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Introduction. The growing demand for real-time environmental monitoring technologies has led to increased interest
in high-performance humidity sensors with rapid response, high sensitivity, and long-term stability. Zinc oxide (ZnO) is a
widely used semiconducting oxide material for such applications due to its chemical stability and sensitivity to humidity
variations. However, its performance can be further enhanced through material engineering. This study investigates the
doping of ZnO nanoparticles with nanographite material (NGM) to improve humidity-sensing characteristics. The purpose
of the work is to develop ZnO—-NGM nanocomposite-based capacitive humidity sensors with improved response/recovery
time and sensitivity by modifying the electronic and surface properties of ZnO through NGM doping. Research methods.
ZnO-NGM nanocomposites with varying NGM content (1 wt.%, 2 wt.%, 4 wt.%, 5 wt.%, and 10 wt.%) were synthesized via
a chemical precipitation route. The optical behavior of pure ZnO was analyzed using UV-Vis spectroscopy, which revealed a
sharp absorption edge at 367 nm, indicating a bandgap near 3.3 eV. Structural and morphological properties were examined
using X-ray diffraction (XRD) and scanning electron microscopy (SEM), confirming NGM integration and enhanced surface
porosity. The composite sensing films were deposited onto FTO-coated glass substrates using the ‘doctor blade’ method to
fabricate the capacitive sensors. The sensing performance was evaluated in a nitrogen-controlled chamber over a relative
humidity (RH) range of 10% to 95%, with capacitance measurements recorded across a frequency range of 10 kHz to 1
MHz. Results and discussion. Among all tested compositions, the 4 wt.% NGM-doped ZnO sensor demonstrated the best
performance, with a rapid response time of 4.0 s, a recovery time of 6.2 s, and excellent sensitivity. These improvements
are attributed to enhanced surface conductivity and more active adsorption-desorption kinetics due to NGM. The developed
sensors show strong potential for integration in real-time environmental monitoring systems, industrial automation, and
smart home humidity control applications. The incorporation of nanographite into ZnO matrices significantly enhances
humidity-sensing capabilities. The ZnO-NGM composite, particularly at 4 wt.% doping, offers a promising pathway for the
development of next-generation, high-efficiency humidity sensors.

For citation: Waheed F., Qayoom A., Shirazi M.F. Fabrication, characterization and performance evaluation of zinc oxide doped nanographite
material as a humidity sensor. Obrabotka metallov (tekhnologiva, oborudovanie, instrumenty) = Metal Working and Material Science, 2025,
vol. 27, no. 3, pp. 183-204. DOTI: 10.17212/1994-6309-2025-27.3-183-204. (In Russian).

Introduction

Humidity sensors have significant applications in agriculture, food technology, medical diagnostics,
and environmental monitoring due to the increasing need for real-time, accurate measurements in state-
of-the-art intelligent systems. Low power consumption, rapid response, stability, and low cost are key
requirements of contemporary sensors [1-2]. A research paper discusses a flexible humidity sensor that
can sense minor changes in breath for medical use [3-4]. Similarly, another study presents highly sensitive
humidity sensors constructed with carbon nanotube composites, emphasizing rapid response times suitable
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for various environments [5]. Another study showcases the efficacy of using encapsulated ionic liquids in
nanostructured frameworks for enhanced humidity sensing capabilities, reinforcing the trend of leveraging
novel materials for improved performance [6]. Self-powered and biocompatible sensors are increasingly
under research, and graphene oxide-based humidity sensors promise energy-efficient, sensitive detection
[7]. An rGO:MoS:-based temperature-integrated humidity sensor proves the versatility of its applications
in reality [8]. Research investigating 7i0,-SnS, heterostructures for use in humidity sensors emphasizes the
advantages of nanoarchitectures in enhancing sensor performance [9-12].

