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ABSTRACT: Co-doped branched ZnO nanowires were prepared by
multistep vapor-phase reactions for the ultraselective and sensitive detection
of p-xylene. Highly crystalline ZnO NWs were transformed into CoO NWs
by thermal evaporation of CoCl2 powder at 700 °C. The Co-doped ZnO
branches were grown subsequently by thermal evaporation of Zn metal
powder at 500 °C using CoO NWs as catalyst. The response (resistance
ratio) of the Co-doped branched ZnO NW network sensor to 5 ppm p-
xylene at 400 °C was 19.55, which was significantly higher than those to 5
ppm toluene, C2H5OH, and other interference gases. The sensitive and
selective detection of p-xylene, particularly distinguishing among benzene,
toluene, and xylene with lower cross-responses to C2H5OH, can be attributed
to the tuned catalytic activity of Co components, which induces preferential
dissociation of p-xylene into more active species, as well as the increase of
chemiresistive variation due to the abundant formation of Schottky barriers
between the branches.
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1. INTRODUCTION

Volatile organic compounds (VOCs), such as benzene, xylene,
toluene, HCHO, and C2H5OH, are representative harmful
indoor pollutants and are strictly regulated by law in many
countries. They usually have a long-term effect on human
health, because they exist in low concentrations and the
symptoms tend to develop gradually. For this reason, it is an
important issue to detect low concentrations of indoor VOCs.
The simple and cost-effective detection of indoor pollutants by
either hand-held and/or miniaturized monitoring devices is
essential for universal usage. Although analytical methods such
as gas chromatography−mass spectroscopy1 and fluorescence
spectroscopy2 can facilitate precise detection and measurement
of VOCs, they usually require expensive equipment and
prolonged sample preparation time. If the selective and
sensitive detection of VOCs is possible using metal oxide
semiconductors, it will be advantageous for the mass fabrication
of miniaturized, low-cost, and rapid-responding gas sensors.
Among the various VOCs, aromatic hydrocarbons, such as
benzene, toluene, and xylene (BTX), are usually difficult to
detect by means of oxide semiconductor gas sensors due to
their relatively low reactivity. In addition, the selective detection
of a single gas among BTX is a much more challenging and
important task because of their similar chemical properties, but
different effects on human health. Accordingly, the precise
distinction between BTX is essential in order to find a proper
countermeasure for a specific pollutant.

ZnO is a typical n-type semiconductor with a band gap of
3.37 eV and has been widely investigated in the fields of
electronics, optics, photonics, and gas sensors. ZnO is also
known to be a versatile nanomaterial with various growth
morphologies and growth surfaces, such as nanowires, nano-
rods, nanobelts, nanocombs, nanorings, nanocages, and nano-
springs. Although ZnO gas sensors are relatively common in
the literature, the high response to reactive C2H5OH gas has
limited their use for the selective detection of aromatic
hydrocarbons.3,4 Therefore, the doping or surface modification
of ZnO using catalytic materials can be considered as an
effective approach to achieve sensitive and selective detection of
VOCs, particularly important in the case of BTX gases.
n-Type metal oxide semiconductors, such as SnO2, ZnO,

In2O3, and Fe2O3, have been widely studied for the application
of semiconductor gas sensors because of their higher gas
response compared to p-type metal oxides.5 However, p-type
metal oxide semiconductors have been receiving much
attention for their unique catalytic properties and higher
oxygen adsorption due to their multivalence properties, which
make them good candidate materials for the selective detection
of large molecule VOCs. In particular, among various p-type
metal oxides, Co3O4 is known to be an excellent catalyst for the
oxidation of xylene in the liquid and vapor states.6−9
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In the present work, we report a novel vapor-phase method
to grow Co-doped branched ZnO NWs for the selective
detection of p-xylene gas. The study is focused on the growth of
branched ZnO NWs that results in a highly porous network
structure, and the catalytic role of Co doping, which enabled
the selective detection of p-xylene gas among various interfering
gases, including C2H5OH, HCHO, benzene, and toluene.

