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Abstract

The development of room-temperature gas sensors with high sensitivity, fast response, and low-cost
remains a critical challenge for environmental monitoring and safety applications. In this work, we
report the fabrication and characterization of a 2% Mn-doped Sri Lankan natural graphite thin-film
sensor for the detection of ammonia (NH3), ethanol (C.HsOH), and acetone (C3HsO) vapors under
ambient conditions. The sensor was prepared using the doctor-blade coating method on Indium Tin
Oxide (ITO) glass substrates, followed by thermal annealing at 100°C. Structural and morphological
analyses using X-ray diffraction (XRD) and scanning electron microscopy (SEM) confirmed the
successful incorporation of Mn, with an estimated porosity of 18.94%. Gas sensing measurements
revealed that Mn doping significantly enhances the performance of natural graphite. The highest
response was observed for C3HsO with a sensitivity of 36.92%, followed by NHs (9.77%) and C:2HsOH
(9.55%). Compared to undoped graphite, the Mn-doped sensor exhibits improved sensitivity and
reduced response/recovery times, particularly showing a substantial decrease in recovery time due to
enhanced adsorption-desorption kinetics. The improved sensing behavior is attributed to Mn-induced
surface activation, increased defect sites, and enhanced charge transfer interaction between gas
molecules and the graphite surface. The overall results demonstrate that Mn-doped Sri Lankan
natural graphite is a promising low-cost material for efficient gas sensing applications. This study
provides a viable pathway for developing simple, scalable, and high-performance gas sensors based
on doped natural graphite systems.
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INTRODUCTION
Gas sensors play a critical role in environmental
monitoring, industrial safety, agriculture, and

human health protection by detecting harmful,
toxic, and flammable gases in real time. Among
various gases, NHj3;, C,HsOH, and Cs;H¢O are
significant air pollutants that pose serious health
risks and environmental risks in terms of chemical
processes, space missions, and agricultural and
medical applications. However, current solid-state
gas sensing devices remain limited by insufficient
sensitivity and selectivity, particularly at low gas
concentrations at room-temperature. The
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development of advanced doped material-based sensors capable of detecting multiple gas species with
high sensitivity and fast response and recovery times remains an urgent technological necessity [1-4].

Recent investigations have demonstrated that Sri Lankan natural graphite presents considerable
promise as a candidate material for next-generation gas sensors, attributed to its exceptional physical
properties [5]. The two-dimensional structure of graphite confers several advantageous characteristics
for gas sensing applications, including good carrier mobility, a large surface-to-volume ratio, and
excellent mechanical flexibility, rendering graphite fundamentally suitable for detecting gas
molecules. However, despite these advantages, Sri Lankan natural graphite faces significant
limitations in practical gas sensing applications. The near-zero band gap of undoped graphite severely
restricts electronic tunability, while the absence of dangling bonds on the carbon surface results in
weak physisorption interactions with gas molecules.

Consequently, these weak van der Waals interactions give rise to low adsorption energies,
insufficient charge transfer, prolonged response and recovery times, collectively compromising the
sensor performance and practical applicability [6].

To address these limitations, recent studies have explored transition metal doping as an effective
strategy for enhancing gas sensing performance. Comparative studies have demonstrated that
aluminum-doped graphene exhibits significantly improved sensitivity toward CO molecule absorption
relative to pristine graphene. Density functional theory (DFT) calculations further substantiate that
manganese (Mn)-doped graphene exhibit enhanced stability and superior gas sensing characteristics
compared to pristine graphene [7]. Recent investigations employing Spin-unrestricted DFT
calculations have revealed that Mn-doped graphene subjected to external electric fields is a promising
candidate for N>O adsorptive decomposition [8].
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Figure 1. Schematic structure of the prepared 2% Mn-doped sensor sample.
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Furthermore, emerging research has identified that Mn atoms incorporated within single vacancies
(MnSV-GP) and Mn atoms coordinated with three nitrogen atoms in defective graphene structures
demonstrate superior structural stability and enhanced responsive capabilities across multiple gas and
vapor species, including CH,O, CO, N,O, S;0, and NHs. Notably, MnSV-GP exhibited a rapid
recovery time of 1.1 s for N>O sensing at room-temperature [9]. These findings provide a compelling
foundation for the development of Mn-doped graphene-based sensors with enhanced sensitivity and
practical utility.

Motivated by these advancements, this study investigates the gas sensing potential of 2% Mn-doped
Sri Lankan natural graphite for detecting NH3, C;HsOH, and C3H¢O vapors under ambient conditions.
The primary objective of this study is to evaluate the feasibility of fabricating cost-effective room-
temperature gas sensors using doped natural graphite as the sensing material. Specifically, the key
parameters influencing sensor sensitivity and response-recovery characteristics were systematically
examined to design efficient graphite-based gas sensors.

