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All-cellulose-derived humidity sensor prepared via direct
laser writing of conductive and moisture-stable electrodes
on TEMPO-oxidized cellulose paper

A wood cellulose-derived, abundant, and renewable humidity
sensor offers high sensitivity and diverse applicability, paving
the way for future sustainable electronics.
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Humidity sensing plays an important role in diverse applications in the fields of agriculture, healthcare,
skincare, and environmental monitoring. With the advent of the "trillion sensor” society, there is a
growing demand for humidity sensors that can be made from abundant and renewable resources.
Cellulose, the most abundant and renewable bioresource on Earth, acts as a humidity-sensing
material because of its hydrophilic nature. However, non-renewable noble metal electrodes are still
indispensable because good electrical conductivity and moisture stability are necessary for reliably
detecting electrical signals from cellulose-based humidity-sensing materials. Herein, we demonstrate
the direct CO,-laser writing of electrodes onto TEMPO-oxidized cellulose paper to realize an
all-cellulose-derived humidity sensor. The TEMPO-oxidized cellulose paper with sodium carboxylate
groups provides a satisfactory humidity-sensing performance and is converted to conductive and
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moisture-stable electrodes directly via laser-induced carbonization. The resulting all-cellulose-derived
humidity sensor demonstrates high sensitivity and linearity over a wide range of relative humidity
DOI: 10.1039/d1tc05339f (11-98%), thereby providing broad applicability. The sensor can be used for the positional localization
of moist objects and for monitoring plant transpiration and human-body sweating. These results open

rsc.li/materials-c the door for renewable and sustainable humidity sensors.

In,0;, perovskites, etc.), and polymers,™® exhibit a change in
their electrical signal in response to the adsorption and
desorption of water vapor.® Electrodes, particularly interdigi-
tated electrodes, detect the electrical signal from the humidity-
sensing material. Because electrodes require sufficient

Introduction

With the advent of the “trillion sensor’” era, the global use of
sensing devices has rapidly increased. Humidity sensors are a
major attraction and have diverse applications such as in

industrial instrumentation and automation, agriculture, health-
care, skincare, and climate monitoring."”> The market size of
humidity sensors is estimated to grow from USD 4.0 billion in
2019 to USD 11.85 billion by 2027.> The production of humidity
sensors is expected to increase concomitantly; therefore, there is
a need for the development of new sensors using abundant,
ubiquitous, and even renewable materials.

Humidity sensors generally comprise a humidity-sensing
material and electrodes.* Humidity-sensing materials, such as
ceramics (Al,03, SiO,, etc.), semiconductors (TiO,, ZnO, SnO,,
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electrical conductivity and stability against moisture, they are
commonly made from noble metals, such as platinum,” gold,*°
and silver.'®'' However, to meet the demand of the “trillion
sensor” era, humidity sensors must be composed of abundant
and renewable resources.

Cellulose is the most abundant and renewable bioresource
in the world. Moreover, it is promising for use in humidity
sensors.’”> As the raw material for paper, cellulose can be
applied as a substrate in various electronic devices, including
humidity sensors.”**® In addition, the high density of hydro-
philic groups in cellulose molecules makes them sensitive to
water vapor, thus providing the ability to use cellulose as a
humidity-sensing material."""'”2° Various electrodes have been
fabricated on cellulosic materials using different methods,>*
such as printing,"" pasting,”® painting,”>”* and spraying,** for
flexible and wearable humidity sensing. For example, a flexible
humidity sensor comprising a 2,2,6,6-tetramethylpiperidine-1-oxyl

This journal is © The Royal Society of Chemistry 2022
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radical (TEMPO)-oxidized cellulose nanofiber as the sensing
material and gold as the electrodes has been reported."”
Degradable humidity sensors have also been developed using
cellulose nanofiber paper as the sensing material and silver as
the electrodes.’* However, the use of non-renewable electrodes
is still necessary to meet many requirements, such as having a
sufficiently higher electrical conductivity than humidity-
sensing materials and stability against moisture, making it
difficult to realize humidity sensors made from fully renewable
materials.