Metal oxide humidity sensors, like ZnO, TiO-, and SnO-, are commonly researched for their stability and
moisture sensitivity and measure humidity through capacitance or resistance changes after water adsorption
[1-3]. These characteristics make ZnO an exceptionally versatile material for fabricating high-performance
humidity sensors. Furthermore, the tunable electronic properties of ZnO, achieved through doping with
various elements and precise nanostructuring, allow for fine-tuning of the sensor’s performance to meet
specific application requirements [ 13-14]. Nanographite material (NGM), which is green synthesized from
orange and lemon peels, improves ZnO-based humidity sensors with enhanced charge transfer, adsorption
ability, and stability, thereby supporting sustainable nanotechnology [10].

Recent studies emphasize the need for improvements in response times and recovery cycles in humidity
sensors, highlighting that these parameters are critical for effective real-time applications [15-16]. A study
conducted by Ullah et al. demonstrated that by integrating nanographite with metal oxides, the resulting
sensor achieved significant reductions in response and recovery times, addressing previous limitations [17].
Furthermore, research by Chaudhary et al. emphasized the importance of utilizing innovative architectures
and materials to enhance the sensor’s overall performance metrics [18]. Moreover, the study by Li ef al.
outlined the effectiveness of doping ZnO with nanographite in improving the sensor’s performance at
various humidity levels, showcasing its potential for practical application [13]. The tunability of electronic
properties through the introduction of nanographite provides researchers with new avenues for enhancing
sensor reliability and efficiency, making them more suitable for integration into /o7 and smart technology
frameworks [14]. Despite the aforementioned studies, there is still a need for enhancement of zinc oxide-
based nanosensors for lower response times.

Despite these advancements, there is still a clear need to develop ZnO-based humidity sensors with
lower response times, improved stability, and environmentally friendly, scalable fabrication techniques.
Specifically, the integration of NGM into ZnO using cost-effective and simple chemical methods remains
relatively underexplored.

The present work aims to address these limitations by synthesizing ZnO-NGM nanocomposites via a
low-cost chemical precipitation method. The nanocomposites are deposited onto fluorine-doped tin oxide
(FTO) substrates using the doctor-blade technique to fabricate capacitive-type humidity sensors. The use
of NGM is expected to improve the sensor’s performance by enhancing electrical conductivity and water
molecule interaction at the surface. Comprehensive characterization, including UV-Vis spectroscopy, SEM,
XRD, and FTIR, was conducted to analyze the structural, optical, and chemical features of the material.
Humidity sensing was evaluated through capacitance and impedance analysis in a nitrogen-controlled
environment across RH levels from 10% to 95% [19]. Capacitance and impedance measurements assessed
the humidity sensing capability of these synthesized sensors. The results contribute to the development of
improved humidity nanosensors, with implications for environmental monitoring, healthcare, and industrial
automation.

Investigation techniques

Materials and Methods

High-purity analytical-grade zinc acetate (Zn(CHsCOO):), ammonium hydrogen carbonate (NHHCO:),
nanographite material (NGM), ethanol (analytical grade), and ethyl cellulose were sourced from BDH,
Merck, and Sigma-Aldrich. Deionized water was employed throughout the synthesis and washing to avoid
1onic or particulate contamination. Fluorine-doped tin oxide (F70) glass substrates were employed for
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device fabrication. Copper and silver electrodes were used for device fabrication. Before application, all
the substrates and components were properly cleaned with a Liguinox detergent solution (4/conox Inc.) and
then rinsed with analytical-grade acetone (Sigma-Aldrich) to remove organic impurities and provide a clean
surface free of contaminants.

Synthesis of zinc oxide (ZnO) nanoparticles via chemical precipitation

10 ml of 1.5 mol/L zinc nitrate (Zn(NOs):) was slowly added to 10 ml of 2.25 mol/L ammonium
carbonate ((NH+):CO:s) solutions with magnetic stirring. A white ZnCO; precipitate confirmed successful
synthesis [1].

The chemical reactions involved are:

Zn(NO:s)2S + (NH4):COs — ZnCOs | + 2 NH«NO:s

The precipitate was collected through vacuum filtration with an appropriate pore filter paper to remove
liquid by-products and unreacted precursors. It was washed three times with deionized water. The high
volatility of ethanol allowed for quicker drying, yielding a pure precipitate to be used in subsequent ZnO
nanoparticles synthesis.

