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Graphene-based composites have emerged as gas sensor due to the possibility to obtain higher surface
area with additional functional groups. In this paper, ZnO nanorods (ZnO-NR) with controlled size and
morphology were grown via chemical bath deposition in mild temperature (90 °C) over gold interdigital
tracks deposited on an alumina substrate. Furthermore, it was also possible to obtain by the same
method composites with graphene oxide sheets below ZnO-NR structures (GO/ZnO-NR) or ZnO-NR
between GO sheets (GO/ZnO-NR/GO) when GO is placed in the bath during the growth of GO/ZnO-NR.
The samples were characterized by Raman spectroscopy, scanning electron microscopy, and energy
dispersive X-ray spectroscopy. These structures were tested as sensors of volatile organic compounds
(VOCs), such as acetone, benzene, ethanol and methanol in the concentration range of 10—500 parts per
million (ppm). It was found that the optimum working temperature of all sensors was 450 °C. The GO/
ZnO-NR/GO composite showed better selectivity due to GO functional groups. In the case of our well-
designed sensors, we found that the dominant oxygen species (0*") on ZnO-NR surface were respon-
sible for the sensors response. These findings offer a new viewpoint for further advance of the sensing
performance of one-dimensional ZnO/GO nanocomposites VOCs sensors.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

ZnO is a semiconductor material extensively studied as a gas
sensing material due to its good response to several gases, low cost,
and facility for synthesizing nanostructures with different mor-
phologies such as nanowires, nanorings, nanorods and others
[1-5]. A variety of chemical and physical methods have been used
to easily synthesize ZnO nanostructures such as chemical bath
deposition [6], hydrothermal synthesis [7—10], microwave-assisted
hydrothermal synthesis [11—13], among others.

The chemical bath deposition (CBD) is a technique that apart
from being simple and economic allows synthesizing nano-
structures with different morphologies at temperatures around
90 °C on various substrates [14,15]. The chemical bath can take
place in aqueous solution where the mechanism leading to the
formation of ZnO crystals involves the crystallization phenomenon,
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dissolution, and recrystallization [16]. The chemical bath deposi-
tion is known to be similar to the hydrothermal synthesis though
the former does not involve the use of atmospheric pressure.

Although many studies have been made to use ZnO nanorods
and other nanostructures as sensor gas materials, problems related
to poor stability and application of the sensor still exist [17—21]. On
the other hand, graphene has been considered as a high applicable
material, regarding excellent properties like high thermal stability
and electrical conductivity, high mechanical performance and large
surface area [22—24]. Due to simpler fabrication, the presence of
functional groups on the surface and higher surface area, graphene
oxide (GO) have been extensively studied to replace graphene as a
gas sensor material [25].

In this context, composites based on graphene oxide and
semiconductor nanostructures have emerged as a material to be
used in gas sensor and other devices. This materials present higher
surface area and additional functionalities once that functional
groups in GO can act in favor of gas adsorption and synergistic ef-
fect between GO sheets and ZnO nanorods that can promote the
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electron transport [1,26—29].

Consequently, the use of such composites containing GO and
ZnO can be an approach for volatile organic compounds (VOCs)
detection. VOCs are known to be responsible for indoor pollution,
resulting in adverse effects on human health [30,31]. The devel-
opment of VOCs sensors with good stability, selectivity, sensibility
toward low concentrations such as parts per million (ppm), and fast
response is required for household security and environmental
monitoring [32—34].

In this work, ZnO nanorods (ZnO-NR) were grown on gold
interdigital substrates at low temperatures by CBD. The composite
GO/ZnO-NR was prepared by the same method, but now with GO
sheets present as seeding layer in order to induce ZnO growth by
the aid of the GO functional groups. Another proposed assembly
type was GO deposition on the GO/ZnO-NR sample to obtain GO/
ZnO-NR/GO, and with better VOCs adsorption on the material
surface. In addition, the vertical alignment of the one-dimensional
(1D) ZnO-NR obtained by CBD method along with GO sheets
improved the sensor active area for the selective VOCs adsorption.
Finally, the easy process of the sensor fabrication with good sensing
performance based on ZnO-NR structures/GO sheets has potential
for application as acetone sensors and other VOCs.

