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ARTICLE INFO ABSTRACT

Keywords: Materials that have hygroscopic capabilities are potent sensing elements for humidity sensors. The hygroscopic

Additives behaviour of zinc oxide (ZnO) with modified nanostructure was synthesized and characterized. Heterocyclic

Humidity additive was added on ZnO to improve its hygroscopic capability for humidity sensitization. ZnO capability of

Hydrothermal . . . N .

Hygroscopic vs{ater molecu.le adsorption ‘fvas tested with a hygroscopic charfictenzatl(.)n rr.lethod adapted from A1.'ner1c;.1n So-

Zine oxide ciety for Testing and Materials (ASTM) method for hygroscopic determination. It was found that inclusion of
additive improves the water retention and release ZnO, making it more viable for use in sensors that take
advantage of mechanical strain due to weight for humidity determination. The hygroscopic behaviour was
observed in the steeper gradient on the mass change during humidity exposure to the ZnO compound with the
additive compared to non-additive ZnO. Furthermore, the additive loaded ZnO showed greater reliable regres-
sion, R2 value (3.56 %) compared to the non-additive ZnO sample. Crystal analysis via X-ray diffraction (XRD)
revealed increment on ZnO characteristic peaks (002) and (101) upon addition of the organic compound to the
ZnO which influence the nanostructure of the material. Field emission scanning electron microscopy (FESEM)
indicates porous and hemispherical nanostructure. Elemental analysis showed minimal impurities present on
both ZnO and additive loaded ZnO. The hygroscopic capabilities of ZnO synthesized with low temperature hy-
drothermal technique allows for implementation in many humidity sensing options required by industries of
various fields.

1. Introduction innovation of sensors for the detection of water molecules in the

environment.
In material studies, hygroscopicity is the ability of a material to allow
water molecules to be absorbed into or desorb out of itself [1]. Materials
that have high hygroscopic properties absorbs moisture and have the 1.1. Hygroscopic materials and diffusion
potential to be adopted into environmental sensing technologies. Fac-

tors that influence the hygroscopicity of the material depends on several Hygroscopic capability of a material relates to diffusion of water
factors which are surface area of the material coating and hydrophilicity molecules into the said material.

of the chemical groups involved in the material compound [2,3]. Hy- Since water is a polar vapor, it would not follow rules of phys-
groscopic materials such as polymers, soluble crystals, salts that have isorption which is the accumulation of non-polar chemicals such as Oz,
rough nanostructures are bound to have hygroscopic nature. Measuring CO2 and CH4 on the solid surfaces. Therefore, physisorption integration
the hygroscopic capabilities of materials may assist in development or with the Fick’s law model is neglected [6]. Water does not react in the

molecular level when in contact with ZnO surface under ambient
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Table 1

Hygroscopic techniques.
Technique Ref.
Weighing method [9,10,11]
Simulation with real environment data [12]

Tandem nano-differential mobility analysis (TDMA) [13]
[14,15,16,17]

Microscopic observation
Sum of frequency generation spectroscopy (SFG)

[18]

Table 2
Other hygroscopic analytical techniques.
Technique Output data form/ Key Finding and research ~ Ref.
Performance gap
parameter
Micro droplet test Interfacial stress e Obtained a [19]
value and shear relationship between
strength monitored strength and stress of
in various RH% via material against
micro-bond system. various RH%
e Load imposed to
material during stress
test is reported.

Sample stress Comparison of e Samples were in form [20]
measurement with height of sample film of large size cylinders
extensometer and hygroscopic to be able to measure

stress change values its stress via
extensometer.

e Hydrophilicity and pH
neutralization of
material was
presented but no
display of nano-
structural images.

Surface thickness Comparison of e Results were discussed [21]
profiling height of sample film on sample height

before and after changes in relation to

water immersion its hygroscopicity
only. No weight
comparison and
microscopy report.

Sample volumetric Comparison of e Reported only on solid [22]
change monitoring sample volume size samples with actual 3-
via laser scan before and after dimensional shape.
micrometer (LSM) water immersion. e No microscopic images
system on nanostructure

Hyperbolic Hyperbolic plots of e Reported results only [23]
representation soil to exposure time on soil samples and
adsorbed water of 100 % RH exposed with 100 %
content against time RH (addition of
exposed to 100 % water).

