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Noble metal-functionalized, reduced graphene oxide (rGO)-loaded metal oxides are a new class of ternary
composites that combine the advantages of each component, resulting in exceptional materials. But,
there are few reports on their use as gas sensors. This paper reports the gas sensing behavior of Au or
Pd-functionalized rGO-loaded ZnO nanofibers (NFs) synthesized by using a combination of facile, cost-
effective sol-gel and electrospinning methods. An examination of the gas sensing properties revealed
that Au-functionalized NFs have a very high response to CO gas. In particular, the gas response (Ra/Rg) to

lz?é)words" 1ppm of CO was as high as 23.5, whereas Pd-functionalized NFs showed a high response to C¢Hg gas (11.8
Metal oxide to 1ppmCgHg). The presence of rGO/ZnO heterointerfaces, the catalytic effect of Au and Pd nanoparticles
Reduced graphene oxide (NPs), and the high surface area of NFs were the main factors that contributed to the strong response
Pd of the Au or Pd-functionalized rGO-loaded ZnO NFs sensors. These results show that the combination of
Au noble metals, such as Au or Pd NPs, with rGO and ZnO can impart new gas sensing functionality that is
Gas sensor potentially useful for CO or CsHg sensing applications, respectively.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Graphene has attracted extensive interest due to its fascinating
properties. It has a high surface area (2630m2g~1) [1,2], good ther-
mal conductivity (5000W/mK [3]), outstanding electron mobility
(200,000cm2V-1s-1 [4])), good stability and high optical trans-
parency [5]. Due to these promising properties, graphene is used in
many areas including energy conversion/storage systems, electro-
catalysis and electronic devices [6-8]. Schedin et al. [9] reported the
first graphene-based gas sensor in 2007. Unfortunately, graphene is
not generally produced on a large scale. Furthermore, it has no band
gap and functional groups, which are required for gas adsorption.
Therefore, reduced graphene oxide (rGO), a form of graphene pro-
duced by the reduction of graphene oxide, which contains many
functional groups and defects, is preferred for sensing studies.
Moreover, rGO can be synthesized easily at a large scale with low
costs [10]. rGO has a lower conductivity, more dangling bonds and
defects than intrinsic graphene, which is good for adsorption and
interactions with target gases [11]. In addition, rGO can be func-
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tionalized easily. Therefore, many scientists have shown interest
in exploring rGO as a candidate for gas sensors.

Gas sensors based on pure rGO have low sensitivity because the
adsorption of gas molecules on rGO is via the weak Van der Waals
interaction, resulting in long response and recovery times, which
prevent the widespread use of rGO in highly sensitive gas sensing
devices [12]. Many attempts have been made to improve the gas
sensing properties of rGO-based gas sensors such as functionaliza-
tion of rGO by introducing different chemical groups or designing
novel nanostructures. On the other hand, metal oxides have been
explored extensively as gas sensors because of the relatively high
sensitivity of their electrical resistance to adsorbates. Combining
rGO with metal oxides to form hybrid nanostructures is particularly
interesting because of their desirable synergistic interactions. ZnO
loaded with rGO has shown special features because ZnO is a good
electron donor (n-type) and rGO is an excellent electron acceptor
(p-type) [13,14]. Furthermore, ZnO has also been extensively used
for gas sensors because it possesses a number of advantages includ-
ing high surface activity, low toxicity, and high electron mobility
[15,16].

Very recently, we have investigated the role and effect of rGO
nanosheets into electrospun ZnO nanofibers [17]. According to the
investigation, an optimized amount loading of rGO nanosheets
leads to more resistance change of the ZnO nanofibers during
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adsorption and desorption of gas molecules mainly due to the role
of elctron resovoir by rGO nanosheets and other minor effects.
On the other hand, we have studied the particular relationship
between kind of noble metals and dominantly interacting gas mole-
cucules[18].Inthe study [ 18], the reason for the selective sensing of
CO, CgHg, and C7Hg by, respectively, functionalizing Au, Pd, and Pt
NPs on SnO, nanowires has been discussed in detail. Accordingly,
it is worthy to confirm the synergistic effect of the loading of rGO
nanosheets and functionalizing metal NPs to improve the selective
gas-sensing capability of ZnO nanofibers.

In our previous study [17], we observed that the resistance and
response of the rGO-loaded ZnO NFs sensors increased upon the
addition of rGO and reached a maximum value at 0.44wt.%. At
higher concentrations of rGO, the resistance of rGO-loaded ZnO
decreased, and further addition of rGO had no significant effect on
the response of the sensors. Although different optimal amounts
of metal functionalization have been reported [19-21] in the liter-
ature, in this study 1wt.% of either Au or Pd was chosen because
of the promising results of a previous study [22], where 1wt.% Au-
functionalized rGO-loaded SnO, NFs showed a strong response to
reducing gases. In addition, the sensing results were compared with
those of rGO-loaded ZnO NFs without functionalization.