2. Experiment
2.1. Preparation of graphene oxide

Expansible graphite was oxidized by modified Hummers'
method. Pre-oxidizing reaction was carried out by adding 10 g of
expansible graphite into an Erlenmeyer flask containing concen-
trated sulfuric acid, potassium persulfate and phosphorus pent-
oxide at 80 °C. The reaction was allowed to be performed by the
period of 6 h, and the filler was washed until neutralization. The
pre-oxidized graphite was submitted to a new oxidizing process in
an Erlenmeyer flask containing concentrated sulfuric acid, sodium
nitrate and potassium permanganate. The reaction was kept for the
period of 2 h, so, deionized water was added and the reaction was
finished by the addition of hydrogen peroxide 30 vol%. The solid
was washed until the complete removal of manganese ions after
the same was dispersed in deionized water and submitted to
dialysis process in deionized water for about three weeks to remove
residual ions. The aqueous suspension was submitted to ultra-
sonication before use it.

2.2. Preparation of seeding layer

For the seeding layer preparation, an ethanolic solution of
30 mmol L~! of zinc acetate (ZnAc) or a 0.05 g L~! GO sheets so-
lution was used. Such solutions were sprayed coated on the sensor
substrate that consists of interdigitated comb-like Au electrodes on
the front side of an alumina substrate by using a Spray Coating
(Exacta Coat). The spray parameters used during deposition were
5 W, 1.00 KPa, 0.30 mL min~' and 100 °C. For preparation of seeding
layer, two different kinds were prepared: (i) the seed layer con-
sisting of only ZnAc layers prepared from ZnAc ethanolic solution
sprayed 15 times on the substrate for ZnO-NR sample; (ii) the seed
layer consisting of GO layers and ZnAc layer, where GO layers were
obtained from GO solution sprayed 4 times followed by deposition
of ZnAc ethanolic solution sprayed 12 times on the substrate for the
GO/ZnO-NR and GO/ZnO-NR/GO composites. After that, the sam-
ples were used for growing ZnO-NR by CBD.

2.3. Preparation of the samples by chemical bath deposition

The samples were synthesized on the bare sensor by CBD. In all

syntheses, hexamethylenetetramine (HMTA, Aldrich) and zinc ni-
trate (Zn(NOs),, Aldrich) were mixed in the proportion 1:1 in a
Polytetrafluoroethylene (PTFE) cup. For GO/ZnO-NR/GO synthesis, a
0.0125 g L~! GO solution was also added to the HMTA and Zn(NO3),
in the PTFE vessel. After that, the sensor substrate was immersed in
the precursor solution. The PTFE vessel was placed in silicone bath,
and the solution was stirred and heated at 90 °C for 2 h, aiming to
promote the ZnO-NR and GO/ZnO-NR. Table 1 and Fig. 1 present an
overview of the samples preparation.

2.4. Characterization methods and VOCs sensing measurements

The samples were characterized by Scanning Electron Micro-
scopy (SEM) in a FEI Inspect F50 high-resolution SEM microscope
with energy dispersive X-ray spectroscopy (EDX), and by Raman
spectroscopy using a Confocal Raman model Horiba T64000 spec-
trometer with an exposure time of de 30 s and accumulation of 10
spectrums using a LASER source of 633 nm.

For the VOCs sensing performance, the sensors were allocated
inside the testing chamber (754 mL) and heated at the operating
temperature, in the range of 200—500 °C, under air flow of
250 mL min~ . The VOCs signal was measured by a high-voltage
source-measure unit (Keithley Source meter 2400), applying a
voltage of 5 V. At the temperature of analysis the air flow was
interrupted and the required time was used to stabilize the resis-
tance of the sensors. Once the resistance was stable, the VOCs were
inserted (10—500 ppm) by using a syringe, exposing the sensor to
the VOC vapor for 50 s. After the exposure time, the air flow of
250 mL min~! was applied to clean the testing chamber from the
VOC and to return to the initial state before the exposure. The
response to reducing gases can be defined as the ratio (Ra/Rg) of the
resistance in air (R;) and the resistance after the VOCs exposure
(Ry).

