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Amperometric Detection of NH3 by Aromatic
SAM-Modified Graphene
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Abstract—Ammonia (NH3) is a toxic substance result-
ing in various acute and chronic effects on individuals.
NH3; detection, monitoring methods, and detection tools
are desperately needed. In this work, we improved the
NH;3; sensing capabilities of grapheme (GP) films deposited
by chemical vapor deposition (CVD) by modifying aro-
matic self-assembled monolayer (SAM) molecules such as
5-[(3-methylphenyl) (phenyl) amino] isophthalic acid (MelPA)
and 5-(diphenyl)amino] isophthalic acid (PhIPA) on amper-
ometric detection method. Morphological investigations of
the films were carried out by optical and scanning electron
microscopy (SEM). Surface potential was characterized with
Kelvin probe force microscopy (KPFM), and vibrational prop-
erties were characterized with Raman spectroscopy. MelPA
modification increased NH3 uptake by two times compared
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to unmodified GP. The results indicated that the SAM modification enhanced NH3 molecule adsorption and improved its
periodic reversible and reproducible response using the amperometric detection system, indicating that SAM molecules

might be a feasible probe for NH3.

Index Terms— Ammonia (NH3), amperometric detection, gas sensing, grapheme (GP), self-assembled monolayers

(SAMs), self-assembly.
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. INTRODUCTION

RAPHENE (GP) has exhibited significant potential as a
G gas-sensing material due to its high specific surface area,
unusual electrical properties, and reactivity to gas molecules in
air conditions [1], [2], [3], [4]. GP’s atomically small thickness
makes carbon atoms linked firmly in a plane. Hence, each
GP layer’s atom is an activation site for gas interaction [2].
Because of its adjustable electrical conductivity and dipole
coupling capacity, one electron in GP’s orbital pz efficiently
interacts with surrounding gas molecules. As a result, even a
tiny variation in the GP surface state caused by sorption can
modify its conductivity and generate response signals [5], [6].
Schedin et al. [2] published the first GP-based gas sensor,
proving that absorbing a single gas molecule altered the
number of charge carriers in the GP, which noticeably changed
its electrical resistance in 2007. However, pristine GP has
some significant limitations, including limited sensitivity, long
response times, poor selectivity, and irreversible gas-sensing
characteristic at ambient temperature. Numerous sensor oper-
ating methods of operating sensors have been investigated
to improve gas-sensing properties, including external heaters,
self-activation, metal oxides, polymer-based composites, and
surface treatments employing functionalization or metal

republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: ULAKBIM UASL - IZMIR YUKSEK TEKNOLOJI ENSTITUSU. Downloaded on August 10,2023 at 06:16:25 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-7243-5324
https://orcid.org/0000-0002-6077-517X
https://orcid.org/0000-0003-1622-2436
https://orcid.org/0000-0003-3416-1083
https://orcid.org/0000-0003-1070-1129

