZnO/CNT,
ZnO/G and ZnO/CNT-G.

3.2. Surface properties

The surface texturing properties of the as-synthesized
hybrids depicted via nitrogen adsorption-desorption
isotherm are presented in Table (1). The cataysts
isotherms (not shown); for the descriptive ones (ZnO-CNT
and ZnO/CNT-G), show type IV characterized by
hysteresis and steep rise at high relative pressures to
confirm the mesoporosity existence.

Table (1): Surface texturing properties of ZnO-CNT and

ZnO/CNT-G catalysts.

Sample SeeT Pore radius | Total Pore
(m¥g) r—(A) volume
ZnO-CNT 198.4 27.9 O 35
ZnO/CNT-G 2275 58.9 0.34

The specific surface area of the ZnO/CNT-G composite
together with pore radius and volume vaues were
respectively, 227.5 m? g, 58.9 A and 0.34 cm3g™. These
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values exceeded those depicted for ZnO/CNT (198.4 n? g
L and 27.9 A) while keeping that of the pore volume
unchanged (0.34 cm® g%). This clarifies the involvement of
graphene within CNT spider array as established via
increasing the Sger by 1.15 times that of ZnO/CNT as well
as increasing the pore radius values by 2 times that of the
latter.

3.3. Electronic conductivity of the nano-composites

The electron transfer ability of the as-synthesized
nanocomposites was tested and presented in Fig (3).
Apparently, CNT contained ZnO shows an excellent
electron conduction whereas graphene containing ones
illustrates higher resistivity. This result is consistent with
an earlier report on graphene, which states that the low
electron conductivity in graphene is due to its extremely
low out-of-plane conductivity [18] as well as the low
electron density on its basal plane[19].
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Fig (3): Conductivity result of ZnO/CNT-G, ZnO/CNT,
ZnO/G and CNT-G.

In this context, the sequence of decreasing the
conductivity was in the order; ZnO/CNT (4.6 x 1073
O *cm™) > ZnO/CNT-G (0.8 x 10° Q*cm™) > ZnO-G
(023 x 10° Q7lcm™). lllustratively, the graphene
resistivity is successfully decreased via decoration with
CNTs (ZnO/CNT-G) but still lower than ZnOJ/CNT,
wherein CNT acts as a tunnel for facilitating electron
transfer. It seems that increasing the crystallinity of ZnO
grown on CNT rather than on graphene; as XRD and TEM
confirmed, assists electrons transfer through well-defined
channels. The involvement of graphene within the
ZnO/CNT array; as N» sorptiometry confirmed, could
induce interfacial resistance that decreases the
conductivity when graphene/CNT composite is formed.
Also, stacking graphene layers in the ZnO/CNT-G catalyst
by ZnO; as XRD and TEM emphasized, could help the
leakage of phonons across the interface and rather enhance
its scattering. This outcome was supported by the results
obtained when graphene sheets are stacked into paper
sheets, and intercalated by CNT [20-21]. Although oxides
functionalization on either CNT or G are very important
for binding them together, however, their prominent

o CXT

existence together with moistures; especialy on G
surfaces, affect much the electron transfer process as it
works as p-type semiconductor capable of grasping
electrons.

3.4. Photovoltaic performance of nano-composite
photoanodes-modified DSSCs

The photovoltaic performances of ZnO-CNT, ZnO-G,
ZnO/CNT-G  photoanode-customized DSSCs under
mimicked solar irradiation of AM 1.5 G were investigated
by analyzing the J-V profiles, which are shown in Fig (4).
The resultant photovoltaic factors are reordered in Table
(2). A marked boost in the short-circuit current up to 176
mA/cm? is depicted in the JV curve of ZnO/CNT-G
compared to all DSSCs based on ZnO (2.15 mA/cm?) to
be in the sequence; ZnO-CNT (65 mA/cn?) > ZnO-G (3.9
mA/cn?). The ZnO/CNT-G-based DSSC displayed a
conversion efficiency (n = 7.76%) that was 1.39% and
1.94%, higher than those of the DSSCs based on ZnO-
CNT (n = 5.58%) and ZnO-G (n = 4.0%), respectively.
However, the nanocomposites suffered from low open
circuit potential (Voc) perhaps due to recombination losses
at the nano-linkage zone [22-23].
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Fig (4): J-V curves of typical DSSC Cells of ZnO/CNT-G
and ZnO/CNT under 1 sun illumination. The inset shows
ZnOJ/G cells.