In this study, Au or Pd NPs were functionalized on rGO-loaded
ZnO NFs composites prepared by an electrospinning process, and
the resulting materials were assessed for gas sensing applications.
Gas sensing tests at different temperatures and in the presence
of different concentrations of target gases were carried out on
these unique structures. We found that the Au-functionalized rGO-
loaded ZnO NFs can detect concentrations as low as 1ppm of CO
gas in the air, and composites functionalized by Pd NPs could easily
detect 1ppm of CgHg gas. These new ternary advanced composites
can be used for the detection of extremely low concentrations of
CO and CgHg gases with good precision.

2. Materials and methods
2.1. Materials

Zinc acetate (Zn(CH3CO,),, (purity >99%), graphene oxide (GO),
N, N-dimethyl formamide (DMF) and polyvinyl alcohol (PVA, MW
80,000) were purchased from Sigma-Aldrich. Hydrazine mono-
hydrate (N,Hy. H,0), PdCl,, acetone, 2-propanol and hydrogen
tetrachloroaurate (III) hydrate (HAuCly-3.5H,0) were obtained
from Kojima Chemical. Ethanol, methanol, isopropanol, and de-
ionized (DI) water were used for washing and solvent preparation.
All starting materials were used without additional purification.

2.2. Preparation of rGO

Graphene oxide (GO) was synthesized from graphite powder
using a modified Hummers and Offeman method [23]. To reduce
GO, 10mL of hydrazine monohydrate was added to the GO suspen-
sion, and the mixture was heated at 150°C for 24h. The products
were then isolated by centrifugation at 12,000rpm for 45min, and
were washed with DI water and methanol until the pH of the solu-
tion reached 7 to afford pure rGO powder. The preparation process
of the rGO solution is described in detail elsewhere [24].

2.3. Synthesis of Au/Pd-functionalized rGO/ZnO composite NFs

2.3.1. Preparation of electrospinning solutions

Sol-gel and electrospinning methods were used for the synthesis
of Au or Pd-functionalized rGO-loaded ZnO composite NFs. First, an
aqueous solution of PVA was prepared by dissolving PVA in DI water
with constant stirring for 4h. Subsequently, 1g Zn(CH3CO,), was
added to the prepared PVA solution and the mixture was stirred for

10h. An aqueous solution of HAuCl4-nH, 0 was prepared separately
by mixing 0.0007g of HAuCl,-nH,0 with isopropanol followed by
constant stirring for 1h. PdCl, was dissolved in a mixed solution
of acetone (50 vol.%) and 2-propanol (50 vol.%) for the preparation
of Pd NPs. The prepared Au and Pd precursor solutions were then
exposed to UV radiation for 1min. This led to the growth of Au and
Pd NPs in their respective solutions. In a separate beaker, rGO was
mixed with DI water to prepare an rGO suspension. Then, the rGO
suspension was separately added into both Au and Pd solutions.
The prepared Au/rGO and Pd/rGO suspensions were then mixed
into PVA/Zn (CH3CO;), solutions separately. Vigorous stirring for
1h eventually resulted in the formation of two viscous solutions of
PVA/Zn (CH3CO;), containing Au NPs or Pd NPs and rGO (0.44wt.%).

2.3.2. Electrospinning process

The prepared precursor solution was loaded into a syringe with a
21-gauge needle (inner diameter of 0.51mm). The composite fibers
were electrospun by applying a 15kV bias using a power supply
with a distance of 20cm between the tip of the needle and a ground
plate. The feeding rate of the solution was adjusted accurately to
a constant value of 0.03mL/h. The electrospun NFs were obtained
over the SiO,-grown Si wafers that had been placed on the metal
collector. All electrospinning experiments were carried out at room
temperature. The as-spun NFs were subsequently calcined at a tem-
perature of 600°C for 30min in air at a heating rate of 2°C/min. The
synthesis procedure for the NFs by electrospinning is described in
detail elsewhere [25]. A similar method was used to prepare the Pd-
functionalized rGO-loaded ZnO composite NFs. The amount of rGO
was ~0.44%wt according to a previous study [17] and the amount
of Pd and Au NPs was set to be~1%wt.