YAGMURCUKARDES et al.: AMPEROMETRIC DETECTION OF NH3 BY AROMATIC SAM-MODIFIED GP

11413

decoration [7], [8], [9], [10], [11], [12], [13], [14], [15].
Among the techniques, functionalization has the benefit of
acting as a receptor for specific activation while changing
response behavior by altering the electronic structures. Never-
theless, GP (host) and adsorbing-molecule (guest) interactions
rely on the chemical composition of interest. Among the
variety of available gases such as Oz, NO;, CO, CO3, H, SO»,
H,S, SO, and ammonia (NH3), NH3 has been extensively
researched due to their industrial relevance and being one
of the most toxic gases, capable of causing damage to the
respiratory system, kidneys, eyes, skin, and liver when exposed
to high quantities (>300 ppm) [16], [17]. While vital to our
economy and supply of food, NHj3 is a dangerous gas to
handle and store since it is very deadly and corrosive at
all concentrations. Therefore, developing an NH3 gas sensor
is essential to prevent harm to living and environmental
sustainability [18], [19], [20], [21], [22], [23], [24], [25], [26].
Notably, interest in GP-polyaniline (PANI) composites is grad-
ually increasing since GP has exceptional electrical, thermal,
and durable mechanical characteristics because of the dis-
tinct honeycomb structure of carbon atoms [27], [28], [29].
Tohidi et al. [30] developed a 3-D reduced graphene oxide
(rGO)/PANI hybrid NH3 sensor with a 50-ppm NHj3 response
rate. A PANI hollow nanosphere composite on a polyethylene
terephthalate (PET) substrate with a GO-rambutan-like struc-
ture was used by Li et al. [31] to build a room-temperature
NH3 sensor with a detection limit of 50 ppb.
Functionalization of GP via aromatic organic molecules,
such as dye and self-assembled monolayers (SAMs), has
advantages due to the nature of w—m stacking, which improves
the GP’s electronic properties. For instance, Midya et al. [32]
and Kumar and Ghosh [33] described a novel method
for detecting NH3 selectively using rGO and rose bengal
(an organic dye molecule), which probably had many func-
tional groups for NHj3 binding. As a result, the rose ben-
gal/rGO sensor responded to NH3 more strongly than the rGO
sensor individually. In addition, the Co-porphyrin/chemical
vapor deposition (CVD)-G sensor demonstrated a sixfold
higher sensitivity to NH3z than unfunctionalized GP [34].
However, most dye molecules are toxic. At high concentra-
tions, rose bengal has devastating effects on human corneal
epithelium [35] and bromophenol blue on human pigmented
epithelial cells [36]. SAMs can be a good choice for modifying
GP surfaces in either covalent or noncovalent manners. For
example, Wang et al. [37] developed an rGO-based NH3 gas
sensor using a self-assembly method to make conductive net-
works between Au electrodes. Wang et al. [37] also compared
SAMs to pyrrole (Py) and hydrazine (Hy) molecules. The
results showed that Py-rGO reacts to NH3 much better than
Hy-rGO, with a more than 2.7 times more robust response
at 50 ppm. In another study, layer-by-layer self-assembly
(LBL-SA) of graphene oxide (GO) on a single yarn was
used to create a flexible textile-type NH3 gas sensor. A poly
(allylamine hydrochloride) (PAH) molecule was used as an
SAM molecule. The single yarn-type NH3 gas sensor made
of the (GO/PAH)l multilayer thin film improved sensing
properties such as the high reaction (8.45 at 5 ppm NH3),

the excellent limit of detection (1.5 ppm), most extraordinary
linearity (R, = 0.9804), a fast response time (68 s), and high
selectivity [38]. However, there is still a lack of studies on GP
functionalization via aromatic-based SAMs and the effects of
aromatic SAMs on NHj3 gas-sensing properties.

This work investigates the effects of two different SAMs,
5-[(3-methylphenyl) (phenyl) amino] isophthalic acid (MeIPA)
and 5-(diphenyl)amino] isophthalic acid (PhIPA), on GP’s
NH;3 gas-sensing capabilities. Optical microscopy and scan-
ning electron microscopy (SEM) were used for structural char-
acterization. The vibrational modes of GP films, their quality,
and layer determinations were investigated by Raman spec-
troscopy. The contact potential differences and work function
analysis were carried out by Kelvin probe force microscopy
(KPFM). NH3 sensing abilities were examined by quartz
crystal microbalance (QCM) and amperometric measurements
at both NH3 and humid ambient.

[I. EXPERIMENTAL DETAILS

A. Materials

The 25-um-thick Cu foils with 99.8% purity and S1318
photoresist (PR) were purchased from Alfa Easier Company
and Microposit Company, respectively. AT-cut quartz crystals
with 7.995-MHz oscillation frequency, 13.7 mm diameter,
were used due to the temperature stability (Renlux Crys-
tal Ltd.).

B. Synthesis of GP and Transfer Process

Initially, Cu foils, used as metal catalysts, were heated up
to 1073 °C with a ramp rate of 32 °C/min under 20 stan-
dard cubic centimeters per minute (sccm) hydrogen (H») and
200 sccm argon (Ar) gas flow in the furnace tube. Then,
Cu foils were annealed at 1073 °C for 1 h to eliminate the
oxide layer from their top surfaces. GP growth was started by
introducing 5 sccm of methane gas (CH4) into the existing
gas concentration for 3 min. The system was left cooling at
an 18 °C/min rate using 20-sccm Hp and 200-sccm Ar gas
mixture to room temperature [39], [40], [41].

In the next step, GP layers on the Cu foils were transferred
onto Si0O,/Si substrates and gold electrodes for characteri-
zation and amperometric investigations. During the transfer
process, PR was used as a supporting layer to prevent the
breaking or wrinkling of thin GP layers. PR was coated
over GP/Cu substrate by drop-casting and annealed at 70 °C
overnight. Tron(III) chloride (FeCl3) is used as an etchant to
get rid of the Cu substrate. After removing the entire Cu layer,
the GP/PR structure was rinsed with deionized (DI) and dried
with N,. The GP/PR was conveyed to clean SiO,/Si substrates
and gold electrodes. To obtain better adhesion between GP and
substrates, they were baked on a hot plate at 110 °C. Finally,
GP/PR was immersed in hot acetone to remove the PR and
create large area continuous GP films.