Herein, we demonstrate the all-cellulose-derived renewable
humidity sensor. TEMPO-oxidized cellulose paper is used as a
humidity-sensing material, onto which electrodes are fabri-
cated in situ via CO,-laser-induced carbonization of the
TEMPO-oxidized cellulose. The laser-induced carbonization of
TEMPO-oxidized cellulose with sodium carboxylate (COONa)
groups produces adequately conductive and even moisture-
stable electrodes, while the TEMPO-oxidized cellulose paper
with COONa groups provides suitable humidity-sensing proper-
ties to realize an all-cellulose-derived humidity sensor. The
resulting humidity sensor exhibits high sensitivity and linear-
ity, and a large dynamic range. It also has diverse applicability,
such as in the detection of moist objects and the monitoring of
biological activities.
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Results and discussion

In situ formation of conductive and moisture-stable electrodes
onto TEMPO-oxidized cellulose paper via CO,-laser irradiation

All-cellulose-derived humidity sensors were fabricated follow-
ing the workflow shown in Fig. 1a. We first prepared TEMPO-
oxidized cellulose paper by oxidizing softwood pulp fibers in a
TEMPO-mediated system,>**° after which they were suspended
in water with gentle stirring. The suspension was then filtered,
transferred to a glass plate, and oven-dried to form TEMPO-
oxidized cellulose paper with a COONa group content of
approximately 1.8 mmol g~ (Fig. S1, ESIf). Thereafter, we
directly formed CO,-laser-induced electrodes on the TEMPO-
oxidized cellulose paper via irradiation using a continuous CO,
laser under atmospheric conditions, according to a designed
irradiation pattern (Fig. S2, ESIt). The laser-irradiated area
turned black, providing submillimeter-scale line patterning of
an interdigitated structure with a similar size to the designed
irradiation pattern (Fig. 1b). The electrical conductivity of the
laser-irradiated area changed with the laser power at a fixed
scan rate of 10 cm s ' (Fig. 1c). While the original TEMPO-
oxidized cellulose paper had a high surface resistance of
approximately 10° Q sq~ ", the laser-irradiated area had a surface
resistance of 10°%-10%> Q sq ', depending on the laser power.
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Fig.1 CO,-laser-induced direct formation of electrodes on TEMPO-oxidized cellulose paper. (a) Schematic of the preparation and CO,-laser irradiation
of TEMPO-oxidized cellulose paper, (b) optical image of the resulting paper, (c) surface resistance as a function of laser power used for laser irradiation,
(d—f) relationship between relative humidity and electrical resistance of laser-induced electrodes prepared at laser powers of (d) 1.6, (e) 2.4, and (f) 3.2 W.
Laser scan speed: 10 cm s~%. The resistance was measured at room temperature.
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This facilitated the formation of conductive electrodes on the
TEMPO-oxidized cellulose paper. When the laser power exceeded
4.0 W, there was a slight increase in the surface resistance,
suggesting that excess laser energy is undesirable for preparing
conductive electrodes (see also Fig. S3, ESIY).

We further evaluated the moisture stability of the electrodes,
which is a critical property for humidity-sensing electrodes. The
electrode prepared using a laser power of 1.6 W retained its
resistance up to a relative humidity of 40%, after which its
resistance decreased with a further increase in relative humid-
ity. This indicates a lack of moisture stability (Fig. 1d).
By contrast, the electrodes prepared at 2.4 and 3.2 W laser
power exhibited stable resistance regardless of the relative
humidity (Fig. 1e and f). Thus, conductive and moisture-
stable electrodes were successfully patterned on the TEMPO-
oxidized cellulose paper via CO,-laser irradiation and power
tuning.

To explain the CO,-laser-induced formation of the electro-
des, we analyzed the changes in the surface and molecular
structures of the TEMPO-oxidized cellulose paper upon CO,-
laser irradiation using field-emission scanning electron micro-
scopy (FE-SEM), energy dispersive X-ray spectroscopy (EDX),
Fourier-transform infrared (FT-IR) spectroscopy and Raman
spectroscopy (Fig. 2). As shown in Fig. 2a-d, the surface
structure became porous after CO,-laser irradiation. In addition,
the oxygen/carbon (O/C) atomic ratio decreased with increasing
laser-irradiation power (Fig. 2e), indicating the progress of carbo-
nization by the removal of oxygen. FT-IR analysis showed that
the original molecular structure disappeared after CO,-laser
irradiation (Fig. 2f). At a laser power of 1.6 W, a C—C peak
appeared, while CO;>~ peaks were observed due to the presence

