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Introduction

Selective enhancement of graphene ammonia
sensing by electrochemical palladium nanoparticle
decoration: ab initio insights into the sensing
response

Sonia Freddi, 2 *® Pilar Carro, (2 © Alberto Herndndez Creus,® Luigi Sangaletti 2 °
and Miriam C. Rodriguez Gonzalez*©

A simple and cost-efficient approach has been proposed for the decoration of graphene with the aim of
enhancing its gas sensing performance. Pd NP-decorated graphene has been prepared through electro-
deposition, with the number and the size of the particles being tuned by controlling the time and poten-
tial applied, respectively. After characterization, the four prepared layers and a pristine one have been
tested towards several gases, including ammonia and nitrogen dioxide. The study demonstrates that gra-
phene chemiresistors exhibit excellent sensitivity, stability up to 5 months, and competitive detection
limits for ammonia. Selectivity towards ammonia over nitrogen dioxide, acetone, 2-propanol, ethanol, and
water vapor was confirmed, with decorated graphene sensors showing enhanced ammonia response
compared to pristine sensors. A systematic analysis revealed that smaller Pd NPs and higher coverage sig-
nificantly improve ammonia sensing, offering potential for advanced Pd NP-decorated sensor develop-
ment. Finally, density functional theory (DFT) calculations provided the theoretical framework to rational-
ize the sensing mechanism and explain the selective enhancement of the sensing performance towards
ammonia exposure for the Pd NP-decorated layers compared to the pristine one.

pheric pollution, as ammonia is one of the precursors of fine par-
ticulate matter,” and a contributor to acid rain.® In the food

Monitoring ammonia is imperative for a multitude of appli-
cations due to its substantial impact across diverse sectors,
including agriculture, industry, medicine, and the environ-
ment. In the agricultural sector, ammonia monitoring is
crucial for the assessment and optimization of fertilizer usage,"
with the aim of preventing over-application, which can lead to
soil and water contamination.” In industrial settings, particularly
in manufacturing and chemical processing, continuous monitor-
ing of ammonia levels is essential for ensuring worker safety, as
high concentrations can pose serious health hazards.>*
Additionally, in the context of air quality monitoring, tracking
ammonia is paramount to comprehending its role in atmos-

“Institute of Photonics and Nanotechnologies - Consiglio Nazionale delle Ricerche
(IFN CNR), Laboratory for Nanostructure Epitaxy and Spintronics on Silicon
(LNESS), Via Anzani 42, 22100 Como, Italy. E-mail: sonia.freddi@cnr.it

bSurface Science and Spectroscopy Lab at I-Lamp, Department of Mathematics and
Physics, Universita Cattolica del Sacro Cuore, via della Garzetta 48, 25133 Brescia,
Italy

“Area de Quimica Fisica, Departamento de Quimica, Instituto de Materialesy
Nanotecnologia (IMN), Universidad de La Laguna (ULL), 38200 La Laguna, Spain.
E-mail: mrodrgon@ull.edu.es

This journal is © The Royal Society of Chemistry 2025

industry, ammonia can be tracked to assess the quality and fresh-
ness of meat.” Finally, ammonia also plays a pivotal role in breath
analysis, serving as a biomarker for liver and kidney pathologies,®
as well as for chronic obstructive pulmonary diseases.” These
applications share the common fact that concentrations of
ammonia to be detected are very low, typically in the ppb to low
ppm range. Consequently, there is a growing demand for the
development of competitive gas sensors capable of detecting
these low ammonia concentrations.

In recent decades, significant research interest has been
directed towards graphene for a variety of applications, includ-
ing gas sensors. Indeed, exploitation of graphene has begun
for its use as a sensing material, owing to its outstanding elec-
trical properties, which include high in-plane conductivity,'®
low electrical intrinsic noise,'" excellent chemical stability at
room temperature,'> and strong sensitivity to gas molecule
adsorption on its surface."® Despite its exceptional character-
istics, pristine graphene does not exhibit significant perform-
ance as a gas sensor; rather, functionalization or decoration is
required to enhance its sensing capabilities."*™”

Recent advancements have also demonstrated that other
graphene derivatives and graphene-based composites can
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achieve excellent sensing performance. For example, reduced
graphene oxide functionalized with metal oxides or polymers
or transition metal dichalcogenides has been reported to
deliver high sensitivity, fast response/recovery times and prom-
ising detection limits, taking advantage of the combined
effects of graphene conductivity and catalytic or adsorption
properties of the functionalized material.'®>*

Noble metal nanoparticles (NPs) have been utilized to
enhance the sensing capabilities of nanostructured carbon
due to their substantial surface area, efficient electron transfer
properties, and high catalytic activity.>*** Specifically, the
objective of functionalizing carbon-based materials with metal
NPs is to enhance the surface reactions and promote electron
transfer between the gas molecule and the carbon-based
surface.