The ZnCOs was filtered and dried at 80°C to evaporate residual solvents without agglomeration,
maintaining the nanostructure. The dried precursor powder was calcined at 550°C for 2 hours using a muffle
furnace, promoting the thermal decomposition of ZnCO:s to ZnO.

ZnC0Os; — Zn0O + CO:

Doping of ZnO nanoparticles with nanographite (NGM)

Both ZnO and NGM were initially in powdered form. Both were dispersed separately in ethanol. The
NGM suspension was then added dropwise to the ZnO solution with continuous stirring for 25 minutes to
achieve good mixing. ZnO to NGM weight ratios were varied to obtain 99:1, 98:2, 97:3, 96:4, 95:5, and
90:10 composites. Next, 10 mL of ethanol was further added as a dispersant to facilitate dispersion and
to lower surface tension. For the powder form, the paste was dried at 50-70 °C for 1-2 hours to prevent
nanoparticle agglomeration and ensure equal NGM distribution.

Fabrication of the humidity sensor

FTO glass substrates were sequentially sonicated in detergent, deionized water, acetone, and ethanol to
clean them for the best adhesion and consistent sensor performance. ZnO nanoparticles doped with NGM
were combined with ethanol to produce a viscous paste appropriate for doctor-blading. The paste was cast
on cleaned FTO substrates by the doctor-blade method and thermally treated at 150 °C for 1 hour for the
improvement of film adhesion, evaporation of the residual solvents, and durability. Fig. 1 shows the ZnO
doped with NGM paste on a FTO glass substrate. Figs. 1, a and 1, b show the ZnO doped with NGM paste
on a FTO glass substrate.

For further stabilization of the film and to increase its stability, ethyl cellulose (2—-10 wt %) was dissolved in
ethanol with constant stirring to produce a uniform solution. This was added progressively into the ZnO doped
NGM paste to achieve optimal coating. Incorporation of ethyl cellulose enhanced adhesion, surface smoothness,
and mechanical strength to yield stable, uniform nanocomposite layers for humidity sensing [1, 30].

Results and Discussion

Structural and morphological analysis

The optical properties of the as-synthesized ZnO nanoparticles were investigated by UV—Vis spectroscopy.
The absorption spectrum, shown in Fig. 2, shows a sharp and intense absorption edge at around 367 nm,
which is consistent with the intrinsic bandgap transition of ZnO. The UV—-Vis was performed using a UV-
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a b
Fig. 1. (a) Side-view of ZnO-NGM paste on FTO substrate, (b) Top view showing surface morphology

Fig. 2. UV-Vis absorption spectrum of as-synthesized ZnO nanoparticles

exhibiting a narrow absorption peak at 367 nm, suggesting a direct bandgap

transition and validating nanoscale crystallinity for optoelectronic and
sensing purposes

1800 SHIMADZU. This peak is related to a direct bandgap energy of about 3.38 eV, which verifies the
semiconducting nature of the ZnO nanostructures. The blue shift of the absorption edge from the bulk ZnO
(~375 nm) as shown in Fig. 2 indicates a quantum confinement effect, a signature of the nanoscale size of
the particles. The sharp and steep slope of the absorption also indicates the high crystallinity and purity of
the as-synthesized ZnO nanoparticles. These optical characteristics render the material particularly apt for
humidity sensing, UV photodetectors, and other optoelectronic uses, where there is a need for a fast and
sensitive response to environmental stimuli.

SEM images (in Fig. 3) indicated well-distributed ZnO nanoparticles with well-defined morphology.
Higher magnification images indicated well-dispersed particles with increased surface texture and observable
agglomeration in certain areas. The scanning was performed using a JEOL JSM-6490A4 scanning electron
microscope (JEOL Ltd., Japan). The addition of NGM enhanced the surface roughness and uniformity
of distribution. The increased roughness increases the number of active sites, which aids in better water
molecule adsorption, which is essential for enhanced humidity sensing performance [3].

