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Figure 6. (a) SEM image of In2O3 thin film on ceramic tube; (b) corresponding XRD pattern; (c) TEM
picture of as-prepared Au@C modified In2O3; and (d) its energy spectrum.

The gas-sensing properties of In2O3, In2O3/Au and In2O3/Au@C films to H2S gas are measured
at room temperature from 1 to 5 ppm with a relative humidity (RH) of 60%, and the results can be
seen in Figure 7 and Figure S8. For the In2O3 film at a concentration of 1 ppm, it has an excellent
gas-sensitive response to H2S gas (about 90) at room temperature, but it cannot be recovered, as shown
in Figure S8. It can be seen that for the In2O3/Au@C films the sensing sensitivity is 52, 97, 141,
178, and 228 from the concentration of 1 to 5 ppm to H2S with RH = 60% at room temperature,
respectively. For the In2O3/Au films that is 24, 35, 47, 62, and 78 at the same conditions, respectively.
Thus, the In2O3/Au@C films have a better gas sensing sensitivity to H2S gas than In2O3/Au films.
However, the In2O3/Au films have a better response and recovery time (defined as the times to
reach 90% of resistance change) shown in Figure 7a. For example, at the concentration of 4 ppm
to H2S gas, the response and recovery time is 9 and 20 s for the In2O3/Au films, which is 16 and
33 s for the In2O3/Au@C films. That may be related to the catalytic ability of Au nanoparticles,
and for the In2O3/Au films more Au nanoparticles are easily exposed to H2S gas, which are not
coated by carbon layers. They will have a better catalytic performance and response and recovery
capability. Additionally, for the In2O3/Au@C films at the concentration of 5 ppm to H2S gas there is
a sharp response curve, but it has achieved sensor signal saturation, which can be seen in the later
discussion (the reproducibility response curves of In2O3/Au@C sensor to H2S with a concentration of
5 ppm at room temperature in Figure 8). Similar to most semiconductor material, In2O3 is an n-type
semiconducting metal oxide. When it is exposed to air, oxygen would be adsorbed on the surface
of the In2O3 film and turned into chemisorbed oxygen, such as O2

2− or O2
−, which plays a role as

trap electrons and surface acceptors, and the resistance of the In2O3 film increases. If the In2O3 film
is exposed to H2S gas, which is a strong reducing gas, the H2S molecules will react with the O2

2− or
O2

− adsorbed on the surface of In2O3 film. Then the captured electrons will release back to the bulk,
and the resistance of the In2O3 film decrease. Thus, the response of the samples to H2S gas Rair/Rg will
drastically increase. When the In2O3 film once is exposed to air, it will return to the initial state, and so
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on and so on. Exposed to high concentration of H2S gas, the decrease of resistance of the In2O3 film
is more obvious. The Au nanoparticles and carbon shell also plays an important role in the process,
and the affect mechanism will discussed in detail later. For the two films, there is also a good linear
relationship with concentration of H2S gas as shown in Figure 7b, which is favorable to the practical
application. For each concentration of H2S gas, the number of repeat measurements is six and the
resulting standard deviation for the two films can also be seen in Figure 7b.

Figure 7. (a) The response curves as functions of test time to H2S and (b) the sensitivity versus H2S
concentration of In2O3/Au@C and In2O3/Au sensor at a concentration ranging from 1–5 ppm with
RH = 60% at room temperature.

Figure 8. (a) The reproducibility response curves of In2O3/Au@C sensor to H2S with a concentration of
5 ppm at room temperature; and (b) the concentration-dependent response curve to H2S from 1–5 ppm
at room temperature measured before and after three months for In2O3/Au@C sensor. All are tested
under the ambience with 60% RH.

