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ABSTRACT
Regulations have been established across various industries, especially in food 
and agriculture industries, due to the importance in maintaining optimal humid-
ity level. Excessive humidity led to risk of microbial growth, whereas dry condi-
tions caused adverse effects in product quality. Among all the studies, modifica-
tion in surface morphology for the increase in surface area and active sites has 
been reported as a critical approach for the enhancement of humidity sensing. 
Both amphoteric and cationic surfactants are organic compounds which act as 
an effective structure regulator for the synthesis of reactive materials, owing to 
their capability in forming high porosity nanostructure for increase water-surface 
interaction. In this study, hexamethylenetetramine (HMT) and cetyltrimethyl-
ammonium bromide (CTAB) were selected for the modification of surface mor-
phology of tin dioxide (SnO2) and zinc oxide (ZnO). Precursor solutions of addi-
tive-enhanced SnO2 and ZnO were coated onto glass substrates for morphology 
characterization. Hygroscopicity test was carried out to examine the interaction 
between the synthesized nanostructures and the ambient moisture. The effect of 
additive concentration towards change in material properties was investigated. 
The observation from the experiment revealed that equimolar additive and reac-
tive material at 0.010 M enhanced the water-surface interaction of metal oxide 
nanostructures significantly. This allows the nanostructures to be used as a reac-
tive material for humidity sensors, enabling applications in humidity-sensitive 
industries.
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1 Introduction

1.1 �Humdity sensing mechanism

Relative humidity (RH) refers to the water vapor satu-
ration of air in comparison with the maximum amount 
that can be held at a specific temperature. Humidity 
sensing refers to the measurement of moisture, usually 
express as RH [1]. The sensing mechanism is based on 
adsorption and desorption of water molecules by the 
hygroscopic nanostructure, which changes the optical 
or electrical properties of the sensor [2]. At lower RH 
level, the adsorption mechanism is dominant by chem-
isorption, where chemical bonds such as covalent, 
metallic, or ionic form between functional groups and 
surface of nanostructure [3]. With RH level increas-
ing, the physisorption become dominant, where water 
molecules accumulate on the active sites of nanostruc-
ture via weak Van der Waals forces, forming mono- or 
multilayer adsorption. The continuous increase of RH 
led to capillary condensation, where vapor condenses 
within the pores of nanostructures. At this stage, the 
water molecules trapped within the pores of nano-
structure and leading to poor desorption. Hysteresis 
may occur due to the capillary condensation at high 
RH. It is an irreversible process for the nanostructure 
to return to its original form, jeopardizing the water 
adsorption and desorption process and impacting the 
sensors response time and accuracy [4]. Humidity 
sensors require high sensitivity and accuracy, good 
linearity, fast response or recovery times, and high 
repeatability to meet industry standards for multiple 
applications [5]. For food and beverages, processing, 
storage, and distribution require high accuracy humid-
ity sensors to maintain product quality [6]. Dry storage 
at RH from 50 to 70% are effective in reducing average 
bacterial populations [7]. For long period cold storage, 
a near saturated RH for more than 90% reduces water 
loss, maintains the color and texture, and prolongs the 
lipid peroxidation of fresh foods [8, 9].

1.2 �Reactive material for humidity‑sensitive 
industries

For agriculture applications, including greenhouse 
air monitoring, soil moisture detection, and dew 
prevention, humidity sensors are necessary to 
increase crops yield [10]. The RH requirements of 
green house for optimal crops growth usually range 
between 50 to 80%RH [11]. The plant leaves show 

best performance of color and chemical composition 
at 70%RH [12]. The germination process is improved 
under 80%RH for plant sprouting [13]. Maintaining 
RH below 80% is also important to prevent disease 
among crops [14].

