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Vertically-grown Ag nanoplates on SeZnO-
nanosheets for an enhanced pressure sensing
performancery

Zeyi Wang, Yuping Li, Jian Zhang* and Xiao Huang ®*

As a piezoelectric ceramic material, SeZnOs has received increasing attention for pressure sensing. However,
the poor conductivity and low dielectric constant of bare SeZnOs severely limit its wide applications. Herein,
to improve the pressure sensing properties of SeZnOs, SeZnOz nanosheets composited with Ag nanoplates
were synthesized via a dissolution coprecipitation method, which exhibited a higher sensitivity (54.8 kPa™) to
external pressure with an excellent repeatability than that of bare SeZnOs nanosheets (12.3 kPa ™). The
enhanced pressure sensing properties of Ag/SeZnOs nanocomposites could be attributed to an increased
dielectric constant and an enhanced charge output. Moreover, the nanocomposite-based pressure sensors
showed an accelerated response/recovery rate (0.7 s/2.7 s) because of the effective charge transfer between
SnZnOs and Ag, which was confirmed by XPS results. This Ag/SeZnOs composite nanosheet-based pressure

rsc.li/sensors

1. Introduction

Pressure sensors have received significant attention, showing
widespread potential applications in wearable sensing
devices," electronic skins (e-skins),” and healthcare detection.’
To date, several sensing mechanisms have been employed for
the fabrication of pressure sensors, including piezoresistive,*
capacitance,” and piezoelectric® sensing. Among them,
capacitance-type pressure sensors with the advantages of a
simple device structure, long-term stability, low power
consumption, high sensitivity, and fast response have
received special attention.”® In such types of devices, a
dielectric sensing layer is commonly sandwiched between two
parallel plate electrodes. It is believed that a higher dielectric
constant and material stability are the prerequisites for the
achievement of higher pressure-sensing properties.’™>

As a type of perovskite-type ceramic oxide, SeZnO; has
attracted increasing attention for pressure sensing
applications due to its special crystal structure,® large
surface area, and abundant oxygen vacancies.'* SeZnOj; is a
rare perovskite oxide with a valence combination of Se**Zn**-
0;. The theoretical calculation results revealed that SeZnO;
showed a ductile nature with excellent mechanical properties,
exhibiting potential applications in pressure sensing.'®
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sensor demonstrates a potential for practical monitoring of human movement.

However, because of its poor conductivity and low dielectric
constant, the research on SeZnOj-based pressure sensors is
still in its infancy. Therefore, it is expected that the
modulation of conductivity and dielectric constant can be
helpful for the improvement of its pressure sensing
properties. It was reported that the surface modification of
noble metal nanoparticles, such as Ag, Au, and Pd,'® on
pressure sensing materials can improve their electrical
conductivity'” and dielectric constant.'® Among them, Ag
nanoparticles are widely adopted as surface modification
materials because of their low cost, simple preparation, high
dielectric constant,"® and good conductivity.”® However, the
modification of Ag nanoparticles with a uniform distribution
and controllable morphological structure is still challenging.

Herein, SeZnO; nanosheets were firstly synthesized via a
dissolution coprecipitation method. Next, SeZnO; nanosheets
decorated with Ag nanoparticles were successfully prepared
using a facile photo-reduction method. Moreover, by tuning
the concentration of AgNO;, the morphological structure of
Ag could be adjusted. The pressure-sensing results revealed
that the Ag/SeZnO; composite showed a higher sensitivity
and faster response/recovery rate compared to the bare SeZnO;
nanosheets, which is attributed to its increased dielectric
constant and enhanced charge output.

2. Experiments
2.1 Materials

Sodium selenite (Na,SeO;, >98%) was purchased from
Shanghai Adamas Reagent Co. Ltd., China. Sodium dodecyl
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sulfonate (SDS, >99.7%) was purchased from Shanghai
Lingfeng Chemical Reagent Co. Ltd., China. Silver nitrate
(AgNO;, >99.7%) was purchased from Shanghai Aladdin
Technology Co., Ltd., China. Zinc chloride anhydrous (ZnCl,,
>99.7%), ethanol (anhydrous, >99.7%), and ethanediol
(anhydrous, >99.7%) were purchased from Sinopharm
Chemical Reagent Co., Ltd., China. Deionized (DI) water was
purified using a Milli-Q System (Millipore). All materials were
used without further purification.