(b) 1.6 W
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of Na,C0;.””*® At higher laser powers (2.4 and 3.2 W), no CO;>~
peaks were observed. In the Raman spectra, the intensities
of the G and D bands, which are associated with ordered and
disordered graphitic carbon structures, respectively,> increased
with increasing laser power (Fig. 2g). After irradiation at a laser
power of 3.2 W, the 2D band appeared, which is associated with
the stacking structure of graphitic carbon;***" therefore, this
indicates the formation of a more graphitized carbon structure.
These results indicate that the CO,-laser-induced carbonization of
the TEMPO-oxidized cellulose progressed with increasing laser
power, leading to the formation of more conductive electrodes.
The low moisture stability of the CO,-laser-induced electrodes
produced at 1.6 W (Fig. 1d) could be attributed to the presence of
water-soluble Na,COs;; their resistance decreases at high relative
humidity possibly by the ionic conduction of the dissolved Na".
The CO,-laser-induced conductive electrodes produced at 2.4 and
3.2 W laser power were electrically stable against moisture (Fig. 1e
and f), although they adsorbed water molecules on their surfaces
(Fig. 4, ESIY). Thus, their moisture stability would be provided by
maintaining the original conductive pathways derived from a
more graphitized carbon structure within the electrodes, even
after water adsorption.

The CO,-laser-induced carbonization of polymeric materials
can be attributed to the generation of thermal energy due to the
photothermal effect derived from their lattice vibrations.*
When subjected to CO,-laser irradiation, the polymeric mate-
rial reaches a high temperature, which causes chemical bonds
such as C-O and C=—O within the polymer to break and
rearrange to form a graphitic structure.’® The use of CO,-laser-
induced carbonization to achieve conductive patterning was first
reported for polyimide.”® In this study, the CO,laser-induced
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Fig. 2 Change in surface and molecular structures of TEMPO-oxidized cellulose paper upon CO,-laser irradiation at different laser powers. FE-SEM
images of TEMPO-oxidized cellulose (a) before and (b—d) after laser irradiation at laser powers of (b) 1.6, (c) 2.4, and (d) 3.2 W; (e) O/C atomic ratio

estimated by EDX, (f) FT-IR spectra, and (g) Raman spectra.
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formation of conductive electrodes was successfully performed on
TEMPO-oxidized cellulose with COONa groups. However, this was
not possible on the original cellulose or even TEMPO-oxidized
cellulose with COOH groups, owing to ablation by the CO,-laser
irradiation (Fig. S5, ESIf). Thermogravimetric analysis showed
that TEMPO-oxidized cellulose with COONa groups had a con-
siderably higher yield of carbonaceous materials after high-
temperature treatment than the original cellulose and TEMPO-
oxidized cellulose with COOH groups (Fig. S6, ESIt). Thus,
COONa groups suppress the ablation of TEMPO-oxidized cellu-
lose under CO,-laser irradiation, thereby allowing it to be carbo-
nized to form conductive electrodes. While there have been
several reports on the CO,-laser carbonization of TEMPO-
oxidized cellulose with COONa groups,® our results highlight
the formation of conductive and even moisture-stable electrodes
for humidity-sensing applications.

All-cellulose-derived humidity sensor

We evaluated the humidity-sensing performance of the all-
cellulose-derived sensing device comprising TEMPO-oxidized
cellulose paper as the sensing material and CO,-laser-induced
interdigitated electrodes (Fig. 3a, see also Fig. S2, ESIt). The
interdigitated electrodes afforded the stable detection of elec-
trical signals from TEMPO-oxidized cellulose paper (see Fig. S7,
ESIT for details). As shown in Fig. 3b and Fig. S8 (ESIt), the
device showed a clear response to water vapor at room tem-
perature; the electrical resistance decreased quickly upon expo-
sure to water vapor from a humidifier and recovered to the
original resistance when the humidifier was removed from the
atmosphere. The recovery time clearly varied depending on
the irradiating power used to form the laser-induced electrodes.
The laser-induced electrodes produced at 1.6 W exhibited a

View Article Online
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long recovery time (approximately 470 s), suggesting that the
resistance change of the electrodes themselves against water
vapor delayed the recovery. By contrast, the laser-induced
electrodes produced at 2.4 and 3.2 W exhibited a considerably
shorter recovery time (approximately 120 and 90 s, respectively).
These results indicate that conductive and moisture-stable
electrodes can provide fast recovery for repeated sensing in a
short period of time.