XRD patterns showed a well-crystallized hexagonal structure of ZnO (quartzite). Peak broadening
and minor shifts were noted with increasing NGM concentration, which are signs of successful NGM
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a b c
Fig. 3. Scanning electron microscopy (SEM) images of ZnO nanoparticles at different magnifications:
a—10,000%; b —20,000%; ¢ —30,000x; d — 2,500%

incorporation. These shifts are most likely due to lattice strain, resulting in smaller crystallite size and the
creation of structural defects that increase surface area and water adsorption capacity [3].

Fig. 4 shows XRD patterns of different samples. Sample 1 (B-3K953) showed several peaks between
20° and 80° (20), with major peaks near 30°, 40°, and 50°, relating to ZnO and traces of impurities.
Sample 2 (B-3K954) had sharper peaks, indicating better crystallinity. Sample 3 (B-3K955) had
intermediate crystallinity. All the samples consisted of mostly the ZnO phase, while peak width and
intensity variations were due to variations in crystallinity due to doping and processing conditions [3].

FTIR spectra verified the inclusion of NGM within the ZnO matrix Fig. 5. A typical Zn—O stretching
vibration around 450 cm ' ensured the presence of ZnO. Peaks around 1,570 cm’! (C=C) and 1,730 cm™
(C=0) ensured the occurrence of carbon-containing functional groups in NGM. A broad band around ~3,400
cm ' indicated O-H stretching, due to hydroxyl groups, responsible for adsorption of water.

c d
Fig. 4. XRD patterns of (a) pure ZnO, (b) ZnO—NGM Sample 1, (¢) Sample 2, and (d) Sample 3
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CM OBRABOTKA METALLOV MATERIAL SCIENCE

Fig. 5. FTIR spectra of pure ZnO, nanographite material (NGM),
and NGM-doped ZnO composites

Doped ZnO showed characteristic Zn—O vibrations (400—-600 cmfl) and O-H stretching (~3,400
cm ). NGM spectra included C=C stretching (~1,600 cm '), C-O (~1,400 ¢cm "), and C—H bending
(~1,100-1,200 cmfl), characteristic of sp*hybridized carbon structures. Composites of ZnO-NGM
showed shifted and intensified peaks, especially for Zn—O and C=C, indicating strong chemical bonding
and successful doping. The broadened O—H peak indicated enhanced hydrogen bonding, which provided
enhanced water affinity.

These microscopic and spectroscopic findings establish the successful integration of NGM into the ZnO
structure. Increased surface area, lattice tension, and chemical functionalization enhance sensor performance
and water adsorption. Decreased crystallite size and enhanced defect sites also enhance improved charge
transport, which further increases the response rate and sensitivity of the humidity sensor.

The characteristic peaks of ZnO, NGM, and their composite indicate the presence of functional groups
corresponding to ZnO vibrations and carbon-based materials. The shift in peak positions and intensity
variations suggests successful doping of NGM into ZnO.

Electrical characterization and humidity sensing performance

To compare the electrical performance of the ZnO-NGM humidity sensors, a controlled humidity
chamber was utilized. The sensor was positioned in a sealed chamber where humidity was accurately
controlled from 10% to 90% RH using a dual-path nitrogen gas system. One path supplied nitrogen gas
through a reservoir of distilled water to humidify it, while the other provided dry nitrogen to dehumidify it.
The relative humidity was controlled by varying the flow rates of the two paths of nitrogen.

A digital hygrometer with +0.8% RH accuracy was placed close to the sensor to continuously monitor
RH, and the ambient temperature was held at 23 + 1 °C. As shown in Fig. 6, the sensor was interfaced to a
Fluke PM6304/023 precision LCR meter with shielded terminals to reduce electrical noise. Automated data
acquisition with real-time plotting and saving of capacitance values was carried out using a Python-based
script. The capacitance of the sensor was recorded at 10 kHz, 20 kHz, 50 kHz, 80 kHz, 100 kHz, and 1 MHz
frequencies under different humidity conditions.