RH e No microscopic images

Tandem nano- FTIR, Growth factor - [13]
differential mobility =~ curve, NMR
analysis (TDMA) spectroscopy

Sum of frequency SFG, ATR-IR - [18]

generation
spectroscopy (SFG)

Weighing technique
(this study)

Sample weight,
FESEM, EDS, XRD

Improved technique
for hygroscopicity
determination
between material
films.

Has potential to be
applied with other
materials as long as in
thin film form.

Serve as an effective
and calibrated method
for testing
hygroscopicity of
material
nanostructures.
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temperature and pressure. Therefore, chemisorption models will also be
neglected since this phenomenon only applies to adsorbate and adsor-
bent having altered chemical bonds during reaction that caused the
adsorption which are temperatures beyond 400 °C and ultra-high vac-
uum state [7,8]. Another related adhesion phenomenon would be
condensation of water molecules on to the zinc oxide surface. According
to Byrn, et al. [6], condensation of water on to a surface can only happen
spontaneously at relative humidity of no less than 100 %. Observing and
testing the hygroscopicity of a material can be done with different
techniques. Tables 1 and 2 show different techniques implemented by
other studies for material hygroscopic testing in terms of the parameters
involved and sample form.

1.2. Zinc oxide nanostructure

Zinc oxides are one of the common materials used in wide variety of
applications. Aside from its electrical properties such as wide band gap
and magneto-resistance, its physical and chemical properties have
pulled interest of many researchers as well. Nano-structural modifica-
tions are possible to be applied during synthesis of ZnO. Besides using
completely different synthesis routes to produce ZnO, slightly manipu-
lating separate process parameters during synthesis may cause its
nanostructures to change. One of the most significant ZnO functional-
ized nanostructure was achieved with low temperature growth tech-
nique and additives leading to nanowire form and nanoforest form with
large surface area for solar cell applications [24,25]. Studies utilize zinc
oxide as part of their sensing element in sensors such as dopamine de-
tector [26], pH sensor [27] and butylamine sensors [28] as shown in
Fig. 1.

1.3. Hexamethylenetetramine (HMT) influence on a material
nanostructure

While various studies reported on use of HMT with ZnO, this does not
mean the additive is only tied to be used with a specific metal precursor.
HMT was seen used in other studies involving transitional metal oxides
such as TiO, [31], WO3 [32] and CuCn [33]. The structure influencing
effect of HMT varies from different materials that it is used with. In a
study by Umar, et al. [34], copper oxide nanostructures were modified
with the addition of HMT. The HMT assisted hydrothermal synthesis of
copper oxide has led to formation of nano-sheet shapes of the copper
oxide nanostructure. Han, et al. [35] mentions that HMT influence
growth rate of In,O3 nanobricks in a way that results in fast formation of
crystal growth due to increasing OH- ions formed from the dissolution of
HMT. When at higher concentrations, the accelerated formation of
crystal growth rate forms irregular crystals. Therefore, concentration of
HMT should be kept low to maintain crystal and nanostructure. When
applied with zinc source precursors, structures such as needle or rod
shaped are more predominant. There are many studies [36-40] involved
the use of HMT in conjunction with zinc oxide to influence nano-
structure and assist its synthesis process. In producing zinc oxides,
various precursors of zinc are available which are the acetates, nitrates
and chlorides. HMT is frequently reported with its use with nitrates due
to ability to produce nanorod shaped structures suitable mostly in
photovoltaics. Acetates of zinc have been reported to form hemisphere
or cabbage like structures of high surface area suitable for adsorption
and desorption of chemicals and anti-bacterial effects [41]. Chloride salt
of zinc tend to produce plate like nanostructures at low temperatures
[42]. It is common among these studies to use equimolar or reduced
amounts of HMT with their zinc precursors.