As depicted in Fig. 3c-e, the sensing devices presented a
high log linearity of electrical resistance with good repeatability
and reproducibility in a dynamic range of relative humidity,
regardless of the power used to produce the laser-induced
electrodes. Therefore, the devices acted as resistive-type humidity
sensors. The humidity-sensing mechanism is due to the ionic
conduction of Na* from the COONa groups within the TEMPO-
oxidized cellulose paper (Fig. 3a). More specifically, higher
humidity conditions lead to the increased adsorption of water
molecules on the hydrophilic cellulose molecules,*® which
allows the dissociation of COONa groups and the formation
of more mobile pathways for dissociated Na’, leading to
decreased resistance. The laser-induced interdigitated electro-
des decrease the detected resistance values of the sensing area
(TEMPO-oxidized cellulose) to ensure accurate humidity sen-
sing (Fig. S7, ESIT). As such, the humidity sensor with laser-
induced interdigitated electrodes formed at 3.2 W offered high
linearity over a dynamic range of relative humidity (11-98%).
The performance was comparable to that of a TEMPO-oxidized
cellulose device with sputtered platinum electrodes (Fig. S9,
ESIt), indicating that laser-induced electrodes act as a suitable
substitute for conventional precious-metal electrodes. The
sensitivity and response/recovery time of the all-cellulose-
derived humidity sensor, which were evaluated under two different
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Fig. 3 Sensing performance of all-cellulose-derived humidity sensors comprising TEMPO-oxidized cellulose and CO,-laser-induced electrodes formed
at different CO,-laser-irradiation powers. (a) Schematic illustration and putative humidity-sensing mechanism of the all-cellulose-derived humidity
sensor, (b) relative resistance versus time of sensors exposed to water vapor from a humidifier (relative humidity: 50%), (c—e) resistance versus relative
humidity of sensors formed using laser-irradiation powers of (c) 1.6, (d) 2.4, and (e) 3.2 W, and (f) hysteresis property of the all-cellulose-derived humidity
sensor formed using a laser-irradiation power of 3.2 W. All performance tests were conducted at room temperature.
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relative humidity conditions (30 and 75%), were 1.19 x 10° and
60/495 s, respectively (Fig. S10, ESIT). The relatively long time for
recovery would be due to the hydrophilic nature of cellulose that
required more time to desorb the water molecules. Nevertheless,
the all-cellulose-derived humidity sensor exhibited high sensi-
tivity, as well as adequate response and recovery times, as
compared to state-of-the-art cellulose-based humidity sensors
that use non-renewable electrodes (Table S1, ESIt). Moreover,
the all-cellulose-derived humidity sensor showed real-time
response and recovery upon the change in humidity (Fig. S11,
ESIt), mild hysteresis (Fig. 3f), and stability that is sufficient to
maintain its sensing performance after 100 bending cycles
(Fig. S12, ESIT) as well as storing for at least 3 months (Fig. S13,
ESIt). The CO,-laser-irradiation process is extremely attractive
for industrial use because it can be entirely performed in
ambient air without any reagents.>® Thus, a high-performance,
renewable, and facile-to-fabricate all-cellulose-derived humidity
sensor was successfully demonstrated.

Wide applicability of all-cellulose-derived humidity sensors

Humidity sensors have become ubiquitous tools for several
emerging applications.” Here, we demonstrate the diverse

;'(a) ’
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applicability of the proposed all-cellulose-derived humidity
sensor. The CO,-laser-irradiation process is a facile method
for forming patterned electrodes on TEMPO-oxidized cellulose
paper, and can also be used to cut the paper into various
shapes, allowing for versatile configurations of humidity sen-
sors (Fig. 4a, see also Fig. S14, ESIt). By taking advantage of the
laser-irradiation process, we fabricated a square humidity-
sensor array consisting of nine sensor elements (Fig. 4b). When
a finger approached the sensor array, the electrical resistance of
the sensor elements located near the finger decreased to
approximately 70% owing to the humidity of the skin. As such,
the sensor array detected the approaching finger via a change
in resistance. This indicates that the sensor array can be
applied for positional localization of moist objects.