In the case of carbon nanotubes (CNTs), it has been
reported that small gas molecules can form strong bonds with
metal NPs due to their electronic structure and available
empty orbitals.>® Hence, coupling CNTs with metal NPs can
enhance the electrical properties and sensitivity of CNTs by
increasing the number of adsorption sites available for target
gas interactions.”® Among all the noble metal NPs that have
been utilized for the purpose of decorating CNTs, ie. Au, Pt,
Pd, Rh, and Ag, Pd NPs have been identified as particularly
promising for hydrogen and ammonia detection.>***?”

It is hypothesized that Pd NPs will act in a manner analo-
gous to that of CNTs utilized for the purpose of decorating gra-
phene. In particular, it has been demonstrated that Pd NPs
can significantly enhance the detection of hydrogen, when
decorating graphene or reduced graphene oxide.*®*° However,
evidence regarding ammonia enhancement remains elusive.
In this study, we propose a Pd NP decoration of graphene
employing electrochemistry to develop highly sensitive
ammonia sensors. The Pd NPs are deposited using electro-
chemical methods due to the versatility and control that these
methods offer. The control of the density of particles, their
sizes and shapes can be achieved by tuning potential and time
conditions during the electrolysis.*®** In particular, we
studied the efficiency of Pd NPs deposited on graphene as a
sensing material and we analyzed the effect of time and
applied potential in the electrodeposition of the Pd NPs on the
response toward ammonia detection. After thorough character-
ization utilizing XPS, AFM, and Raman spectroscopy, four NP-
decorated samples and a pristine sample were arranged on a
meticulously designed platform capable of concurrently moni-
toring the responses from all sensors. This platform enabled a
straightforward comparison of the performances of all sensors
under identical operating conditions.

Exposure to ammonia was conducted, resulting in the
establishment of calibration curves for the five sensors. The
prepared sensors have been shown to possess a very good
degree of sensitivity towards ammonia in comparison with the
results reported in the relevant literature. A notable limit of
detection has been identified for the NP-decorated samples, in
comparison with the pristine layer and the existing literature.
Furthermore, the response and recovery times are consistent
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with those reported in the literature for
chemiresistors.

A systematic study of the effect of Pd particle size and cover-
age on ammonia sensing reveals that smaller NPs enhance
ammonia sensing more effectively, while higher coverage leads
to better performance when comparing samples with the same
NP size. Furthermore, the stability of ammonia responses has
been demonstrated, with responses remaining consistent for
up to five months following sample preparation. To validate
the selectivity of the sensors, exposures to interfering gases
(e.g nitrogen dioxide, ethanol, acetone, and 2-propanol) were
performed. The response to volatile organic compounds
(VOCs) was found to be negligible, while a low response was
detected for nitrogen dioxide. This investigation further eluci-
dates that the functionalization with palladium nanoparticles
selectively enhances the response to ammonia.

Finally, DFT calculations have been performed to disclose
the rationale behind the selective enhancement of ammonia
detection after Pd NP decoration compared to nitrogen
dioxide. The results suggest that the enhancement is related to
the larger change induced in the palladium work function

upon adsorption of ammonia.

graphene

Experimental

Materials

PdCl, (Sigma-Aldrich, 99.9%), HClO, (Merck, 70-72%), NaClO,
(Sigma-Aldrich, 98%) and NaOH (Sigma-Aldrich; 99.99%) were
used as received. Ultra-pure water (18.2 MQ cm; Milli-Q,
Millipore) was employed to prepare all the solutions. Before
each measurement, argon (N50, Air Liquide) was bubbled
through the solution to displace dissolved oxygen. A graphene
monolayer on a silicon nitride/silicon substrate was purchased
from Graphenea and used as received.

Sample preparation

Palladium nanoparticles (Pd NPs) were synthesized electroche-
mically as described previously.*! Briefly, a three electrode cell
was used. For this purpose, a graphene substrate as the
working electrode, an Ag/AgCl electrode as the reference elec-
trode and a platinum wire as the counter electrode were
employed. Palladium electrodeposition was performed
through a potential pulse from 0.80 V to —0.15 V or —0.60 V for
the selected time (5 s or 20 s) on a graphene electrode
immersed in 0.1 mM PdCl, + 0.1 M NaClO, + 1 mM HCIO,
solution. Four different samples were prepared: —0.15 V for 5 s
(PdNPs_A), —0.15 V for 20 s (PdNPs_B), —0.60 V for 5 s
(PANPs_C) and —0.60 V for 20 s (PdNPs_D).

