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High performance humidity sensor based on a
graphene oxide–chitosan composite†

Parvesh Kumari,abd Ankit Kumar,ad Aditya Yadav,cd Ylias Sabri, b

Samuel J. Ippolito,b Dilip. D. Shivaganad and Komal Bapna *ad

In this study, we have proposed an advanced humidity sensor based on a composite of chitosan (CS)

and graphene oxide (GO), prepared by the drop casting method. Graphene oxide–chitosan (GO–CS)

films with varying volumetric ratios, along with pure GO and CS films, were prepared and extensively

characterized using XRD, Raman, FTIR, SEM, XPS, and water contact angle to study their structural and

morphological properties. Comparative analysis of humidity sensing parameters of all prepared films

revealed that the film with a volumetric ratio of 4 : 1 (GOCS-2) performs best among all of them, which

is attributed to the synergistic interaction between GO and CS. The optimized composite demonstrates

high sensitivity, rapid response/recovery time, low hysteresis, and excellent repeatability as compared to

pure GO and CS films. This study revealed that the enhanced performance is mainly driven by the

increased hydrophilic functional groups and adsorption sites in the GO–CS composites. The optimized

composite is proposed to be a promising candidate for the development of cost-effective and high-

performance humidity sensors.

1. Introduction

Monitoring of relative humidity (RH) is increasingly essential
across various sectors, including pharmaceuticals, agriculture,
maintaining healthy, comfortable environmental conditions,
and food storage sectors.1,2 Consequently, the demand for
accurate, affordable, and reliable RH sensors has become vital
across consumer and industrial applications. These humidity
sensors are mostly fabricated using various hygroscopic mate-
rials such as polymers, porous silicon, semiconductor metal
oxides, or carbon-based materials.1,3

Graphene oxide (GO) is a derivative of graphene that contains
oxygen functional groups (hydroxyl, epoxy, carbonyl, and car-
boxyl) attached to the sp2 hybridized network of graphene
sheets.4,5 These functional groups make GO hydrophilic by
providing a sensitive layer with a large number of active sites to
adsorb water molecules.6,7 Despite the large number of

functional groups present in GO, the overlapping layered struc-
ture of GO limits the effective surface area available for humidity
sensing and reduces the sensing performance. Thus, efforts have
been made to increase the porosity and surface to volume ratio to
increase sensitivity, response, and affinity toward water mole-
cules. For example, H. Bi et al.8 designed a capacitive based GO
humidity sensor that reportedly exhibited ten times higher
sensitivity than the best conventional humidity sensor, and X.
Li et al.9 demonstrated an enhanced sensitivity by integrating
MWCNTs into GO film. Adding MWCNTs into a GO solution
creates larger ripples and more holes, increasing the GO layer
interplanar spacing and enhancing the physical adsorption of
water molecules. Zhang et al. presented a high-performance
humidity sensor based on a GO/Nafion/indium oxide nanocom-
posite, demonstrating ultrahigh sensitivity and outstanding
stability.10 Zhang et al. fabricated a SnS2/GO nanocomposite
and showed ultrafast response, negligible hysteresis, and super-
ior performance compared to individual SnS2 or GO sensors.11 In
another study, a high-performance self-powered humidity sensor
was developed based on SnS2/rGO nanohybrids, demonstrating
fast response, wide sensing range, and good stability.12 Thus,
numerous studies have shown that forming composites with
complementary materials can significantly enhance the humidity
sensing performance of conventional GO.13–18

With this work, we studied the possibility to integrate CS
polymer with GO film and their humidity sensing behavior.
Polymers have attracted considerable interest in humidity
sensing applications due to their straightforward synthesis
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and the ability to tailor functional groups to optimize water
affinity.19–21 Among the polymers, chitosan (CS) is a polysaccharide
that occurs naturally, contains a high concentration of amino and
hydroxyl functional groups in its molecular chain, and easily forms
a gel when combined with GO.22 Also, it is easy to functionalize, has
excellent film-forming ability and low production cost, and is non-
toxic.23 Due to their excellent bio-compatibility properties, GO–CS
composites have been used in various applications, including
biomaterials, dye removal from water, and smart materials.20,24

In the past few years, researchers have proposed that composites of
CS with other hygroscopic materials have enhanced humidity
sensing capabilities.16,20,25So, the large functional groups of GO–
CS composite film may offer additional water-adsorption sites and
improve humidity sensing properties.26

With this aim, we have focused our work on obtaining the
optimized GO–CS composition for superior humidity sensing
properties. A range of GO–CS composites were prepared with
different GO and CS volumetric ratios, and the resulting
sensors were evaluated for their sensitivity and response under
varying humidity conditions. The hypothesis for the sensing

mechanism has been proposed based on resistance variations
in composites due to the adsorption/desorption of water vapor
in different humidity environments. The innovative aspect of
this work lies in the systematic optimization of GO–CS compo-
sites to address the limitations of GO-based sensors and
achieve enhanced humidity sensing properties.