Owing to the paper-specific advantages of the sensor, such
as good handleability, flexibility, and being lightweight, the
all-cellulose-derived humidity sensor was applied for the syn-
chronous detection of biological activities. As shown in Fig. 4c,
a humidity sensor ring was worn on a finger, which responded
to human exhalation-derived water vapor. The humidity sensor
could detect the different extents of exhalation (nasal breathing,
soft and deep mouth breathing) and could monitor real-time
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Fig. 4 Applicability of the all-cellulose-derived humidity sensor. (a) Optical image of all-cellulose-derived humidity sensors with various patterned
electrodes, (b) positional localization of an approaching finger using a 3 x 3 sensor array, (c) sensor response for different extents of human exhalation
(breathing from the nose and mouth (soft and hard)), (d) monitoring of human-body sweating process during plank exercise and rest periods, and
(e) monitoring of the transpiration process of a Monstera leaf in comparison with monitoring of a wooden table surface. In all cases, the electrodes were
prepared at a laser power of 3.2 W. All demonstrations were conducted at room temperature.
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nasal breathing (Fig. S15, ESIT), suggesting the potential applic-
ability for breathing-behavior analysis related to disease
monitoring.>* The humidity sensor was also used for monitoring
the sweating process from the human body (Fig. 4d). When the
sensor was attached to the back of the neck, clear sensor
responses were reproducibly observed upon perspiration during
repeated plank exercises and rest periods, providing the potential
for accurate recovery of the hydration status in daily exercise.*

Finally, we applied the humidity sensor for monitoring plant
activity. Plant leaves release water vapor by a process known as
transpiration, which is enhanced under light illumination.>*?”
When attached to the reverse side of a Monstera leaf, the relative
resistance of the humidity sensor decreased upon visible-light
illumination, while no such response was observed when the
sensor was applied to a wooden table (Fig. 4e, see also Fig. S16,
ESIt). This indicates that the proposed sensor can monitor plant
transpiration. Thus, the all-cellulose-derived humidity sensor
meets the requirements of ubiquitous sensing as well as abun-
dance and renewability for the “trillion sensor” era.

Conclusions

We successfully fabricated an all-cellulose-derived humidity
sensor consisting of a TEMPO-oxidized cellulose paper sensor
and CO,-laser-induced electrodes. In addition to providing
humidity-sensing performance, the TEMPO-oxidized cellulose
with COONa groups facilitated the laser-induced formation of
conductive and moisture-stable electrodes that provided reliable
humidity sensing with adequate recovery for repeated sensing in a
short timeframe. The laser process allows fine patterning of the
electrodes, and thus the versatile configuration of humidity-
sensor elements. Combined with the paper-specific properties of
flexibility and being lightweight, the all-cellulose-derived humidity
sensor demonstrated diverse applicability, including the posi-
tional localization of moist matter and the wearable sensing of
biological activity. Because cellulose is the most ubiquitous and
abundant bioresource on Earth, these results are expected to pave
the way for renewable and sustainable humidity sensors in the
future. This approach can be also extended to fabricate various
electronic devices such as supercapacitors towards all-cellulose-
derived electronics.

Experimental
Materials

Never-dried softwood bleached kraft pulp was kindly provided
by Ehime University, Japan. TEMPO was purchased from Tokyo
Chemical Industry Co., Ltd (Tokyo, Japan). Sodium bromide
(NaBr), sodium hypochlorite (NaClO) solution, and other chemicals
were purchased from Nacalai Tesque, Inc. (Kyoto, Japan).

Preparation of TEMPO-oxidized cellulose fibers

TEMPO-mediated oxidation of softwood cellulose pulp was
conducted according to a published method.”® Briefly, the
cellulose pulp (20 g) was suspended in distilled water (2 L),

This journal is © The Royal Society of Chemistry 2022
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followed by mixing with TEMPO (0.32 g) and NaBr (2 g).
TEMPO-mediated oxidation was initiated by adding NaClO
(15 mmol per gram of cellulose) to the suspension. The pH of
the suspension was maintained at 10 by adding NaOH (0.5 M)
until no NaOH consumption was observed. Oxidation was
quenched by adding ethanol (approximately 100 mL). The
resulting TEMPO-oxidized cellulose fibers with COONa groups
were thoroughly washed with distilled water using vacuum
filtration, and stored at 4 °C without drying.

To prepare TEMPO-oxidized cellulose fibers with COOH
groups, an aqueous suspension of TEMPO-oxidized cellulose
fibers with COONa groups was mixed with HCI aqueous
solution to adjust the pH of the suspension to below 2. The
resultant suspension was magnetically stirred for 3 h and then
centrifuged at 9000 rpm for 10 min. The sediment was washed
with distilled water and centrifuged. The washing treatment
was repeated thrice. Finally, the sediment was dispersed in
distilled water to prepare an aqueous suspension of TEMPO-
oxidized cellulose fibers with COOH groups.