Carbon-based materials have been investigated 
for humidity sensing in smart packaging of food and 
pharmaceutical products [15]. Various modification 
techniques including doping, nanocomposites, and 
surface modification have demonstrated improvement 
in humidity sensing performance. In addition, ceram-
ics and polymer-based materials have been studied for 
tracking food decomposition [16]. The result reported 
that enhanced sensitivity and selectivity of electronic 
responses to the targeted analytes can be achieved. 
Coating polymer-based materials on optical fibre sen-
sors has also been developed for improved functional-
ity, measurement range, sensitivity, and linearity in 
agriculture humidity sensing [17]. Other than that, 
metal oxide-based material such as lanthanum fer-
rite (LaFeO3), zinc oxide (ZnO), and titanium dioxide 
(TiO2) has been explored for moisture detection for 
agriculture applications [18–20].

The materials exhibited improved sensitivity, high 
stability after long period deployment, and good sen-
sor response for moisture detection of different soil 
samples. The tunable surface morphology to increase 
surface area is another advantage of metal oxide-based 
materials [21]. Both ZnO and tin dioxide (SnO2) can be 
synthesized into nanoflower, nanoparticle, nanorod, 
and other surface morphology as illustrated in Fig. 1 
via various synthesis techniques [22–24]. These surface 
morphology with high porosity and large surface area 
improved the water-surface interaction by increase 
the active sites for water adsorption and desorption 
mechanism, leading towards improved humidity sens-
ing performance [25]. On the contrary, surface mor-
phology with clustering limits the surface area and 
therefore result in lower sensitivity in humidity sens-
ing applications [26].

To meet the market challenges, humidity sensors 
based on nanomaterials have been under development 
for enhanced reliability and accuracy [27]. However, 
the sensor response, sensitivity, hysteresis, and reli-
ability of hygroscopic nanomaterials require further 
improvement in broadening sensing applications. 
Various techniques such as doping, nanocomposite, 
or surface modification have been explored to ena-
ble advanced sensing technology [28, 29]. Additive-
enhanced technique has been reported as one of the 
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surface modification techniques that enhance sensing 
performance of pure metal oxide materials [30].

The amphoteric and cationic surfactants are com-
mon additives that influence the nucleation for the 
formation of various morphology in nanostructures 
[31]. The amphoteric surfactant exhibits larger head-
groups compared to surfactants from other categories, 
leading to formation of micelle around the cluster of 
nanoparticles [32]. This material properties result 
in uniformly distributed porous structure, which 
increase the water-surface interaction [33]. The cati-
onic surfactant possesses capability in self-assembly, 

corrosion resistance, and provides stability in micelles 
formation during synthesis of nanostructure [34]. The 
long chain of carbon atoms of cationic surfactant also 
helps to prevent agglomeration, increasing the poros-
ity of formed nanostructures [35]. The applications 
of the additives and their effect on metal oxide were 
illustrated in Table 1, while different nanostructure 
and their humidity sensing mechanisms were listed 
in Table 2.

The hexamethylenetetramine (HMT) and cetyltri-
methylammonium bromide (CTAB) are amphoteric 
and cationic surfactants which demonstrate high 

Fig. 1   Morphology of a SnO2 nanoflower synthesize via hydro-
thermal technique. Adapted from [22], b ZnO nanoparticle syn-
thesize via controlled chemical reaction. Adapted from [23], and 

c ZnO nanorods synthesize via hydrothermal technique. Adapted 
with permission from [24]

Table 1   Application of amphoteric and cationic additives in metal oxide

Reactive material Additive Role of additive Application Refs

Titanium dioxide-nickel (II) 
oxide (TiO2–NiO)

Laurylamine hydro-
chloride (LAHC)

Formation of mesoporous nanostructure Not reported [38]

TiO2 CTAB Increase porosity Gas sensing [39]
ZnO CTAB Redistribution of crystallite grains Not reported [37]
ZnO HMT Promoting anisotropic growth Gas sensing [36]
ZnO CTAB Formation of nanoflake Humidity sensing This work
SnO2 HMT Formation of nanoparticle Humidity sensing This work