From the above results, it can be seen that the In2O3 films modified by Au@C have the best
sensitivity. Thus, the practical performances of the In2O3/Au@C sensor are tested. In Figure 8a, it can
be seen that the In2O3/Au@C gas sensor still have a similar response curves in the six cycles, and the
sensing sensitivity is 237, 246, 252, 257, 258, and 261 with 60% RH to H2S gas with a concentration of
5 ppm at room temperature, respectively. As the number of cycles increases, the sensing sensitivity for
the H2S gas increases as well. The reason is that at room temperature when the sample is exposed to
H2S gas with a concentration of 5 ppm, it will lead to the decrease of resistance of the In2O3/Au@C
sample and the dramatic increase of the test signal (Rair/Rg). When it is exposed to air, the sample
will return to the initial state and the test signal will decrease. However, in this process the ultrathin
carbon shell may adsorb some residual H2S gas, which results in the resistance of the In2O3/Au@C
sample increase in air compared to the first state. As the number of cycles increases, more residual
H2S gas may be adsorbed on the surface of ultrathin carbon shell, and the test signal also drift higher.
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Further, the concentration dependent response curve to H2S from 1–5 ppm at room temperature
with 60% RH is measured after three months for the In2O3/Au@C sensor, and only a slight change
happened in three months, as shown in Figure 8b. It indicates that the In2O3/Au@C sensor also has
a good long-term stability. Additionally, the resulting standard deviation is shown in Figure 8b and
the number of repeat measurements is six for each concentration of H2S gas.

The selectivity is very important for a gas sensor, so the In2O3/Au@C sensor is exposed to six
other kinds of oxidizing or reducing interferential gases at room temperature with 60% RH, such as
C3H6O, H2, C2H6O, NH3, CH4, and SO2, respectively. As shown in Figure 9a, the sensing sensitivity
to the seven kinds of gases is 7, 3, 20, 31, 9, 41, and 228, respectively, the concentration of which is
5 ppm, including H2S gas. It can be seen that the sensitivity to H2S gas is highest, which is several
or more than one hundred times that of other gases. As the consequence, the In2O3/Au@C sensor
will have an excellent selective gas sensing to H2S in the real environment. Further, the response
curves to H2S with different RH values at a concentration of 5 ppm are shown in Figure 9b at room
temperature, and the sensing sensitivity is 177, 198, 228, and 206, respectively. The response curve
to H2S increases to the maxima with rise of the ambient RH value up to 60%, and they decreases at
a higher RH. Obviously, with 60% RH the In2O3/Au@C sensor has the best response ability.

Figure 9. (a) Some potential interferential gases for the In2O3/Au@C sensor at room temperature with
60% RH compared to H2S; and (b) the steady response curve to H2S with a concentration of 5 ppm the
at room temperature as a function of the ambient humidity from 20 to 80%.

From the above results, it is known that the Au and Au@C nanoparticles can improve the
performance of In2O3 gas sensors. This is due to the electronic sensitization mechanism and chemical
sensitization mechanism of nanoparticles, and the nanoparticles prepared by laser ablation of the metal
targets in liquids have a large number of defects and chemical dangling bonds in the inner and on
the surface of nanoparticles, which have higher activity [15]. On the one hand, the nanoparticles can
enhance the electron density on the surface of the In2O3 film and adjust the resistance by the electronic
sensitization mechanism. On the other hand, they have higher catalytic activity by the chemical
sensitization mechanism and the spillover effect in the catalysis process [37]. They may provide more
active sites for the adsorption of molecular oxygen and tracer gas. Then more electrons are provided
for the redox reaction occur on the surface of In2O3 film, and the speed of gas sensitive reaction is
accelerated. In addition, it is also observed that the In2O3 film modified by Au@C nanoparticles has
better gas sensing properties than that modified by Au nanoparticles, indicating that the ultrathin
carbon layer plays an important role on the gas sensing process. This is due to the unique electronic
properties of carbon materials, such as high carrier mobility and the high sensitivity to the changes of
resistance [38–40]. The ultrathin carbon layer can rapidly transform the electric carriers generated from
the sensing process, and local p-n heterojunctions are created between carbon layer and In2O3 film,
in which the carbon layer plays a role as a p-type semiconductor [37]. As a results, the performance
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of gas sensor is enhanced more. From the HRTEM of Au@C sample (Figure 1), it can be seen that
the outer ultrathin carbon layer is about 2 nm in thickness with several carbon shells, which cannot
prevent the contact of the analyte gas with the Au nanoparticles. The analyte gas can pierce through
the outer carbon shells easily [41]. Finally, the more specific impact mechanisms will be studied in
detail in future investigations.