2.4. Sensing measurements

To examine the sensing behavior of Au or Pd-functionalized
rGO-loaded ZnO NFs, double layer electrodes consisting of Ti
(thickness ~50nm) and Pt (thickness ~200nm) were deposited
sequentially onto the specimens by radio frequency magnetron
sputtering at room temperature. Subsequently, the gas sensing
properties of the composite sensors towards various reducing gases
(CO, CgHg and C7Hg) at concentrations ranging from 1 to 5ppm were
measured under atmospheric pressure at operating temperatures
between 300 and 450°C. The measurements were conducted using
a gas dilution and sensing system. The sensors were placed and
evaluated in the testing chamber at constant temperatures, and the
operating temperature of the sensors was controlled by an exter-
nal heating source. More details related to the sensor design, gas
dilution, and the sensing system are provided in our earlier reports
[24,26]. The sensors were stabilized for ~20min in the baseline gas
(synthetic dry air) to obtain a stable resistance at every operating
temperature (prior to the gas sensing tests). The gas concentration
was controlled precisely by changing the mixing ratio of the dry
air-balanced target gas and the synthetic dry air through accurate
mass flow controllers. The response of the sensors to the reducing
gas is defined as the ratio of R, to Rg. Here, R, is the original base
resistance of the sensor in air, and Rg is the stabilized resistance of
the sensor in the presence of the applied gas. The response time
(Tres) is defined as the time in which the resistance of the sensor
changes to 90% of the original base resistance, and the recovery
time (Trec) is defined as the time needed until 90% of the signal is
recovered. Fig. 1 schematically shows the main steps to synthesize
the Au or Pd-functionalized rGO-loaded ZnO NFs.

2.5. Characterization

The microstructure and phase composition of the synthesized
Au or Pd-functionalized rGO-loaded ZnO composite NFs were
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Fig. 1. Schematic illustration of the synthesis procedure for Au- or Pd-functionalized rGO-loaded ZnO NFs.

investigated by field-emission scanning electron microscopy (FE-
SEM, Hitachi S-4200) and high-resolution transmission electron
microscopy (HR-TEM, Phillips CM-200). Energy-dispersive X-ray
spectroscopy (EDXS) was performed in conjunction with TEM. The
chemical composition of surfaces was analyzed by X-ray Photo-
electron Spectroscopy (XPS) using a commercial instrument (XPS,
Thermo K-Alpha) operating with an Mg Ko X-ray source. The bind-
ing energy scale of the XPS spectra was calibrated by setting the
peak energy of adventitious carbon (C 1s peak) to 285 eV.

3. Results and discussion
3.1. Structure, morphology and composition analyses

Figs. 2(a) and (b) show XRD patterns of Au- and Pd-
functionalized rGO-loaded ZnO NFs, where all the peaks shown as
hollow circles can be attributed to crystalline planes of ZnO (JCPDS
Card No. 89-1397).The high intensity of the peaks demonstrates the
high crystallinity of ZnO. In addition, four peaks shown as hollow
orange squares belong to Au with a face-centered cubic structure
(JCPDS Card No. 89-3697), and one peak shown as a hollow green
square belongs to Pd having a face-centered cubic structure (JCPDS
Card No. 87-0641). No other phase or impurity can be observed in
the XRD patterns, which indicates the high purity of the synthesized
NFs and demonstrates the success of the synthesis procedure.

The results of TEM analyses are shown in Fig. 3. Arepresentative
TEM image of Au-functionalized rGO-loaded ZnO NFs is shown in
Fig. 3(a), where a transparent rGO sheet is observed. Fig. 3(b) shows
ZnO nanograins within a single ZnO NF. As shown, ZnO nanograins
with an approximate diameter of 20-25nm were observed. Fig. 3(c)
shows a lattice-resolved TEM image, where fringes with a spacing
of 0.236nm can be attributed to the (111) plane of Au. Fig. 3(d-1)-
(d-4) show EDAX color maps of Au-functionalized rGO-loaded ZnO
NFs taken from Fig. 3(d). Zn, O, C, and Au elements exist in the NFs.
Also, Fig. 3(e) presents an EDAX analysis, where the presence of Au,
Zn, O, and C peaks demonstrate the co-existence of Au, rGO and
ZnO in the synthesized NFs.

Atypical TEM image of a Pd-functionalized rGO-loaded ZnO NF is
presented in Fig. 3(f). ZnO nanograins formed the NF, which had an
approximate diameter of 200nm. The lattice-resolved TEM image is
presented in Fig. 3(g), where the spacings between parallel fringes
of 0.25nm and 0.22nm can be indexed to the (101) and (111) planes
of ZnO and Pd, respectively. Figs. 3(h-1)-(h-4) show EDAX color
maps taken from Fig. 3(h). Zn, O, C and Pd elements were observed,
confirming their existence in the NFs.

(a) Au-functionalized rGO-loaded ZnO NFs
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Fig. 2. XRD patterns of (a) Au- and (b) Pd-functionalized rGO-loaded ZnO NFs,
respectively.