Sample characterization

To assess the chemical composition of the prepared samples,
Raman spectroscopy and X-ray photoemission spectroscopy
(XPS) measurements were carried out. Additionally, Raman
spectroscopy provided information on the integrity of the gra-
phene layer after the electrochemical process. Atomic force

This journal is © The Royal Society of Chemistry 2025
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microscopy (AFM) was carried out to gain information on the
morphologies of the samples.

Raman spectra and maps were acquired on a CGS device
with a Micro Raman Renishaw-InVia system, equipped with a
633 nm He-Ne laser source, using backscattering geometry.
The laser light was focused onto the sample using a 100x
objective (LEICA confocal microscope, N.A. 1.4) with 5 mW
laser power and 1800 lines per mm grating. For the recording
of a single spectrum, the acquisition time was set at 5s and the
signal was accumulated 15 times. For Raman mapping, the
acquisition time was set at 10s, while the signal accumulation
number was set at 5.

A fully calibrated VG-Scienta R3000 spectrometer’> was
used to carry out the XPS investigation, using a non-monochro-
matic Al Ka line (hv = 1486.6 eV) from a twin anode PsP X-ray
source. The overall energy resolution was 0.85 eV. The spectra
were acquired in transmission mode, at a power of about 30
W, with a pass energy setting of 100 eV for survey spectra, and
50 eV for core-level spectra.

The energy step was set at 0.5 eV and 0.1 eV for survey and
core-level spectra, respectively. The chamber pressure during
all measurements was within a range of 6.0 x 10™'° mbar to
7.5 % 10" '° mbar.

To interpolate the XPS data, homemade software, BriXias,
written in IGOR PRO was used;***? in detail, for the core-level
fitting, Voigt functions were used. A couple of different areas
were investigated for each sample, in order to assess the hom-
ogeneity of the prepared layers. Additionally, for each spot, the
lateral resolution of the system is about 1 mm?, which assures
the reliability of the chemical investigation. AFM images were
acquired with a Park NX 10 system in tapping mode at an air-
solid interface and at room temperature. A PPP-NCHR tip
(NanoSensors) working with a resonance frequency of about
300 kHz was used. All image processing was performed using
Gwyddion software.>*

Gas exposure

Silver paint electrical contacts were printed as thin stripes on
opposite sides of a pristine sample and on the decorated
layers. All samples were then mounted on an appropriately
designed platform, capable of accommodating up to 8 sensors
operating simultaneously, allowing for direct comparison of
the behaviour of the sensors under the same environmental
conditions.

Gas exposure was conducted at room temperature within a
sealed chamber by introducing a mixture of synthetic air with
a predetermined concentration of the gas molecule under
investigation. To supply the chamber, two channels were used,
connected to programmable mass-flow controllers that work in
a 20-500 sccm range. The gas analyte cylinders (ammonia,
nitrogen dioxide, etc.) and synthetic air used for all measure-
ments were certified by S.I.A.D. Spa. The cylinder connected to
the first mass-flow controller was loaded with the gas analyte
under investigation, mainly ammonia (48 ppm in synthetic
air), while the cylinder loaded with synthetic air alone was con-
nected to the second mass-flow controller. Synthetic air was
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used to both purge the chamber after gas exposure and dilute
the overall concentration of the gas analyte in the chamber; in
the latter case, the air and analyte from both cylinders were
premixed before entering the chamber. Temperature and R.H.
values were monitored using two commercial sensors (humid-
ity sensor HIH-4000 series Honeywell Sensing and Thermistor
NTC PCB 5K Murata, respectively), mounted on the same
board that accommodates the developed gas sensors. During
all gas exposure tests, the overall R.H. was about 50 + 10%. A
scheme of the setup used for gas exposure tests is reported in
the SI (Fig. S1a).

The graphene-based sensors presented in the manuscript
work in a chemiresistor configuration, where the detection of
the gas analytes is based on measuring the resistance changes
of the sensing layers caused by their interaction with the gas
molecules. The electronic circuit of each sensor is reported in
Fig. S1b. A load resistor (Ry) is connected in series with the
sensor, and when a constant voltage (V = 5 V) is applied, the
output voltage (Vour) is monitored across the sample, provid-
ing the resistance value R of the sensor. The sensor response is
here defined as AR/R, = (R — Ry)/R,, where R, represents the
baseline sensor resistance before gas exposure and AR = R —
R, denotes the change in resistance value due to gas inter-
action. By carrying out several exposure tests, calibration
curves for each sensor could be drawn by plotting the sensor
response AR/R, against the gas concentration.