2. Materials and methods
Chemicals used

Graphite powder (99.999%, Alfa Aesar), potassium permanga-
nate (99% KMnO4, Sigma Aldrich), sulfuric acid (98% H2SO4),
hydrogen peroxide (30% H2O2), hydrochloric acid (37% HCl),
acetic acid (100%), ethanol (99.8%), and acetone (99.5%) from
Merck, and CS (Z95% deacetylation, Sigma Aldrich) were used
without any further purification.

Synthesis of GO

The modified Hummers’ method was used for the synthesis of
GO.27 In short, firstly, 46 mL of concentrated H2SO4 was poured

Fig. 1 (a) Flowchart for the synthesis procedure of the GOCS composites and (b) a chemical reaction schematic illustrating the process of amide bond
formation between the GO and CS chain.
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into a 500 ml flask with 2 g of graphite powder and vigorously
stirred in an ice bath. After that, 6 g of KMnO4 was added to the
mixture with continuous stirring. Thereafter, 20 mL of H2O2

(30%) was added to the obtained mixture and stirred until the
solution color changed into dark brown. To remove metal ions
and neutralize the solution, the mixture was filtered and
washed with HCl and DI water, then centrifuged several times
until a neutral pH was obtained. The resulting dark brown
sediment was dried in an oven at 60 1C for 1 h.

Preparation of GOCS composites

The GO–CS composites were synthesized via a facile solution
mixing method.28 For this, a homogenous suspension of GO
(1 mg ml�1) was added to the CS solution in different propor-
tions. Initially, the CS solution was prepared by adding 0.5 g of
CS powder to 100 ml of acetic acid (0.05 M) solution, as
discussed in our previous work.29 This resulted in a CS solution
concentration of 5 mg ml�1. Both the GO and CS solutions were
mixed in an appropriate ratio and ultrasonicated for 1 h to form
homogeneous suspensions followed by aging for 12 h at RT, as
shown in Fig. 1(a). This results in the formation of amide
covalent bonds due to the nucleophilic substitution reaction,
between the carboxyl groups of GO and amine groups of CS, as
depicted in Fig. 1(b).30 To optimize the best configuration of
GO–CS for humidity sensing, three GO–CS (v/v ratio) compo-
sites using different volumetric ratios, i.e., GOCS-1 (1 : 1),
GOCS-2 (4 : 1), and GOCS-3 (8 : 1) were prepared.

Fabrication of humidity sensors

To fabricate the humidity sensors, Ti/Au interdigitated electrodes
(IDEs) with thickness 100/200 nm were deposited on a clean SiO2/Si
substrate (cleaned with acetone, isopropanol, and DI water), using
an inter cross finger shadow mask with thickness (0.4 mm) by the
DC sputtering technique. The pure and composite films were then
deposited by dropping 20 ml of each on IDEs using a controlled
micropipette and then dried at 60 1C for 20 min.

Measurements and experimental setup

XRD characterization of the GO, CS, and their composites was
undertaken with a Rigaku Tabletop Miniflex-II using a monochro-
matic source CuKa1 (l = 1.5406 Å). The morphology and micro-
structure were examined using a TESCAN MAGNA GMH field-
emission scanning electron microscope (FESEM). FTIR spectra
were obtained with PerkinElmer Spectrum GX Fourier transform
infrared spectroscopy. Raman spectra were measured using an
inVia Raman Spectrophotometer (Renishaw) with a laser excitation
wavelength of 532 nm. Different saturated salts i.e., LiCl, KF, Mg
(NO3)2, NaCl, KBr, and KNO3, were used to generate various
humidity environments of 11% RH, 33% RH, 52% RH, 75% RH,
85% RH, and 95% RH, respectively; see detailed discussed in our
previous work.29,31 A home-built dynamic gas sensing measure-
ment setup with embedded probes was used to check selectivity
over other gases.32 A commercial hygrometer (testo 625, �0.05%
RH at 25 1C) was calibrated with the national primary standard to
trace the RH of saturated salt solutions.