TEM and EDAX results showed that ZnO was the main com-
ponent of the ternary composite and that it was in the form of a
one-dimensional NF. Even though the Pd or Au NPs were not com-
pletely localized at the surfaces of ZnO NFs, we assumed that Pd
and Au NPs were mainly distributed on the surface of ZnO NFs
as isolated islands due to the very small diameter of the NFs and
the observed enhanced sensing behavior of the sensors. In addi-
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Fig. 3. (a) TEM image of Au-functionalized rGO-loaded ZnO NF. (b) TEM image of a ZnO NF. (c) Lattice-resolved TEM image of Au-functionalized rGO-loaded ZnO NF. (d) TEM
image of Au-functionalized rGO-loaded ZnO NF with corresponding EDAX color maps of (d-1) Zn (d-2) O, (d-3) C, and (d-4) Au elements. (f) TEM image of Pd-functionalized
rGO-loaded ZnO NF. (g) Lattice-resolved TEM image of Pd-functionalized rGO-loaded ZnO NF. (h) TEM image of Pd-functionalized rGO-loaded ZnO NF with corresponding

EDAX color maps of (h-1) Zn (h-2) O, (h-3) C and (h-4) Pd elements.

tion, rGOs with ultrathin nanosheet morphologies were mainly
distributed on the surfaces of ZnO NFs.

XPS analysis was used to further evaluate the purity and the
composition of the synthesized NFs. Fig. 4(a) shows an XPS spec-
trum of Pd-functionalized rGO-loaded ZnO NFs. Only peaks of
expected elements were observed, and no impurities were found
in the synthesized products. Fig. 4(b) presents the Zn 2p core level
region, which is split into a Zn 2p3, peak at a lower binding energy
0f 1022.08eV and a Zn 2p,, peak at 1045.18eV [27]. The spin-orbit
splitting of ~23eV for Zn 2p3, and Zn 2p,, confirms the complete
oxidization of Zn atoms [28]. A high-resolution spectrum of the Pd
3d core level is presented in Fig. 4(c). The peaks located at 337.08eV
and 342.58eV have a separation of approximately 5.5 eV, which
agrees with the spin-orbit doublet separation value attributed to
the formation of PdO [29]. According to the XPS and HRTEM results,
we concluded that both metallic Pd NPs and PdO exist in the syn-
thesized NFs. Figs. 4(d) and (e) show spectra of C1s (285.68eV) and

O1s core level regions, respectively. The high intense peak located
at 530.88eV belongs to the crystal lattice oxygen ions (Oja) in the
form of ZnO [27].

Fig. 5(a) shows an XPS spectrum of Au-functionalized rGO-
loaded ZnO NFs, and no undesirable element was observed. Fig. 5(b)
shows the high-resolution region of the Zn 2p core level. Similar to
Fig. 4(b), Zn has a doublet corresponding to Zn 2p3, at 1022.00eV
and Zn 2pq; at 1045.08eV and has a+2 oxidation state. The Au 4f
core level region is shown in Fig. 5(c). As shown, the Au chem-
ical state has two separate peaks located at 83.88 and 88.98 eV,
which are due to the Au 4f;;; and Au 4f5), transitions of metal-
lic Au, respectively [30]. The presence of an overlapping shoulder
was observed at 91.98 eV; this is assigned to Zn 3p and confirms
the co-existence of Au and ZnO [30]. Peaks related to the oxidized
form of Au located around 85.5 and 86.3eV were not detected [31].
Figs. 5(d) and (e) also show the spectra of C 15 (285.68eV) and O 1s
(530.88) core level regions, respectively.
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3.2. Gas sensing studies

It is well-known that the working temperature has a signifi-
cant effect on the sensing behavior. Several factors such as oxygen
species, rates of adsorption and desorption, the charge-carrier con-
centration and the Debye length, depend greatly on the sensor
operating temperature. The Debye length for a metal oxide can be
calculated as follows [32-34]:

ekT
q’nc

DebyeLength(}) = (1)

Here, A depends on ¢ (the dielectric constant), k (Boltzmann'’s con-
stant), T (the absolute temperature) and the n. (the carrier charge
concentration) of material. In the above equation, “q” is the charge
of an electron (1.6x10-19C).