4. Conclusions

In summary, the noble metal nanoparticles wrapped by an ultrathin carbon layer were prepared in one
step based on laser ablation of the metal targets in the carbon-containing solutions. Laser irradiation of the
targets not only formed the metal plasma instantly, but also the carbon atoms by breaking C-O and C-C
ligands in the solution, which led to the formation of metal nanoparticles and subsequent carbon-wrapping.
The thickness of the wrapped carbon layer could be tuned and controlled mainly by the carbon content in
solutions, and it would reduce to ~1.3 nm by changing the proportion of toluene in the ethanol-toluene
mixed solution. The In2O3 film modified by Au@C nanoparticles shows better gas sensitivity performance
to H2S gas from 1 to 5 ppm at room temperature, and the ultrathin carbon layer plays an important role on
the gas sensing process. This study could also be suitable for the preparation of other metal nanoparticles
with wrapped ultrathin carbon layers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/9/6/278/s1,
Figure S1: The energy spectrum of Au@C nanoparticles products by ablation of Au target in the toluene-ethanol
solution with the volume ratio 9:1, Figure S2: TEM image of products induced by ablation of Au target in the
water and the inset: selected area electronic diffraction of the particles, showing formation of Au nanoparticles
with the size below 20 nm, Figure S3: TEM image of products induced by ablation of Ag target in the water,
Figure S4: The products induced by ablation of Ag target in the toluene-ethanol solution with the volume ratio
9:1. (a): TEM image. (b): particle size distribution (data from (a)). (c): The local magnified image of (a). The inset
is the selected area electronic diffraction, Figure S5: The energy spectrum of Ag@C nanoparticles products by
ablation of Ag target in the toluene-ethanol solution with the volume ratio 9:1, Figure S6: The gravimetric
analysis curve of the Au@C nanoparticles sample, Figure S7: The colour of the colloid solution obtained in the
four solutions of (A) water; (B) pure ethanol; (C) toluene-ethanol mixed solution with the volume ratio of 1:1;
and (D) toluene-ethanol mixed solution with the volume ratio of 9:1, Figure S8: The response curve (Rair/Rg) as
function of test time to H2S gas with 1 ppm concentration at room temperature
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Abstract: Electrospray is a simple and cost-effective method to fabricate micro-structured thin
films. This work investigates the electrospray process of ZnO patterns. The effects of experimental
parameters on jet characteristics and electrosprayed patterns are studied. The length of stable
jets increases with increasing applied voltage and flow rate, and decreases with increasing
nozzle-to-substrate distance, while electrospray angles exhibit an opposite trend with respect to the
stable jet lengths. The diameter of electrosprayed particles decreases with increasing applied voltage,
and increases with flow rate. Furthermore, an alcohol gas sensor is presented. The ZnAc is calcined
into ZnO, which reveals good repeatability and stability of response in target gas. The sensing
response, defined as the resistance ratio of R0/Rg, where R0 and Rg are resistance of ZnO in air and
alcohol gas, increases with the concentration of alcohol vapors and electrospray deposition time.

Keywords: electrospray; ZnO; gas sensor; semiconductor

1. Introduction

Inkjet printing [1] has attracted attention for the fabrication of micro/nano-functional structures as
it is a non-contact technology that does not require etching and exposure processing. It allows complex
functional patterns to be printed precisely on flat and three-dimensional substrates. Different printing
and deposition techniques have been developed. Among these, electrospray deposition [2] is of
particular interest as it represents an alternative to conventional deposition and photolithographic
patterning techniques for various functional structures. Electrospray is an emerging technology that
utilizes electric fields to realize liquid jet ejection to fabricate micro-/nano-scale droplets, particles,
and thin films [3]. The electrostatic field can cause the liquid jets to be broken into smaller particles
with diameters between 10 and 500 nm by charge repulsion. Electrospray involves the use of simple
equipment and has excellent material compatibility, which allows the fabrication of a diverse range of
materials, including polymers [4,5], semiconductors [6], and bio-particles [7].