Table 2   Humidity sensing mechanism of various nanostructure

Nanostructure Mechanism Achievement Ref

SnO2 nanostructure Surface adsorption via hydrogen bond Increase conductivity of electrical sensor [40]
ZnO/SnO2 nanocomposite Increase oxygen vacancies Fast response and recovery speed [41]
SnO2/MCM-48 mesoporous Surface adsorption via hydrogen bond High surface area [42]
Additive-enhanced ZnO and SnO2 Additive-controlled porous network Enable optical fibre humidity sensing This work
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compatibility with metal oxide, acting as structure-
directing agents in modifying surface morphology 
of pure metal oxide. HMT-enhanced ZnO has been 
investigated for sensing applications, the role of HMT 
in promoting anisotropic growth leading to improved 
sensing properties of the ZnO nanostructures has been 
reported [36]. Whereas CTAB has demonstrated the 
capability in redistribution of crystallite grains of ZnO 
to achieve improved structural and optical proper-
ties [37]. To the best of our knowledge, applications 
of HMT and CTAB as amphoteric and cationic sur-
factants to achieve additive-controlled morphology 
and their impact towards humidity sensing proper-
ties of SnO2 and ZnO have yet to be examined. This 
paper aims to investigate the optimal stoichiometric 
balance between precursor and additive by examin-
ing the effect of HMT and CTAB concentration via 
hygroscopicity test and material characterization. The 
paper also aims to examine the correlation between 
material characteristics such as water adsorption–des-
orption behavior, porosity, aggregation with humid-
ity sensing performance by conduct optical spectrum 
analysis upon coating the additive-enhanced metal 
oxide onto one of the optical fibre sensors for real-life 
applications.

2 �Materials and methods

2.1 �Hydrothermal synthesis

The hydrothermal synthesis allows chemical reac-
tions within aqueous solution under high pressure 
and temperature, creating high purity materials with 
tunable morphology [43]. The synthesis method as 
shown in Fig. 2, which has been reported in previous 
paper [44], involved preparation of precursor solution 
by mixture of tin (II) chloride dihydrate (SnCl2·2H2O) 
or zinc acetate dihydrate (Zn(CH3COO)2·2H2O) with 
ethanol and NaOH and proceed with sonication. The 
drop cast samples were subject to oven which preset to 
140 °C for 3 h annealing. The HMT acted as the addi-
tive during the synthesis of SnO2 whereas the CTAB 
was selected as the additives for synthesis of ZnO. The 
concentration of SnO2 and ZnO were fixed at 0.010 M, 
which is 2256.4 and 2195.0 mg respectively. While the 
additive concentration increased and decreased as 
illustrated in Fig. 3, where 2803.80, 1401.90 mg, and 
700.95 of HMT and 7289.00, 3644.50, and 1822.25 mg 

of CTAB were added to achieve concentration of 0.020, 
0.010, and 0.005 M, respectively.

2.2 �Hygroscopicity test

Various techniques have been applied to quantify the 
moisture content or water uptake in nanomaterials, 
including gravimetric, dynamic vapor sorption (DVS), 
and quartz crystal microbalance (QCM). A gravimetric 
test method provides adsorption–desorption analysis 
when target material interacts with water vapor by 
high precision weighing. The water uptake or loss is 
recorded under defined duration to characterize the 
hygroscopicity, given by [45]:

where mt refer to the mass of the reactive material 
after water adsorption, and m0 refer to mass of the 
oven-dry reactive material.

DVS is an automated gravimetric method, where 
the RH is controlled by flow of carrier gas [46]. This 
method requires high complex setup of equipment to 
measure sorption isotherm and is often used to study 
the state of equilibrium of target material. QCM offer 
real-time monitoring of adsorption kinetics and allow 
multiparameter detection up to nanogram scale detec-
tion [47]. This test method requires custom signal-pro-
cessing algorithms and is often applied in chemical 
or biosensing applications [48]. A modified gravimet-
ric technique was applied for hygroscopicity test in 
this paper, in accordance to ASTM requirements [49] 
owing to the low complex equipment setup for testing 
single material at a time, offering a cost-effective and 
reliable approach for hygroscopicity assessment in the 
scale of milligram.