1.4. Humidity sensing and hygroscopicity of materials
The hydrophilicity and hygroscopicity of materials allow potential

use as a humidity sensor. The deformation that occurs upon water up-
take of a nanomaterial can be utilized to form a sensor up to a certain
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Fig. 1. Potential nanostructures of Zinc Oxides; a) Nanowalls/crease [27], b) Nano rods [29], ¢) Nanoflakes [28] and d) Rod and flake hybrid [30].

degree. Reversibility of the deformation before and water uptake de-
termines the reliability of the said sensor. Optical based sensors with
their robustness, flexibility and electromagnetic resistive properties [43]
are suitable to be used with chemical coatings. Many studies have taken
advantage of hygroscopic materials capability to produce a sensor. For
instance, Caponero, et al. [44], utilized polymer coatings on a fiber
Bragg grating (FBG) based optical sensor. The hygroscopic polymer was
coated on the sensor mechanism of the FBG that produce perturbed
signals upon induction of strain by the hygroscopic coating upon hu-
midity exposure. The incorporation of hygroscopic polymer with the
sensing mechanism of an optical FBG sensor allows for a compact and
sensitive humidity detection even within small crevices of an object.

2. Methodology

This section discusses the synthesis of the zinc oxide nanostructure
and deposition of the material on to a substrate slide. It also covers the
method of hygroscopic characterization for zinc oxide and HMT
enhanced zinc oxide.

2.1. Materials and zinc oxide film synthesis

The main synthesis precursor material is zinc acetate dihydrate
(ZnAcy). HMT is the surfactant used for the modification of the nano-
structure. The role of HMT is to modify the surface tension of the solvent
and further contributes the release of OH™ ions for ZnO growth [41].
Therefore, implementation of this additive is with ZnAc, instead of zinc
nitrate which was often used with HMT in other studies [36-40]. For
humidity manipulation, Sodium hydroxide and silica beads were used.
Glass slides were used as the substrates for the films.

Zinc oxide synthesis follows a method of modified hydrothermal
route. Fig. 2 shows the flow of the synthesis route. This method involves

d)

in precursor solution of zinc acetate dissolved in ethanol. The solution
was stirred continuously with magnetic bar to form a ZnO nanoparticle
solution. The resulting solution was stirred further with the addition of
NaOH which acts as a structure crystal influencer and promotes addi-
tional supplies of hydroxyl ions (-OH). The additional hydroxyl ions
react with the Zn?* ions forming a whitish solution of Zn(OH);,. The
solution was then sonicated to allow the precursor to mix well and forms
a growth solution. The solution was dropped onto a thin microscopic
glass slides before proceeding to be annealed in an oven. Annealing
proceeded for two hours at low temperature of 70 °C. The samples were
ready to be tested for hygroscopicity after the annealing process. The
overall reaction mechanism of the ZnO route:

Zn(CH3CO0), -> Zn** + CH3CO0? (Dissolution reaction) (6)
NaOH -> Na’* 4+ 20H~ %)
Zn>* + 20H™ -> Zn(OH), ®
Zn(OH); -> ZnO + H,0 (ZnO Nanoparticle formation) 9

2.2. HMTA enhanced zinc oxide synthesis and hygroscopic test

Zinc oxide with added additive also proceeds the same synthesis
route as mentioned. However, at the stage of the addition of NaOH, 0.1
M of HMTA was also added. The HMTA acts as a nanostructure modifier
supporting NaOH for forming zinc oxide growth solutions. The deposi-
tion and annealing methods were the same as the zinc oxide.

For comparing the hygroscopicity between ZnO and ZnO-HMT,
method of weigh comparison between two materials upon humidity
exposure is applied. Set up is visualized in Fig. 3. The thin film of ZnO
was weighted during exposure to initial humidity which was set to 30 %
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Zinc Acetate 0.01M in 20
ml Ethanol

Solution is stirred for 30
minutes to dissolve zinc
acetate

Ultrasonicate at 60°C, 3 hours, allowing for solution
to mix and form the growth solution

NaOH 0.01M
Solution 20ml
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Another 20ml ethanol
added

ZnO Nanoparticle

Stirring continues

solution.
NaOH
Solution
1ml drop
e Zno

Nanoparticle
solution

NaOH Solution drop and stir 1
minute. Repeat 20 times (all
NaOH solution spent)

@
Drop Final
solution mix
onto glass
slide. 250pl

Anneal 70C, 3
hours

Hygroscopicity test

Fig. 2. Synthesis route of ZnO.

