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Abstract

Villous zinc oxalate (ZnC;04) was synthesized using the sol-gel and laser method demonstrated in a previous paper, and
the hydrogen-sensing properties of villous ZnC,04 were investigated. The mixing ratio of reduced graphene oxide (RGO)
to ZnO to form ZnC;0. is predictive of its hydrogen-sensing capabilities. The microstructure evolution of villous
structures was characterized by X-ray diffraction and field emission scanning electron microscopy techniques. Gas-
sensing experiments tested response, recovery, and selectivity. The villous structure of ZnC;04 can sense hydrogen at

room temperature and an optimum operable temperature of 150°C at a specific C/Zn ratio. The strong hydrogen response

is attributed to the villous structure and high C/Zn ratio of the 1:1 RGO to ZnO mixing ratio.
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Introduction

Hydrogen sensing is an essential practice, especially in
hydrogen-related industries, that can be is achieved using
solid materials such as metal oxides and semiconductors
[1-4]. An example of a common sensor is the resistivity-
type metal-oxide hydrogen sensor [5]. Metal-oxide
sensors act as hydrogen-adsorbing materials; the
adsorbed hydrogen gas oxidizes to release electrons in
combination with the adsorbent materials and the
currents cause flow. The current signal can be used to
detect  the hydrogen concentration through
electrochemical analysis. Adding certain selective metals
such as platinum or gold can enhance sensitivity and
selectivity [6]. These metals can operate at high
temperatures, a wide band gap, and a high resistance
value, all of which are conditions that typically hinder the
application of metal-oxide-based gas sensors.

Hydrogen Sensing with Villous Zinc Oxalate

Nanomaterials such as graphene (GA), graphene oxide
(GO), and reduced graphene oxide (RGO) have been
developed to reduce photocatalytic degradation and
improve hydrogen gas sensors [7,8]. However, graphene is
not sensitive to hydrogen because of the small binding
energy between H; molecules and the graphene surface
[9-12]. GA is an ideal choice for loading into other
materials such as metal oxide. To achieve greater
sensitivity to H, molecules, a GA/ZnO nanocompositeis
used to operate at the optimum operable temperature
[12].

ZnO attraction of H atoms is explained as follows. The
most common crystal structure of nanometer ZnO is
hexagonal wurtzite [13-18]. When the (001) plane is
taken as the surface, the crystal plane is composed of O
atoms, leading to O atoms on the surface with excess
charge & [19,20]. O atoms have a strong ability to bind to
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H (H*) atoms. The O atom is located on the surface in an
outwardly protruding position and with the H-atom-
binding steric hindrance is conducive to the reaction. The
plane can also attract and adsorb CO molecules on the
(001) plane, and the interacting atoms on the plane are
the H atom and C atom. The other sensing mechanism of
metal oxide is based on the formation of a potential
barrier due to the oxygen adsorbed on the metal-oxide
surface for oxygen ionization and hydrogen modification
of the potential barrier [7]. Although reducing hydrogen
gas with sensing film is often a complex process, the
reaction of ionized oxygen with hydrogen is usually
represented by a simple irreversible reaction, expressed
as follows:

kr
0Eads + ZHZ - ZHZO +S+ eEree

Where k-, is the rate coefficient of the reaction between
reducing gas and adsorbed oxygen and S denotes an
adsorption site.

The structure of ZnC;04 has been studied [8] and can
be thermally decomposed into ZnO, CO, and CO2[9]9 to
prepare ZnO from ZnC,04 [15,16]. In this study, hydrogen
sensing used villous ZnC,04 prepared through the sol-gel
method. The optimized ZnC;0; was used to control
hydrolysis and condensation. This microstructure
provided sites for hydrogen sensing.

Experimental Details

Methods for preparing and analyzing ZnC,04 detailed in
the authors’ previous paper were employed [21-23]. The
hydrogen-sensing configuration was sealed in a quartz
tube. The hydrogen gas flowed at 10 sccm. The hydrogen
response was measured using a precision LCR meter. The
hydrogen-sensing properties of resistivity, recovery, and
selectivity were measured.