2.2 Synthesis of SeZnO; nanoplates and Ag nanosheets/
SeZnO; nanoplates

SeZn0O;-H,O synthesized via the dissolution
coprecipitation method. Briefly, 0.4 g Na,SeO; was dissolved
in 10 mL DI water, followed by the addition of 0.9 g SDS. The
mixed solution was stirred at 1500 rpm for 30 min, and then
sonicated at 25 °C for 30 min to remove bubbles. The as-
obtained viscous solution was added dropwise to a 0.01 M
ZnCl, aqueous solution under constant stirring at 1500 rpm
for 30 min, and then transferred to an oven at 90 °C for 1 h.
The resulting precipitate was collected by centrifugation and
washed several times with DI water and ethanol. Finally, the
washed precipitate was dried overnight at 70 °C and
SeZn0;-H,0 nanosheets were obtained. To remove the crystal
water of SeZnO5-H,0, it was transferred to a tubular furnace
and heated for 3 h under an air atmosphere at 400 °C.
Ag/SeZnO; was synthesized via the photo-reduction
method. Briefly, 0.09 g AgNO; was added to 3 mL ethanediol.
The mixture was sonicated for 15 min, and then 0.046 mg
SeZnO; was added under constant stirring at 1000 rpm for 30
min. The mixed solution was irradiated by a 150 W Xenon
lamp for 30 min. The products collected by
centrifugation and washed several times with ethanol.

was

were

2.3 Apparatus and measurements

The as-prepared samples were characterized via scanning
electron microscopy (SEM JEOL JSM-7800F, Japan),
transmission electron microscopy (TEM JEOL 2100 F, Japan),
high-resolution transmission electron microscopy (HRTEM
JEOL 2100 Plus, Japan), X-ray diffraction (XRD, Smart Lab
Rigaku, Japan) with Cu Ko radiation at A = 1.54 A, X-ray
photoelectron spectroscopy (XPS, Versaprobe PHI 5000,
Japan) and LCR digital electric bridge (Honghui TH26011BS,
China). The dielectric constant was tested using a precision
digital electric bridge (Agilent 4980A, USA).

2.4 Fabrication and test of pressure sensors

Briefly, 200 pL of dispersed SeZnO; or Ag/SeZnO; ethanol
solution was dropped on coper tape (1 x 1 cm?). After the
evaporation of ethanol, another layer of copper tape was
covered on it to obtain the pressure sensing devices.

The abovementioned sensing devices were connected to
an LCR. During the pressure testing, the starting pressure
was set as 0 Pa (without loading extra pressure), and a target
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pressure was applied to the sensor with a 15 s holding time.
The testing pressure was in the range of 34.8 Pa to 1240 Pa.

3. Results and discussion

Fig. 1a shows a schematic diagram of the process for the
preparation of the Ag-SeZnO; nanocomposite. Firstly, bare
SnZnO; nanosheets were prepared via the dissolution
coprecipitation method with Na,SeO;, SDS, and ZnCl, as
precursors.  Subsequently, the Ag/SeZnO; composite
nanosheets were prepared by air annealing, followed by the
photo-reduction method. As shown in Fig. 1b, well-defined
XRD peaks assigned to the (111), (112), (004), (211), and (213)
planes of SeZnO; (JCPDS No. 78-0446) can be clearly
observed, indicating that SeZnO; was successfully prepared.
It can be found from the transmission electron microscopy
(TEM) images (Fig. 1c) that the as-prepared SeZnO;
nanosheets exhibited a two-dimensional (2D) structure
(transverse size = 1-2 um) with a uniformly distributed pore
structure on their surface. The elemental distribution of the
SeZnO; nanosheets was analyzed by energy-dispersive X-ray
spectroscopy (EDS) mapping (Fig. S1f), which showed the
uniform distribution of Se and Zn in the SeZnO; nanosheets,
and the stoichiometric ratio of Se:Zn:O in the SeZnOj;
nanosheets was around 1:1:3. The crystal structure of the
SeZnO; nanosheets was further investigated by high-
resolution TEM (HRTEM) (Fig. 1d), which showed interplanar
distances of 0.25 nm and 0.31 nm, corresponding to the
(114) and (120) crystal planes of the SeZnO; nanosheets,
respectively. In the case of the Ag/SeZnO; nanocomposite,
not only the diffraction peak of SeZnO; could be observed,
but an extra peak assigned to the (111) plane of Ag (JCPDS
No. 04-0783) clearly found, as shown in Fig. 1le, which
suggests that Ag/SeZnO; was successfully prepared. Similarly,

430
Ag" | o

Photo-reduction §%

Ag-Sezn0,
nanosheets

¢ sezno,
nanosheets

——sezno,
JCPDS 78-0446

(004)
112)

Intensity (a.u.)

(111) (211) (213)

) [T nm
it g L seoem |

20 50

3 40
2 theta (degree)

6200, PDF 78.0445

0.18 mol/L AGNO,

Intensity (a.u.)