RH within an enclosed chamber placed on mass balance. Humidity
within the chamber is raised by adding NaOH dissolved in water at a
separate compartment within the chamber. At every 10 % RH raised, the
mass of the sample is recorded until 80 % RH. The difference of mass at
each humidity is an indication that the sample material has absorbed
and accumulated water molecules within its structure thus raising its
weight, albeit very slightly. Upon reaching 80 % RH, the humidity
modifier substance was swapped with silica beads to reduce the mois-
ture within the enclosure. Mass of the sample was recorded the same
way as during the increment of the relative humidity to verify whether
desorption of water molecules can happen and allow the sample to
regain its original weight. Temperature during humidity measurement
recorded with temperature module included with the humidity sensor
was 29 °C at first ten minutes and stable at 23 °C throughout the

operation. The procedure was repeated with ZnO-HMT thin film to
compare with the basis ZnO thin film. Fig. 4a) shows the actual testing
setup and Fig. 4b) is how the sample is stored within a sealed container
with silica beads inside for reducing moisture within.

2.3. Potential fabrication of ZnO-HMT based humidity sensor

To take advantage of the hygroscopic nanostructure of zinc oxide, a
suitable mode of sensing to be used should be chosen. Since ZnO can act
as a hygroscopic material that deforms upon intake and outtake of
water, FBG sensing mechanism is viable. FBG sensors rely on the micro
strain of the grated cores. The coating of the ZnO-HMT follows the dip
and dry method. The FBG segment of a fiber was immersed within a
ZnO-HMT solution and dried. After repetition of the steps for at least 10
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Humidity
modifier
substance
(NaOH)
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transparent
container/
enclosure

Humidity sensor

Zn0 fllm W/W_Wwﬂw

Digital mass
balance

Fig. 3. Hygroscopic test chamber.

Fig. 4. a) actual experimental setup and b) sample storage.

times, the coated FBG was annealed to allow the development of the zinc
nanostructure. With connection with a source and optical transducer,
data on humidity sensing can be produced.

2.4. Material characterization

Upon completion of material synthesis, characterization was per-
formed to validate whether the preferred synthesized material was
formed and presence of impurities. Crystal structure of the material was
analysed via Bruker D8 Advance XRD equipment with CuKa radiation
source with 26 scanning angle range of Ountil 80. Material morphology
was done with Merlin Compact FESEM with added elemental dispersive
spectroscopy (EDS) for elemental analysis.

3. Results and discussion
3.1. Hygroscopicity characterization of ZnO/HMT

Upon testing of hygroscopicity via microbalance of ZnO.

Hygroscopic properties can roughly be seen at increasing humidity.
Increment of humidity is nearing to a halt upon reaching 80 % RH which
marks the material having absorbed close to its maximum capacity. At
this point, the film has shown notable droplets of water present on its
surface. Fig. 5 shows this hygroscopic phenomenon. When reducing the
humidity from 80 % back to 40 % RH via chemically forced drying with
CaCls. RH is seen decreasing slightly slow and returning to approxi-
mately 50 % RH. Upon returning to 50 % RH, only minimal amounts of
water droplets still exist on the surface of the material. If dried longer it
is possible that the mass of ZnO thin film will return to its original value.
Relating this phenomenon with Crank’s approach in equation (5), the
uptake of water, M; would be mass of the water that are adhered onto the
glass slide upon exposure to humidity and Mg would be the mass of the
substrate and chemical coating equilibrium state. The equilibrium state
is in which the RH is most stable (50 %RH) and act as basis of this
observation.

Upon recording the mass of the samples within a closed chamber,
Fig. 6a) and b) were plotted according to values in Table 3. Based on
both Fig. 6a) and b), it is worth noting that both samples exhibit
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Fig. 5. Water droplets present on surface of film upon exposure to high hu-
midity (>70 %RH).
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Fig. 6. Weight vs humidity of a) ZnO and b) ZnO-HMT.

hygroscopic behaviour when the mass changes upon introduction and
reduction of humidity. Along with the main curves, the recorded tem-
perature was also plotted. Temperature during the test remains between
24 °C and 27 °C. The steep temperature reduction from 0—3 minutes
may be due to the preparation process (positioning of the sample, hu-
midity source, sensor and etc.) of the chamber as the datalogger used to
record the temperature was already turned on in order to monitor the
chamber temperature. ZnO-HMT can be seen having slightly improved

Sensors and Actuators: B. Chemical 345 (2021) 130010

Table 3
Incrementing and decrementing RH and mass values average for ZnO and ZnO-
HMT.