Calculations based on density functional theory (DFT)

The calculations were performed using the projector augmen-
ted wave (PAW) method,>® as implemented in the Vienna
ab initio simulation package (VASP).>*"*® The valence electrons
were described within a plane-wave basis set and an energy
cutoff of 420 eV, while the remaining electrons were kept
frozen as core states. Electron exchange-correlation was rep-
resented using the revised functional of Perdew, Burke and
Ernzerhof with the Pade approximation (RP) of the
Generalized Gradient Approximation (GGA).>* The weak van
der Waals forces were treated by the semi-empirical Grimme
method (DFT-D) where the dispersion correction term was
added to the conventional Kohn-Sham DFT energy*® with the
DFT-D3 parametrization.**

The energy convergence criterion was 10> eV for SCF
energy. The atomic positions were relaxed until the force on
the unconstrained atoms was <0.03 eV A™". The calculated Pd
lattice constant was 3.9059 A, which compares reasonably well
with the experimental value of bulk Pd (3.8907 A).*?

The Pd(111) surface was represented by five atomic layers,
with a vacuum of ~20 A separating any two successive slabs.
Optimal Monkhorst-Pack*® k-point grids of 99’1 and 5'9'1
were used for numerical integration in the reciprocal space of
(v/3'4/3) R30° and (24/3'1/3) R30° surface structures. Surface
relaxation was allowed in the two uppermost Pd layers of the
slab, and the atomic coordinates of the adsorbed species were
allowed to relax without further constraints. Adsorbates were
placed just on one side of the slab, and all calculations
included a dipole correction. In the case of gas-phase species,
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an orthogonal cell of appropriate size was employed. Spin
polarization was considered for all gas-phase species.

The binding energies of the adsorbates were defined as
follows,

Eb - Esurface+ads - Esurface - Eads (1)

where Egyrfaceradss Esurface aNd E,qs denote the total energy of
the adsorbate-substrate system, the energy of the clean surface
and the energy of the molecules in the gas phase, respectively.
A negative number indicates that adsorption is exothermic
with respect to the separate clean surface and the adsorbate in
the gas phase.

The change in the work function, A®, caused by adsorption
on the metal surface was defined as follows,

AD = ¢surface+ads - ¢surface (2)

where @ was evaluated as @ = Vyaec — Epermi, With Vyac being the
averaged electrostatic potential in the vacuum gap of the
supercell and egerm; the slab Fermi level.

Results and discussion

As illustrated in Fig. 1a, the Raman spectra were collected from a
pristine graphene layer (red trace) and from the decorated
samples (yellow, blue, purple and green traces). In all the
samples, the G and the 2D bands of graphene are clearly detected
at 1587 ecm ™' and 2636 cm ™", respectively. The G-band is attribu-
ted to the in-plane stretching of sp® carbon atoms within the gra-
phene lattice, while the 2D band is a second order Raman scatter-
ing process and is associated with the breathing mode of carbon
atoms within the plane of graphene.** A visual analysis of the gra-
phene spectrum reveals the presence of the D-band, indicative of
defects, at approximately 1340 cm™". The relative intensity of the
D and G bands is comparable in both pristine and decorated
samples (approximately 0.57 + 0.03 for pristine, and between 0.60
+ 0.02 for PANPs_B and 0.54 + 0.03 for PANPs_C). This finding
indicates that the potential damage to the graphene layer by the
electrodeposition step is not significant.

The origin of the peaks at 1450 cm™" and 1530 cm™" is not
completely clear. In the literature, they are assigned to gra-
phene nanoribbons;*®> nevertheless, in those samples, those
peaks are likely related to the corrugation of the graphene
layer due to the wet transfer process.

To determine the type of doping of a graphene layer, the 2D
Raman band position is usually tracked.*® Thus, Raman maps
of this band have been collected from several areas of the func-
tionalized samples and the results, reported in Fig. S2, show
that no significant shift towards higher or lower wavenumber
is observed for the decorated samples compared to the
Gr_pristine position, indicating that the functionalization
does not alter the doping nature of graphene, although Pd NPs
are expected to further enhance the p-type doping of graphene
owing to their higher work function. This absence of a clear
Raman signature may arise from the relatively low Pd coverage
or the nanoscale distribution of NPs.
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In Fig. 1b, a representative XPS spectrum acquired on the
Pd NP-decorated layer is shown. The silicon nitride substrate
contributes to the Si and N peaks,*” while the graphene contri-
bution is evident from the presence of the O 1s and C 1s
peaks.”*® As clearly reported in Fig. 1c, the palladium core-
level spectra collected on all the decorated samples present the
same shape and composition. The XPS analysis reveals the
presence of a metallic signal (BE = 339.9 eV and BE = 334.6 €V)
and oxidized palladium,*® which aligns with the well-known
tendency of palladium to oxidize in air and the XPS sensitivity
to the first nanometers of the investigated surface.