I, 1 l] Ll s
kt 20 25 30 35 40 45 50 S
2theta (degree)

Fig. 1 (a) A schematic diagram of the synthesis of SeZnO3 nanosheets.
(b) The XRD patterns of SeZnOsz nanosheets. (c) The TEM image of
SeZnOs3 nanosheets. (d) The HRTEM image of SeZnOs nanosheets. (e)
The XRD patterns of Ag/SeZnO3z nanosheets. (f) The TEM image of Ag/
SeZnOs3z nanosheets. (g) The HRTEM image of Ag/SeZnO3z nanosheets
(inset: the fast Fourier transform (FFT) pattern of the HRTEM image).
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the Ag/SeZnO; nanosheets also exhibited a 2D structure with
an undamaged profile structure compared to the bare SeZnO;
nanosheet structure (Fig. 1f). Interestingly, it was found that
Ag nanoplates were grown vertically on the surface of the
SeZnO; nanosheets. The elemental distribution in the Ag/
SeZnO; nanosheets was also analysed by EDS mapping (Fig.
S271), which showed the uniform distribution of Ag on the
SeZnO; nanosheet with an Se:Zn:Ag ratio of 1:1:1, further
indicating the successful preparation of Ag/SeZnOs;. The
crystal structure of the Ag/SeZnO; nanosheets was also
investigated by HRTEM (Fig. 1d), which showed interplanar
distances of 0.21 nm and 0.24 nm, corresponding to the
(020) and (111) crystal planes of Ag, respectively.

To further study the structure and phase evolution, the
chemical composition and chemical bonding states of the as-
prepared SeZnO; and Ag/SeZnO; nanocomposite were
confirmed by XPS characterization. Fig. 2a shows the Se 3d
XPS spectrum, which could be deconvoluted into two peaks
(Se 3ds, and Se 3dz,) at 58.7 and 59.2 eV, respectively,
corresponding to the SeO;”” state (Se-O binding structure of
SeZn0;).*" It should be noted that the binding energy of Se
3d in the nanocomposite shifted towards a lower binging
energy compared to the bare SeZnO;, owing to the weaker
electronegativity of Ag compared to Se. The binding energy
shift indicates the effective electron transfer between the
SeZnO; nanosheets and Ag nanoplates. In the Zn 2p spectra
of SeZnO; and Ag/SeZnO; (Fig. 2b), the two peaks
corresponding to Zn 2p,,, and Zn 2p;,, are located at 1044.8
eV and 1021.7 eV, respectively. The difference in the binding
energy of these two peaks suggests that the Zn species was
the Zn** state (Zn-O binding structure of SeZnO;).>* The O 1s
XPS spectrum in Fig. 2c could be deconvoluted into two
peaks, which are located at 530.6 and 531.3 eV,
corresponding to lattice oxygen and oxygen vacancy,
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Fig. 2 The XPS spectra of (a) Se 3d, (b) Zn 2p, and (c) O 1s of SeZnOs3
nanosheets and Ag/SeZnOs nanosheets and (d) Ag 3d of Ag/SeZnOs
nanosheets. The inserted dash lines can be used to determine the shift
directions of the identified peaks.
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respectively. The peak assigned to lattice oxygen matched
well with the above-mentioned Se 3d and Zn 2p spectra,
further confirming the existence of Se-O (A site of SeZnOs;)
and Zn-O (B site of SeZnO;) in the SeZnO; structure.*** In
addition, the extra Ag 3d spectrum of the nanocomposite
showed two peaks at 368.19 eV (Ag 3ds,) and 374.19 (Ag
3d;,,), which can be assigned to the Ag® state, further proving
that Ag" was successfully reduced to Ag’ by the photo-
reduction method.?

Besides, to detail the effect of Ag on the morphological
structure and the pressure sensing properties of the
nanocomposite, the concentration of AgNO; was also tuned,
while keeping the other synthesis conditions unchanged. It
was found that the morphological structure of Ag changed
from nanoparticles to nanoplates (Fig. S31) when increasing
the AgNO; concentration from 0.03 and 0.06 to 0.18 mol L™".
Moreover, the XRD patterns of the nanocomposites with
different concentrations of AgNO; are presented in Fig. S4,f
all of which matched well with the (111), (112), (004), (211),
and (213) planes of SeZnO; (JCPDS No. 78-0446) and (111)
plane of Ag (JCPDS No. 04-0783).