3. Results and discussion
Characterizations

The XRD patterns for the SiO2/Si substrate, graphite, CS, GO,
and GOCS-2 composite are shown in Fig. 2(a). Pure graphite
shows a sharp and high intensity peak at 26.31 corresponding to
the (002) plane with interlayer spacing (d-spacing) of 0.33 nm.
After oxidation, the peak at 10.111 represents the (001) plane of
GO with an increased d-spacing of 0.87 nm, indicating the
oxygen-containing functional groups residing between graphite
layers. The broad peak in the CS spectrum indicates its amor-
phous nature.29 The broadening of the characteristic peaks of
GO in the composite suggests CS incorporation between the GO
layers, forming smaller crystallites while individual structures
are intact. Furthermore, a slight peak shift towards lower angle
is attributed to the increased GO layer spacing due to CS
insertion, confirming the effective synthesis of composites,
consistent with previous reports.28,33

The structural properties of each sample were characterized
using Raman spectroscopy (Fig. 2(b)). In GO spectra, the G band
at 1580 cm�1 corresponds to sp2 carbon domains, and the D
band at 1357 cm�1 is associated with the sp3 carbon atom and
disordered structures. The D and G peak intensity (ID/IG) ratio
serves as a typical index for distinguishing between GO and
composites with CS. The increase in ID/IG ratio of the compo-
sites is attributed to the enhanced sp3 defects. The findings also
accompany XRD results that show that the structural integrity of
GO remains unaltered in the GO–CS composite. The dispersion
of GO and CS in the composite was examined using SEM
analysis (Fig. 2(c)–(f)). The surface of CS film is flat and relatively
uniform in appearance,29 while GO shows its typical wrinkled
structure. In contrast, the GOCS-2 composite showed clumping
and a less wrinkled surface than GO due to the gel like solution
with incorporation of CS. Thus, the change in the morphology
of the composite suggests that CS is incorporated into GO
sheets. This finding is consistent with the previous reports,
which show that CS molecules link nearby GO, thereby distri-
buting the GO and CS throughout the composite.28,30

To better understand the molecular structures, FTIR spectra
were examined, as illustrated in Fig. 3(a). The FTIR spectra of
CS and GO are similar to our previous report,23,30 while the
spectrum of the composite showed characteristic peaks of CS
and GO. Interestingly, the band at 1718 cm�1 for the GO sample
was assigned to the carboxyl groups (CQO) and showed a clear
downshift in GOCS-2 due to the hydrogen bonds between GO
and CS. The band at 1631 cm�1 is attributed to epoxy groups
and the CQC stretching of the sp2 carbon network. The broad
band at 3400 cm�1 indicates O–H & N–H bonds (C–O–H
stretching), covalently bonded to carbon atoms.28,29

The XPS survey scan of GO shows two features at 284.6 (C1s)
and 533 eV (O1s), while GOCS-2 spectra display an additional
peak at 399.7 eV (N1s), as shown in ESI,† Fig. S1. The composite
survey scan indicates an increase in oxygen and nitrogen levels,
with an associated decrease in carbon content compared to GO.
The high-resolution C1s spectra of the GOCS-2 composite
(Fig. 3(b)) exhibit peaks corresponding to C–C or CQC
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(sp2, 284.6 eV), C–O (epoxy/hydroxyls, 285.9 eV), and CQO (sp3,
287.4 eV). The N1s spectra show peaks at 399.7 and 401.2 eV
corresponding to N–H and NH2 bonds (Fig. 3(c)). The appear-
ance of an amide peak in the composite provides further
evidence for the functionalization of CS on GO. Furthermore,
the contact angle of each film was measured to understand the
hydrophilic nature (Fig. 3(d)). The composite shows a water
contact angle of 45.151, which indicates optimal hydrophilicity,
enhancing the adsorption of water molecules and improves the
humidity sensor response.34

Sensing performance

The humidity sensing performance of all GO, CS, GOCS-1,
GOCS-2, and GOCS-3 sensors was tested in the range of
11–95% RH at room temperature (Fig. 4(a)). All measurements
were conducted by measuring the resistance with various
humidity levels of each sensor. The composite based sensors

exhibited high sensitivity over GO, attributed to the
hydroxy and amine groups of CS, which provide ample water
adsorption sites. Fig. 4(b) shows the sensitivity of GO, CS, and
GO–CS composite based sensors, calculated according to
eqn (1):