The 2% ZnO-NGM sensor demonstrated a distinct monotonic increase in capacitance with RH. This
was due to the adsorption of water molecules and increased dipolar polarization. The degree of doping made
the sensor more sensitive than the pure ZnO because of the enhanced surface area and charge conduction
pathways provided by the NGM flakes. The composite structure facilitated ionic conduction by adsorbed
water layers and enhanced the dielectric constant via interfacial polarization. The response time was
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Fig. 6. Experimental setup for humidity sensing using an LCR meter
and a controlled chamber

4.5 seconds, and the recovery time was 6.9 seconds, reflecting efficient adsorption-desorption kinetics. As
shown in Fig. 7, a, the capacitance-RH curve confirms moderate sensitivity and reliable humidity tracking
at lower frequency ranges.

The 4% ZnO-NGM sensor exhibited well-balanced performance in sensitivity, response time, and
recovery time. The capacitance rose steeply in the range of 10% to 60% RH and gradually at higher RH,
with a good correlation between RH and capacitance. At lower frequencies (10-80 kHz), the sensor showed
increased sensitivity as a result of improved dipole relaxation and ionic conduction, whereas at 1| MHz, the
capacitance response became flattened as a result of polarization response time limitations. The response
time was 4.0 s, and recovery time was 6.2 s, both of which were among the shortest recorded at all doping
levels. As shown in Fig. 7, b, the capacitance-RH curve confirms moderate sensitivity and reliable humidity
tracking at lower frequency ranges.

The 1% ZnO-NGM sensor had moderate capacitance sensitivity, response time, and recovery time.
Capacitance increased with RH because of the dielectric polarization due to adsorbed water molecules. At
lower frequencies (10 kHz and 50 kHz), the sensor was more sensitive, whereas at higher frequencies (1
MHz), the polarization response was restricted, leading to a flat capacitance curve. The response time was
4.8 seconds, and recovery time was 6.9 seconds, which provided a moderate improvement compared to
the pure ZnO. As shown in Fig. 7, ¢, the capacitance-RH curve confirms moderate sensitivity and reliable
humidity tracking at lower frequency ranges.

The 5% ZnO-NGM sensor exhibited high sensitivity to changing humidity levels, and the sensitivity
was 53.9 pF/%RH. The capacitance rose sharply between 10% and 60% RH and gradually at higher RH.
Although the sensor showed much higher sensitivity than with lower doping concentrations, the response
and recovery times (4.2 and 6.6 seconds) were marginally slower as a result of partial agglomeration of
the NGM, which lowered the number of active adsorption sites available. Despite the reduced kinetics, the
sensor showed high sensitivity and was therefore appropriate for applications where sensitivity is more
important than rapid response times. As shown in Fig. 7, d, the capacitance-RH curve confirms moderate
sensitivity and reliable humidity tracking at lower frequency ranges.

The 10% ZnO—-NGM sensor showed the highest capacitance sensitivity (62.1 pF/%RH) of all the doping
levels, but its response time (6.0 s) and recovery time (8.0 s) were slower than those of the other sensors.
The slower kinetics were mainly caused by the agglomeration of the NGM at this higher doping level, which
restricted water molecule adsorption and desorption and also ionic mobility. Despite these limitations, the
10% doping level showed better sensitivity, and this is beneficial in many applications where sensitivity
is important even at the cost of reduced response speed. As shown in Fig. 7, e, the capacitance-RH curve
confirms moderate sensitivity and reliable humidity tracking at lower frequency ranges [31].
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e

Fig. 7. Capacitance as a function of RH for ZnO-NGM sensors with (a) 2 wt.%, (b) 4 wt.%, (c) 1 wt.%,
(d) 5 wt.%, and (e) 10 wt.% NGM doping

The dynamic behavior of the sensor was evaluated in terms of response and recovery time, which are
defined as the time to achieve 90% of the maximum capacitance change when exposed to humidity and the
time to recover to 10% of the initial value when moisture is removed, respectively (Table 1). The undoped
ZnO had a response time of 5.0 s and a recovery time of 7.0 s. After doping, these values were significantly
enhanced, and the 4% ZnO-NGM sensor realized an optimal trade-off: a quick response time of 4.0 s and
a recovery time of 6.2 s. This is a characteristic of good water molecule adsorption—desorption kinetics
facilitated by the synergy between ZnO s porous nature and NGM s charge transport ability.