In other words, gas sensors have higher sensitivities when
large numbers of active electrons participate in the reaction at
the optimal temperature [35]. To determine the optimal operat-
ing temperature, the sensors were exposed to a fixed 5ppm CO
and 5ppmCgHg gas concentration at different temperatures. Fig. 6
(a) and (b) show the transient responses of the Au-functionalized
rGO-loaded ZnO NFs to 5ppm CO gas and the Pd-functionalized
rGO-loaded ZnO NFs to 5ppmCgHg gas at different temperatures
from 300 to 450°C, respectively. Fig. 6(c) shows variations in
the responses of the two sensors for various operating temper-
atures. For both sensors, the response increases with increasing
operating temperature, reaching a maximum sensitivity at 400°C.
The response decreased thereafter with a further increase in
the operating temperature. Therefore, 400°C is regarded as the

optimal operating temperature of the sensors. The maximum
response to 5ppm CO gas was 35.8 for the Au-functionalized rGO-
loaded ZnO NFs sensor and 23 for 5ppmCgHg in the case of the
Pd-functionalized rGO-loaded ZnO NFs sensor. The temperature
dependence of the response to the reducing gas [R] is determined
by the following processes: (i) dissociative adsorption of oxygen
(molecular oxygen does not interact with reducing gas), (ii) adsorp-
tion of [R] molecules, (iii) desorption of [R], and (iv) desorption of
chemisorbed oxygen. The first two processes determine the drop in
response at low operating temperatures, and the last two processes
determine the decrease in response at high temperatures. In gen-
eral, a competition among these processes is believed to determine
the operating temperature of the maximum response [36]. The
increase in response with operating temperature (forTop <400°C)
may be because there is enough thermal energy to overcome the
reaction activation energy barrier, resulting in a significant increase
in electron concentration from the sensing reaction. The decrease
in response above 400°C could be due to a reduction in exothermic
CO gas adsorption [37].

At the optimal operating temperature (400°C), the response
of both sensors at 1, 2, and 5ppm of CO, CgHg and C;Hg gases
was investigated. Fig. 7(a) shows the dynamic response of the Au-
functionalized rGO-loaded ZnO NFs sensor to 1, 2 and 5ppm CO
gas at 400°C, and Fig. 7(b) presents the corresponding calibration
curves. The reversible cycles of the response curves indicate that the
responses of the gas sensors are stable and repeatable. Upon expo-
sure to reducing gases, the sensor resistance decreased initially due
to the release of free electrons, and then became saturated. When
the gas supply was stopped, the resistance increased and nearly
returned to its baseline value, showing n-type behavior of the sen-
sor due to the n-type features of ZnO, which is the main component
of the sensor. The calibration curves show that the responses of the
sensor to 1, 2, and 5ppm CO gas were 23.5, 29.6, and 35.8, respec-
tively. Under the same conditions, the responses to CgHg and C;Hg
gases were 17.6, 26.4 and 29.1, and 15.0, 18.2 and 21.0, respec-
tively. The order of the response to gases at any concentration is as
follows: Rco>Regus>Re7ys. Fig. 7(c) shows the dynamic responses
of the Pd-functionalized rGO-loaded ZnO NFs at 400°C to 1, 2, and
5ppm CO, CgHg and C;Hg gases, and Fig. 7(d) presents the corre-
sponding calibration curves. According to the calibration curves,
the responses of the sensor to 1, 2 and 5ppm CO gas were 8.6, 11.9
and 13.8, respectively, and the responses to 1, 2 and 5ppmCgHg gas
were 11.8, 17.1, and 23.0 respectively. The responses to 1, 2 and
5ppmC;Hg gas were 11.5, 16.7 and 20.5, respectively. Therefore,
this sensor shows the highest response to CgHg gas and the lowest
response to CO gas.

The relationship between the sensor response (S=Ra/R¢) and gas
concentration (Cgas) can be expressed according to the following
power law [38]:

S = (1 +k[Caus]?) (2)

where k, 3 and [Cgas] are a constant, a power-law exponent and
the gas concentration (ppm), respectively. According to the above
equation, the response is proportional to the gas concentration.
Fig. 8 shows a logarithmic plot of the sensing data. Plots of In(S-
1) versus In(C) for both sensors give straight lines, which can be
expressed as In(S-1)=3.13+0.268 In(C¢o) for the Au-functionalized
rGO-loaded ZnO NF sensor and In(S-1)=2.41+0.43 In(Ccgyg ) for the
Pd-functionalized rGO-loaded ZnO NF sensor. These relationships
can be used to estimate the concentration of CO or CgHg based on
the change in the response of the sensor.

The response times/recovery times of the Au-functionalized
sensors to 5ppm CO and CgHg gases were 177.3/76.1s and
191.3/82.1s, respectively, and those of the Pd-functionalized sen-
sors were 103.8/320.7s and 110.3/318.2, respectively, as shown
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in Fig. 9. At such low concentrations, the response times were
relatively short. For both gases, the response times for the Pd-
functionalized sensors were shorter than the recovery times,
whereas the recovery process for the Au-functionalized sensors
were faster than the response process. Three factors govern the
response and recovery times of the sensors: temperature, energy
of adsorption/desorption and sensor morphology. The temperature
is same for both sensors, meaning that this factor can be excluded.
The morphology of the fibrous structure does not change due to the
functionalization with Au or Pd NPs. Therefore, the morphology fac-
tor can also be ignored in the analysis. Therefore, the results suggest
that the adsorption energy of both gases for the Pd-functionalized
NFs is lower than the desorption energy, whereas the reverse is true
for the Au-functionalized composite NFs.