3. Results and discussion
3.1. Structural characterization

The morphologies of grown ZnO-NR on Al;03 substrate with
interdigitated gold electrodes were studied by SEM (Fig. 2). Ac-
cording to scanning electron micrograph of ZnO-NR, Fig. 2(a and b),
it is possible to see that ZnO-NR were grown vertically arranged on
the grain of alumina substrate and showed hexagonal shape.
Fig. 2(f) shows a cross section of the ZnO-NR arrays, where it can be
seen that the nanorods length was around 640 nm. For GO/ZnO-NR
sample, the presence of GO as seeding layer was favorable to obtain
nanorods with a larger diameter, as it can be observed in Fig. 2(c).
Moreover, the presence of GO as seeding layer aided the nanorods
growth using fewer layers of ZnAc during the synthesis than pure
ZnO-NR. It occurred because of the functional groups of GO that
improved the sites for the ZnO nanorods growth. Observing the
micrographs of GO/ZnO-NR/GO (Fig. 2(d and e)), it is clearly
observed that the presence of GO solution also on CBD resulted in a
coverage of the surface of ZnO nanorods by GO sheets. According to
Wang et al. [1], the formation of nanocomposites based on ZnO
nanosheets and GO sheets can decrease the surface energy and

Table 1
The samples compositions and the respective precursors used in seed layer (SL) and
chemical bath deposition (CBD) steps.

Sample Seed layer (SL) CBD

ZnO-NR ZnAc Zn(NO3), + HMTA
GO/ZnO-NR ZnAc + GO Zn(NOs)2 + HMTA
GO/ZnO-NR/GO ZnAc + GO Zn(NO3), + HMTA + GO
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Fig. 1. Scheme of the preparation of ZnO-NR, GO/ZnO-NR and GO/ZnO-NR/GO samples.

improve the stability of sensors. However, the ZnO-NR density
decreases for the GO/ZnO-NR/GO because the growth of ZnO-NR
competes with the simultaneous deposition of the GO sheets dur-
ing the synthesis.

The results of elemental compositions determined by EDX
microanalysis are shown in Fig. 3 and Table 2. All the samples
showed Zn and O elements in their composition referent to the
presence of ZnO nanorods and Al element that is attributed to the
substrate. Otherwise, the GO/ZnO-NR and GO/ZnO-NR/GO samples
also showed C element in their composition that proves the pres-
ence of GO sheets. The quantity of C and Al element was higher for
GO/ZnO-NR/GO due to the presence of GO sheets on the ZnO
nanorods surface and the lower ZnO-NR density (Fig. 2(d and e)).

Fig. 4(a) shows the Raman spectrum of GO sheets prepared by a
modification of Hummers' method. The characteristics bands of
graphene-based materials are observed, D band (1300—1400 cm™ 1)
referent to double resonance Raman process, and the G band
(1500—1700 cm™"), which is related to first order transition with
E>g symmetry [35].

After growth of ZnO-NRs by CBD, the usual modes of ZnO, such
as 333 cm~! (Ep(high)-Ex(low) [36—38]), 437 cm~! (Ex(high)
[39—41]) and 573 cm~! (A;(LO) mode) are noticeably observed in
the Raman spectra (Fig. 4(b)). The E; 437 cm™! peak is characteristic
of the wurtzite lattice, and the 573 cm~! band can be assigned to
the electric field-induced (EFI) Raman scattering [40]. Besides of
these peaks, it is also possible to verify the presence of the D band
and G band referent to GO in the samples prepared with the
addition of GO (GO/ZnO-NR and GO/ZnO/GO). Though, the intensity
of these bands is higher for the GO/ZnO-NR/GO sample, where the
GO sheets were previously identified on ZnO NRs surface by SEM
(Fig. 2(d and e)). After the CBD process, it is observed for the sample
GO/ZnO-NR/GO that the D band possesses higher intensity in
comparison with G band, this indicates that the carbon filler pre-
sents high structural peripheral defects content, which exhibits a
higher intensity of D band due to the sheets packing [42].

3.2. VOCs sensing properties

The gas sensing measurements were performed at different
temperatures to verify the optimum operating temperature to
detect acetone. Fig. 5 displays the response to 200 ppm of acetone
at different temperatures, in the range of 200—500 °C. The gas
response of all sensors increased by increasing the temperature and
achieved the maximum response at 450 °C, and decreased with
further increase of temperature. Furthermore, it is observed that at

lower (300—400 °C) temperatures, the GO/ZnO-NR and GO/ZnO-
NR/GO sensors showed an improved acetone performance in
comparison with ZnO-NR. This behavior is attributed to GO func-
tional groups presence in their composites. Thus, at the optimum
operating temperature (450 °C), acetone response of ZnO-NR, GO/
ZnO-NR and, GO/ZnO-NR/GO samples was found to be about 12.45,
6.97, and 6.99, respectively.