In detail, as reported in the right panel of Fig. 1c, it is poss-
ible to indicate each contribution of the Pd 3d core-level spec-
trum, starting from the binding energies for Pd 3ds, and Pd
3dj/,, which could be deconvoluted into three doublets.

The doublet peaks with the higher intensity are observed at
binding energies of 334.6 eV (Pd 3ds/,) and 339.9 eV (Pd 3d;,),
and they are attributed to metallic palladium,*>*' as men-
tioned earlier in the text. A second doublet, with binding ener-
gies of 335.4 eV (Pd 3ds),) and 341.2 eV (Pd 3d3),), is related to
the presence of PdO, in particular to the Pd** state. The third
doublet, with peaks at 337.0 eV (Pd 3dss,) and 342.8 eV (Pd
3ds),), is linked to the presence of PdO,, thus to the Pd*"
state.”">

All the areas of the doublets are in a 3:2 ratio, consistent
with the spin-orbit coupling.

XPS analysis was performed to quantify the surface particle
density, and several core-level spectra of C 1s and Pd 3d were
collected on the decorated samples. The results of the quantifi-
cation are reported in Table 1.

AFM images representative of the decorated layers are
shown in Fig. 1d, while the size distribution of the NPs
obtained from several AFM images is reported in Table 1 and
Fig. S3.

Combining the results of XPS Pd/C ratio and AFM investi-
gations, it is possible to conclude that, as expected, the size of
the particles is controlled by the applied potential. In this
instance, a more negative applied potential (—0.6 V) leads to
the formation of smaller NPs, as evidenced by the samples C
and D.

However, the time of the potential pulse mainly controls
the coverage, as the maximum amount of Pd is detected in
samples B and D (¢ = 20s) in comparison with the samples pre-
pared at shorter times (5 s).

It should be noted that AFM tends to overestimate the
lateral size of NPs due to tip convolution effects; however,
firstly a sharp tip has been used (Rqp < 10 nm) and secondly,
this systematic effect is present across all samples, and thus
the relative size trend remains valid.

Regarding the oxygen content, the XPS survey analyses indi-
cate that the O/Pd ratio decreases as the Pd coverage increases.
Samples prepared at shorter deposition times (A and C, ¢t =5 s)
exhibit higher oxygen content, reflecting a larger proportion of
exposed oxygen-containing sites on the graphene substrate.
Conversely, samples prepared at longer times (B and D, ¢t = 20
s) show lower survey O/Pd ratios, consistent with greater Pd

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Raman spectra of pristine graphene (red trace) and the four decorated graphene layers. All the spectra are normalized at the G peak. (b)
Representative XPS survey spectrum of a decorated graphene layer; inset: Pd 3d core-level spectrum. (c) Left-hand side: Pd 3d core-level spectra of
the decorated samples. All the spectra present the same shape. Right-hand side: details of the Pd 3d core-level spectrum clearly indicating each
contribution. (d) Representative AFM topography images of the decorated layers.
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Table 1 Quantification analysis from XPS spectra and NP size distribution evaluated from several AFM images

Sample XPS survey quantification XPS survey quantification XPS core-level quantification AFM NP size (nm)
PANPs_A Pd:C=0.010:1 Pd:0=1:66.8 Pd:0=1:0.55 36.1+5.9
PdNPs_B Pd:C=0.025:1 Pd:0=1:37.7 Pd:0=1:0.68 47.5£10.2
PdNPs_C Pd:C=0.015:1 Pd:0=1:49.8 Pd:0=1:0.50 25.5+4.5
PdNPs_D Pd:C=0.030:1 Pd:0=1:224 Pd:0=1:0.58 19.5+3.1
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ammonia, decreases the number of holes in these layers. k7 :J- ]
. . o 404 = ]
It is important to note that our sensors do not reach saturation & - .
of the dynamical behaviour after exposures of 150 s (Fig. 2). This iy 5 AT PRI TITTY | USRI I
behaviour is not unusual at such low target gas concentrations, 0 1000 2000 3000
below 10 ppm, even for much longer exposure times (see for .
Time (sec)

instance, Fig. 5¢ in ref. 55, Fig. 4c in ref. 56; Fig. 5a and Fig. 7c in
ref. 57) Obviously, it is more likely to reach, or to get close to, a
steady state for longer exposure times, though the use of sensing
systems that need a very long time to show a flat dynamical curve
becomes debatable. Finally, for a given sensor, saturation is often
reached for high concentrations, while for low concentrations,
curves similar to those shown in Fig. 2 are found (see, e.g. Fig. 7a
and c in ref. 57).
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Fig. 2 Response of the sensor array exposed for 150 s to 0.92 and
0.79 ppm of ammonia. Exposure time is indicated by the shaded areas.