Zinc oxide (ZnO) [8] is a semiconductor with a wide band gap and a high electron mobility.
ZnO nanostructures exhibit desirable physical and chemical properties for use in a variety of
applications, including electronic devices [9], sensors [10,11] and optoelectronic devices [12]. There are
a number of different methods used to fabricate ZnO films [13,14], including ultrasonic spraying,
thermal evaporation, and chemical vapor deposition, etc. Among these methods, electrospray is a

Micromachines 2018, 9, 66; doi:10.3390/mi9020066 www.mdpi.com/journal/micromachines70
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simple and cost-effective way to fabricate microstructured thin films. In this paper, we report the use
of electrospray to deposit ZnO patterns. The effects of experimental parameters on electrospray jet
characteristics and electrosprayed patterns are studied. Additionally, a gas sensor is fabricated and the
sensing response is demonstrated.

2. Materials and Methods

Zinc acetate dihydrate (ZnAc) and glycerol are used to prepare the solution for electrospray.
Briefly, the ZnAc is added to the glycerol, and the concentration of ZnAc is 4 wt %. The ZnAc/glycerol
solution is stirred at room temperature for 24 h to form a homogeneous solution.

The schematic of the experimental setup is shown in Figure 1. The ZnAc/glycerol solution is
loaded into a syringe equipped with a capillary steel nozzle with an inner diameter of 0.06 mm and
an outer diameter of 0.11 mm. A precise syringe pump (Harvard 11 Pico Plus, Harvard Apparatus,
Cambridge, MA, USA) feeds the syringe at a controllable flow rate. A high-voltage power supply
(DW-P403-1AC, Tianjin Dongwen High Voltage Power Supply Plant, Tianjin, China) with the anode
connected to the nozzle and the cathode connected to a grounded glass substrate is used to generate
the electric field for electrospray. The morphology of electrosprayed patterns is examined using an
optical microscope.

The ZnAc/glycerol solution is served as a precursor. To generate the ZnO thin film, the
electrosprayed ZnAc pattern is placed on a heating plate (C-MAG HS7, IKA®-Werke GmbH & Co.
KGStaufen, Breisgau, Germany) to conduct a calcination process. This calcination process is conducted
at a temperature of 773 K in air. The heating rate is set at 10 K/min and the heating time is 1 h. After the
calcination, the ZnAc/glycerol is decomposed and oxidized to obtain ZnO.

The electrospray process is observed and captured by a CCD camera (UI-1250SE, IDS Imaging
Development Systems GmbH, Obersulm, Germany) equipped with a zoom lens. The electrosprayed
patterns are observed by an optical microscope (FS-70, Mitutoyo Co., Kawasaki, Japan). The stable
jet length, electrospray angle and particle diameter are measured with the assistance of an image
processing and analysis software (ImageJ, National Institutes of Health, Bethesda, MD, USA).

 

Figure 1. Schematic of the experimental setup. The optical image inset illustrates the electrospray
process of ZnAc solution; scale bar: 0.1 mm.

3. Results and Discussion

In the typical electrospray apparatus, a high voltage is applied to a fluid supplied though a
capillary nozzle. The liquid drop on the nozzle tip subjects an electrostatic force on the interface as a
result of electric field generated between the nozzle and collector. This electrostatic force opposes the
surface tension force and deforms the liquid into a conical shape, called Taylor cone [15]. If the electric
field applied is large enough, the electric field force will overcome the surface tension force, results a
liquid jet ejected through the apex of the Taylor cone to the collector. The liquid jet travels a straight
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path and then breaks into small charged liquid droplets/particles which are radially dispersed due to
the Coulomb repulsion [16].