Afterward, the gas measurements were carried out for 200 ppm
of different VOCs at 450 °C to study the selectivity of the sensors. As
shown in Fig. 6, the response of all sensors toward acetone was
higher than to ethanol, benzene, and methanol. However, one can
see that the response of GO/ZnO-NR to acetone, benzene, ethanol
and methanol was 6.97, 1.97, 6.46 and 6.61, respectively. This result
demonstrated a poor selectivity of this sensor. On the other hand,
the response of ZnO-NR to acetone, benzene, ethanol and methanol
was 12.52, 1.37, 11.38 and 5.27, and of the GO/ZnO-NR/GO sensor
was 6.99, 1.27, 5.96 and 1.36, in that order. In all cases, the response
to benzene is poorer than to the other gases. Similar results have
been previously reported, and this behavior may arise from the
chemical bond of aromatic molecules [43]. It means that benzene
activation and dissociation are difficult to achieve, and require the
use of catalysts [44]. Moreover, VOCs such as ethanol present
higher reactivity with the oxide surface [45]. Thus, our results
indicate that ZnO-NR and GO/ZnO-NR/GO samples are more se-
lective to acetone than GO/ZnO-NR.

The sensing response of the sensors exposed to different con-
centrations of acetone ranging from 10 to 500 ppm is shown in
Fig. 7(a—d). In all cases, the response increased with increasing
acetone concentration and the capability of reversibility was
noticed, which means that after acetone exposure the sensors could
return to the initial state [46]. The gas response of the sensors as a
function of acetone concentration is displayed in Fig. 7(d). It can be
seen that the sensors based on GO/ZnO-NR and GO/ZnO-NR/GO
exhibited the same performance to acetone detection. From 10 to
500 ppm, the responses of GO/ZnO-NR and GO/ZnO-NR/GO
changed from 2.40 to 10.67 and 1.92—10.06, respectively. Howev-
er, ZnO-NR showed a superior response than the other sensors for
all acetone concentration. The response to 10 ppm was 2.54 and to
500 ppm was 19.51, which is almost twice higher than the value
obtained for GO/ZnO-NR and GO/ZnO-NR/GO.

The response time consists of the time to reach 90% of the
maximum signal of response after exposure to the gas. The
response time for the samples was calculated. For GO/ZnO-NR, the
response time ranged from 14.48 s for 10.77 s when the sample was
exposed to 10—500 ppm of acetone. For ZnO-NR, the response time
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Fig. 2. SEM images of (a,b) ZnO-NR pure on interdigitated comb-like Au electrodes on the front side of an alumina substrate; (c) GO/ZnO-NR; (d) and (e) GO/ZnO-NR/GO; (f) cross

section of the ZnO-NR arrays.

ranged from 13.03 s for 6.35 s when the sample was exposed to
10—500 ppm of acetone. For GO/ZnO-NR/GO, the response time
ranged from 12.43 s for 8.79 s when the sample was exposed to
10—500 ppm of acetone.

The relationship between the gas concentration (Cg) and the gas
response (Sg) can be written according to the gas absorption model
of semiconductors as follows (Eq. (1)) [47,48]:

Se=1+acC} 1)

Where a is the prefactor and § represents the response order, which

gives information about the species charge on the surface. When
the value of B is 1, the oxygen species adsorbed on the metal oxide
surface are O~, whereas when it is 0.5, the adsorbed species are 0%~
[49,50]. To calculate B, Eq. (1) can be rewritten as (Eq. (2)):

Log (Sg— 1) =loga+ Blog Cg (2)