2. EXPERIMENTAL SECTION
Sample Preparation. ZnO NWs were grown on alumina

substrates (1.5 × 1.5 mm2; thickness, 0.25 mm) with two gold
electrodes (electrode length, 1 mm; separation, 0.2 mm) by thermal
evaporation of a mixture of ZnO (99.9%. Sigma-Aldrich), graphite
(<20 μm, Sigma-Aldrich), and Sn (99.8% Acros) powders (Figure 1a).
The source powder (ZnO:graphite:Sn = 1:1:0.1 wt %) was loaded in
an Al2O3 boat that was located at the center of a quartz tube
(diameter: 2.5 cm), and the alumina substrates were placed 5 cm
downstream from the source. The inside of the quartz tube was
evacuated to ∼9 × 10−2 Torr using a rotary pump, and the furnace
temperature was increased to 900 °C. The ZnO NWs were grown for
20 min by the reaction between the source powder and a mixture of
Ar−O2 gas (Ar, 100 sccm; O2, 0.2 sccm). The gold electrodes on the
substrate acted as the catalyst for the vapor−liquid−solid (VLS)
mechanism, which enabled the formation NW networks with highly
porous structures and improved the connectivity between the NWs
and the electrodes. The as-grown ZnO NWs were transformed into
CoO NWs via the cation exchange reaction by thermal evaporation of
CoCl2 powder (99.9%, Sigma-Aldrich) at 700 °C (Figure 1b). The
quartz tube was evacuated to ∼9 × 10−2 Torr, and Ar (200 sccm) was
flowed for 10 min. The CoO NWs were placed right next to the Zn
powder (99.995% Sigma-Aldrich) in the Al2O3 boat that was placed at
the center of the quartz tube in the horizontal furnace. After evacuating
the tube using a rotary pump to ∼9 × 10−2 Torr, the furnace was
heated to 500 °C and was kept for 10 min under mixed Ar/O2 gas (Ar,
200 sccm; O2, 1.0 sccm). The corresponding reaction resulted in the
growth of ZnO branches from the CoO NWs in which Co acted as
growth catalyst for the VLS mechanism (Figure 1c,d).10

Characterization. The morphologies of pristine ZnO NWs, CoO
NWs, and Co-doped branched ZnO NWs were analyzed using field
emission scanning electron microscopy (FE-SEM, S-4800, Hitachi,

Japan) and transmission electron microscopy (JEOL, JEM-2100F), the
phase and crystallinity of the NWs by X-ray diffraction (XRD, Rigaku
D/MAX-2500-V/PC), and the chemical state of the NWs by X-ray
photoelectron spectroscopy (XPS, Thermo, MultiLab 2000).

Gas Sensing Characteristics. Sensors with directly grown NWs
were heat-treated at 550 °C for 2 h before measuring their gas sensing
characteristics. The sensors were placed in a quartz tube, and the
temperature of the furnace was stabilized at 350−450 °C. A flow-
through technique with a constant flow rate of 500 cm3 min−1 was
used. The gas concentration was controlled by changing the mixing
ratio of the parent gases (5 ppm p-xylene, C2H5OH, toluene,
trimethylamine (TMA), HCHO, NH3, CO, benzene, and H2) and dry
synthetic air. The DC two-point probe resistance of the sensor was
measured using an electrometer interfaced with a computer.