Fig. 10 compares the responses of the Au-functionalized rGO-
loaded ZnO NFs sensor, Pd-functionalized rGO-loaded ZnO NFs
sensor, the rGO-loaded ZnO NFs sensor and pristine ZnO NF sensor
for 5ppm CO and CgHg gases at 400°C. The results of the rGO-loaded
ZnO NFs and pristine ZnO NFs were taken from the authors’ pre-
vious study [17]. The responses of Au-functionalized rGO-loaded
ZnO NF, Pd-functionalized rGO-loaded ZnO NF, rGO-loaded ZnO NF
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and pristine ZnO NF sensors to 5ppm CO gas were 35.8, 13.8, 22.6,
and 8.4, and the responses to CgHg gas were 29.1, 22.8, 19.1, and
14.6, respectively. This demonstrates the favorable effects of Au and
Pd functionalization for detection of CO and CgHg gas, respectively.
The main reasons for the high response of Au- or Pd- functionalized
rGO-loaded ZnO NF sensors to CO and CgHg gases will be discussed
in the next section.

3.3. Gas sensing mechanism

The interaction of gaseous species with semiconductor-based
sensors includes two steps. First, molecular oxygen in the atmo-
sphere reacts with the sensor. Due to its high electronegativity,
oxygen gas is chemisorbed on the surface of the sensor in the forms
of 05,0~ and 02 depending on the operating temperature (Top)
of the sensor [39]:

0, (gas) — 03 (ads) (3)
0, (ads)+ e~ — 05 (ads) (Top < 100°C) (4)
0; +e~ — 20~ (100 < Top < 300°C) (5)
0~ +e — 0> (Top > 300°C) (6)

These reactions produce oxygen adsorbates and deplete elec-
trons from the conduction band of the semiconducting metal oxide.

The second step involves the reaction of the target gases with the
adsorbed oxygen species. For CO and CgHg gases, the relevant reac-
tions can be expressed as follows:

2C0 + 05 (ads) — 2C0; + e~

15 (Top < 100°C) 7)
C6H5 + 705 — 6C02 + 3H20 + 15e~

0+0 - COy+e
(100 < Top < 300°C)  (8)
CsHg + 130~ — 6C0, + 3H,0 + 13e~

CO + 02~ = COy +2e~
(Top > 300°C) (9)
CsHg + 1302 — 6C0; + 3H,0 + 26e~

Therefore, electrons are released and the conductivity increases,
causing the response in the sensor.

Several factors must be considered to explain the sensing mech-
anisms in the Au- or Pd-functionalized rGO-loaded ZnO NFs. First,
there is a change in the resistance along the surface of the individual
ZnO NFs. According to Egs. (3)-(6), oxygen molecules in air will be
adsorbed on the surface of ZnO. An electron-depleted region is then
established below the surface due to the extraction of electrons
by these adsorbed oxygen ions. The width of the depleted region
decreases as the chemisorbed oxygen reacts with reducing gases,
such as CO or CgHg gas (Eqs. (7)-(9)). Consequently, this change in
the depletion layer width will result in a response.

Second, the gas sensing properties of NFs are also related to
the presence of nanograins. The polycrystalline ZnO NFs have
many Zn0O/ZnO homointerfaces. The boundaries between these
nanograins act as potential barriers to the flow of electrons. When
reducing gases are introduced, the heights of these potential bar-
riers will become lower, thereby decreasing the resistance across
the grain boundaries through the ZnO NF, which contributes to the
gas response.

Third, many rGO-loaded ZnO heterojunctions can exist on the
rGO-loaded ZnO NFs, which are effective in enhancing the response
of the sensor. ZnO is an n-type metal oxide, whereas rGO has p-type
semiconducting properties. Therefore, at the interfaces of rGO/ZnO,
electrons flow from ZnO to rGO to establish the equilibrium p-
n heterointerface. This indicates that the embedded rGO acts as
an electron acceptor, resulting in an expansion of the depletion
layer of ZnO NFs. When reducing gases interact with pre-adsorbed
oxygen species on the surfaces of NFs, more variation in the already-
expanded depletion layer is expected, which is the source of the
enhanced sensing response observed in rGO-loaded ZnO NFs.