S %ð Þ ¼ R11 � R95

RH11 � R95

� �
� 100 in

O
%RH

� �
(1)

The GO and CS have a sensitivity of 0.104 MO/%RH and
5.8 MO/%RH, respectively, whereas the GOCS-2 composite
demonstrates a notable increase in sensitivity to 7.9 MO/
%RH. The significant enhancement in sensitivity may be due
to irregular arrangement of GO flakes and the strategic inser-
tion of CS between GO layers in an optimal composition.
However, once the ratio of GO is increased from 4 : 1 to 8 : 1,
the GOCS-3 sample shows a reduction in performance.

Fig. 2 (a) XRD of the substrate, graphite, GO, CS, and GOCS-2; (b) Raman spectra of graphite, GO, and GOCS-2; (c)–(f) SEM images of (c) GO, (d) CS
(e) and (f) GOCS-2 at different magnifications.
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The transient response of the sensors was analyzed to calculate
the response/recovery time during adsorption/desorption, defined
as ‘‘the amount of time taken for the resistance change by 90% of
the actual resistance value’’. The bars in Fig. 4(c) addressed the
res/rec time of all the sensors and showed a quick res/rec time of
0.6/14 s for the GOCS-2 sensor. This significant result is attributed
to the interlinking of CS and GO, which permits efficient charge
transport and enables rapid response to humidity changes.

The hysteresis of each sensor was calculated by measuring
the difference in resistance at a given RH level during humidi-
fication and dehumidification; the hysteresis values are sum-
marised by the curves in Fig. 4(d). The maximum humidity
hysteresis for the GOCS-2 composite was 2.9% under 33% RH
(blue line), suggesting that hysteresis decreases with an increase
in concentration of GO. Although the hysteresis of the GOCS-3 is
shown to be lower when considering the overall performance,
the GOCS-2 has a significantly larger response magnitude, and
the narrow hysteresis loop in the composite sensors suggests
that the processes of water adsorption and desorption are
almost similar. Additionally, the efficient moisture diffusion
properties of the GO–CS composite lead to rapid resistance
changes, resulting in a fast response time and low hysteresis.

Fig. 5(a) illustrates a linear relationship in the log R vs. RH
response curve, with a slope of 9.16 in the RH range from 11%
to 95%. The response curve for the base materials and other

compositions is shown in ESI,† Fig. S2. The high R2 values of the
fitted curve indicate an excellent fit, enhancing the linearity.
Furthermore, to check the repeatability and long-term stability
of the GOCS-2 sensor, the transient response is measured for
multiple cycles at various RH, and the corresponding responses
are shown in Fig. 5(b) and (c). The sensor shows remarkable
repeatability towards different humidity sensing levels without
experiencing any detectable degradation. The error bar graph
for stability is shown in Fig. 5(d), which indicates that only a
slight fluctuation is noticed in resistance up to 60 days, con-
firming the long-term stability of the sensor. Table 1 provides a
comparative analysis of the humidity sensing performance of
recently reported studies based on GO and other composites,
offering a better understanding of the results.

Additionally, the accuracy and consistency measurements of
the sensor are assessed through standard deviation and uncer-
tainty calculations. The detailed mathematical expressions for
standard deviation (s) and standard uncertainty (S.U.) have been
thoroughly discussed in our previous work.29 In brief, the
standard deviation quantifies the variability of data during
repeated humidity measurements, while standard uncertainty
defines the uncertainty associated with the average measured
value. The standard deviation derived from five repeated mea-
surements at each RH level and the associated uncertainty values
along all RH ranges are given in Fig. 5(e). Thus, the maximum

Fig. 3 (a) FTIR and (b) high resolution C1s spectra of the GOCS-2 composite; (c) high resolution N1s spectra of the GOCS-2 composite; (d) water
contact angle measurement of GO, CS, and the GOCS-2 composite.
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standard uncertainty was found to be �0.44 MO with standard
deviation �0.99 MO at 11% RH. The calculated standard
uncertainty and standard deviation values across all measured
humidity levels demonstrate excellent repeatability and reliable
performance of the optimised sensor.