3. RESULTS AND DISCUSSION

Composition, and Structural, and Morphological
Properties. Single crystalline ZnO NWs were grown on
alumina substrates with two gold electrodes by the thermal
evaporation method (Figure 2a,b). The diameters of the NWs
ranged from 30 to 80 nm with several tens of micrometers in
length (Figure 2c,d). The single crystalline ZnO NWs were
grown along the [011 ̅0] direction, as verified by the selected
area electron diffraction (SAED) pattern (inset in Figure 2e)
and the lattice-resolved image of (011 ̅0) fringes separated by
2.81 Å (Figure 2f). The pristine ZnO NWs were transformed
into CoO NWs by the thermal evaporation of CoCl2 powders
at 700 °C. The overall morphology and network configuration
of the NWs remained similar (Figure 3a). The transformed
CoO NWs were also highly crystalline (Figure 3b,c), and the
lattice-resolved image showed (200) fringes separated by 2.13
Å (Figure 3d). The elemental mapping of Co, O, and Zn using
energy-dispersive X-ray spectroscopy (EDS) (Figure 3e,f)
confirmed that the pristine ZnO NWs were completely
converted into CoO without any residual Zn. Highly pure Ar
with an oxygen partial pressure of ∼10−5 Torr was used as
carrier gas. According to the phase diagram of the Co−O
system, CoO is more stable than Co3O4 above 680 °C at this

Figure 1. (a) Growth of ZnO NWs on alumina substrate with Au electrodes, (b) transformation of ZnO NWs into CoO NWs, (c, d) growth of Co-
doped branched ZnO NWs from CoO NWs.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506674u | ACS Appl. Mater. Interfaces 2014, 6, 22553−2256022554



oxygen partial pressure.11 This explains the formation of CoO
NWs.
ZnO branches were directly grown on the CoO NWs by

thermal evaporation of Zn powders at 500 °C (Figure 4a). In
our previous work, CoO−ZnO core−shell NWs with ZnO
branches were obtained at 450 °C.12 With the growth
temperature being increased by 50 °C, we found that hexagonal
ZnO branches were uniformly grown on the CoO NWs while
maintaining the porous network structure (Figure 4b,c). The
ZnO branches typically started to grow with a narrow base
attached to the stem, and became thicker as their length
continued to extend up to about 1.3 μm. Although generally
droplets of liquid alloy exist on the tip of NWs after VLS
growth,13 Hannon et al. reported that this is not always the
case, stating that the consumption of catalyst eventually leads to
the growth of smooth NWs.14 Therefore, most of the Co seems
to have been consumed for the growth of ZnO branches.
Indeed, hexagonal facets are clearly visible at the tip of the
branches (inset in Figure 4c), the thickness of which ranged
from 100 to 500 nm (Figure 4d,e). The lattice-resolved image
of a single branch shows highly crystalline (0002) fringes
separated by 5.20 Å (Figure 4f), and the SAED pattern
indicates that the branches were grown along the [0001]
direction (inset of Figure 4f). It is a well-known fact that the
surface energy of the polar (0002) surface is higher than that of
the nonpolar (21 ̅1 ̅0) and (011 ̅0) surfaces, which explains the
preferential growth of ZnO nanostructures along the [0001]
direction.15,16 Unlike pristine ZnO NWs, which grew along the
[011 ̅0] direction because of the Sn catalyst,17,18 the ZnO

branches grown by using Zn metal powder in the present study
show the typical [0001] growth direction. The elemental
mapping of Zn, O, and Co using EDS (Figure 4g−i) shows that
residual Co exists uniformly within the ZnO lattice along the
stem and the branches. This shows that the stems do not have a
core−shell structure, but that CoO NWs were replaced almost
completely by ZnO, which led to the formation of Co-doped
branched ZnO. Such a multistep synthesis also improved the
adhesion of the NWs to the Au electrodes on the sensor
substrate, which greatly enhanced the stability of the gas sensor,
resulting in high reproducibility.
Another interesting feature of the branched NWs is that the