C. Preparation of MelPA and PhIPA SAM Molecules

Aromatic small MeIPA and PhIPA SAM molecules with
double-bond carboxylic acid (Fig. 1) were synthesized using a
previously reported procedure [42]. SAM molecules solutions
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Fig. 1. Chemical structure of MelPA and PhIPA SAM molecules.
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Fig. 2.
process.

Gold electrode pattern constructed by the photolithography

were prepared using methanol with a concentration of 1 mM at
room temperature. The substrates with GP on top were stored
in solution for a day to be fully coated by MeIPA and PhIPA
molecules and then rinsed in methanol to remove residual
molecules and dried with nitrogen.

D. Electrode Fabrication

Interconnected electrodes were fabricated by using pho-
tolithography. First, glass was used as a substrate and purified
according to the standard cleaning procedure. They were
rinsed in an ultrasonic bath with distilled water, acetone,
ethanol, isopropanol, and distilled water for 15 min for each
solvent. N stream was applied to cleaned substrates to make
them dry without leaving any stains. Oxygen plasma cleaning
was utilized to eliminate other organic volatile residues. For
metal film deposition, substrates were put into the thermal
evaporation system. After the internal pressure of 10~! torr
was achieved initially to obtain good mechanical adhesion,
thin chromium (Cr) layer and a 60-nm-thick gold layer were
deposited. Photolithography was performed on these samples
with thin metal films.

AZ1505 PR was used as a positive PR for microfabrication.
PR was coated on the films at 4600 rpm for 50 s. Samples
were cured with UV light for 3 s under the mask with a 3-um
width and 3-pum groves following 5-s soft baking at 90 °C on
a hot plate. Then, the samples were processed with developer
solution (AZ726 MIF) for 3 s to etch the PR layer. Samples
were dipped into an Aqua Regia to etch the gold-deposited
regions for 5 s and they were then rinsed with distilled water
immediately to stop etching. The Cr etchant solvent also
etched the excess amount of the Cr layer. The fabricated gold
electrodes were rinsed by the same initial standard purification
process (with DI water, ethanol, isopropanol, and DI water).
The resulting pattern of the deposited gold electrodes is shown
in Fig. 2.

Fig. 3. SEM images of GP layers on the interdigitated electrode with
(a) 1-mm, (b) 100-um, and (c) 10-um scales.

E. Characterization of GP Films

SEM images of GP films on gold electrodes of quartz crystal
were achieved by SEM [Field Electron and Ion Company (FEI)
Quanta-250FEG environmental scanning electron microscopy
(ESEM)] with an e-beam having a 5.00-kV accelerating volt-
age. Ar-ion type gas laser (purchased from Trivista and Prince-
ton Instruments) was used to obtain the Raman spectrum of
GP on gold electrodes. During the investigation, a laser with a
488-nm operating wavelength and a grating with 600 grooves
per millimeter were used with a 100x microscope objective.

SAM modification of GP may be proven by measuring the
surface potential difference. The potential surface investiga-
tions were carried out by atomic force microscope (AFM)
and KPFM from NTMDT, using TiN as a cantilever with a
35-nm curvature radius. The conductive TiN AFM tip was
used during the KPFM measurements. The relationship of
the work function difference between the sample and the tip
to the electric charge, e, is known as the surface potential
difference [43]. Furthermore, the required minimum energy
for discharging one e from the material’s surface is expressed
as the work function. The work function can be calculated
with the following relation [44]:

W = 4.475 + AWsample — AWhopG (1)

where AWyopg is the work function variation of HOPG and
AFM tip.

QCM measurement system setup was elaborated on in
our previous study [41]. An electrochemical QCM system
(CH Instruments, Austin, TX, USA) was used for the QCM
test. Shortly, the system was settled by a two-channel gas
flowmeter, a custom-made test cell, and a PC-controlled con-
troller for the flow meters. Gas molecules’ adsorption to the
film surface leads to a frequency change that the Sauerbrey
relation can analyze

—2f2Am

Af = 2foam
Ap

where QCM crystal’s fundamental mode resonant frequency

is expressed as fp, A is the gold-coated area on the crystal,
the crystal density is p, and u is the shear modulus.