2.3 �Material characterization

Various characterization techniques have been con-
ducted in the experiment to understand the molecu-
lar composition, material structure, surface morphol-
ogy, and thermal performance of both SnO2-HMT and 
ZnO-CTAB. Fourier Transform Infrared Spectroscopy 
(FTIR) is a method to identify the fingerprint of the 
material compound by analyzing the distribution of 
chemical functional groups based on the interaction 
between material and IR beam [50]. These chemical 
functional groups are also important to reveal the 

(1)Mass Uptake =

m
t
−m

0

m
0
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Fig. 2   Lab setup for hydrothermal synthesis involving a preparation of precursor solution, b sonication, c drop cast for sample coating, 
and d annealing
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impact of additive concentration towards reactive 
material. While the O–H stretching vibration reveals 
the water-surface interaction of additive-enhanced 
SnO2 and ZnO with ambient humidity. The equipment 
and sample preparation of FTIR involved running ini-
tial scan on empty sample holder and placing the solid 
samples onto sample holder, which cleaned with iso-
propyl after every use. The IR beam interacted with 
molecular bonds of the samples and the interferogram 

signal was captured by the detector. A Fourier trans-
form algorithm was applied to convert the interfero-
gram into an intensity vs. wavenumber curve, known 
as the FTIR spectra. The illustration of lab setup for 
sample placement and FTIR spectra acquisition were 
illustrated in Fig. 4.

Microscope imaging is a low complex visual inspec-
tion technique to observe structural changes and pro-
vide comparison of reactive material under different 

Fig. 3   Block diagram of 
sample preparation



J Mater Sci: Mater Electron         (2026) 37:1230 	 Page 7 of 23  1230 

additive concentration. The methods in obtaining 
microscope images involved placing and securing 
the glass slide on stage, projecting and adjusting the 
light source, focusing the lens to obtain images, and 
continuing fine tuning the lens and light source until 
a sharp image was observed. The Field Emission Scan-
ning Electron Microscope (FESEM) is important in vis-
ualizing the change of material surface morphology 
under various additive concentration through high 

resolution imaging in nanoscale. The methodology 
involved preparing samples by applied gold coat-
ing on post-annealed SnO2-HMT and ZnO-CTAB for 
conductivity, placing the samples into FESEM cham-
ber under high vacuum, scanning on coated samples 
with a focused electron beam from a field emission 
gun, and detecting backscattered electrons to gener-
ate high-resolution FESEM images. The illustration of 

Fig. 4   Lab setup for FTIR 
involving a sample placement 
and b FTIR spectra acquisi-
tion

Fig. 5   Lab setup for FESEM 
involving a sample place-
ment and b FESEM images 
acquisition
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lab setup for sample placement and FESEM images 
acquisition were illustrated in Fig. 5.

Thermogravimetric analysis (TGA) was used 
to measure the thermal decomposition of samples 
under incremental temperature. This characterization 
method provides insight towards thermal stability of 
the reactive materials under various additive concen-
tration. The characterization steps involve placing the 
sample into furnace under controlled nitrogen atmos-
phere with flow rate of 30 ml/min, allowing the tem-
perature to heat up from 30 to 500 °C with heating 
rate of 10 °C/min, and recording the weight vs. tem-
perature curve for comparative study of the weight 
loss of the metal oxides under different additive con-
centrations. The illustration of lab setup for sample 

placement and equipment readiness were illustrated 
in Fig. 6.

2.4 �Optical spectrum analysis

To validate the humidity sensing application of the 
reactive material, the SnO2 with 0.01 M HMT was 
selected for coating onto a FBG with tilted grating pro-
file, which is a type of optical fibre sensor with advan-
tages in high resolution and capability of multiparam-
eter sensing [51]. The sensor is designed to detect shift 
in transmitted wavelength of the FBG core mode upon 
expose to environmental change such as temperature, 
strain, or humidity. The equipment setup, as illus-
trated in Fig. 7, connected one end of the coated FBG 

Fig. 6   Lab setup for TGA 
involving a sample placement 
and b equipment readiness

Fig. 7   Illustration of lab 
setup for optical spectrum 
analysis
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to light source for incident wavelength, and another 
end to the optical spectrum analyzer (OSA) to record 
the transmitted wavelength.