Firstly, the influence of experimental parameters on the electrospray process is investigated.
Figure 2 illustrates the effect of the applied voltage on the length of the stable jets and on the electrospray
angles at a nozzle-to-substrate distance of 20 mm and a flow rate of 20 μL/h. The electrospray process
maintains a stable cone-jet ejection when the applied voltage is above 3 kV. The length of stable jets
increases with increasing applied voltage and the electrospray angle decreases when the applied
voltage is enlarged. The stable jet lengths at applied voltages of 4, 4.5, 5, and 5.5 kV are 0.148, 0.153,
0.167, and 0.180 mm, and the corresponding electrospray angles are 79◦, 78◦, 55◦, and 37◦, respectively.
Theoretically, the axial electric field intensity increases with increasing applied voltage. Under such
conditions the liquid experiences larger electric field forces. In this case, both axial acceleration, as well
as axial velocity increase, resulting in longer stable jets and smaller electrospray angles. Although the
radial electric field also increases with the applied voltage, the axial field dominates under such
experimental conditions.

 

Figure 2. Effect of applied voltage on the stable jet length and electrospray angle. The nozzle-to-substrate
distance is 20 mm and the flow rate is 20 μL/h. Scale bar: 0.1 mm.

Figure 3 shows the effect of flow rate on the stable jet lengths and on the electrospray angles
at a fixed nozzle-to-substrate distance of 20 mm and an applied voltage of 6 kV. It can be seen that
the stable jet lengths increase with increasing flow rate, while the electrospray angles decrease with
the flow rate. The stable jet lengths at flow rates of 20, 60, 100, and 140 μL/h are 0.110, 0.120, 0.134,
and 0.161 mm, and the corresponding electrospray angles are 97◦, 73◦, 60◦, and 51◦, respectively.
Increasing flow rates accelerate the liquid ejection, thus increasing the stable jet lengths and decreasing
the electrospray angles.

 

Figure 3. Effect of flow rate on the stable jet length and electrospray angle. The nozzle-to-substrate
distance is 20 mm and the applied voltage is 6 kV. Scale bar: 0.1 mm.
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Figure 4 shows the effect of nozzle-to-substrate distance on the stable jet length and the
electrospray angle at an applied voltage of 6 kV and a flow rate of 20 μL/h. It reveals that the
length of stable jets decreases with increasing nozzle-to-substrate distance, while the electrospray angle
increases with the nozzle-to-substrate distance. Stable jet lengths at nozzle-to-substrate distances of 20,
25, and 30 mm are 0.245, 0.208, and 0.132 mm, and the corresponding electrospray angles are 60◦, 74◦,
and 79◦, respectively. Increasing the nozzle-to-substrate distances reduces the electric field intensity,
the force acting on the liquid is decreased such that the nozzle-to-substrate distance is shortened,
and the electrospray angle is enlarged.

Figure 4. Effect of nozzle-to-substrate distance on the stable jet length and electrospray angle.
The applied voltage is 6 kV and the flow rate is 20 μL/h. Scale bar: 0.1 mm.

The experimental parameters also impact the morphology of the deposited patterns. Figure 5
shows the morphology of deposited patterns under various applied voltages. The nozzle-to-substrate
distance and the flow rate are 10 mm and 20 μL/h, respectively. The average diameter of the
electrosprayed particles decreases with increasing applied voltage. The average diameter is 4.51,
4.07, 3.27, and 2.88 μm when the applied voltage is 3.5, 4.5, 5.5, and 6.5 kV, respectively. Actually,
increasing the applied voltages increases the electric field intensity and the charge density on the
solution surface. Increasing the surface charge density increases the Coulomb repulsion within the
ejected liquid, which contributes to the atomization of the charged jets.

 
Figure 5. Effect of applied voltage on the diameter of the electrosprayed particles. The nozzle-to-substrate
distance and the flow rate are 10 mm and 20 μL/h, respectively. The optical photographs inset are the
electrosprayed particles. Scale bar: 20 μm.
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Figure 6 shows the morphology of the deposited patterns under various flow rates at a
nozzle-to-substrate distance of 10 mm and an applied voltage of 2.5 kV, indicating an increase in
the average diameter of electrosprayed particles with increasing flow rate. The average diameter is
7.42, 12.09, 13.10, 13.78, and 14.24 μm when the flow rate is 20, 40, 60, 80, and 100 μL/h, respectively.
As mentioned above, large flow rates favor fast liquid ejection. The charged jet do not have enough time
to atomize under the short nozzle-to-substrate distance, resulting in larger electrosprayed particles.