The Voc of ZnO/CNT-G was 0.063 V where it was 2.0
V for ZnO-G and 0.13 V for ZnO-CNT, in which ZnO
exhibited the highest crystallinity. This result stresses that
the ZnO crystalinity is not the only factor to be
responsible for the electron transport via specified
channels since ZnO-G; of higher Voc, indicates lower
electronic conductivity than both ZnO-CNT and
ZnO/CNT-G (Fig (3)) cells. Excitingly, the ZnO-G cell
that generated the highest Voc exhibited lower efficiency
(n = 4.0%) than that achieved by ZnO/CNT-G (n =
7.76%), which offered the highest Jsc factor. This indeed
amplifies the efficiency dependence on the high surface
area, large pore radius and small crystallites size of the
ZnO incorporated CNT-G cell; as emphasized from N
adsorption and TEM results, which seriously affected the
dye adsorption and amplify the amount of adsorbed light.
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Table (2): Photovoltaic parameters of the fabricated DSSCs. The performance was assessed using 100 mw cm™
simulated AM 1.5G solar light irradiation. Js; Short-circuit current density; Voc; Open-circuit voltage; Jm: Maximum
photocurrent density; Vm; Maximum photovoltage; FF; Fill factor; n; Power conversion efficiency.

sample Is<(MA) Vo(V) Im(mA) Vm(V) ff n%
ZnO-CNT 65 0.13 44 0.062 0.33 5.58
ZnO-G 3.9 2 2.4 0.83 0.26 4
ZnO/CNT-G 176 0.063 120 0.032 0.35 7.76

Additionally, the high recombination potential on the
ZnO-G cdll; although it exceeds ZnO-CNT, nullifies the
dependence of its Voc value only on the interface between
ZnO and G. However, the limited light collected and the
low electron transport pathway of ZnO/G; electronic
conductivity confirmed, illustrates that the proper
anchoring of ZnO on graphene sheets rather than that of
ZnO on CNT could be the one responsible for increasing
the Voc of the former (ZnO-G). Decreasing the electron
mobility of ZnO-G as electronic conductivity confirms
eliminates the electronic leakage (i.e. electron transfer
from ZnO to triiodide to generate iodide is amost
excluded) and rather organizes its transfer via the
established interface points (facets) causing an increase in
the Voc value. Increasing the crystallites size of ZnO in
ZnO-CNT cell; as XRD and TEM indicated, might lead to
formation of grain boundaries that prolong the diffusion
time transmitted by electrons and thus affect the
efficiency. Contrarily, decreasing the ZnO crystallite size
on G support decreases the ZnO-ZnO contacts and with
graphene to reduce recombination consequences and to
improve the device efficiency. However, offering lower
conversion efficiency compared to ZnO/CNT-G is mainly
due to the limited light absorption, decreased surface area
and the consequences mentioned thereof. Since ZnO facets
are almost similar as depicted from SAED profiles when
deposited on different carbon substrates; i.e. similar
junction facet area, the imperfection prone on CNT, G and
CNT-G are the prime factors to affect the Voc and Isc
parameters. Accordingly, the exhibited defects on CNT-G
and following ZnO incorporation are seriously affected the
Voc parameter athough this cell possessed high
conductivity value. This emphasizes the importance of the
catalyst surface defects on controlling the electron leakage
as well as managing the recombination process to boost
the photovoltaic efficiency. The Jnax and Vmax parameters
of al devices followed trends close to those of Jsc and
Voc (Table 2).