2

I11. RESULTS AND DISCUSSION
A. Morphological Analysis of GP Films
SEM images of transferred GP films onto the gold electrode
part of the quartz crystal with three different magnifications
are shown in Fig. 3. Successful and homogenous transfer of
the GP layers is indicated by the contrast difference between
the coated (dark) and uncoated (bright) regions.
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Fig. 5. GP layers microscope images with/without laser reflection. The
laser was used for Raman analysis.

B. Optical Microscopy and Raman Spectra
Analysis of GP

Optical images of the constructed gold electrodes are pre-
sented in Fig. 4 at 5x, 10x, 50x, and 100x magnifications.
The scale bar in Fig. 4(d) corresponds to 3 pum in length,
and the gold electrode’s width and separation were measured
as ~3 pm.

The characterization of the vibrational properties of GP
layers on gold electrodes was investigated by the Raman
analysis. The spectrum obtained from the gap illuminated by a
spot laser between two gold electrodes is presented in Fig. 5.

The ratio between G peak and G’ peak intensity is used to
extract layers’ numbers of the GP film on the surface. The I
ratio to I calculated from the spectra of the transferred GP
layers was 1.815, indicating the presence of few-layered GP
at the surface. In addition, the distinct D peak is evidence of
some impurity effects that the organic solvent residuals may
induce during the transfer process.

C. Kelvin Probe Force Microscopy Analysis of
SAM-Modified GP

Bare graphene (GRP), MelPA-modified GRP, and PhIPA-
modified GRP’s contact potential differences are given in
Fig. 6. HOPG was used as the reference sample. The surface
potentials measured from the curves as 0.130 V for unmodified
GRP, 0.020 V for MelPA-modified GRP, and 0.149 V for
PhIPA-modified GRP.

As a result of the KPFM investigations, AWyopg was
measured as 0.244 V. The work functions were measured as
4.13 eV for unmodified GRP, 4.25 eV for PhIPA-modified
GRP, and 4.38 eV for MelPA-modified GRP (see Table I).
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Fig. 6. Contact potential of GRP, modified GRPs, and reference.

TABLE |
CONTACT POTENTIAL DIFFERENCE AND WORK FUNCTIONS OF
UNMODIFIED AND MODIFIED SAMPLES

Parameters | MeIPA | PhIPA
mod. mod. Bare GRP | HOPG
GRP GRP
CPD (V) 0.149 0.020 0.103 0.244
Work
function 4.25 4.38 4.13 4.47
V)
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Fig. 7. NH3 responses of bare GRP (red circles), MelPA modified GRP
(blue squares), and PhIPA modified GRP (green quadrangles) coated
crystals under periodic No—NH3 gas flows.

These results indicate that MeIPA-modified GRP had higher
surface potential and work function values. Positive contact
potential values of SAM-modified samples indicate that func-
tionalization led to p-type doping. This type of doping makes
surfaces more favorable for gas molecule adsorption.

D. Quartz Crystal Microbalance Analysis of Bare and
SAM-Modified GP

The gas-sensing kinetics of bare GRP, MeIPA-modified, and
PhIPA-modified GRPs subjected to NH3 at room temperature
were investigated and presented in Fig. 7. To analyze whether
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Fig. 8. Least squares fit (dashed lines) obtained by the Langmuir required to release the molecule to 10% of its maximum

adsorption isotherm model for bare GRP-, MelPA-, and PhIPA-modified
GRP devices against NHgz.

the films sustain reproducible and sensitive results, pure N»
and NHj3 were purged repeatedly in 200-s periods through the
testing cell. Initially, the QCM frequency counter was set to
be stable around 0 Hz, and then, a 500-sccm flow of pure N>
was supplied as a prior purification. The crystal’s resonance
frequency variation by desorption due to N, and adsorption
due to NHj3 is correlated directly with the mass change on the
QCM sensor.

The plots revealed that SAM-modified devices performed
better sensitivity than the unmodified ones. The capability
response was improved by nearly 60% in the MePIFA-
modified sample. The PhIPA-modified sample also achieved
almost 30% enhancement.

The absorption capability of NH3 on GP surfaces was inves-
tigated by the Langmuir adsorption isotherm model, which
explains gas molecules’ interaction with a solid surface as
forming a monolayer. The surface reaction rate is obtained
from the following equations:

do

E_ka(l—G)C—kdO 3)
where the surface covering percentage is represented by 6,
the gas concentration in the air is represented by C, and the
adsorption and desorption constants are shown by k, and kg4,
respectively. In addition, time-dependent fractional coverage of
NH3 molecules may be determined using the QCM approach.
The following equation describes the relationship between the
QCM frequency alteration (Af) and the surface adsorption
dynamics:

Af(t) = AfmaxK'(1 — efa?), 4)

The Sauerbrey equation can estimate the time-dependent
alteration of adsorbed NH3 molecules: [Am = —1.34(ng/Hz)-
Af] [45].