At elevated NGM doping concentrations (>5%), response and recovery times started to grow. For
example, the 10% ZnO-NGM sensor had slower response (6.0 s) and recovery (8.0 s) times due to probable
NGM agglomeration. Agglomeration decreases the number of active adsorption sites and inhibits water
diffusion paths, thereby reducing sensing speed even though high capacitance sensitivity exists.

Capacitance variation with RH for different doping levels is shown in Fig. 8, a. While pure ZnO exhibited
a baseline sensitivity of 18.5 pF/% RH, the introduction of NGM significantly enhanced the response.

CM Vol 27No. 32025
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Table 1

Effect of NGM doping on capacitance sensitivity, response time, and recovery time
of ZnO-based humidity sensors

NGM Doping (%) | Capacitance sensitivity (pF/% RH) | Response time (s) | Recovery time (s)
0% (pure ZnO) 18.5 5 7
1% 25.2 4.8 6.9
2% 38.7 4.5 6.9
4 % 47.3 4.0 6.2
5% 53.9 4.2 6.6
7% 56.8 4.4 6.6
10 % 62.1 6 8
a b

Fig. 8. (a) Response and recovery times as a function of NGM doping level; (b) Capacitance sensitivity
as a function of NGM doping level

Although 10% doping resulted in maximum sensitivity (62.1 pF/% RH), it came at the expense of slower
kinetics. The 4% and 5% ZnO-NGM sensors presented the best compromise between high sensitivity and
rapid response/recovery behavior, making them ideal candidates for real-time humidity detection.

ZnO-NGM-based humidity sensor response and recovery behavior was investigated to analyze real-time
performance (Fig. 8, b). The best response (4.0 s) and recovery (6.2 s) times were obtained at 4% ZnO-
NGM, due to the synergy between ZnO s high surface area and NGM s superior charge transport properties.
For doping above 5%, performance decreased because NGM agglomeration decreased active adsorption
sites and hampered electron mobility. At 10% doping, response and recovery times were elevated to 6.0 s
and 8.0 s, respectively.

In general, controlled NGM doping greatly improves ZnO sensor performance, outperforming the
drawbacks of conventional metal oxide sensors. The optimized ZnO-NGM composites surpass or match
current sensors, showing great potential for use in environmental monitoring, industrial systems, and
biomedical diagnostics. The cyclic sensing performance is indicated in Fig. 9, illustrating capacitance and
RH levels against time over a period of 1,000 seconds. The capacitance (dotted red-blue line) closely
follows the humidity (red squares), with evidence of synchronized and repeatable behavior.

The rapid slopes at times of humidity transition reflect rapid response and recovery behaviors. The
regular periodic behavior supports sensor stability, repeatability, and suitability for dynamic environmental
monitoring.

Vol. 27 No. 3 2025 %



CM OBRABOTKA METALLOV MATERIAL SCIENCE

Fig. 9. Cyclic capacitance and humidity variation
over 1,000 s, demonstrating sensor stability

Capacitive Sensitivity and Frequency Response

Capacitive sensitivity was greatly increased by NGM doping, reaching a peak of 65 a.u. for 5% NGM
doping at 90% RH (Fig. 10, ¢). This is due to the high conductivity and high surface area of NGM, promoting
increased charge storage and water molecule adsorption [8]. Doping concentrations higher than 5% caused
decreased capacitance through agglomeration, limiting effective surface area and sites for adsorption.