Fourth, rGO possesses a very high surface area, which can
provide plenty of adsorption sites for target gases, resulting in
enhanced gas response [40]. Also, defects and functional groups
on the rGO surface can provide additional adsorption sites for the
gas molecules, consequently increasing the gas response. However,
rGO has some residual oxygen species that are sp3 bonded to the
carbon atoms, just like GO. These groups are not active in the gas
adsorption process, and the high temperature heating of rGO may
reduce the amount of these oxygen species [17]. Further reduc-
tion of the rGO sheets may take place by the loss of oxygen upon
heating at 400°C during the sensing tests. As a result, the reduced
surface can provide adsorption sites for the target gas, and there-
fore the response can be enhanced by the loss of sp3 bonded oxygen
species.

Fifth, the role of metal NPs must be considered. Generally, two
different mechanisms, namely electronic sensitization (ES) and
chemical sensitization (CS), describe the promotional role of noble
metals on the gas sensing [41]. In the case of ES, which is observed
for Pd/PdO, the PdO NPs on the surface of ZnO NFs act as strong
acceptors of electrons from the ZnO. This results in depletion of
electrons near the interface. When the PdO NPs are reduced in the
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Fig. 11. Band structure of (a) Au-ZnO and (b) Pd-ZnO.

presence of target gases such as CO or CgHg, the space charge layer
isrelaxed by releasing back electrons to the ZnO. This change in the
oxidation state of Pd is responsible for the enhanced gas response.
However, this sensitization does not occur for Au NPs because they
are not oxidized easily in air [42]. In CS, Au and Pd NPs increase the
adsorption of oxygen molecules due to the spillover effect. They will
generate more oxygen species and more reactive sites on the ZnO
surface compared to pristine ZnO. This chemical mechanism will
result in more trapped electrons, and consequently, the electron
depletion layer will be thicker [43,44]. This mechanism is effective
for both Auand Pd NPs, which eventually enhances the gas response
of the sensor.

Sixth, the introduction of metal catalysts inevitably generates
metal-ZnO and metal-rGO heterointerfaces. In the present system,
the work functions of Au (~5.3eV [45]) and Pd (~5.3eV [18]) are
larger than those of ZnO (5.2eV [17]) and rGO (4.75eV [17]). In the
heterointerferances between Pd/ZnO and Au/ZnO, electrons will

flow from ZnO to Pd and Au NPs to align the Fermi levels, and nano-
Schottky barriers will be formed, as shown in Fig. 11. As a result,
the width of the electron depletion layer in ZnO NFs will expand, in
sharp contrast to the case of pristine ZnO. After exposure to reduc-
ing gases such as CO and CgHg, the width of the depletion layer will
be greatly reduced due to the release of electrons from the reactions
between reducing gas and adsorbed oxygen species. This eventu-
ally leads to a greater increase in response relative to pristine ZnO
NFs.

The electron pathways in the ternary composite are also impor-
tant. ZnO is the main component in the ternary composite, and
the amounts of Au or Pd NPs (1wt%) and rGO (0.44wt%) are much
lower. Thus, they are present in the form of isolated entities, and the
dominantelectrical transport pathway must be localized in the con-
duction path of ZnO NFs. However, the rGO nanosheets and metal
NPs both affect the conduction path due the charge carrier transfer
between ZnO and rGO nanosheets or metal NPs, as discussed above.