The Langmuir isotherm model’s least squares fit (solid line)
plot for NH3 adsorption on both unmodified and modified GP
surfaces is shown in Fig. 8. The parameters obtained from this
fit plot are listed in Table II.

Am s, corresponds to the maximum adsorbed gas molecules
when the time approaches infinity. T is the relation time

gas uptake. It can be inferred from the table that adsorbed
gas molecules and response time were increased with SAM
modification. The SAM modification induced more available
binding sites due to their molecular structures, and at room
temperature, before any gas exposure started, the humid-
ity molecules found in the experimental ambient bound to
these sides. After NH3 exposure was started, it took some
time to recover and position the interchange of humid and
NH3 molecules. Consequently, increasing response time is
expected. The sensitivity term is the rate of change in the
detectable output based on the minimum physical parameter
input. The response time is defined as the time to rise to 90%
of the maximum value of the sensor signal, and the recovery
time is defined as the time to fall to 10% of the maximum
value of the sensor signal in that publication [46].

E. Amperometric Characterization of Bare
and Modified GP

Within the scope of the amperometric characterization, the
resistance response of devices was recorded during all ON/OFF
cases of target gases. Resistivity variation of bare GRP sample
during periodic Np—NH3 and dry air—NH3 gas circulation
with 200-s time periods is presented in Fig. 9. Adsorption
causes gas molecules to shorten the electron flux, which
enhances resistance. In an N, atmosphere and the presence
of air molecules, bare GRP responded to NH3 gas molecules
quickly. The film’s gas molecule adsorption capacities and
repeatability are nearly equal after three cycles.

The resistivity response of bare GRP in a humid environ-
ment was investigated, as shown in Fig. 10. The humidity had
little influence on the bare GRP device’s electrical resistance.
Thus, this may make it a suitable material for a gas detector.

In addition, in intermittent dry air and NH3 ambient, the
amperometric responses of unmodified and SAM-modified
devices were tested. With the NH3z flux, the resistivity
responses of all the bare, MelPA-modified, and PhIPA-
modified GRP devices enhanced, indicating that the increased
amount of target gas molecules adsorbed on the surfaces.
The increased number of adsorbed gas molecules reduced the
electrical conductivity. The recorded resistivity plots of GRP-,
MEIPA-, and PhIPA-modified GRP samples with accumulated
gas ambient are shown in Fig. 11. It is obvious that the highest
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number of the adsorbed molecules is achieved with MelPA-
modified sample, which is also consistent with the QCM
results.
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Fig. 12. Resistivity behavior of bare GRP, MelPA modified, and PhIPA
modified GRP in humid ambient.

The bare and modified samples’ amperometric behavior was
performed in a humid environment to exhibit the humidity
sensitivity of the fabricated devices. The obtained plots are
shown in Fig. 12.

According to the obtained plot, the PhIPA-modified GP
device showed the highest sensitivity to humidity molecules.
When NH3; and humidity investigations are considered
together, the MeIPA-modified GRP sample is the most appro-
priate for NH3 sensing as it showed the highest NH3 molecule
adsorption and less humidity adsorption.

IV. CONCLUSION

Bare GRP-, MelIPA-, and PhIPA-modified GRP films with
uniform morphology were successfully produced and trans-
ferred onto QCM crystals. Gold electrodes and their sensing
abilities for toxic NH3 gas were examined. In the kinetic
studies, the reproducible behaviors of SAM-modified sam-
ples were demonstrated. Both QCM frequency and resistivity
changes were used to capture device responses to explore the
effects of humidity on device performances. An amperometric
analysis was performed using constant /-V values and mon-
itoring the resistance change brought on by the adsorption
of the gas molecules. In QCM experiments, MEIPA-modified
GRP devices with about 60% frequency augmentation in
N>—-NHj3 environment and PhIPA-modified GP films with
about 30% enhancement over bare GP showed the most
significant improvement. SAM-modified samples once more
outperformed unmodified GRP samples in the amperometric
analysis. The MeIPA-modified device’s resistivity was approx-
imately 75% greater than the bare one, while the PhIPA-
modified device improved by almost 25%. In conclusion,
SAM-modified GRP sensors offer high sensitivity and good
reproducibility for toxic NH3 gas.
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