EXPERIMENTAL WORK
Sample Preparation

A graphite sample (BCB20) with 99.1% carbon content was obtained from Bogala Lanka Ltd. In
Sri Lanka. Following the methodology of Yi et al. (2012), graphite and 2% Mn were dispersed in a
mixture of distilled water and C3HsO (75 wt.% C3HsO) to prepare a coating solution [10]. ITO glass
substrates were patterned by selectively removing the conductive ITO layer at the center, thereby
creating two electrically isolated regions suitable for the sensor electrode configuration. Prior to
coating, the substrates were cleaned sequentially with C3HsO, rinsed thoroughly with distilled water,
and dried afterward. The substrate resistance was measured to verify the electrical isolation between
the two ITO regions. The graphite dispersion was deposited onto the ITO substrate via the doctor-
blade method, as shown in Figure 1. Thermal treatment was performed at 100°C for 3 h in ambient air
to facilitate the complete evaporation of water and organic solvents. The post-annealing sample
resistance was measured to characterize the fabricated device.

Structural and Morphological Measurements

Graphite dispersion was deposited onto non-conductive glass substrates for structural and
morphological analyses. X-ray diffraction (XRD) measurements were performed using a Rigaku
Ultima IV diffractometer with CuKo radiation to determine the crystal structure and phase
composition of the graphite sample. Scanning electron microscopy (SEM) analysis was performed
using a Zeiss EVO LS15 SEM instrument to examine the surface morphology of the sensor.

Gas Sensitivity Measurements

The coated sensor was mounted in a sealed test chamber and contacted using gold-coated
electrodes. As shown in Figure 2, the device was biased at 5 V through a series of resistors, and the
voltage across the resistor was recorded. After a stabilization period of 30 min in air, 1000 ppm of the
target vapor was introduced into the chamber, and the voltage response was monitored until a steady
state was reached. The chamber was then flushed with ambient air to desorb the vapor while
continuously recording the voltage. These measurement cycles were repeated for each vapor, and all
gas sensing tests were conducted at room-temperature.

RESULTS AND DISCUSSION
XRD Characterization of the Samples

Figure 3 shows the XRD patterns of pure Mn, natural graphite, and 2% Mn-doped natural graphite
samples. The XRD pattern of Mn confirms the presence of pure Mn in the sample [11]. The
diffraction pattern of the undoped natural graphite sensor exhibited a prominent peak at 20 = 25.970°,
corresponding to the (002) plane. In contrast, the 2% Mn-doped natural graphite sample shows a
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shifted peak at 20 = 26.54° for the (002) plane. This shift in the (002) diffraction peak after Mn
doping can be attributed to lattice distortion and possible intercalation effects, which alter the
interlayer spacing of graphite [12, 13]. Similar shifts towards higher diffraction angles, associated
with defect formation and structural modification, have been reported in intercalated graphite systems.
Moreover, such peak shifts are commonly linked to the substitutional of dopant atoms and the
resulting lattice strain in the host material.

For further analysis, the XRD pattern of the 2% Mn-doped natural graphite sample is presented in
Figure 4. A comparison between the undoped and doped samples revealed that the pure graphite
sample did not exhibit distinct peaks in the 260 range of 25° to 60°, whereas the doped sample showed
several small but clear peaks. As shown in Figure 4, the magnified view highlights these peaks more
clearly, and they correspond well with the characteristic peaks observed in the pure Mn XRD pattern
shown in Figure 3. This confirms the successful incorporation of Mn into a graphite matrix.

Vapor in— @ <«—Air in

_———Gold-coated electrodes

Multimeter—

Resistor—__ ; - | .—Power supply

Figure 2. The experimental setup is used to measure the gas vapor response and recovery time of the
sensor [5].
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Figure 3. XRD patterns of pure Mn, natural graphite [5], and 2% Mn-doped graphite samples,

showing the structural differences.
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Figure 4. XRD pattern of the 2% Mn-doped natural graphite sample showing the structural features
induced by Mn doping.

Table 1. Calculated values of interplanar spacing, FWHM, crystallite size, and strain for the 2% Mn-
doped graphite sample.

Graphite Miller Diffraction Bragg Interplane FWHM Crystallite Strain
sample indices angle (20) angle (0) distance (d) (A) (deg) size (nm) (x10%)
2% Mn-doped | (002) 26.54 13.27 3.3558 0.2598 34.92 11.03
natural graphite

Furthermore, the XRD pattern of the prepared thin-film closely resembled that of graphite powder,
indicating the absence of any preferred crystallographic orientation. This suggests an isotropic
distribution of the crystallites within the film. Several structural parameters were calculated based on
the XRD data. The interplanar distance doo for the sample was calculated using Bragg's law [14, 15].

door = A/2 sinbyg (1)

The Crystallite sizes (D) were calculated using the Scherrer equation, and the strain (g) is given by
kA

b= Bcos(0) (2)

e = Leos(®) 3)

where 4 is the radiation wavelength of Cu-Ka radiation (1 =1.54060 A), 0 is the reflection angle for
the reflex (00/) (I =2, 4, or 6), f is the full width at half maximum (FWHM) of the XRD peak at angle
0; and k is a constant specific to the crystal direction (k = 0.9). The calculated values of the crystallite

size are summarized in Table 1 [16].