3 �Result and discussion

3.1 �Hygroscopicity test

The hygroscopicity test is a modified gravimetric 
analysis method to measure water adsorption and 
desorption by recording the mass change of the reac-
tive material at different humidity level [52]. All 
six samples obtained from hydrothermal synthesis 
were inserted into a seal chamber as shown in Fig. 8, 
where the RH was adjusted by insertion or removal 
of humidity control substances. The weight change of 
every 10%RH was recorded from 40 to 80% increase 
RH, and 80 to 40% decrease RH as illustrated in Figs. 9 
and 10. The m value and R2 value were calculated based 
on the mass uptake ratio at different RH levels. Higher 
m value can be interpreted as enhance water adsorp-
tion and desorption, higher R2 value can be interpreted 
as strong correlation of the linear regression model 
and represent better accuracy of the humidity sensing 
model. The m value and R2 value of respective samples 
were summarized in Table 3 while the individual mass 
change of each sample was listed in Table 4. The result 
showed 0.010 M HMT contributed to the optimized m 
value and R2 value compared to 0.020 and 0.005 M con-
centration, indicating the best performance in humid-
ity sensing of SnO2-HMT at equimolar concentrations 
between the metal oxide and additive. Increasing the 
HMT concentration led to slightly higher m value dur-
ing decremental RH but leading to lower R2 value as 
compared to 0.010 M, whereas decreasing the HMT 
concentration led to lower m value and R2 value.

The ZnO-CTAB sample showed highest m value at 
0.005 M CTAB concentration, however, the R2 value 

was low (< 0.9). Minimal water uptake was observed 
during increasing RH from 50 to 70%RH and during 
decreasing RH from 60 to 40%RH. With the CTAB con-
centration decreased to 0.010 M, the m value decreased 
slightly but showed significant improvement in the 
R2 value (> 0.9). By increasing the CTAB concentra-
tion to 0.020 M, the m value is approximately 2 × lower 
compared to 0.010 M. Hence, the equimolar additive 
concentration was recommended to achieve optimal 
humidity sensing performance of ZnO-CTAB. Among 
all six samples, the equimolar SnO2-HMT exhibited 
greatest m value and R2 value throughout increasing 
and decreasing RH. The reason that CTAB is less supe-
rior in hygroscopicity can be due to the hydropho-
bic environment caused by − N(CH3)3

+ headgroup of 
CTAB, leading to minimal water-surface interaction 
[53].

3.2 �FTIR analysis

From the FTIR spectra as illustrated in Figs. 11 and 
12, ranging from 4000 to 420 cm−1, The O–H stretch-
ing vibration was represented by wavenumber 
3000–3800 cm−1, the Sn–O stretching vibration was 
represented by wavenumber 400–700 cm−1, the Zn–O 
stretching vibration was represented by wavenum-
ber 400–550 cm−1, and the lattice vibrations of Zn − O 
bonds was represented by wavenumber 600–700 cm−1. 
The individual peaks that represent presence of HMT 
functional group were ~ 820  cm−1, ~ 1050  cm−1, ~ 12
50 cm−1, and ~ 1670 cm−1 [54]. The individual peaks 
at ~ 2918 cm−1 and ~ 2850 cm−1 attributed to two dif-
ferent CH bands vibration of the –CH2 group in CTAB 
[55]. The observed peaks at ~ 962 cm−1 and ~ 907 cm−1 
corresponded to C−N+ stretching modes of CTAB, 
while the peaks ranging from 1300 to 1680 cm−1 iden-
tified CH2 scissoring mode of vibration of CTAB and 
O–H bending mode of water molecule [56].