3.5. Electrochemical behavior of the nanocomposites

The  electrochemistry descriptions  for al
nanocomposites are measured at 25°C. To examine the
catalytic properties of al nanocomposites, CV s
employed to evaluate their response toward 13 reduction;
to mimic that occurring during DSSC performance, via
using both peak current (Ep) and peak to peak separation
(Epp) values. Enhancing the former and decreasing the
latter values point to higher electro-catalytic activity [24].
Fig (5) shows the cyclic voltammograms of ZnO-CNT,
ZnO-G and ZnO/CNT-G nanocomposites. Each
compound displays one anodic and one cathodic current
peaks of dightly varied position. Such couple of redox
peaks was perceived in al nanocomposite curves,

indicating direct electron transfer between I and ZnO
containing different carbon substrates. The ZnO/CNT-G
nanocomposite show anodic peak current density at 0.038
A g and cathodic peak current density at -0.26 A g*; that
responsible for the I; reduction into I in DSSCs[25, 26].
Whereas, those of the ZnO-G electrode indicate anodic
current at 0.037 A g* and cathodic current at -0.31 A g
exceeding those of the ZnO-CNT electrode (anodic current
at 0.04 A g and cathodic current at -0.24A gb).
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Fig (5): Cyclic voltammetry studies of 13- reduction at the
electrodes of ZNnO/CNT, ZnO/G and ZnO/CNT-G at 10
mV/s scan rate.

Indeed, higher current densities are likely due to
increasing the active surface area of the mesoporous
composites, which responsible for speeding up the redox
reaction. However, shifting the cathodic potentia into
more negative values as in ZnO/CNT-G (-0.01 V) together
with enhancing its current density facilitates the reduction
of I3 and rather confirms the strong adsorption of iodide
ions onto the nanocomposite surfaces (ZnO/CNT-G). The
redox behavior in triiodide/iodide electrolyte is principally
follows the subsequent reactions:

3" I3 + 3e (at negative potential)

213 - 31, + 2e (at positive potential)

The Epp values calculated based on the differences
between E, (anodic) and E, (cathodic) were 0.35, 0.30 and
0.28 V for ZnO-G, (ZnO/CNT-G), and ZnO-CNT,
respectively. This emphasizes that ZnO/CNT-G and ZnO-
CNT nanocomposites can excellently used as potential
photoanodes in DSSCs. The CV curves shape examined at
high scan rates (100 mVs?) were comparable to those at
low scan rates (5 mV s?; not shown) without evident
alteration, referring to the efficient exceeding of both ionic
and electronic transport rate inside the composite
electrodes. In addition, the CVs indicate the presence of
guasi—capacitance current with extended potential window
in case of the composite ZnO/CNT-G, which is a good
indication on the stability and strong interaction of ZnO
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nanocrystallites within the CNT/G than in ZnO/CNT and
ZnO/G.

The €electronic properties, charge carrier densities and flat-
band potentials (Ers) of the formed nanocomposites were

investigated by the Mott-Schottky (MS) plots [E—{ =
. {Ir-‘—lr’r — %171 As shown in Fig (6), the

EECEAN g !
the M-S plots seen for dll

e J
positive slopes of
nanocomposite samples are diagnostic to the n-type
semiconductors. The Egg of the samples are -0.05 V, 0.0
V, 0.075 V for ZnO/CNT-G, ZnO/G and ZnO/CNT. Thus,
the values determined for the CB are -0.25, -0.2 and -
0.125 for the catalyst mentioned sequence (Cg= Erg -0.2
V) [27]. On the other hand, the ZnO/CNT-G electrode
showed the highest positive Vg potential as compared to
the others, testifying the highest donor density between all
samples. Thus, the formation of p-n heterojunction at the
ZnO (n-type)/CNT-G (p-type) interface is found to be
responsible for enhancement of the redox performance of
the I3/l electrolyte. In conformity, the donor density
determined via straight line sloping of ZnO/CNT-G (0.48
x 10%® cm?®) was rather larger than ZnO/graphene (0.25 x
10%° cm®) and ZnO/CNT (0.12 x 10%° cm?®), manifesting the
p-n interface formation and its role in achieving promising
results in electro-optical devices as solar cells.
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Fig (6): Mott—Schottky plots of ZnO/CNT, ZnO/G,
ZnO/CNT-G and CNT-G catalysts.

The ZnO/CNT that exhibited the highest electronic
conductivity presented lower charges density assigning
that cations and anions other than electrons constitute high
fraction of this composite conductivity per unit surface
area.
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