ZnO ZnO-HMT

Incrementing RH Decrementing RH Incrementing RH Decrementing RH

RH Mass RH Mass RH Mass RH Mass
(%) (mg) (%) (mg) (%) (mg) (%) (mg)
45.0 5097.46 85.0 5119.70 40.0 5105.33 86.6 5128.04
55.0 5099.71 69.2 5116.30 55.3 5111.20 71.2 5121.22
65.0 5105.29 68.5 5114.00 60.0 5113.02 65.8 5114.17
75.0 5109.15 55.0 5106.50 70.1 5116.78 56.2 5107.52
85.0 5120.11 54.3 5106.25 85.0 5126.56 52.2 5103.29
a) 1.001 4
1.000 1
zc
.999 |
s © y = -9E-06x + 1.0047
.l% R? = 0.9339
14
s 0998 1
X
£ y = -0.0001x + 1.0052
2 09971 R? = 0.9329
12}
(]
= —e— Incrementing RH%
0.996 4| —¥— Decrementing RH%
—— Linear (Decrementing RH%)
— Linear (Incrementing RH%)
0.995 T T T T 1
40 50 60 70 80 90
RH%
b
) 1.001 4
1.000 1 y =-0.0001x + 1.0072
R? = 0.9695
S 0.0 1
= = -9E-05x + 1.0038
=3 R2=0.9789
2 099 1
14
g
0.997
£
=)
& 0.996
= —e— Incrementing RH%
0.995 | | —— Decrementing RH%
: —— Linear (Decrementing RH%)
—— Linear (Incrementing RH%)
0.994 T T T T T |
30 40 50 60 70 80 90

RH%

Fig. 7. Mass uptake ratio of a) ZnO and b) ZnO-HMT.

water uptake and water release during increment and decrementing of
RH. The improvement is in the steepness of the curve with the
mentioned sample having steeper curve compared to the sample without
the additive.

While the curves in Fig. 6 is still vague in nature when presented,
Fig. 7a) and b) were plotted with ratio of sample mass at lowest RH% to
mass of sample at exposed certain RH%. This was done to observe how
much mass change in comparison to the weight of the sample at its driest
state. Higher gradient depicts that mass change is observed upon hu-
midity increase. In Fig. 7a) ZnO incrementing RH curve overlaps twice
with the decrementing curve. This could cause discrepancy of data when
the material is used for humidity sensing as it does not change mass at
certain point in humidity and follow the trend of linear proportion of
humidity and sample mass. In Fig. 7b), the curves seem much smoother
with only one intersection of curves. This could be concluded that ZnO-
HMT poses more consistent water retention and water release
capability.
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Fig. 8. weight vs. humidity curve of a blank glass slide.
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A blank glass slide that is not coated with ZnO or ZnO-HMT was also
tested for comparative purpose. Since water molecule adhesion can
occur to almost anything with a surface, it is worth to observe the hy-
groscopic curve through the weighing technique. Fig. 8 shows the
weight versus humidity curve a blank glass slide exposed to incre-
menting and decrementing humidity. Low gradient is observed on stage
1 of the test which depicts a very poor water adhesion differences at each
humidity increase. At RH 70%-80% a steep increase occurred which
may be due to larger droplets finally forming from the many small water
molecules attached. At stage 2 the reduction of water mass from high RH
to lower RH also has a low gradient throughout all the temperature
ranges. The water molecule decrement at every RH interval looked more
natural compared to stage 1.

3.2. Surface morphology

FESEM observation results have been made on both samples after the

Fig. 9. FESEM Images of ZnO at various magnifications — a) 2000x magnification, b) 10,000x magnifications and ¢) 50,000x magnifications.
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Fig. 10. FESEM Images of ZnO-HMT at various magnifications — a) 2000x magnification, b) 10,000x magnifications and c) 50,000 magnifications.

whole synthesis process. Various images of magnifications were recor-
ded for both ZnO and its HMT enhanced counterpart. Maximum
magnification allowed for each sample is at 50,000 kx and higher
magnifications would result in blurred images and sample burn due to
high intensity of electron propagations. Nanostructure of ZnO was seen
to be slightly different when HMT was added. Due to the nature of ZnO
material being conductive, coating with gold nanoparticles or other
conductive materials is not required for the equipment to display clear
imagery.