The relationship between the log (Sg—1) and log (Cg) is pre-
sented in Fig. 8, where it can be seen a good linear relationship for
all the three sensors. The values of  were found to be 0.648, 0.489
and 0.584 of the sensors ZnO-NR, GO/ZnO-NR, and GO/ZnO-NR/GO.
For all the cases, B is close to 0.5 which suggests that the dominant
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Fig. 5. Response of ZnO-NR, GO/ZnO-NR, and GO/ZnO-NR/GO samples to 200 ppm of
acetone at different operating temperatures (200—500 °C).
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Table 2
Samples elemental compositions determined by EDX microanalysis.
0-
Sample Elemental composition (weight %) Acetone Benzene Ethanol Methanol
ZnL OK CK Al K . .
Fig. 6. Response of ZnO-NR, GO/ZnO-NR, and GO/ZnO-NR/GO to 200 ppm of different
ZnO-NR 76.69 20.31 0.00 0.00 VOCs at 450 °C.
GO/ZnO-NR 77.04 20.60 1.96 0.4
GO/ZnO-NR/GO 74.22 20.66 3.85 1.27
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Fig. 4. Raman spectra of: (a) GO sheets prepared by Hummers' Method and (b) ZnO-NR, GO/ZnO-NR and GO/ZnO-NR/GO.

adsorbed oxygen species on ZnO surface are 0%~ oxygen are formed (0?>~, 0-, 0%>") on MOS surface, leading to the

According to ionosorption model, atmospheric oxygen adsorbs formation of an electron depletion layer of high resistance. The
on the surface of metal oxide semiconductors (MOS) and traps process of formation of adsorbed oxygen ions can be described by
electrons from the conduction band. As a result, ionic species of the following equations (Egs. (3)—(6)) [51]:
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After the sensor is exposed to a reducing gas, such as acetone,
the gas reacts with oxygen species on MOS surface and the trapped
electrons are returned to the MOS, which promotes the decrease of
electrical resistance. In the case of our sensors, we found that the
dominant oxygen species on ZnO surface are 0>~ as discussed
above. Thus, the general reaction can be described as follows (Eq.

(7)):

CH3COCH3g) + 80745 = 3COz(g) + 3H,0(g) + 16€™ (7)

Fig. 9 shows the proposed operating mechanism for the three
kinds of sensors prepared in this work. Like this, for the ZnO-NR
structure, Fig. 9(a), the electron transfer in air atmosphere takes
place according to the following reaction (Eq. (8)):

2027 + 0,V (8)

When the temperature is increased to 450 °C, to induce a
stronger activation, more atomic oxygens are extracted from the
surface, and consequently, more oxygen vacancies (Vé) are gener-
ated [47]. Therefore, reducing molecules as acetone react with the
0%~ species present on the nanorods surface resulting in CO5, H,0,
and more electrons. The depletion layer becomes thinner, and in-
creases the electronic flow in the conductive bulk area, resulting in
a decrease of sensor resistance. The resistance changes are
measured by gold electrodes placed below the ZnO-NR. A similar
mechanism occurs in the GO/ZnO-NR and GO/ZnO-NR/GO nano-
composites (Fig. 9(b and c)). However, the presence of the GO be-
tween the ZnO-NR and the gold electrode resulted in a decrease of
electronic flow. That behavior occurs because GO sheets contain
saturated carbon atoms with sp> hybridization that act as insu-
lation [52]. Thus, it was noticed a lower acetone response for GO/
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ZnO-NR and GO/ZnO-NR/GO than that of ZnO-NR at the optimum
operating temperature. Moreover, for the GO/ZnO-NR/GO struc-
ture, Fig. 9(c), there is an improvement of the sensor selectivity. The
deposited GO sheets on the ZnO-NR increase the active area of the
sensor, and the presence of the GO functional groups and structural
defects work in selective interaction with acetone molecules.

4. Conclusion

The well-aligned ZnO-NR grown on interdigital gold substrates
by CBD is a good strategy to design new VOCs sensors. In addition,
GO sheets deposited below the ZnO-NR should affect the sensor
resistance, reducing its responses to VOCs when compared to ZnO-
NR sample. However, when a small amount of GO was placed above
the nanorods, it could achieve better sensor selectivity. In this case,
the GO functional groups promote gases adsorption on the sensor
surface. Moreover, the dominant species (0?~) present on the sur-
face of the materials are responsible for the response of the sensors.
The optimum working temperature of all sensors in the presence of
200 ppm of acetone was 450 °C. Finally, the fine-tuning adjusting of
zinc oxide/graphene composition and assembly sequence prepa-
ration is the critical key to the development of effective sensors.
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