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This study aims to improve the efficiency of gas sen-
sors with a zinc oxide (ZnO) structure by widening
the surface area for reaction and using UV-activation.
The silica (Si05)-ZnO core-shell urchin-like structure
is a promising candidate to achieve this aim, due to its
broad surface area and electrically insulated forma-
tion. The higher resistivity of silica prevents the es-
cape of electrons and recombination during reaction
with gas; thus, improving its sensitivity. The structure
was fabricated by a two-step process. First, ZnO-silica
core-shell structures were produced. ZnO nanoparti-
cles (¢ < 34 nm) self-assembled to form a shell around
a core comprising silica particles (¢5 pum). Gravity
sedimentation was then used to obtain the silica parti-
cles, while the ZnO particles were obtained by drop-
ping and drying of the suspension. Closely packed
structures were obtained due to the meniscus attrac-
tion between the particles at the drying stage of the
suspension. Second, ZnO urchin-like structures were
synthesized on the silica particles using the hydrother-
mal method, with the originally placed ZnO nanopar-
ticles as the nuclei. The method is a simple mate-
rial synthesis involving the crystal growth process in
a sealed container, in which substrates and precursors
are stored and maintained at an elevated temperature.
The obtained structure (or morphology) changed de-
pending on the nucleation and growth conditions. The
appropriate conditions were clarified through system-
atic experiments. Finally, the gas sensor performance
was examined.

Keywords: ZnO, core-shell, hydrothermal method, gas
sensor, UV activation

1. Introduction

ZnO is a superior gas sensor material because it has
excellent semiconducting properties (as required for gas
sensors) such as a wide bandgap energy (3.37 eV) and
large excitation binding energy (60 mV) [1]. It also has
many advantages such as low cost, being harmless, long-
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term stability, and simplicity of morphology control by
changing the conditions of the crystal growth [2-3].

The working principle is the resistance change of the
structure due to the electron exchange at the surface with
gas molecules [4]. Thus, the sensing performance can
be improved by widening the surface area. However, a
higher energy consumption is inevitable, because heat-
ing to approximately 300°C is required to achieve suffi-
cient sensitivity. To solve this problem, UV with a higher
photon energy than the bandgap energy of ZnO can be
an alternative option [5-10]. With the irradiation of UV,
electron-hole pairs are excited, and then active adsorbed
oxygen (which enhances the reaction) is generated. How-
ever, the sensitivity was lower than that using heat acti-
vation, because the excited procedure cannot be used effi-
ciently.

Combining SiO; and ZnO can improve the efficiency
because the higher insulation property of SiO, prevents
the escape of electrons, and active oxygen will be effi-
ciently produced [11-13]. In addition, if a wider surface
area of the ZnO structure (such as rod- or urchin-shaped)
is regularly placed, the sensitivity and the efficiency will
be significantly increased.

In previous studies, ZnO micro-urchin structures [14]
and hollow sphere structures [15] were fabricated by the
hydrothermal process, using self-assembled particles as
nuclei. This process is a simple crystal growth process in a
sealed container in which precursors are stored and kept at
an elevated temperature. The structure is then fabricated
in the positions of the particles.

In this study, SiO;-ZnO core-shell urchin like struc-
tures were fabricated, extending previous studies of the
Zn0 hydrothermal method, and the gas sensing character-
istics were examined. Herein, the term “core-shell urchin-
like structure” signifies ZnO rods placed perpendicular to
SiO, spherical cores.

2. Hydrothermal Method

2.1. Principle

The hydrothermal method is a synthesis method for
growing single crystals from an aqueous solution in an
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Fig. 1. Crystal structure of ZnO.
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Fig. 2. Proposed process of this study. (a) Gravity sedimen-
tation. (b) Hydrothermal method.

autoclave (a thick-walled and sealed vessel) at high tem-
perature and pressure. The procedure involves placing
source material solutions in an autoclave and maintain-
ing a specified temperature for a specific time. Usually,
crystal growth based on the crystal structure will occur,
however, changing the conditions of the growth or nucle-
ation will in turn change the obtained structure.

Figure 1 shows the hexagonal crystal structure of ZnO.
A rod-like structure is often obtained because the selec-
tive growth proceeds along the c-axis due to the differ-
ence in the surface energy of the facets. When a substrate
is placed in the autoclave, the crystal growth and thus
the structural morphology can be controlled. Location-
selective growth is also possible by placing the same ma-
terial as a nuclei at the required position before the hy-
drothermal process [16].