Surface Morphology Analysis
Figure 5 shows the SEM images of the 2% Mn-doped natural graphite sample. The particles

exhibited irregular shapes, which are characteristic of natural graphite. Owing to the van der Waals
forces between the graphite layers, the particles appear densely packed, resulting in a compact
structure. The porosity of the sample was calculated to be 18.94% using the ImageJ software. The
presence of Mn particles can be clearly observed in Figure 5(a), confirming the successful
incorporation of Mn into the graphite matrix. Figures 5(b) and 5(c) further illustrate the arrangement
of the graphite particles within the sample. The particles were densely packed, which explains the

relatively low porosity value obtained.
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Figure 5. (a)(c) SEM images of the thin-film graphite samples at different magnifications:
(a) 1000x, (b) 5000x, and (c) 10000x.
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Figure 1. Particle size distribution of the thin-film graphite sample.

Particle size analysis was performed using the ImagelJ software, and the corresponding distribution
is presented in Figure 6. The particle diameters ranged from 4.35 to 70 pm, with the majority of
particles distributed between 10 and 20 pm.
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Gas Sensitivity of the Samples
The gas sensitivity of each vapor was evaluated using the following equation:
.. .. |Rg—Rq] 0
Gas sensitivity = — X 100% 4)
a
Where,
Ra. is the sensor resistance in air, and Rg is the sensor resistance in the target gas. The resistance and
current were calculated using the following equations:

R 1) ©
1= ) ©

R

Recent studies, as shown in Figure 7(a), indicate that the natural graphite sensor exhibits the highest
gas sensitivity towards CsHeO (23.98%), followed by C,HsOH (7.16%), and NH3 (6.37%). Among
these vapors, C3H¢O also demonstrated the shortest response and recovery times (50 and 22 min,
respectively). In comparison, NH; showed response and recovery times of 110 and 46 min,
respectively, whereas C,HsOH exhibited 124 and 22 min, respectively [17].

The response of the 2% Mn-doped sensor, as shown in Figure 7(b), followed a trend similar to that
of the natural graphite sensor. The sensor voltage increased with time as vapor was adsorbed on the
sensor surface. As shown in Figure 7(b), C3HsO exhibits the highest gas sensitivity (36.92%) along
with the shortest response and recovery times (48 and 10 min, respectively). NH; shows response and
recovery times of 80 and 12 min, with a sensitivity of 9.77%, while C;HsOH shows 80 and 14 min
with a sensitivity of 9.55%.

In both Figure 8(a) and 8(b), exposure to NH3, C;HsOH, and C3HsO vapors led to an increase in the
sensor voltage, accompanied by a corresponding increase in the resistance. In this configuration, the
current through the sensor varies inversely with the resistance of the sensor. The increase in resistance
during vapor exposure suggests the adsorption of gas molecules on the sensor surface, which may
involve charge transfer interactions and possible surface oxidation processes [5].

When comparing the natural graphite sensor with the 2% Mn-doped graphite sensor, the C;HesO
sensitivity increased from 23.98% to 36.92% upon Mn doping, indicating a significant improvement
in the sensing performance. Similarly, the sensitivity towards NHs and C,HsOH increased after Mn
incorporation.
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Figure 7. (a) to (b) Time-dependent voltage response of (a) the natural graphite sensor and (b) the 2%
Mn-doped sensor towards NH3, C;HsOH, and C3HeO [5].
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Figure 8. (a)—(b) Graphical representations of (a) current and (b) resistance of the 2% Mn-doped
graphite sensor upon exposure to NHz, C;HsOH, and C;HsO vapors.

Table 2. Compares key performance metrics between natural graphite and 2% Mn-doped sensors,
highlighting substantial improvements from Mn doping.