The individual peaks that represent presence of 
HMT functional group can significantly be observed 
for sample with 0.010 and 0.020 M. On the contrary, 
the spectra were flat in this range of wavenumber 
for sample with 0.005 M, indicating minimal inter-
action between HMT and SnO2. The CTAB sample 
with 0.020 M showed flat spectra of O–H stretching 
vibration due to poor water-surface interaction of the 
sample, which validated the result from the hygrosco-
picity test, where the m value was significantly lower 
compared to other samples.

Fig. 8   Illustration of lab setup for hygroscopicity test
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3.3 �Microscope image

The selected magnification for microscope images 
was 20x, applied across all six samples to observe 
the change of surface structure with increasing and 
decreasing additive concentration as shown in Figs. 13 
and 14. Increasing HMT concentration on SnO2 led to 
aggregation and irregular surface structure. Whereas 
decreasing HMT concentration led to poor adhesion 
of the metal oxide, causing the material to crack and 
peel off from the substrate after annealing process. 
This can be due to incomplete surface modification or 
insufficient surface tension of SnO2 with low additive 
concentration. A more uniform nanostructure can be 
obtained by maintaining the same concentration for 
both HMT and SnO2, where potential nanoparticle 
formation was observed. With increasing CTAB con-
centration, a more compact nanoflake-like structure 
was observed, leading to the irregular surface of ZnO. 
Decreasing CTAB concentration causing formation of 
irregular nanoflake-like structure. With same CTAB 
and ZnO concentration, more uniform surface with 
formation of nanoflake-like structure can be clearly 
observed. These results demonstrate that the surface 
structure of metal oxide can be modified significantly 
under different additive concentrations.

3.4 �FESEM analysis

All samples were subjected to FESEM analysis 
under ×2000 and ×30,000 magnification, as illus-
trated in Figs. 15 and 16, except SnO2 sample with 
0.005  M HMT concentration with poor adhesion 
of the metal oxide. The surface morphology was 
distinguished by the structural appearance of the 
nanostructure via FESEM images and was defined 
based on the similar morphology reported in previ-
ous work [23, 57]. Formation of nanoparticle can be 
clearly observed with samples of SnO2 with equimo-
lar HMT. The porosity of the nanoparticle can also 
be evidenced by FESEM analysis where a sponge-
like nanostructure was formed. Whereas increasing 
additive concentration led to aggregation of SnO2, 
where large, clustered particles were formed. The 
aggregation blocks diffusion pathways, decreasing 
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the accessible porosity [58]. In addition, the clus-
tered particles reduced effective surface area, limit-
ing the accessibility of active sites [59]. The nanoflake 
across ZnO surface become compact with increased 
concentration of CTAB, whereas lower concentra-
tion of CTAB led to less organized nanoflake. The 
aggregation with increase additive concentration can 
be due to formation of excess micelles, caused by 
the hydrophilic head and hydrophobic tails of the 
additive [60]. Aggregated nanostructure often leads 
to reduce porosity and active sites, restricting the 
water-surface interaction [61]. The reduced water-
surface interaction due to aggregation validated 
the hygroscopicity test result, where high additive 
concentration showed poor m value throughout the 
humidity cycle. On the contrary, with decrease addi-
tive concentration, minimal or no micelles formation 
as the additive concentration is below critical micelle 
concentration (CMC) [62], causing the formation of 
irregular nanoflake of ZnO. The FESEM cross-sec-
tional view of equimolar SnO2-HMT and ZnO-CTAB 
under ×300 magnification reported a nanostructure 
thickness of ~ 47 to 58 µm and ~ 87 to 97 µm. respec-
tively, as shown in Fig. 17 and 18. The nanostruc-
ture exhibited high stability with no delamination 
detected upon exposure to humidity cycle.