According to Fig. 9a) and b), it was observed that ZnO growth was

leaning towards formation of nano-flakes when the low temperature
hydrothermal method was applied. Formation of large islands is a result
of irregular growth of the zinc oxide crystals. However, upon closer
inspection with higher magnifications, Fig. 9¢) shows creasing and
rough surface sheets rather than sharp flake edges. The materials
agglomerate or clump to each other forming irregular crease and islands.
This is due to the result of low temperature annealing of ZnO [45]. The
creasing and rough surface of the zinc oxide nano structure allows water
droplets to adhere to the surface thus making the material capable of
hygroscopic behaviours.
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Fig. 11. XRD Spectra of ZnO and ZnO-HMT.
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Fig. 12. Elemental analysis EDS spectra of ZnO.

Upon addition of the organic additive to the ZnO synthesis process,
Fig. 10a) shows micro hemispherical crystal growths of ZnO crystals
forming on the substrate. At higher magnifications as displayed in
Fig. 10b) and c), the hemispherical crystal structure is also surrounded
by nano-pores and thick web-like structures. Some of the hemispherical
structures appears to have a large pore of their own as well. It is possible
that these structural features enable more adhesion sites for water
molecules to attach. A material is more hygroscopic when it can allow

s (@]

Counts (cps/eV)
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adsorption of water on its surface.

3.3. XRD crystallography

Brief crystal study has been done for validation that HMT does not
cause significant deformation or introduce increased impurity to zinc
oxide nanostructure. XRD analysis with CuKa radiation source confirms
multiple peaks corresponding to the zinc oxide compound based on
Fig. 11. Diffrac EVA software equipped with powder diffraction data
matches the spectra of both materials to be in accordance with PDF-00-
001-1136. The notable crystal peaks of (002), (101), (102), (110) and
(100) are observed in both samples within 2theta scanning range of
20—80°. The spectra detected minimal unknown peaks suggesting the
sample is close to being uncontaminated and zinc oxide crystal structure
is holding together without being too amorphous or having unknown
crystal structure.

When comparing both ZnO and ZnO-HMT sample spectra, it was
observed that ZnO-HMT revealed higher peaks compared to its coun-
terpart with no additive. The HMT additive managed to enhance the
crystal bonds within the ZnO compounds that contributes to the crystal
growth. This results in the detection of more diffracted X-ray and leads
to an increase in peaks revealed. Peaks (001), (002) and (101) show a
significant increase upon addition of the additive to the ZnO. These
increments occur in crystals that experienced the increased growth rate.
Despite the increase in the ZnO characteristic peaks, addition of HMT
does not lead to extreme deformation of crystal or alterations in the
crystal structures which explains why the ZnO-HMT peaks are almost
similar with ZnO peaks 26 angle wise.

3.4. Validation of analytical technique

Water uptake by the ZnO nanostructures are monitored by weighing
on a sensitive mass scale. To ensure this analytical technique is reliable,
based on Fig. 3, both the water uptake and water release effect on the
weight values were plotted. Along with this, the FESEM images were
also observed for any deformations due to the water uptake or release of
the ZnO material. As FESEM only provides images of nanostructures, it is
essential for application of energy dispersive x-ray spectroscopy (EDS)
be added together with the FESEM imaging. This is to confirm that the
nanostructure was composed of the expected elements.

Based on Figs. 12 and 13, both show dominant Zn and O elements
which is expected since that is the only elements that were involved in
this study. For Fig. 13 which corresponds to the HMT loaded ZnO, there

I Spectrum 2
Wt% o

Energy (keV)

Fig. 13. Elemental analysis EDS spectra of HMT-ZnO.
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Fig. 14. Optical spectrum of blank fiber and ZnO-HMT coated fiber.

seems to be small peak of silica, Si due to the presence of porous
structures. Since EDS utilizes x-ray, the dispersion may have reached to
the substrate glass slide which is primarily made of Si. While Fig. 12
have no peaks referring to the Si element which means there was no pore
present on the ZnO nano-creased sheets.

3.5. Implementation of ZnO-HMT onto FBG

The hydrothermally synthesized ZnO-HMT was coated onto a blank
FBG. The FBG used in this study has Bragg grating implemented via
phase masking technique [46] within 1550 nm wavelength with grating
length of 10 mm. ZnO-HMT growth solution was coated via drop coating
method onto the sensing region (where the FBG profile was imprinted).
The solution was dropped 1 ml every minute until total of 10 ml of the
solution was dropped on the FBG. Annealing at 70 °C was done after the
coating stage. The coated FBG was connected within a circuit with
amplified spontaneous emission broadband source, optical circulator
and optical spectrum analyzer (OSA) for monitoring the reflectivity
spectrum. The test was done in an open system and exposed to the room
humidity which was recorded to be approximately 50 %RH and tem-
perature of 28 °C.