ZnO branches grew typically perpendicular to the backbone,
which suggests that large ZnO [0001] surfaces were formed
along the length of the stems during the conversion, similarly to
the pristine NWs. The direct conversion of ZnO to CoO NWs
is not associated with a unique relation between the crystal
orientations of the two wurtzite and rock salt.12 Nevertheless,
CoO NWs typically exhibit fairly good crystallinity with [001]
surfaces well developed along the NWs. This suggests that
wurtzite [0001] faces transform to rock salt [001] during the
conversion. The direct relation between the two surfaces is
consistent with the phase transition mechanism between the
two ZnO phases proposed by the first-principles calcula-
tions.19,20 It is thus quite plausible that the wurtzite ZnO
transforms to the rocksalt CoO via similar mechanisms. The
single crystallinity of the NWs may further be compromised

Figure 2. SEM (a−c) and TEM (d−f) images of pristine ZnO NWs.

Figure 3. SEM (a) and TEM (b, c) images of CoO NWs, (d) lattice
resolved image of the dotted area in (c) and corresponding SAED
pattern (inset), and EDS elemental mapping of Co and O in CoO NW
(e, f, respectively).
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during the reverse reactions converting CoO back to ZnO. It is
very likely, however, that a significant percentage of the ZnO
[0001] surfaces remains along the length of the NWs from
where the ZnO branches grew out. Relatively small widths of
the bases suggest that the stems are more or less polycrystalline
in nature, including textures.
The pristine ZnO NWs were identified as wurtzite phase

(JCPDS 36-1451), characterized by the primary (101 ̅0),
(0002), and (101 ̅1) (Figure S1a, Supporting Information).
Because of the decreased preferential growth of Co-doped
branched ZnO NWs along the [0001] axis, the intensity of the
(0002) peak decreased compared to that of pristine ZnO NWs
grown along the [011 ̅0] axis. No Co-containing secondary
phase was observed in the XRD analysis of the Co-doped
branched ZnO NWs, probably resulting from the low detection
limit of XRD (Figure S1b).
XPS analysis was carried out in order to verify the existence

of Co and to determine its oxidation state in pure CoO and Co-
doped branched ZnO NWs. Figure 5a shows the Zn 2p peaks
of pristine ZnO, CoO, and Co-doped branched ZnO NWs. It is
clear that no Zn 2p1/2 and/or Zn 2p3/2 peaks are visible after
the transformation from ZnO to CoO NWs, but they reappear
after the formation of ZnO branches. Both Zn 2p1/2 and Zn
2p3/2 peaks in the Co-doped branched ZnO NWs show shifting
by 0.4 eV toward higher binding energy, which can be explained
by the higher electronegativity (χ) of Co (χ = 1.88) compared

to that of Zn (χ = 1.65). Because of the higher electronegativity
of Co, the electrons of Zn are attracted by Co, which decreases
the electron screening effect for Zn,21 thereby confirming
doping of Co within the branched ZnO NWs.
The fine-scans of the Co 2p peaks of CoO and Co-doped

branched ZnO NWs are shown in Figure 5b. The Co 2p peak

Figure 4. SEM (a−c) and TEM (d, e) images of Co-doped branched ZnO NWs, (f) lattice resolved image of the dotted area in (e) and
corresponding SAED pattern (inset), and EDS elemental mapping of Zn, Co, and O in Co-doped branched ZnO NW (g−i).

Figure 5. (a) Zn 2p XPS spectra of pristine ZnO, CoO, and Co-doped
ZnO NWs, and (b) Co 2p XPS spectra of CoO and Co-doped ZnO
NWs.
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was deconvoluted into Co2+ and Co3+ peaks. Both Co2+ and
Co3+ peaks were observed in all samples. Bulk CoO is stable at
room temperature and atmospheric pressure, but Co3O4 is
thermodynamically favorable under ambient conditions. There-
fore, the spontaneous formation of Co3O4 at the surface of
CoO NWs can be expected at room temperature and air
atmosphere, which explains the existence of the Co3+ peak in
CoO NWs.22 From the fitting of the Co 2p peak using the
Voigt amp method, the ratio of Co3+/Co2+ of the CoO NWs
was determined to be 0.78, which suggests that Co2+ is the
major oxidation state. Likewise, the fitting of the Co 2p peak in
Co-doped branched ZnO NWs using again the Voigt amp
method resulted in the ratio of Co3+/Co2+ of 1.24. This
suggests that the majority of Co dopant within the branched
ZnO NWs exists in the form of Co3+. The Co concentration of
the Co-doped branched ZnO NWs was 1.32 at.%, as
determined by XPS.
Gas Sensing Characteristics. The gas sensing character-