To check the sensor’s capability to resist environmental
influence, the sensor was exposed to other gas species present
in the environment. Fig. 5(f) demonstrates that the GOCS-2
sensor exhibits minimal response to gases such as ethanol
(C2H6O), ammonia (NH3), formaldehyde (HCHO), acetone
(C3H6O), carbon monoxide (CO), and hydrogen sulfide (H2S)
in comparison to its humidity response from 11–95% RH,
which suggests the excellent anti-gas interference capability.
The concentration of gases was maintained at 500 ppm, except
for CO, which was tested at 40 ppm (for more information, see
Supporting Note 1 in the ESI†). Overall, the GOCS-2 composite
is revealed as efficient, stable, selective to water molecules, and
a suitable candidate for humidity sensing applications.

The sensing mechanism of the fabricated humidity sensor
(Fig. 6) relies on the adsorption of water molecules on the GO–CS
composite film surface, which contains oxygenated functional
groups. Being polar in nature, these functional groups are cap-
able of adsorbing water molecules present in the environment
through hydrogen bonding.43 Hence, the sensor performance is

based on change in resistance due to adsorption of water
molecules.33 The inclusion of CS increases hydrophilic functional
groups and widens the interlayer spacing of GO layers in the
composites, producing a synergistic effect that enhances surface
active sites for water adsorption.44

At low RH, water molecules get strongly adsorbed onto the
surface with hydrophilic functional groups of the film through
hydrogen bonding, which resist their mobility, resulting in a
high resistance value. With increase in RH, there is multilayer
physisorption of water molecules through weak hydrogen
bonding and some water molecules also penetrate into the
GOCS layers and hydrolyse the carbonyl and hydroxyl groups,
and the ions produced due to hydrolysis contribute to the ionic
conductivity.45–47

Thus, the ions generated due to the ionization of adsorbed
water molecules and hydrolysis of functional groups cause the
increase in the ionic conductivity, which results in decreased
resistance through the Grotthuss mechanism (eqn (2) and (3)),
where water molecules react with an H+ group to generate H3O+

ions, which subsequently undergo dissociation into H2O and
H+ ions.

H+ + H2O - H3O+ (2)

H3O+ - H2O + H+ (3)

Fig. 4 (a) Logarithmic scale resistance response of the proposed sensor with relative humidity, (b) sensitivity of all fabricated samples, (c) response/
recovery time of all samples and (d) hysteresis % values of all the samples.
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This behaviour at different RH levels is consistent with
findings from published research, indicating the formation of

multilayer water adsorption participating as a key factor in the
humidity sensing mechanism.8,45

Table 1 Comparative analysis of the humidity sensing properties of previously reported sensors

Material Sensor type Res/rec time Response Detection range Ref.

1 rGO/PDDA Resistive — 8.69–37.43% 11–97%RH 35
2 GO Capacitive 10.5 s/41 s 46.3 pF per %RH 15–95%RH 8
3 CS/GO/SnO2 Impeditive 8 s/8 s 72 683%, 402.5 kO per %RH 0–85%RH 36
4 Cu-BTC/GO Resistive — 6200% 11–85%RH 37
5 GrF/ZnO Resistive 0.4 s/4 s 7.77 mA per RH% 15–86%RH 38
6 Keratin/GO Capacitive 21 s/56 s 633.12 pF per %RH 16–92%RH 39
7 SnO2/PANI Resistive 26 s/30 s 0.22%/RH 5–95%RH 40
8 RGO/PVP Resistive 2.8 s/3.5 s — 7–97.3% RH 41
9 SnO2/RGO Capacitive 102 s/6 s 1604.8 pF per %RH 11–97% RH 42

Fig. 5 (a) The transformed response curves of logarithmic resistance vs. RH, (b) response and recovery curves up to 5 cycles, (c) repeatability, (d) logarithmic scale
humidity sensing stability, (e) standard deviation and standard uncertainty at different RH values and (f) selectivity of the GOCS-2 composite.
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4. Conclusion

In conclusion, we have studied the humidity sensing response of
GO, CS and their composites (in different volumetric concentra-
tions). Among all the synthesized composites, the GOCS-2 (4 : 1)
composite reveals the best humidity sensing properties with a
sensitivity of 7.9 MO/%RH, res/rec time of 0.6/14 s, low hysteresis
of 2.9% at 33 %RH, and good repeatability, contrary to pure
materials. The synergistic effect of CS as a support material in GO
humidity sensors is also discussed. The fabricated sensor demon-
strated robust and repeatable response to a broad operating range of
humidity. The present study demonstrates the optimized composi-
tion of the GOCS composite as a high-performance humidity sensor.
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