Vapor Metric Natural graphite 2% Mn-Doped Improvement (%)
Sensitivity (%) 23.98 36.92 +54

C3HsO Response (minutes) 50 48 -4
Recovery (minutes) 22 10 -55
Sensitivity (%) 6.37 9.77 +53

NH3 Response (minutes) 110 80 =27
Recovery (minutes) 46 12 -74
Sensitivity (%) 7.16 9.55 +33

C.HsOH Response (minutes) 124 82 -34
Recovery (minutes) 22 14 -36

The response and recovery times were notably reduced for the doped sensor. For C;HeO, the natural
graphite sensor required 50 min to reach a stable response and showed a recovery time of 22 min,
whereas the 2% Mn-doped sensor exhibited response and recovery times of 48 and 10 min,
respectively. Similarly, for NH3, the response and recovery times decreased from 110 and 46 min
(natural graphite sensor) to 80 and 12 min (Mn-doped sensor), respectively. C;HsOH also showed
improved dynamics, with response and recovery times reduced from 124 and 22 min to 80 and 14
min, respectively. A summary of the performance of both the natural graphite and 2% Mn-doped
graphite sensors is presented in Table 2. The observed improvement in the gas sensing performance is
likely attributed to the presence of Mn, which enhances the surface-active sites and increases the
adsorption capability of the sensor.

These comparative improvements suggest that Mn is an effective and cost-effective dopant for
enhancing the room-temperature gas sensing performance of Sri Lankan natural graphite sensors for
C3H60, NH3, and C,HsOH.

As illustrated in Figure 9, the three-cycle response curves obtained at 1000 ppm show that the
sensor did not fully return to its initial baseline after the reintroduction of air into the chamber.
Instead, the signal stabilized at a higher resistance level before gradually approaching the original
baseline, indicating incomplete recovery between the cycles. This behavior can be attributed to the
partial retention of vapor molecules on the sensor surface, even under air purging, leading to a gradual
increase in baseline resistance in successive cycles.
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Figure 9. (a)—(c) Response and recovery characteristics of the 2% Mn-doped natural graphite sensor
exposed to 1000 ppm of (a) C3HgO, (b) C.HsOH, and (c) NH3

For C3HsO, a clear decline in response time was observed over repeated exposures: the response
time decreased from 70 min in the first cycle to 54 min in the second cycle and further to 42 min in
the third cycle. A similar decreasing trend in the response time was observed for all three vapors,
suggesting that the residual adsorbed species and modified surface states from previous cycles
facilitated faster adsorption and charge transfer during subsequent exposures. This progressive
acceleration in the response is consistent with an adsorption-desorption mechanism, in which partial
surface coverage from earlier cycles enhances the sensor activation upon re-exposure.

The gas sensing behavior is likely governed by physisorption, where vapor molecules are weakly
bound to the sensor surface through van der Waals interactions, resulting in changes in resistance.
Because physisorption is generally reversible, the absorbed molecules can be desorbed under reduced
pressure or elevated temperature. Because the measurements in this study were performed at room-
temperature, further investigations involving temperature variations are recommended to enhance the
sensitivity and optimize the desorption dynamics.

In addition, variations in the resistance between the samples may arise from the natural variability
of graphite-based materials. Therefore, further studies are required to improve the reproducibility and
stability of these methods. Further studies should focus on optimizing the fabrication methods and
exploring alternative dopant materials to enhance sensor performance.

CONCLUSION

This study demonstrates the successful fabrication and evaluation of a 2% Mn-doped Sri Lankan
natural graphite thin-film sensor for the room-temperature detection of NH3, C3HsO, and C,HsOH
vapors. Structural analysis confirmed the incorporation of Mn into the graphite lattice, as evidenced
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by the shift in the (002) XRD peak and the emergence of additional diffraction features associated
with the Mn-related phases. The observed lattice distortion and induced strain suggest effective
modification of the graphite structure, which plays a key role in enhancing the surface activity. SEM
analysis further revealed a compact morphology with well-distributed Mn species and moderate
porosity (~18.94%), providing sufficient active sites for gas adsorption. Gas sensing measurements
showed that Mn doping significantly improved both the sensitivity and dynamic response compared to
undoped natural graphite. Among the tested vapors, C3HsO exhibited the highest response, with the
sensitivity increasing from 23.98% to 36.92%, accompanied by notably faster recovery behavior.
Similar improvements were observed for NH; and C,HsOH, indicating that Mn incorporation
enhances charge transfer interactions and increases the number of active adsorption sites on the
graphite surface. Additionally, the reduced response and recovery times in the doped sensor
confirmed improved adsorption-desorption kinetics, although partial baseline drift over repeated
cycles suggested incomplete desorption of analyte molecules at room-temperature. Overall, the
findings establish Mn-doped natural graphite as a promising, low-cost sensing material for the room-
temperature detection of volatile organic compounds and NHs;. The enhanced performance is
primarily attributed to the Mn-induced structural modification and increased surface reactivity.
However, issues related to baseline recovery stability and cycle-to-cycle reproducibility indicate that
further optimization of the doping concentration, film microstructure, and thermal treatment
conditions are necessary. Future work should explore controlled defect engineering and temperature-
assisted desorption strategies to further improve the sensor stability, selectivity, and long-term
operational reliability.
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