istics were measured in order to clarify the morphological and
doping effect of Co-doped branched ZnO NWs. Both pure
ZnO NWs and Co-doped branched ZnO NWs exhibited typical
n-type gas sensing behaviors, characterized by the resistance
decrease and increase upon exposure to reducing gas and air,
respectively (Figure 6). All the samples were tested for their gas

sensing characteristics toward 5 ppm p-xylene, toluene,
C2H5OH, TMA, HCHO, NH3, CO, benzene, and H2 gases
from 350 to 450 °C (Figure 7). The gas response (S = Ra/Rg:
Ra, resistance in air; Rg, resistance in gas) of pure ZnO NWs
toward 5 ppm of C2H5OH was the highest among all the gases
throughout the entire sensing temperature range (S = 2.88−
5.91) (Figure 7a). However, the gas responses toward C2H5OH
were comparable to those of HCHO (S = 2.3−5.41), TMA (S
= 2.64−3.96), and p-xylene (S = 1.79−5.03). The formation of
branches and the doping of Co significantly enhanced the
response to all the gases, but especially to 5 ppm p-xylene with
the highest value of 20.25 at 375 °C (Figure 7b). This value is
∼2.5 times higher than the responses to C2H5OH (S = 8.12)
and toluene (S = 8.10). Although the Co-doped branched ZnO
NWs showed the highest response and selectivity at 375 °C, the
90% recovery time after sensing p-xylene below 375 °C
exceeded 1268 s, which was too long for in situ monitoring of
gases. Accordingly, the optimum sensor temperature for the
selective and sensitive detection of 5 ppm p-xylene gas with fast
recovery can be regarded to be 400 °C, at which the response
to 5 ppm p-xylene was 19.55. This value is 2.3 and 2.5 times
higher than the responses to toluene and C2H5OH gases,
respectively, and is significantly higher than the cross-references
to other interference gases, such as TMA, HCHO, NH3, CO,
benzene, and H2 (Figure 7b,c, and Figure S2, Supporting
Information).
The sensing transients of Co-doped branched ZnO NWs to

0.25−5 ppm p-xylene were measured at 400 °C (Figure 8a).
Not only is the response stable and reproducible, but also, by
plotting the responses as a function of concentration, it is
expected that the Co-doped branched ZnO NWs sensor can
detect p-xylene gas at the sub-ppm level (Figure 8b). The
resistances in air (Ra) of pristine ZnO NWs and Co-doped
branched ZnO NWs from 350 to 450 °C are shown in Figure
8c. The substitution of Co within the ZnO lattice and the
resulting electronic or ionic compensation proceed as follows:

⎯ →⎯⎯⎯⎯ + + + +× • × −Co O Co 2Co 3O
1
2

O 2e3 4
3ZnO

Zn Zn O 2

(1)

⎯ →⎯⎯⎯⎯ + + + + ″× • ×Co O Co 2Co 4O
1
2

O V3 4
4ZnO

Zn Zn O 2 Zn

(2)

Figure 6. Sensing transients of (a) pristine ZnO and (b) Co-doped
branched ZnO NWs to 5 ppm p-xylene at 400 °C.