To obtain the calibration curves for all sensors (Fig. 3),
several exposures at varying concentrations were conducted. A
Freundlich isotherm (AR/R, = A[NH;]P°") was used to model

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Response of the sensors towards different ammonia concen-
trations, i.e. calibration curves. Dashed traces represent the Freundlich
isotherm fitting; error bars are estimated considering the standard devi-
ation of the mean response to 3 ammonia exposures collected at the
same concentration. Circles: data collected with the as-prepared
sensors; squares: data collected after 5 months from the sample
preparation.

the data and the parameters obtained from the fit are reported
in Table S1.

The calibration curves demonstrate a sublinear behaviour,
a phenomenon that has been previously observed in the field
of gas sensors based on carbon nanomaterials decorated with
metal NPs.>®®° A comparison of the calibration curves reveals
that the decoration of graphene with Pd NPs enhances the
response to ammonia. Additionally, it is observed that (i) the
highest response is recorded for sample D, which contains the
highest Pd content; (ii) smaller NPs appear to enhance the
response more effectively (PANPs_C and PdNPs_D); and (iii)
greater coverage leads to better responses (PANPs_D vs.
PdNPs_C; PANPs_B vs. PANPs_A).

When comparing our calibration curves with those of
similar systems for benchmarking purposes, it is important to
be aware that the calibration curve obtained from dynamical
curves before saturation underestimates the response (which is
expected to be higher at a steady state). Therefore, the present
results can be considered a lower limit for sensitivity. This
approach avoids overclaiming of performances in terms of
sensitivity.

Regarding the detection limit (dl), estimated using the fol-
lowing formula, 3[NH;]/((R — Ro)/0),"*®" where o is the electri-
cal signal fluctuation evaluated on an average basis consider-
ing the baseline signal, the detection limit has been found to
be in the ppb range for all the samples, with lower limits
observed for the decorated layers with respect to the pristine
one. Specifically, the detection limits for ammonia are 6 ppb,
13 ppb, 32 ppb, and 42 ppb, for PANPs_D, PdNPs_C, PANPs_B
and PdNPs_A, respectively. In comparison, the pristine gra-
phene detection limit is 380 ppb. The evaluated detection

This journal is © The Royal Society of Chemistry 2025
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limits are among the best reported in the literature to date (see
Table S2). Of note, due to the sublinear nature of the cali-
bration curves, the 0-2 ppm range, which can be assumed as
linear, has been considered to evaluate the detection limits.

Regarding the ammonia range investigated, it is noteworthy
that the dynamic NH; range aligns with the requirements for
medical, environmental and safety applications, specifically
within the low- or sub-ppm range (refer to Table $2).7*¢%%

Response and recovery times are in line with what has been
reported so far for graphene-based chemiresistors (Table S2).

Finally, the sensitivity parameter, which is defined as S =
100 x (AR/R,)/[NH;], has been used for a comparison with the
existing literature data. It is noteworthy that the benchmarking
was conducted exclusively on papers that declared gas concen-
tration and sensor response/sensitivity, working as chemiresis-
tors at room temperature.

The benchmarking, reported in Fig. 4, demonstrates that
the present results, which are primarily obtained in a range of
low concentrations of NH;, often surpass the results on gra-
phene chemiresistor sensors reported to date in the
literature.'**~%

Selectivity, reproducibility and stability have also been
investigated. The stability and reproducibility of the sensor
response towards ammonia detection have been demon-
strated, with results clearly showing excellent stability and
reproducibility for up to five months after sample functionali-
zation (see Fig. 3, square symbols).

A quantitative comparison of the calibration curves
recorded after 5 months (Fig. 3, square symbols) with the one

L Presentwork  |Literature data|Literature data{
B PdNPs D % 71
B PdNPs C ¢ 72
e (o
C = ) X 74 1
[ & 4 4 | m pristne | o A 75 y
+ a4 4 ® 4 76 4
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e 3 L) y A 79
; B4 en 0
2 qF ] | n -
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o r #x x B @ g
&
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o * fil |
i oo, "Q %% ]
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Fig. 4 Benchmarking for sensitivity S (S = (AR/Ro X 100)/[NH3]) towards
ammonia exposure of the decorated samples (blue, green, purple and
yellow squares) compared to pristine graphene (red squares) and to
other chemiresistors based on graphene (pristine and/or functionalized)
presented in the literature (black symbols).**548% A log-log scale has
been used for clarity to present the data.
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drawn just after sample preparation (Fig. 3, circles) revealed
that the variation in response at each concentration was within
+5% for all Pd-decorated layers, with no measurable drop in
sensitivity or increase in the detection limit. This demon-
strates that the sensing performance remains stable for at least
5 months or more, under ambient laboratory conditions.