3.5 �TGA analysis

Few weight loss stages were observed from the TGA 
analysis result as illustrated in Figs. 19 and 20, where 
the initial stage around 100 °C was caused by dehydra-
tion of the samples and the second stage corresponded 
to the release of volatile organic additives [63]. The 
HMT decomposed at temperature around 237 °C [64], 
while the CTAB decomposed within the temperature 
range of 220 to 350 °C [65]. All SnO2-HMT samples 
showed significant weight loss at the initial stage, 
indicating increase water desorption of the samples 
under high temperature conditions. With the increase 
of additive concentration, the weight loss percentage 
of second stage getting larger due to the decomposi-
tion of high HMT concentration. The ZnO-CTAB sam-
ples did not show significant dehydration at the initial 
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stage, which validated the result of hygroscopicity 
test where lower m value of ZnO-CTAB was observed 
compared to SnO2-HMT. However, the weight loss 

percentage at second stage is still significant with 
increase CTAB concentration.

Table 3   Summary of 
hygroscopicity test result

Reactive materials Additive concen-
tration (M, molar)

m value 
incremental 
RH

m value 
decremental 
RH

R2 value 
incremental 
RH

R2 value 
decremental 
RH

SnO2-HMT 0.020 0.1290 0.1602 0.92 0.95
0.010 0.1370 0.1422 0.97 0.96
0.005 0.0758 0.1057 0.89 0.98

ZnO-CTAB 0.020 0.0184 0.0201 0.89 0.91
0.010 0.0360 0.0340 0.98 0.91
0.005 0.0376 0.0491 0.83 0.81

Fig. 11   FTIR analysis of 
0.020 M, 0.010 M, and 
0.005 M HMT concentrations 
with comparison with pure 
SnO2 and HMT
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tions with comparison with 
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3.6 �XRD

XRD analysis served as a validation test to analyze 
the crystallite size, which calculated based on the 

Scherrer equation, given by:

where D is the crystallite size, K is the Scherrer con-
stant, λ is the X-ray wavelength (0.15406 nm), β is the 

(2)D =
K�

�cos�

Fig. 13   Microscope image under ×20 magnification for a 
0.020 M HMT, b 0.010 M HMT, and c 0.005 M HMT

Fig. 14   Microscope image under ×20 magnification for a 
0.020 M CTAB, b 0.010 M CTAB, and c 0.005 M CTAB
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full width half maximum (FWHM) in radians, and θ 
is the Bragg angle in radians.

For the equimolar SnO2–HMT, the major peak 
positions (2θ) at 23.197, 26.721, 32.900, 52.180, 
58.496, and 73.367°, were corresponding to crystal-
lite size of 57.938, 62.821, 55.232, 49.150, 37.943, and 
90.066 nm. Similar result where crystallite size ~ 45 
to 65 nm have been reported for SnO₂ nanostruc-
tures [66].

3.7 �Optical spectrum analysis

The SnO2-HMT coated FBG was exposed to humidity 
cycle from 40 to 80%RH and back to 40%RH, repeat-
ing same test conditions as per the hygroscopicity 
test. The shift in wavelength of every 10%RH was 
recorded as shown in Fig. 21. The wavelength shift 
was dominant by swelling of the reactive materials 

during water uptake, in which the swelling effect was 
transferred to the FBG and induced a strain change 
of the sensing region. This effect led to refractive 
index perturbation, which resulted in shift of wave-
length captured by the optical spectrum analyzer 
(OSA). A sensitivity of 0.239 and 0.372  pm/%RH 
was obtained from three repetition cycles of incre-
mental and decremental RH, respectively. The linear 
coefficient is > 0.97 throughout the humidity cycles. 
A previous study reported coating tilted FBG with 
PEDOT:PSS, a type of conductive polymer and 
reported sensitivity of 3.67  pm/%RH from 20 to 
80%RH, with linear coefficient of 0.912 [67]. Another 
research demonstrated coating on a tilted FBG with 
polyvinyl alcohol (PVA) and graphene oxide (GO) 
and obtained sensitivity of − 0.24 pm/%RH from 35 
to 85%RH [68]. The time elapsed for each 10% RH 
interval is shown in Fig. 22 with a 15 min waiting 