Figure 7. Gas response of (a) pristine ZnO and (b) Co-doped branched ZnO NWs to 5 ppm p-xylene, toluene, C2H5OH, TMA, HCHO, NH3, CO,
benzene, and H2 at 350−450 °C; (c) gas selectivity of Co-doped branched ZnO NWs at 400 °C.
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Equation 1 shows the generation of electrons by Co3+ doping,
in which the Ra value of ZnO should decrease rather than
increase. The formation of Zn vacancies due to the
incorporation of Co (eq 2) does not generate electrons or
holes. Thus, the sensor resistance should remain similar in this
case. However, by the formation of branches, the resistance has
increased by 1.5 (450 °C) to 50 (350 °C) times (∼12 times
increase at 400 °C) compared to that of pristine ZnO NWs.
According to reference studies and XPS analysis, the doping of
Co in ZnO consists of both Co2+ and Co3+ with Co3+ as the
major oxidation state.23 The electronic sensitization, i.e., the
enhancement of gas response due to the decrease in
background charge carrier concentration by doping, can be
considered as one possible reason to enhance the response.28

However, according to eq 1, the charge carrier concentration
increases rather than decreasing. Increasing the number of
oxygen vacancies by either doping lower valence cations or
annealing in a reducing atmosphere is known to enhance the
gas response of ZnO NWs gas sensors.24,25 In this perspective,
the formation of Zn vacancy rather than oxygen by doping of
Co3+ will not lead to the enhancement of gas response. The
formation of nanoscale p−n junctions can also improve the gas
sensor performance. In the present work, however, secondary
phases such as p-type Co3O4 are absent in the XRD analysis
and the EDS elemental mapping images, indicating that the Co
content is likely doped within the branched ZnO NWs. Thus,
the formation of nanoscale p−n junctions is less plausible. In
oxygen adsorbed n-type NWs, Schottky potential barriers are
formed at the contact points of NWs, similar to the grain-
boundary contact model for nanoparticles. In order for
conduction to occur, the current must pass through the
depletion layers of two adjacent NWs at the contact points.
Accordingly, the numerous inter-NW contacts per unit length
in branched ZnO NWs results in the high Ra compared to
pristine ZnO NWs.26−28 In the serial connection between
semiconducting NWs and resistive inter-NW contacts, the
sensor response is dominated by chemiresistive variation in the
electron depletion layers near the inter-NW contacts. This
provides the morphological explanation for the enhanced gas
responses in Co-doped branched ZnO.

The Co-doped branched ZnO NWs showed markedly higher
response toward most gases compared to pristine ZnO NWs,
especially to methyl benzenes. Many metal oxide semi-
conductors, such as ZnO, SnO2, NiO, Co3O4, and In2O3,
often show high response toward C2H5OH, probably because
of their high reactivity.29−33 This is also supported by the gas
sensing characteristics of pristine ZnO NWs from the present
work. Unlike C2H5OH, most n-type metal oxide semiconductor
gas sensors show relatively low response toward methyl
benzenes such as xylene and toluene, mainly due to their low
reactivity. On the contrary, the Co-doped branched ZnO NWs
gas sensor in the present study showed much higher response
to methyl benzene compared to pristine ZnO NWs, especially
to p-xylene. The amount of adsorbed oxygen on the surfaces of
p-type oxide semiconductors, such as Co3O4, Cr2O3, NiO, and
CuO, is known to be much larger compared to that of n-type
metal oxides.34 Therefore, most p-type oxide semiconductors
are promising catalysts for the oxidation of less reactive VOCs.
Various metal oxide semiconductors, such as ZnO, SnO2,

CuO, WO3, Cr2O3, Fe2O3, and TiO2, have been explored with
respect to the detection of methyl benzenes.35−39 Most of these
reports show either higher or similar response to ethanol,
compared to methyl benzenes, which makes the selective
detection of methyl benzenes difficult.40−44 Recently, pure and
Cr-doped Co3O4 and NiO have been reported to show
selective detection of methyl benzenes with relatively low cross-
responses to C2H5OH.