Results and Discussion

(Figure 1) shows the X-ray diffraction spectra of ZnC;04
with various RGO/ZnO ratios. Various symbols had the
same meanings as those in a previous study and were
interpreted as such [19]. The RGO/ZnO ratio increased
with increasing amounts of -ZnC;04 in general. Except of
that, the ratios B-ZnC;04/0-ZnC;04 are higher at the
RGO/ZnO ratio of 1:1 than other RGO/ZnO ratios,
calculated from the B-ZnC;04; peak and a-ZnC;04 peak
highs in the curves.
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Figure 1: X-ray diffraction spectra of RGO, ZnO, and
ZnC;04 with various RGO/ZnO ratios obtained through
the sol-gel method.

The previous statement is supported by the C/Zn ratio
histogram versus composition, as shown in Figure 2. The
1:2 and 1:0.5 samples were under saturated with carbon
(C/Zn) relative to the saturated 2:1 ratio of ZnC;Oa.
Conversely, the 1:1 ratio sample was oversaturated,
denoting that the villous structure was not essential for
sensing the hydrogen signal. Carbon oversaturation can be
interpreted as enabling the sensing ability and provides a
sensing site. The bonding sites of saturated ZnC,04 are
fully occupied with the atoms of Zn, C, and O. No
additional bonding site is available for bonding with
external hydrogen. Carbon oversaturation provides an
interstitial position to bond the hydrogen. Because the
villous structure has a high aspect ratio, a large area was
provided for sensing sites.
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Figure 2: Histogram for various C/Zn ratios.
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Scanning electron microscope images of RGO, ZnO, and
ZnC,04 after the micro-beam-laser process were shown in
our previous paper [19]. Notably, the RGO/ZnO ratio of
ZnC,04was 1:1. The chemical mapping is shown in Figure
3.

The C atoms of the RGO/ZnO 1:1 ratio are distributed
around the internal and external phases and are higher
than the O atoms of the other RGO/ZnO ratios. The villous
sites increased by approximately three orders.

Electron image 1

Figure 3: Field emission scanning electron microscopy maping images of samples with RGO/ZnO ratios of 1:1 after micro-

beam-laser process.

Figure 4 represents the hydrogen responses of the RGO
(1:0), ZnO (0:1), and ZnC;04 prepared through the sol-gel
method at RGO/ZnO ratios of 1:2, 1:1, and 1:0.5 at room
temperature. The response from the RGO presented a low
and flat signal; graphene is not sensitive to hydrogen
because of the low binding energy between H; molecules
and the graphene surface [10]. The response of ZnO had a
high signal, denoting that ZnO is suitable for detecting
hydrogen gas at room temperature. ZnO is a promising
candidate for sensing applications. The ZnC;0. signals
varied with the RGO/ZnO ratios. The ratios of 1:2 and
1:0.5 had lower signals than does the RGO. Conversely, the
1:1 ratio has a higher signal than does the RGO.
Furthermore, the 1:1 ratio signal was approximately one
order lower than that of ZnO and increased over time in
the initial stage.
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Figure 4: Hydrogen responses of RGO, ZnO, and ZnC04 at
room temperature.
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Figure 5 shows the hydrogen responses of the RGO, ZnO,
and various ZnC,;04 ratios at 150°C. The 1:2 and 1:0.5
samples had lower response signals than did the RGO, and
their response orders were identical to those at room
temperature. The 1:1 sample exhibited a higher response
than did the other ratios, and this response increased over
time in the initial stage. The 1:1 sample exhibited the
highest hydrogen response. The hydrogen sensing of ZnO
exhibited a slightly weaker response than did the 1:1
sample at the optimum operable temperature of 150°C;
this demonstrates that carbon oversaturation provides
more bonding sites at the optimum operable temperature
of 150°C.
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Figure 5: Hydrogen responses of RGO, ZnO, and various
ZnC;04at 150°C.
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Figure 6: Recovery of the sample with a RGO/ZnO ratio of
1:1 at room temperature and 150°C.