With regards to selectivity, exposures to ethanol, acetone,
water vapor, 2-propanol and nitrogen dioxide have been
performed.

Incidentally, it is important to mention that all of the
tested gases are classified as interfering gases and are perti-
nent to a variety of applications, including breath analysis,
environmental assessment, safety and food quality monitor-
ing. Indeed, recently, ethanol has gained considerable atten-
tion as a biofuel due to its relatively lower carbon dioxide emis-
sions compared to fossil fuels. However, incomplete combus-
tion of ethanol leads to an increase in smog levels.®! Ethanol
is also related to the presence of rotten fruits and
vegetables,®>®® while both ethanol and 2-propanol have been
identified as two lung cancer biomarkers.*® Acetone, on the
other hand, is emitted by rotten meat, mouldy bread, and gen-
erally carbohydrates.®® Its presence in exhaled breath is
notably elevated in patients affected by diabetes and
ketoacidosis.**®

Finally, water vapor exposure has been studied for various
applications, including breathomics, where the sensors must
work and be stable in the presence of a relative humidity (R.
H.) value of 100%.

A comparison of the sensor responses revealed that the
decorated sensors exhibited superior selectivity for ammonia
over the other tested gases at room temperature as shown in
Fig. 5. This figure presents the sensor array responses, AR/Ry,
to the selected target molecules. The response to high concen-
trations of these potential interfering gases is minimal and
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negligible when compared to the response towards trace
amounts of ammonia, ie, few parts per million (ppm).
Considering nitrogen dioxide, the response is not completely
negligible. However, the distinction between the two gases is
evident from their opposite response signs, as would be
expected. Nitrogen dioxide, being an oxidizing gas, and
ammonia, being a reducing agent, exhibit divergent responses.
The enhancement of the response, attributable to the decora-
tion of Pd NPs, exhibits a high degree of selectivity. This is evi-
denced by the observation that the response of the four
samples decorated with Pd NPs to NO, is analogous to the
response of the pristine sample. The results substantiate the
hypothesis that Pd NP-decorated graphene sensors exhibit a
high degree of selectivity towards ammonia.

In order to elucidate the reason behind the difference in
response, AR/R,, the interaction of the studied molecules with
the substrate was evaluated through DFT calculations.

The Pd NP-decorated graphene sensor response is based on
changes in the graphene resistance, which are caused by the
Pd work function change.®®®° Typically, CVD graphene acts as
a p-type semimetal.”® When graphene is decorated with Pd
NPs, its resistance decreases because the Pd work function
(5.05 eV) is greater than that of graphene (4.83 eV). This causes
electron transfer from the graphene layer to the Pd NPs,
increasing the hole density in the p-type graphene.

On the other hand, when a molecule is adsorbed on Pd
NPs, the Pd WF undergoes modification, which in turn affects
the electronic behaviour of graphene, leading to an increase or
decrease in hole density in graphene (see Table 2 and Fig. 6).

The binding energy of all molecules studied is provided in
Table 2, and in all cases, this interaction is exothermic.

When Pd NP-decorated graphene is exposed to ammonia
gas, the work function is smaller (2.18 eV) than that of gra-
phene (4.83 eV) and the graphene resistance increases due to

0.20 -
- ®m PdNPs D .
i ® PdNPs_C 1
r ®m PdNPs_B ]
0.15+ PdNPs_A -
- W Pristine .
- 010fF ]
14 - 4
4 - i
< L 4
0.05 i | 4
000-_——- . -, S L -, -—— e . _—
: (L B ]

Water Ethanol Acetone 2-propanol Nitrogen dioxide Ammonia

(1000 ppm) (150 ppm) (150 ppm) (150 ppm) (10 ppm) (10 ppm)

Fig. 5 Responses to different target gas molecules, water vapour (1000 ppm), ethanol, acetone, and 2-propanol (150 ppm), nitrogen dioxide and
ammonia (10 ppm), on the pristine sample (red) and the decorated layers (green, blue, purple and yellow).
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Table 2 Theoretical data of binding energy

Water Ethanol Acetone 2-Propanol NO, NH;

s 8) r -3 3 i3 .
Eplev —-0.34 —-0.62 —0.52 —-0.75 -1.70 —-0.69
AWF/eV -0.14 -1.28 -1.01 —-0.84 +1.61 —-2.65

Ey, and the change in the work function with respect to the graphene surface, AWF = WF — WFgrapnene- A side view of each system is included.