45,46 Co along with Mn and Br has been
widely used for the catalytic liquid- and vapor-phase oxidation
of p-xylene in the industrial production of fiber materials from
low-cost petroleum.6−9 Accordingly, the high response to p-
xylene in Co-doped branched ZnO NWs can be attributed to
the catalytic Co component that promotes the dissociation of
the less reactive p-xylene to more reactive smaller gases.
Except for Co3O4, the selectivity toward xylene against

interference from toluene (Sxylene/Stoluene) in the literature
ranged from 1.02 to 1.44, which is still insufficient to
discriminate two different gases.47−49 In stark contrast, the
Sxylene/Stoluene value of the present sensor is as high as 2.3,
indicating that the selective detection of xylene with negligible
cross-responses to toluene and C2H5OH can be achieved. The
distinction between the similar chemistry of p-xylene and
toluene using oxide semiconductor gas sensors has been a
challenging and important task. In this perspective, the present
sensor using Co-doped branched ZnO NWs can be regarded as
a novel new device that shows selective detection of p-xylene.
However, the reason why the response to p-xylene is
substantially higher than that to toluene is unclear and needs
further study. The following can be considered as a plausible
explanation. Even though xylene and toluene are both methyl
benzenes, they differ by the number of methyl groups. Xylene,
having one more methyl group than toluene, is known to be
more reactive with a higher oxidation rate.50,51 This is
supported by Russell’s report that the oxidation rate of p-
xylene at 90 °C (0.0039 mol h−1) is higher than that of toluene
(0.0013 mol h−1)52 and by the sensors in the literature showing
slightly higher gas response to xylene than to toluene.47−49 If
the catalytic activity of the sensing material is too high, both
xylene and toluene can be dissociated into smaller and more
active species, which will lead to similar or comparable gas
responses. On the other hand, if the catalytic activity of the
sensing material is moderate, the gas sensing reaction toward
relatively more reactive xylene will be preferentially promoted.
In our previous report, the Sxylene/Stoluene value of pure Co3O4

Figure 8. (a) Sensing transients of Co-doped branched ZnO NWs to
0.25−0.5 ppm p-xylene, (b) gas response to p-xylene as a function of
concentration at 400 °C, and (c) resistance in air of pristine ZnO and
Co-doped branched ZnO NWs from 350 to 450 °C.
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nanorods was as high as 1.89, whereas that of Cr-catalyst-doped
Co3O4 nanorods was very low (1.01−1.07).45 The addition of
the Cr catalyst decreased the selectivity toward xylene, although
it increased the response to toluene. Liu et al. also reported that
a Co−ZnO composite nanofiber sensor showed selective
detection of xylene with relatively low cross-response to
toluene, although its response to m-xylene (Sxylene = 14.8−
100 ppm) is lower than that of the present study (Sxylene =
19.55−5 ppm).53 In this perspective, the moderate and tuned
catalytic activity of the Co component within the Co-doped
branched ZnO NWs is regarded as the reason for the highly
selective detection of p-xylene.

4. CONCLUSION
The Co-doped branched ZnO NWs sensor was prepared using
a three-step process, and it showed significantly improved
response and selectivity to p-xylene gas with negligible cross-
responses to other gases. On the other hand, pristine ZnO
NWs showed the highest response to C2H5OH gas throughout
the entire sensing temperature range. The enhancement of the
gas response was explained by the increase in the number of
chemiresistive contacts between ZnO branches, which is
supported by the increase of the sensor resistance in air due
to the formation of resistive Schottky barriers. The selective
detection of p-xylene was attributed to the preferential
dissociation of xylene into smaller and more reactive gases
because of the moderate and tuned catalytic activity of the Co
component. This novel method for the formation of Co-doped
ZnO branches using CoO NWs as catalyst for VLS growth
enabled the design of a highly sensitive, selective, and
reproducible p-xylene gas sensor.
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