Optical spectrum of FBG fiber is shown in Fig. 14. For comparative
reason, the spectrum of the FBG fiber before it was coated was obtained.
It was observed that the reflectivity spectrum was lower in the overall
optical power compared to the uncoated FBG curve. However, similar
power curves resulted from the broadband ASE was still visible and most
importantly, the peak wavelength was not perturbed at all. The peak
power at 1550 nm for the ZnO-HMT curve is nearly equal to that of blank
FBG fiber. The purpose of this coating on FBG attempt was to examine
whether there was a great disturbance on the 1550 nm peak upon
coating. It was clearly observed that the peak and its power was not
affected at all after the ZnO-HMT has been coated. This has shown the
possibility of coating ZnO-HMT onto the FBG without impacting its
Bragg peaks.

4. Conclusion and recommendation

All analysis had been performed on ZnO samples and its additive
loaded counterpart. Based the morphological results, both samples are
from different nanostructures of ZnO. The creased nanosheets of ZnO
became hemispherical crystals when loaded with HMT at lower
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temperature hydrothermal synthesis. The differences between these
samples has been further quantified with the weighing technique
adapted from ASTM hygroscopic test technique. ZnO and ZnO-HMT
both exhibits hygroscopic behaviour within humid and dry environ-
ment. The additive loaded ZnO have shown better hygroscopic via the
weighing method by having a slightly steeper gradient compared to the
original ZnO. The increase in gradient steepness correlates to how much
water has been adsorbed onto the nanostructure surface upon increasing
humidity. XRD analysis conforms that no elemental or distinct crystal
structural changes occurred on ZnO when a heterocyclic additive has
been added and synthesized at lower temperatures. Additionally, EDS
was performed together with FESEM for elemental conformation on
images and have shown that only Zn and O atoms are dominant in view.
A low temperature synthesized; ZnO-HMT is potent to be used as a hu-
midity sensor.

The applied technique carried out in this study bears favourable
output to the extent that a material can be characterized as hygroscopic.
However, it bears weakness that can however be improved in future
studies. These gaps in the technique may help in producing more reliable
or accurate results for material hygroscopic characterization. In
weighing samples in the microbalance, it is favoured to have the
chamber sealed as perfectly as possible. When the chamber is fully
sealed, humidity may be able to be lower or higher depending on how
much the RH contributor material present together with the sample
inside the chamber itself. ZnO synthesis comes in various methods and
most journals reported ZnO with well-shaped or uniform nanostructures
involves annealing the material at much higher temperatures. Uniform
and rougher nanostructures with higher surface areas are known to be
able to exhibit better water absorbency. Therefore, for forming more
quality and higher surface area nanostructures, high temperature of
more than 200 °C may be favourable depending on the capability of an
industry.
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Appendix A
Table Al
Table A1
Hygroscopic techniques.
Technique Parameter Involved Sample form Ref.
Weighing method o Weight of sample Powders/thin film  [9]
e Time of exposure
e humidity
manipulation
e Open environment
Weighing method e Weight of container Liquids/pigment [10]
e Weight of sample
e Vacuum
Environment
e Time of exposure
Simulation with real e Simulation with Actual room with [12]
environment data actual room environment data
e Microscopic
observation
Black-spot ratio count o Black-spot count via  Thin film layer of [14]
microscope solar cell
observation
Tandem nano-differential e Particle size Nano droplets [13]

mobility analysis Film thickness

(TDMA)
Microscopic observation + e Humidity Thin film [15]
humidity sensing manipulation
performance o Film thickness
comparison e Pore sizes
Microscopic observation e Film thickness Thin film [16]
o Pore sizes
e Nanoparticle
diameters
Microscopic observation e Temperature Powder [17]
e Pressure
o Humidity
manipulation
Sum of frequency e Chemical functional Thin film [18]
generation spectroscopy group
(SFG) e Microscopic
observation
Quartz crystal e Weight of sample Thin film [11]

microbalance (QCM)
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