2.2. Fabrication of Core-Shell Urchin-Like
Structure

Figure 2 shows the two-step process used in this study.
To obtain the core-shell urchin-like structure, the rod-like
growth of ZnO on individual SiO, particle surfaces is nec-
essary. In this study, ZnO nanoparticles were used as the
nuclei, similar to our previous study [14, 15].

First, ZnO-silica core-shell structures were produced.
ZnO nanoparticles (¢ < 34 nm), which served as the nu-
clei, were self-assembled to form a shell on the silica-
particles (¢5 um) core. Gravity sedimentation [17] was
used for the silica particles, and the process of dropping
and drying the suspension was used for the ZnO particles.
Closely packed structures were obtained due to the menis-
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Table 1. Gravity sedimentation conditions.

Sili Solvent Pure water
rea Particle SiO5, 95 pm
suspension
Concentration 0.3 wt.%
710 Solvent Pure water
e Particle Zn0, ¢ < 34 nm
suspension
Concentration 0.3 wt.%
Drop volume 150 uL.
Si/PDMS 1.5 1.5 0, pl
Substrate el % cm L2 plasta
(2 min)

(a) Si0O, on PDMS a

Fig. 3. Results of gravity sedimentation. (a) SiO,. (b) ZnO
on SiO; (core-shell).

cus attraction between the particles at the drying stage of
suspension. Table 1 shows the conditions for the core-
shell structure and Fig. 3 shows the SEM images of the
cores and core-shell structures. A silicon substrate, on
which polydimethylsiloxane (PDMS; Sylgard 184) was
spun-coated (1 um), was used. The low elastic modulus
of the PDMS helped keep the particles on the substrate
during the hydrothermal process because of the wide con-
tact area.

Second, the core-shell urchin-like structure was fabri-
cated using a rod-like growth of ZnO by the hydrothermal
method, using the shell structure as the nuclei. Eqgs. (1)—
(6) show the chemical reaction that proceeded in the au-
toclave as well as the way the ZnO was supplied for the
crystal growth [18-20].

Zn** +20H <~ Zn(OH), . . . . . . . . ()
Zn(OH), <~ ZnO+H,O0 . . . . . . . . . (2)
Zn*" tNH; < Zn(NH3)7" . . . . . . . . (3)
Zn(NH3);" +20H™ «» ZnO+4NH; + H,0 . (4)
C¢HoN4 +6H,0 — 6HCHO+4NH; . . . (5)
NH;+H,0 < NH;f+OH™ . . . . . . . (6)

The complex and reversible chemical reactions that
proceed in parallel make the estimation of the final struc-
tures difficult. Thus, appropriate conditions for the fab-
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Table 2. Hydrothermal conditions.

M ol 7Zn(NO3),6H,0 : CicHpNy | 4:4 mM
aterla. . Water 30 mL
composition
pH 6.3,8,11
Hydrothermal Temperature 150°C
condition Reaction time 13h

Reaction time = 13 h, Temperature = 150°C, pH=11
Rod (short)

N

Concentration of Zn(NO,), * 6H,0 against HMTA 4 mM

Fig. 4. Influence of Zn(NO3),- 6H,O concentration on mor-
phology.

rication and the influence of the conditions (i.e., par-
ticles, pH, concentration of zinc, reaction time, and
temperature) on the ZnO morphology require investi-
gation by a systematic experiment. The typical con-
ditions are summarized in Table 2. The source ma-
terials for the synthesis were a mixture of zinc nitrate
hexahydrate (Zn(NO3),6H;0), hexamethylene-tetramine
(HMTA, C¢H|2Ny), and ultra-pure water. An NH3 solu-
tion was added to control the pH as this affects the reac-
tion process. The source materials and the substrate were
placed into an autoclave (Teflon-sealed, capacity 50 mL)
and maintained at a specified temperature for a specific
duration.