The samples were exposed to oxygen gas and nitrogen
gas to evaluate selectivity. Figure 7 shows the gas
selectivity of ZnC;04 when the gas flowed at 10 sccm at
room temperature and 150°C. The oxygen and nitrogen
gases exhibited low responses at both temperatures. The
oxygen and nitrogen gases showed responses two times
higher at 150°C than at room temperature. The oxygen
and nitrogen responses were considerably lower than
those from hydrogen sensing; this demonstrates that
ZnC;04 selectively responds to hydrogen gas but not to
oxygen or nitrogen.

Figure 6 illustrates the recovery experiments for the
1:1 sample at room temperature and at the optimum
operable temperature of 150°C. The charging of hydrogen
reached its peak after approximately 10 minutes and then
released after approximately 3 more minutes at room
temperature. At 150°C, hydrogen desorbed after
approximately 1 minute. Furthermore, the signal reduced
to only half of the saturated signal value at room
temperature. The signal was fully recovered at the
optimum operable temperature of 150°C.
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Figure 7: Gas selectivity of ZnC,04 when flowed at 10

sccm at room temperature (RT) and a high temperature
(HT) of 150°C.
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The sensing mechanism of metal oxide is attributed to
the formation of a potential barrier due to the oxygen
adsorbed on the metal-oxide surface for ionization;
hydrogen modifies this potential barrier [7]. In this study,
the villous structure of ZnC;04 produced high-density and
high-aspect-ratio protrusions.

The sensing ability was displayed only on the carbon-
oversaturated sample with a RGO/ZnO ratio of 1:1, which
provided the adsorption site S for the sensing site.
Therefore, this mechanism cannot fully explain the
adsorption site. The adsorbed hydrogen and ionized
oxygen reacted at the carbon-oversaturated site to
produce electrons. The produced electrons were difficult
to shift in ZnC,04 and the resistivity increased. The results
demonstrated the superior sensing ability of ZnC;0. to
Zn0, especially at the optimum operable temperature of
150°C.

The hydrogen sensing of ZnC;04 cannot explain the
mechanism of ZnO. Initially, a- and B-ZnC;04 exhibited
bonding similar to that of the (001) plane lead to O atoms
with excess charge & and surface activity. O atoms have a
strong ability to bind to H (H*) atoms on their surfaces;
however the O atom cannot explain the specimen with the
1:1 RGO/ZnO ratio. When the oversaturation of RGO
carbon joins with the O atom and changes the bonding
angle to reveal the C atom on the surface in an outwardly
protruding position, H atom binding is conducive to the
reaction. The interacting atoms on the plane were H and C
with a C/Zn ratio of approximately 1:1. Therefore, the
hydrogen sensing of ZnC;04 is attributed to the
oversaturation of carbon binding with hydrogen instead
of oxygen.

The villous structure of zinc oxalate (ZnC,04) produces
high-density = and  high-aspect-ratio = protrusions.
Furthermore, the carbon oversaturation in the 1:1
RGO/ZnO ratio sample provides the adsorption site S for
sensing hydrogen. Consequently, the adsorbed hydrogen
and ionized oxygen react at the carbon-oversaturated site.
The results of this experiment demonstrate that the
sensing ability of ZnC;04 is superior to that of ZnO,
especially at the optimum operable temperature.

Conclusions

In this study, the hydrogen-sensing properties of
ZnC;04 were attributed to the oversaturation of C atoms
interacting with H rather than O atoms. When the
RGO/ZnO ratio approached 1:1, the high C/Zn ratio
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provided adsorption sites for hydrogen sensing. These
samples exhibited high hydrogen responses at room
temperature and an optimum operable temperature of
150°C. Furthermore, the sensing selectivity of ZnC;0.
prefers to adsorb hydrogen rather than oxygen and
nitrogen.
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