Fig. 15   FESEM images under ×2000 and ×30,000 magnification for a 0.020 M HMT, and b 0.010 M HMT



J Mater Sci: Mater Electron         (2026) 37:1230 	 Page 15 of 23  1230 

Fig. 16   FESEM images under ×2000 and ×30,000 magnification for a 0.020 M CTAB, b 0.010 M CTAB, and c 0.005 M CTAB
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Fig. 17   FESEM cross-
sectional view under ×300 
magnification for 0.010 M 
HMT

Fig. 18   FESEM cross-
sectional view under ×300 
magnification for 0.010 M 
CTAB
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time for wavelength shift. The calculated hysteresis, 
given by the ratio of difference between adsorption 
and desorption responses to the difference within 
the tested humidity range. The hysteresis at 70%RH 
close to 10.21%, increasing with decremental RH and 
reaching ~ 33.54% at 40%RH. The low hysteresis at 
high RH suggested limited improved reversibility of 
the sensor after exposure to humidity cycle. Whereas 
the increased hysteresis at low RH region can be due 
to the shrinkage of coating material did not transfer 

back to the sensing region with the same efficiency 
during desorption.

4 �Conclusion

The paper summarized the impact of HMT and 
CTAB concentration towards the hygroscopicity, 
structural, morphology, and thermal properties of 
SnO2 and ZnO. Both SnO2-HMT and ZnO-CTAB 
showed improved hygroscopicity under equimolar 
additive concentration. A more uniform surface 
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Fig. 19   TGA analysis of 0.020 M, 0.010 M, and 0.005 M HMT 
concentrations
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Fig. 20   TGA analysis of 0.020 M, 0.010 M, and 0.005 M CTAB 
concentrations
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morphology was formed under concentration of 
0.010 M for both additive and reactive material. 
Maintaining the equimolar  concentrat ions 
between additive and reactive material promotes 
stoichiometric balance, establishing a dynamic 

equilibrium that allows optimal interaction 
for controlled nucleation and uniform growth 
of nanostructure [69]. Whereas increasing the 
additive concentration led to excess formation 
of micelles and vice versa, causing the irregular 
surface morphology which jeopardized the water 
adsorption and desorption mechanism. The 
thermal properties of reactive materials were also 
impacted by additive concentration, where higher 
concentration increases the decomposition rate, 
reducing the thermal stability of the materials. By 
optimizing the additive concentration, enhanced 
humidity sensing can be achieved, with a sensitivity 
up to 0.372 pm/RH and fitting coefficient > 0.97. 
Further research can be carried out by coating the 
additive-enhanced reactive materials via different 
coating methods onto sensing devices for fast 
response and recovery time, good repeatability 
and stability, and increase sensitivity, enabling 
real-time detection in humidity sensitive industry 
including agriculture, food and beverage, and 
semiconductor [70, 71].
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See Table 4 and Figs. 23 and 24.

Table 4   Summary of mass 
change in reactive material 
under different additive 
concentration

Reactive materials Additive concentra-
tion (M, molar)

Relative humid-
ity (%RH)

Mass (mg), incre-
mental RH

Mass (mg), 
decremental 
RH

SnO2-HMT 0.020 40 55.50 55.07
50 56.27 55.30
60 56.40 56.73
70 57.90 57.67
80 58.00 58.00

0.010 40 72.33 72.37
50 72.57 72.57
60 73.77 74.00
70 74.83 75.27
80 75.93 75.93

0.005 40 52.47 51.73
50 52.30 52.43
60 53.13 53.00
70 53.33 53.47
80 53.80 53.80

ZnO-CTAB 0.020 40 109.70 109.53
50 110.10 109.80
60 110.03 109.93
70 110.43 110.00
80 110.50 110.50

0.010 40 68.07 68.13
50 68.27 68.40
60 68.50 68.77
70 68.87 69.00
80 68.97 68.97

0.005 40 60.07 59.50
50 60.23 60.33
60 60.20 60.43
70 60.83 60.47
80 60.83 60.83
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