3. Result

3.1. Influence of Zn(NO3),6H,0 Concentration

To investigate the influence of the Zn>* ions on the
morphology of the synthesized ZnO, hydrothermal re-
actions were conducted with different concentrations of
Zn(NO3),6H;0 (2, 4, and 6 mM), which served as the
source of Zn>*. Fig. 4 shows the results. When the con-
centration was 4 mM or less, rod-like structures were ob-
served on the silica particles. This structure is different
from the urchin-like structure because the rods are sep-
arated, while those in the urchin-like structure are inter-
connected at one end. With the increase of Zn%", the rod
height also increased (2 mM: 0.1 ym, 4 mM: 1.3 pum).
When the concentration exceeded 6 mM, urchin-like ZnO
structures, which resemble an assembly of rods, were fab-
ricated and the silica particles peeled off. The growth of
the rods was found to be enhanced with higher concen-
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Influence of pH and reaction temperature on mor-

trations of Zn>*; however, the aggregation of rods was
also promoted. Considering the balance of these effects,
the concentration of Zn(NO3),6H,0 was determined as
4 mM for the following experiments.

3.2. Influence of pH and Reaction Temperature

Figure 5 shows the influence of the pH and reaction
temperature on the morphology. In this case, the obtained
structures were divided into four categories ((): Rod, A:
Rod (Random), B: Particle, x: Urchin). The points are
summarized as follows.

1) Comparing the results of the different pH values at
130°C, particle-like shapes were obtained at pH 9,
while rod structures were obtained otherwise. The iso-
electric point of ZnO is at approximately pH 8.5-9.5,
and the bias is small in this range. However, away
from the isoelectric point, the difference in the electri-
cal potential will change the collecting of ions. Thus,
the anisotropy became strong.

2) At 150°C, rods with heights of approximately 1.3 um
were obtained at pH 11, while a height of approxi-
mately 0.4 um was obtained at pH 6.5. The pH was
adjusted by the NH3 concentration; it is thought that
the decomposition of ZnO was promoted at high pH.

3) At temperatures above 170°C, connected rod struc-
tures were obtained. This suggests that while the re-
action rate was enhanced with the temperature rise,
the reaction promoted fusion at high zinc nitrate con-
centrations. In addition, although the pH was as low
as 6.5, the tips of the rods were connected to each
other. This suggests that positive polarity predomi-
nates at a pH lower than the isoelectric point of ZnO,
which may promote the recombination reaction be-
tween Zn>" polar faces. The detailed formation mech-
anism is difficult to identify from these results because
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Fig. 6. Influence of reaction time on morphology.
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Fig. 7. Schematic of gas sensor test with UV irradiation.

the effects of the temperature and pH are not consid-
ered as independent.

From these results, it is considered that low temperature
and high pH are suitable for producing the target struc-
ture; hence, in the following, the conditions of 130°C and
pH 11 were adopted.

3.3. Influence of Reaction Time

Figure 6 shows the influence of the reaction time on
the morphology. The reaction time was varied while the
temperature and pH were constant, at 130°C and pH 11,
respectively, and the effect was investigated. It was found
that the rod length could be controlled with the reaction
time, while the diameter of the rod remained almost con-
stant at around 0.1 um. For a reaction time of 18 h, the
variation in length became large and appeared as a pen-
tagonal disk shape. It is suggested that the rods were con-
nected by O>~ polar surfaces [21]. As the pH was higher
than the isoelectric point of ZnO, negative polarity is con-
sidered to have been dominant; thus, promoting the merg-
ing reaction.

4. Application to Gas Sensor

4.1. Sensor Fabrication and Sensing Measurements

A schematic of the experiment is shown in Fig. 7.
Conductive-adhesive tapes and clips were set as the elec-
trodes at both edges of the substrate. Insulation adhesive
tapes were placed on the backside to eliminate the ef-
fect of conduction through the substrate. The resistance
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Fig. 8. Gas sensor response under UV irradiation showing
the effect of different structures.

Table 3. Gravity sedimentation conditions for comparison.

Solvent Pure water

Particl Zn0O, ¢ 100
ZnO suspension e - n0, 9100 nm

Concentration | 10 wt.%

Drop volume 150 uL.

was measured with an LCR meter (HIOKI, 3511-50) of
four-terminal proves, and UV irradiation was introduced
with a UV source (SUMICA, LS-165UV). The whole sys-
tem was installed in a chamber (400 mm x 800 mm X
600 mm). During the experiments, the chamber was filled
with ethanol gas (1,000 ppm), of liquid ethanol vapor. Be-
fore and after the test, the gas concentration was calibrated
with an authorized gas detecting tube (GASTEC).