As a demonstration, the bare SeZnO; and Ag/SeZnOj;
nanocomposites with different contents of Ag were fabricated
into pressure sensors to measure pressures in the range of
34.8 Pa to 1240 Pa (Fig. 3a). The sensor response was defined
by (Cp = Co)/Cy%, where C, is the initial capacitance and C,
is the capacitance under external pressure. The response of
the Ag/SeZnO;-based pressure sensor in the whole pressure
range was higher than that of the SeZnO;-based pressure
sensor. Moreover, with an increase in the AgNO;
concentration from 0.03 and 0.06 to 0.18 mol L', the
responses of the nanocomposite also increased accordingly.
The fitted pressure-response curves for the different pressure
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Fig. 3 (a) The response and recovery curves of the pressure sensors

based on SeZnOs; and Ag/SeZnOs; nanosheets. (b) The pressure-
response curves of sensors based on SeZnOs and Ag/SeZnOs
nanosheets. (c) The response and recovery time of pressure sensors
based on SeZnO3z and Ag/SeZnOz nanosheets under 251.5 Pa. (d) The
long-term stability of sensor based on BiFeOz nanoplates under 90.7
Pa and 160.7 Pa pressure.
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Fig. 4 (a) A schematic illustration of SeZnOs- and Ag/SeZnOs-based
pressure sensors. (b) The capacitance outputs of SeZnOs- and Ag/
SeZnOs-based pressure sensors with different concentrations of Ag
loading.

sensors are shown in Fig. 3b. The sensitivity of these pressure
sensors was calculated as follows:

Sensitivity = [(C, = Co)/Co X 100%]/AP 1)

where AP is the variation in pressure. The sensitivity of Ag/
SeZnO; with 0.06, 0.06 and 0.18 mol L™* AgNO; concentration
was 23.2, 27.2 and 54.8 kPa™!, respectively, while that of the
bare SeZnO; is only 18.2 kPa™'. Fig. 3¢ shows the dynamic
response-recovery curves of the Ag/SeZnO; (0.18 mol L") and
bare SeZnOj-based sensors to 251.5 Pa. Interestingly, the Ag/
SeZnO; (0.18 mol L7')-based pressure sensor showed a
shorter response and recovery time (0.7 s/2.7 s) than that of
the bare SeZnOj-based pressure sensor (1.2 s/2.9 s). Besides,
the durability of our sensor based on Ag/SeZnO; nanosheets
was evaluated by sensing tests under repeated loading of 90.7
Pa and 160.7 Pa pressure. As shown in Fig. 3d, the sensor
exhibited stable sensing responses without obvious
degradation after 40 cycles, suggesting its good stability.

To detail the enhanced pressure sensitivity of the
nanocomposite, the equivalent circuit model based on the
bare SnZnO; and Ag/SnZnO; nanocomposite
constructed. The whole capacitance of the as-fabricated
sensors can be divided into many “mini capacitors”. As
shown in Fig. 4a, it is believed that the number of electric
connections between the bare SeZnO; and electrodes is
smaller than that of the Ag/SeZnO; nanocomposites due to
the decoration of Ag nanoplates with more contact sites.
Therefore, the introduction of Ag nanoparticles can provide
more electric connection between sensing materials and
electrodes, leading to an increase in the series capacitance in
nanocomposites-based pressure sensors. To further confirm
the higher capacitance of the nanocomposite, the relative
permittivity of the Ag/SeZnO; nanosheets and bare SeZnO;
was also calculated, which was 119.29 and 33.63, respectively.
According to the definition of capacitance, a higher
permittivity implies a higher output capacitance, which is
consistent with the experimental capacitance values. As
shown in Fig. 4b, the initial capacitance of the
nanocomposite increased with an increase in Ag
concentration, which could increase the signal-to-noise ratio
(SNR) of the pressure sensor and increase the measurement

accuracy.>® Besides, according to the enhanced electrical

were
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conductivity of the nanocomposite, its electron density also
increased with an increase in the Ag loading, which is
beneficial for an enhancement in pressure sensitivity. The
higher output capacitance of the nanocomposites can be
helpful for the enhancement of pressure sensitivity.>”
Besides, it was reported that the addition of Ag nanoparticles
can enlarge the deformation of the sensing layer under
external pressure, leading to the enhanced pressure
sensitivity of the nanocomposite. Because of the effective
electron transfer between Ag and SeZnO; and the higher
conductivity of Ag, the pressure-induced charge generation
can be easily collected, leading to the fast response/recovery
rate of the Ag/SeZnO; nanocomposites.

4. Conclusions

In summary, SeZnO; nanosheets composited with Ag
nanoparticles were successfully prepared via the dissolution
coprecipitation method, followed by photoreduction, which
exhibited enhanced pressure sensitivity with excellent
repeatability compared to that of bare SeZnO; nanosheets.
With an increase in the concentration of AgNO;, the
morphological structure of Ag could be tuned from
nanoparticles to nanoplates. Moreover, the pressure
sensitivity of the nanocomposite also increased with an
increase in the amount of Ag. It is believed that the increased
dielectric constant-induced higher output capacitance was
beneficial for the higher sensitivity of the nanocomposite.
Because of the effective charge transfer between Ag and the
SeZnO; nanosheets and the higher conductivity of Ag, the
nanocomposite showed an accelerated response/recovery rate.
The demonstration of Ag/SeZnOj-based pressure sensors can
be helpful for the further improvement in the pressure
sensing properties of materials.
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