(a)

WF@pd-WFgrafeno/Si3N4/eV

water
ethanol
acetone
NO2

2-propanol
ammonia

work function

Bt T T S vacuum
¢}
: (b)
@NH >
i b
o 3
% >
e 3 o
a >
w @
@NH =
I ;
I aphene
“Jeno,*
NO,
CPdT

Fig. 6 (a) Difference between the work function of the different gas
molecules adsorbed on the Pd surface and the work function of gra-
phene on SizN4. (b) Diagram showing the work functions of NH3 (left)
and NO, (right) adsorbed on graphene on SizN4 and on palladium. Of
note: *NO, (u-N,O) (nitrite adsorption on Pd(111) more stable®?).

the electron transfer from the Pd NPs to the graphene, redu-
cing the p-type holes in the graphene. On the other hand, in
the presence of NO, gas, the work function increases to 6.44
eV, surpassing that of graphene, and the resistance decreases
due to the electron transfer from the graphene to the Pd NPs,
thereby increasing the p-type holes in the graphene electronic
structure. The remaining gases studied were optimized
(Fig. 6a), demonstrating a correlation between the change in
the work function and the sign of the sensing response.

This journal is © The Royal Society of Chemistry 2025

The binding energies of the main analytes, namely NH;
and NO,, have also been calculated for pristine graphene. The
values for the adsorption energy of NH; and NO, are —0.10 eV
and —0.18 eV, respectively. These values are lower than the
ones found on the palladium surface (—0.69 eV for NH; and
—1.70 eV for NO,), showing a preferential adsorption on the
palladium surface compared to the graphene one.

In order to understand the enhancement in the response to
ammonia compared to that of NO, when palladium is electro-
deposited onto the graphene surface, a comparison of the WF
change in the case of graphene on Siz;N, and palladium sur-
faces after the adsorption of these molecules was carried out
(see Fig. 6b and Fig. S4). As can be observed, the change in the
work function upon ammonia adsorption is approximately
threefold larger for palladium compared to the graphene.
However, the change in the case of NO, adsorption is compar-
able for both surfaces. These results are in good agreement, at
least qualitatively, with the enhancement observed in the
experimental results. Finally, it is worth investigating the effect
of humidity on the sensing properties of the layers, as water
vapor is one of the strongest interferents during gas sensing.

The negligible resistance variation upon exposure to
1000 ppm water vapor (equivalent to ~5% additional R.H.;
Fig. 5) indicates that humidity exerts minimal influence under
our test conditions. This observation aligns with DFT results,
which show that water induces only a negligible change in
work function compared to ammonia (Fig. 6). We can there-
fore conclude that the sensors are expected to maintain stable
performance even in environments with varying humidity.

Conclusions

In this study, a straightforward and economical approach for
decorating graphene with NPs for the selective enhancement
of ammonia sensing is presented.

Palladium NP-decorated graphene has been produced through
electrodeposition, a method that allows for the precise control of
both the number and the size of the particles by adjusting the
applied time and potential, respectively. The presence of well-
defined particles on the graphene surface is confirmed through
AFM and XPS analysis. Raman spectra indicated that the gra-
phene single layer remained undamaged, and the D band
present in the spectra is analogous to that observed in bare gra-
phene following palladium electrodeposition.

Nanoscale, 2025, 17, 25187-25198 | 25195
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Ammonia exposure tests were performed, and calibration
curves for each sensor were drawn. The sensors exhibited
excellent sensitivity, response and recovery times consistent
with previously reported values for graphene chemiresistors.
The stability of all sensors over a period of five months was
ascertained, and noteworthy detection limit values were
revealed. Exposures to acetone, 2-propanol, ethanol, and water
vapor were conducted, thereby proving the selectivity of the
sensors and disclosing a selective enhancement of the
response to ammonia for the decorated graphene sensors in
comparison with the pristine surface. A systematic study of the
effect of Pd NP size and coverage on ammonia sensing
revealed that smaller NPs enhance ammonia sensing more
effectively, while higher coverage leads to better performance
in samples with the same NP size. This suggests the potential
for further development of competitive Pd NP-decorated
Sensors.

In order to gain insight into the mechanism of the Pd NP-
decorated graphene, DFT calculations of the adsorption of the
different molecules were carried out. The potential change in
the resistance of the graphene was analysed through the
change in the work function after the electrodeposition. It is
observed that the work function of Pd (5.05 eV) is greater than
that of the graphene on Si;N, (4.83 eV). Consequently, electron
transfer from graphene to Pd NPs enhances the hole density in
p-type graphene. The experimental study of the adsorption of
the gases under investigation revealed a correlation between
the change in the work function and the sign of the sensing
response. The enhancement of the ammonia response com-
pared to that of the nitrogen dioxide has been studied through
DFT calculations of the work function change of graphene and
palladium surfaces upon adsorption of the gas molecules. The
greater WF change due to ammonia adsorption reveals that
the enhancement is related to the more significant change
induced in the Pd WF due to ammonia adsorption compared
to other gases.
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