Preparation of TEMPO-oxidized cellulose paper

An aqueous suspension of TEMPO-oxidized cellulose fibers
(0.2 wt%, 200 mL) was dewatered via vacuum filtration on a
membrane filter (H020A090C, hydrophilic polytetrafluoroethy-
lene membrane, 0.2 pm pore diameter, Advantec Toyo Kaisha,
Ltd, Tokyo, Japan). The obtained wet sheet was peeled from the
membrane filter, transferred to a glass plate, and dried using
an environmental chamber (SH-642, ESPEC Corp., Osaka,
Japan) at a temperature of 20 °C and relative humidity of 60%.

Preparation of CO,-laser-induced electrodes on TEMPO-
oxidized cellulose paper

TEMPO-oxidized cellulose paper on a glass plate was irradiated
using a continuous-wave CO, laser with a wavelength of
10.6 pm (HAJIME CL1 PLUS, Oh-Laser Co., Ltd, Saitama, Japan)
under atmospheric conditions to form the laser-induced elec-
trodes. The spot size of the laser beam was 80 pm. Various
electrode patterns were fabricated using a computer-controlled
laser program to control the laser power, scan rate, and scan
pattern.

Preparation of Pt electrodes on TEMPO-oxidized cellulose
paper

For comparison with the CO,-laser-induced electrodes, Pt elec-
trodes were fabricated on the TEMPO-oxidized cellulose paper
by ion sputtering (20 mA, 240 s; E-1045, Hitachi High-Tech
Corp., Tokyo, Japan) three times using a mask. The mask was
fabricated by CO,-laser cutting of an acrylic sheet (CLAREX,
Nitto Jushi Kogyo Co., Ltd, Tokyo, Japan).

Evaluation of humidity-sensing performance

The humidity-sensing performance was evaluated at room
temperature (around 25 °C) using an electrochemical work-
station (ModuLab XM, Solartron Analytical- AMETEK Advanced
Measurement Technology Inc., Berkshire, UK). Time-current
curves of the humidity sensors were measured under a voltage
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of 1 V. The humidity sensors were placed in airtight boxes at
different relative humidity values. The relative humidity condi-
tions were dynamically controlled using different saturated salt
solutions (LiCl, CH;COOK, MgCl,, K,CO3;, Mg(NO;),, CuCl,,
NaCl, KCl, and K,SO, for 11%, 22%, 32%, 43%, 54%, 68%,
75%, 85%, and 98% relative humidity, respectively), and cali-
brated using a digital temperature and humidity meter (TR-72
wb, T&D Corporation, Nagano, Japan). Instantaneous exposure
of the humidity sensor to water vapor was performed using a
humidifier (JANRSTIC Ultrasonic Aroma Humidifier, Dongguan,
China). The real-time response and recovery curves in the relative
humidity range of 25-68% were measured by putting the humid-
ity sensor in a bench-top-type temperature and humidity chamber
(SH-642, Espec Corp., Osaka, Japan). The positional localization of
a finger was determined by measuring the resistance of each
humidity sensing part with a digital multimeter (PC 7000, Sanwa
Electric Instrument Co., Ltd, Tokyo, Japan). The response and
recovery times were measured under two different humidity
conditions (30 and 75%) controlled using different saturated
salt solutions. The response and recovery times were defined
as the time required to reach 90% of the change in sensor
resistance.”*® The sensitivity (S) was calculated using the follow-
ing equation:""*°

S = AR/ARH

where AR is the change in the sensor resistance and ARH is the
change in the relative humidity level.

Analyses

Surface observations were performed using FE-SEM at an
accelerating voltage of 2 kv (SU-8020, Hitachi High-Tech Corp.,
Tokyo, Japan). Platinum sputtering was performed before the
FE-SEM observation. EDX analysis was coupled with FE-SEM at
an accelerating voltage of 15 kV (EDAX, AMETEK. Inc., New
Jersey, USA). The surface resistance was measured using a
resistivity meter with a ring-type probe (Hiresta-UX, MCP-
HT800, Mitsubishi Chemical Analytech Co., Ltd, Tokyo, Japan)
and a four-probe resistivity meter (Loresta-GP, MCP-T610,
Mitsubishi Chemical Analytech Co., Ltd, Tokyo, Japan). FT-IR/
attenuated total reflection spectra were obtained using a KJP-
051208 instrument (PerkinElmer Japan Co. Ltd, Kanagawa,
Japan). Raman spectra were recorded at a laser wavelength of
532 nm (RAMAN touch VIS-NIR-OUN, Nanophoton Corp.,
Osaka, Japan). Thermogravimetric analyses were conducted
in air (200 mL min ") at a heating rate of 10 °C min '
(TGA Q50N2, TA Instruments, New Castle, USA).
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