Table 1
Gas sensing properties of some recently developed rGO-based gas sensors in the literature.
Material Gas Conc. (ppm) Temp (°C) Response (Ra/Rg) Ref.
Au/rGO loaded ZnO Cco 5 400 35.8 Present Work
Pd/rGO loaded ZnO CsHs 5 400 22.8 Present Work
Ag/ZnO|Gr CoH> 100 150 21.2 (Ra/Rg) [37]
Pd/Sn0,/rGO NH; 5 25 7.6%(AR)/R, [57]
Pd/WO;/rGO H, N/A 100 150(AG)/Ga (58]
ZnO/rGO HCHO 300 25 45%(AR)/R, [59]
Co304 NFs/rGO NH; 50 25 53.6%(AR)/Ra [60]
Mo03/rGO H»S 50 160 4120%(AR)/R, [61]
WOj3 decorated MWCNT/rGO NO; 5 200 17(AR)/R, [62]
Pristine rGO NO, 25 25 0.012 (AR)/R, [63]
TiO2/N-rGO Acetone 300 300 14 (Ig/1,) [64]
Zno[rGO NO, 2 RT 25.6% (AR)[R, [12]
Cu,0 NWs/rGO NO; 2 RT 267.8%(AR)/Ra [65]
WO3 NRs/rGO NO, 1 300 61%(AR)/R, [66]
WO3/rGO NO, 5 250 133%(AR)/R, [67]
NiO/rGO NO, 5 200 4.7% AR)[R, [68]
C0304/rGO NO, 60 25 80%( AR)/R, [69]
WO;3/rGO NO, 5 25 769%( AR)/Ra [70]
WO; NRs/rGO NO;, 20 300 202%(AR)/R, [71]
GdInOs3/rGO co 20 90 48%(AR)/R, [72]
Sn0,/rGO NO, 5 50 3.31 (Ra/Rg) [73]
SnO,/rGO NO, 100 45 1.038(Ra/Rg) [74]
Sn0,/rGO NO; 0.1 150 10.64%( AR)/Ra [75]
Sn0,/rGO NO, 1 75 696%( AR)/Ra [11]
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The reason for the favorable effect of Au and Pd functionalization
for detection of CO and CgHg gas, respectively, may be as follows. Au
NPs are known to be highly efficient CO oxidation catalysts when
they are well dispersed and deposited on metal oxide semiconduc-
tors [46-50]. The strong response and good selectivity of CO gas
in the presence of Au NPs can be attributed to [41] the low oxi-
dation barrier for the oxidation of CO (1.20eV) in the presence of
Au. The interaction between CO and Au NPs is very complex, and it
depends strongly on the overlap of the 50 and 27* orbitals of CO
with the d orbitals of the Au NP. In fact, CO donates electrons from
its o orbitals to the ds orbitals of Au, and the filled d orbitals of
Au donate electrons back into the empty 1 orbitals of CO [51].

The Au NPs do not show good performance for CgHg due to the
poor adsorption of CgHg on Au at high temperatures. In fact, due
to the weak bonding between Au and C, the interaction between
CgHg and Au is extremely weak and results only in an increase
in the Fermi energy [52]. In addition, good CgHg oxidation by Pd
NPs has been reported in the literature [18,53]. It is reported [54]
that the good adsorption of CgHg onto Pd can be explained by con-
sidering the interaction energies between the 7 electrons of the
benzene molecule and the d-band of Pd. The d-band of the Pd sur-
face is narrow, and the interaction energy between 1 electrons of
the benzene molecule and the d-band is ~1.19eV on the surfaces
of Pd NPs, which results in strong chemisorption of CgHg onto Pd
NPs.

It is worth noting the higher response of Au functionalized
sensors towards CO relative to the response of Pd functionalized
towards CgHg (with almost the same morphology). This can be
attributed to higher catalytic activity of Au relative to Pd (due to the
higher conductive nature and availability of more free electrons in
Au) and the smaller kinetic diameter of CO (3.76A) relative to CgHg
(5.85A). Therefore, CO gas can diffuse deeper into the sensor and a
higher response can be observed [55,56].

Table 1 [11,12,57-75] compares the sensing results of the
present study with those of other rGO-based gas sensors. Most rGO
sensors have good NO, sensing capability, and few studies were
focused on the sensing of reducing gases by rGO-based gas sen-
sors. As shown, the response of the present sensors is significantly
higher than those reported for other gas sensors, demonstrating
their good potential for practical applications.

Some groups reported the detection of a particular gas in gas
mixtures because mixtures would be used in real applications,
where a mixture of interfering gases exist in the atmosphere. For
example, Moreira et al. [76], reported the selective detection of H,
in a mixture of Hy, CH4 and CO gases. Viricelle et al. [77] reported
the selective detection of CO in a mixture of CO+C3Hg gases. Also,
Akyiama et al. [78] reported the detection of acetone and benzene
using selenium nanowires sensor. In the present study, we did not
perform sensing experiments in a mixture of interfering gases. But,
this aspect will be tested in the future, where we will try to selec-
tively detect CO or CgHg gases in a mixture of gases like CO+CO,+
hydrocarbons (CHx) gases or other similar gas mixtures.

4. Conclusions

Au or Pd-functionalized rGO-loaded ZnO NFs were prepared by
a combination of simple and cost-effective sol-gel and electrospin-
ning methods. The synthesized products were characterized by
different techniques (FE-SEM, TEM, XRD and XPS). The large sur-
face area and special characteristics of these ternary composites
inspired us to test their response to various toxic gases. Very low
concentrations of CO, CgHg, and C;Hg gases were chosen and tested.
The sensing results showed that the Au-functionalized sensors
were quite sensitive to CO, whereas the Pd-functionalized sensors
showed a higher sensitivity to CsHg. Apart from the catalytic effects

of Au and Pd NPs, the hybrid sensing mechanism, which combines
the effects of radial resistance modulation, ZnO/ZnO grain bound-
ary modulation, and local heterojunctions due to the presence of
rGO, were the main reasons for the enhanced sensitivity of Au or
Pd-functionalized rGO-loaded ZnO NFs.
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