Frequency-dependent measurements (Figs. 10, @ and 10, b) identified that lower frequencies (<10 kHz)
had more capacitance change, which is enhanced by stronger polarization. However, higher frequencies
(>100 kHz) were less sensitive due to quicker charge carrier relaxation, restraining the capacity of water
molecules to align with the electric field [9]. Fig. 7, d also verifies that at 5% doping, the sensor recorded
high RH sensitivity over a range of frequencies, particularly at lower frequencies.

c d

Fig. 10. (a) Capacitive response at 90% RH; (b) Response for 5 wt.% NGM doping; (c¢) Capacitance
as a function of doping level at 90% RH; (d) Capacitance as a function of RH at different frequencies
(5 wt.% NGM doping)
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Electrode Influence on Sensor Performance

The influence of various electrode materials (F7O, silver, and copper) on sensor performance was
assessed. FTO electrodes gave stable and reproducible responses, probably because of their chemical stability
and strong adhesion to the sensing material. Silver electrodes improved sensitivity, probably because of
their higher conductivity, which supports efficient charge transfer. Nevertheless, copper electrodes showed
minor performance degradation with time, possibly because of oxidation effects, which can increase the
contact resistance and lower the sensor sensitivity [32].

Comparison with existing sensors

Comparative studies between various humidity sensors emphasize the relative merits of ZnO-NGM
sensors compared to multiple carbon-based and metal oxide-based materials. As an example, gram carbon
quantum dot-based sensors have good sensitivity (178.6-254.86 pF/% RH) but less desirable response
and recovery times (7.3—14.1 s) and therefore experience difficult detection at lower relative humidity
(RH) concentrations. PAA-MWCNT composite sensors also register a notable resistance change (930 Q)
with humidity fluctuation but have very high response (680 s) and recovery (380 s) times, restricting their
applicability. Graphene oxide (GO)-modified PEDOT sensors, though highly responsive to humidity
(4.97% sensitivity at 97% RH), are characterized by sluggish response (31 s) and recovery (72 s). Other
graphene-based sensors, including Fe-GO and GO/WS: composites, offer modest performance but tend to
have low sensitivity or high response/recovery times.

In order to put the performance of the ZnO—NGM humidity sensor prepared in the present research into
perspective, its performance was compared to a vast array of recently published nanomaterial-based humidity
sensors. Table 2 gives an overview of sensitivity, response time, recovery time, and some observations from
past research work along with data from this research work.

The study shows that although some materials like gram carbon quantum dots have quite high sensitivity
(178.6-254.86 pF/% RH), they have slow response and recovery times of up to 14.1 seconds, which restricts
their use in fast-switching environments. Some designs, like the PA4-MWCNT composites, possess large
resistance changes (930 Q) but are weighed down by very long response (680 s) and recovery (380 s) times,
making them unsuitable for real-time sensing.

Likewise, GO-modified PEDOT sensors exhibit a humidity sensitivity of 4.97% at 97% RH but with
slower response (31 s) and recovery (72 s) cycles. Fe—GO and GO/WS: sensors possess better speed but
relatively lower sensitivity, particularly at lower RH values. Even GO-based sensors with abnormally high
sensitivity (e.g., 37,800%) suffer from slow recovery times (~41 s) or are limited due to poor applicability
in real-world situations because they are unstable at lower RH.

Conversely, ZnO-NGM sensors prepared in this work show a balanced and superior performance profile.
The 5% NGM-doped ZnO sensor recorded a sensitivity of 53.9 pF/% RH, a response time of 4.2 s, and a
recovery time of 6.6 s, outperforming many of the reported sensors with a significantly better dynamic
response while retaining good sensitivity. At lower doping levels (e.g., 2% NGM), the sensor retained fast
response (4.5 s) and recovery (6.9 s) times with a nominally lower sensitivity of 38.7 pF/% RH.

In addition, in contrast to most carbon-based sensors that exhibit scattered results across different RH
levels, the ZnO—-NGM sensors exhibited stable and reproducible performance within a broad RH range
(10%—-95%), rendering them feasible for application in real-time environmental or industrial monitoring
systems. The fact that such sensors can also be made from inexpensive materials and using a facile doctor-
blade method on F70 substrates further contributes to their practical benefits.