4.2. Sensing Performance

The gas sensitivity under UV irradiation (340 nm,
10 mW) was examined without temperature rise. To in-
vestigate the effect of morphology difference, compara-
tive experiments of the core-shell urchin-like (height of
~0.8 um) and core-shell (before hydrothermal reaction)
structures, and ZnO particle assembly (¢ < 34 nm) were
carried out. Fig. 8 shows the result. A response was
observed during UV irradiation 30-90 s after starting
the measurement. The vertical axis shows the response,
which was calculated by dividing the resistance without
gas by that in gas, and the larger the response, the better.
The gas was undetectable when the structure comprised
assembled ZnO particles only. The response increased to
approximately 1.02 with the core-shell structure and to
approximately 1.04 with the core-shell urchin-like struc-
ture. Comparing these results, the influence of the SiO»
core is clear, and the effect of the surface area increase
with the urchin-like structure is also clear.

4.3. Influence of Resistivity of the Substrates

The sensitivity improvement by the SiO, core was con-
firmed from Fig. 8, but its cause cannot be identified. To
investigate the influence of the core material resistance,
ZnO particles of 100 nm were assembled by gravity sed-
imentation under the conditions of Table 3 on the sub-
strates with different resistivities (glass (Si0;), PDMS,
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Fig. 9. Influence of insulation material on sensor property.

Table 4. Summary of sensor properties.

Substrate Si PDMS Glass [22]
Resistivity [Q-cm ] 1-20 | 7 x 101 10
Resistance Rqir [10° Q] | 2.26 2.50 1760
Rgir under UV [10° Q] | 1.90 1.90 1240
Response Rgir/Rgas 1.15 1.28 1.45
Response time Ty [s] - 120 1
Recovery time 7., [s] - - 1

and Si). Fig. 9 shows the responses of the sensors and
the results are summarized in Table 4.

In the case of glass, the response was quick and the
sensitivity was the highest. The results are also shown for
the case of PDMS, in which the time response was slow,
and it did not return to the original resistance value, par-
ticularly after irradiation. Additionally, the Si substrate
showed almost no response. As the substrate resistivity
increases in the order of glass > PDMS > Si, it is be-
lieved that the high resistivity prevents the flow of elec-
trons to the substrate. Furthermore, the high resistivity of
Si0; was confirmed to be effective for improving the gas
sensitivity.

4.4. Influence of Surface Area on Sensing
Performance

An increase in the surface area is preferable because
the gas adsorption increases. Therefore, to clarify the in-
fluence of the structure, it is desirable to compare the sen-
sitivity per surface area. The surface area (Szr) of the
core-shell urchin-like structure used was estimated as fol-
lows: assuming that the SiO, particles of radius (R) are
closely packed (74%) in the area (Sy = 47.1 mm?) to be
precipitated, Szr is given by:
0.74S,4

TR?
where Sz indicates the surface area of the ZnO struc-
ture per SiO, particle, and it is derived assuming that
the rod structures, with radius » = 0.15 pum and height

h = 0.8 um, are closely packed on the surface of SiO;
(Eq. (8)).

Syr = XSZ...........(7)
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Fig. 10. Response per surface area for different structures.

Table S. Summary of sensor properties.

Surface area | Maximum Response /
Structure >
[mm~] response surface area
Core-shell | 1/ 103 1.05 4.48 x 10~
urchin
Core-shell 2.34 x 10* 1.03 439x 107
Holl
OTow 5.00 x 103 1.40 28%x 104
sphere
-
Urchin 1.24 % 10* 4.00 322 % 10
(heating)
0.74 x 4nR?
Sz=——5—x(mr+2mrh) . . ... 8
r

The comparison results are summarized in Fig. 10 and
Table 5, and it can be seen that the proposed structure has
a high sensitivity per area.

In the case of the core-shell structure, it is assumed that
the gas could not diffuse inside the layered structure of the
particles; thus, the efficiency was low. Diffusion may be
the dominant factor in this case. A hollow sphere structure
with an air core whose resistivity is expected to be similar
to that of Si0O» is also expected to have high efficiency, but
the result was low efficiency. It is believed that electrons
were trapped at the SiO; interface, which is different from
gas, and that the resistivity of air was lowered by the wet
environment.

An issue to examine in future is the low maximum sen-
sitivity. As the surface area is smaller than that of other
structures, it is considered effective to increase the surface
area, such as lengthening the rod.

5. Conclusions

This study is summarized as follows.

1) The effects of conditions such as the core particle, zinc
nitrate concentration, pH, reaction temperature, and
reaction time on the hydrothermal synthesis were clar-
ified. Core-shell urchin-like structures were produced
with controlled rod length.

2) The effect of the structure on the gas sensor sensitivity
was confirmed.
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