 
Figure 6. Effect of the flow rate on the diameter of electrosprayed particles. The nozzle-to-substrate
distance and the applied voltage are 10 mm and 2.5 kV, respectively. The optical photographs inset are
the electrosprayed particles. Scale bar: 20 μm.

To demonstrate the feasibility of electrospray processes in the field of sensor manufacturing,
an alcohol gas sensor using ZnO patterns as a sensitive layer is fabricated on a silicon substrate.
This substrate is pre-processed to form two electrodes with a gap of 1 mm. The ZnAc solution is
electrosprayed over the gap between the two Au electrodes, and then calcined to form ZnO structures.
The applied voltage, flow rate, and nozzle-to-substrate distance are 1.5 kV, 50 μL/h, and 0.5 mm,
respectively. A diagrammatic sketch of the prepared gas sensor and the measuring system is shown in
Figure 7. The two electrodes of the alcohol gas sensor are connected to the anode and cathode of the
DC voltage supply (GPC3060D, Gwinstek, New Taipei City, Taiwan), and the current passing through
the sensor is measured by a digital multimeter (34410A, Agilent Technologies, Santa Clara, CA, USA).
The changes in the ZnO resistance in alcohol vapor and in air are evaluated to calculate the sensing
response. The sensing response is defined as R0/Rg, where R0 and Rg are the resistances of ZnO in air
and in alcohol vapor, respectively.

 

Figure 7. Diagrammatic sketch of the prepared gas sensor and the measuring system. The gap between
the two electrodes is about 1 mm. The diameter of ZnO deposition area is in the range of 1.5–2.5 mm.
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When the ZnO is exposed to alcohol vapor, the alcohol molecules adsorb on the ZnO surface,
resulting in a decreased resistance. Figure 8 shows the sensing response of ZnO towards repeated
exposures to 150 ppm alcohol vapor. The deposition time for electrospray is 15 min. The resistance
of the sensitive material in air and alcohol are about 1.55 × 108 Ω and 0.43 × 107 Ω, respectively.
The sensing response R0/Rg is about 36. Moreover, it reveals a good repeatability and stability of
response in the target gas. Figure 9 shows the sensing response of ZnO thin films formed at increasingly
larger electrospray times as a function of alcohol concentration. Higher vapor concentrations cause
more molecules to absorb on the ZnO surface, thus resulting in a resistance decrease. Thus, R0/Rg

increases with increasing alcohol concentration. On the other hand, R0/Rg increases with increasing
electrospray deposition time. Longer ejection periods lead to larger amounts of sensor elements, as
the thickness of the ZnO deposition increases with increasing electrospray time. The diameter of ZnO
deposition area is in the range about 1.5–2.5 mm. The average thicknesses for various deposition times
of 5, 10, 15, and 20 min are estimated to be 100, 130, 180, and 200 nm, respectively.

 

Figure 8. Response of the gas sensor towards repeated exposures to the alcohol vapor. The deposition
time for ZnO is 15 min. The concentration of alcohol is 150 ppm.

Figure 9. Sensing response of ZnO thin films formed at increasingly longer electrospray times and
exposed to increasingly large alcohol concentrations.

4. Conclusions

This study investigates the effect of experimental parameters on the electrospray process of ZnAc.
We have shown that the stable jet length increases with increasing applied voltage and flow rate,
while it decreases with increasing nozzle-to-nozzle substrate distance. The corresponding electrospray
angles show an opposite in contrast to the stable jet lengths. The diameter of electrosprayed particles
decreases with increasing applied voltage, and increases with the flow rate. Furthermore, an alcohol
gas sensor has been demonstrated by electrospray and calcining processes. The ZnAc is calcined into
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ZnO, which reveals good repeatability and stability of response in the target gas. The sensing response,
defined as the resistance ratio of R0/Rg, increases with the concentration of alcohol vapors and the
deposition time of electrospray.
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