Structural and morphological analyses confirmed the successful incorporation of nanographite material
(NGM) into the ZnO matrix. X-ray diffraction (XRD) patterns showed distinct peak shifts with increasing
NGM content, indicating lattice strain and structural modification. Scanning electron microscopy (SEM)
images revealed a uniform distribution of NGM within the ZnO matrix, resulting in increased surface
roughness and the formation of additional active sites for water molecule adsorption. Fourier transform
infrared (FTIR) spectroscopy further confirmed the presence of functional groups associated with humidity
sensing, such as O—H stretching and C=C vibrations.
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Table 2
Comparison of recent nano humidity sensors
. Sensitivity Response | Recovery Refer- .
No. Sensor Material (pF/%RH or %) | Time (s) Time (s) ence Key Observation
Gram Carbon — High sensitivity;
1 Quantum Dots 178.6-254.86 | 13.3/7.3 | 14.1/4.7 33 | g ng o Y>
(C-1, C-2) y
) PAA-M WCNT 930 Owm (resis- 680 380 [34] — Excessively high .
(1:4 ratio) tance change) response/recovery time
GO-modified 4.97 % at 97 % .
3 PEDOT RH 31 72 [35] — Poor dynamic response
4 MWCNT in NMP 6.41 36 32 [36] — Moderate performance
5 SnO>-RGO 146.53 102 several [37] | - Slow at high RH
seconds
6 GO 37.800 % 10.5 41 (38] |~ Yy high sensitivity;
— Long recovery
7 Fe-GO 518 31 1 [39] — Low sensitivity at low
RH
8 GO 9.5 /% RH 5 - o) |~ Good speed;
— Limited range
. . — Stable performance
9 | GO/WS: Composite | Not specified 11.3 12.4 [41] 25959 RH
CNT@CPM . — Fast;
10 (Chitosan-PAMAM Not specified <20 <20 [42] — No sensitivity data
— Best balance;
0 _ s
11 % Z.nO NGM 53.9 4.2 6.6 this work | — High sensitivity;
(this work)
— Fast response
— Slightly lower sensi-
o —
12 | 2% ZnO-NGM 38.7 4.5 6.9 this work | tivity;
(this work) :
— Still fast

Electrical characterization demonstrated that NGM doping significantly enhanced sensor performance.
Among the samples, the ZnO sensor doped with 2% NGM exhibited the most favorable dynamic response,
with a response time of 4.5 seconds and a recovery time of 6.9 seconds. This improvement is attributed to
enhanced charge transport properties and a greater number of available adsorption sites. However, at higher
doping concentrations (above 5%), although sensitivity increased, the response and recovery times became
longer. This behavior is likely due to agglomeration effects, which reduce the effective surface area and
hinder rapid adsorption-desorption kinetics.

A comparison with previously reported humidity sensors highlights the advantages of ZnO-NGM
nanocomposites. While many conventional sensors suffer from slow response and poor recovery, the
optimized doping concentration in this study achieved a desirable balance between sensitivity and speed.
These enhancements suggest that NGM-doped ZnO sensors are promising candidates for real-time humidity
monitoring across various domains, including industrial process control, environmental sensing, and
biomedical diagnostics.

Future work should focus on further optimizing the doping concentration to enhance performance
without compromising long-term stability. Additionally, exploring alternative film deposition techniques
and integrating the sensor onto flexible substrates could enable the development of wearable or portable
humidity sensors for next-generation smart systems.
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Conclusions

This work reports the effective synthesis of ZnO nanoparticles doped with nanographite material (NGM)
for high-performance capacitive humidity sensing. UV—Vis spectroscopy verified a strong absorption peak
at 367 nm, confirming the semiconductor nature and optical suitability of the ZnO structure. Structural
(XRD) and morphological (SEM) analyses showed enhanced crystallinity and surface texture, while NGM
doping significantly improved adsorption kinetics and charge transport. Among the different doping levels
that were tested, the 4% NGM-doped ZnO sensor had the best sensitivity-speed balance with a fast response
time of 4.0 s and recovery time of 6.2 s. While doping levels of 5% and above provided higher capacitance
sensitivity, the response speed was reduced, possibly due to agglomeration and lower active surface area.
The sensors also exhibited very good repeatability, negligible hysteresis, and robust performance over a
broad frequency and humidity range (10-95% RH, 10 kHz—1 MHz).
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