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ABSTRACT: Graphene bearing organic functional groups chemically tethered to its
surface via covalent bonds can find several applications in the sensing of gas, heavy metal
ions, and other target species of interest. Herein, we used DFT simulations to study the
thermodynamics of graphene functionalization with substituted carbenes, and the use of
the resulting adducts to detect gaseous nitrogenated compounds�focusing on ammonia
(NH3), methylamine (MMA), dimethylamine (DMA), and trimethylamine (TMA). We
find that the modified materials can interact with the amines, selectively also in the
presence of other gases such as CO2, SO2, H2S, and CH4. Changes in the electronic
properties of the system upon adsorption such as charge density, Löwdin partial charges, and projected density of states (PDOS)
were used to analyze the interaction. Expected recovery times suggest that these nanomaterials can be used to detect the
nitrogenated compounds here investigated at relatively low temperatures (298 and 373 K). Furthermore, by modeling the
conductance of the functionalized graphene bare and in the presence of ammonia, we show that quantum conductance and the
integrated currents are sensitive to functionalization and, importantly, to the presence of ammonia under determined conditions,
which in principle allows tuning the sensitivity of the resulting device. Our work thus clarifies the principles governing this
phenomenon. Carbene-functionalized graphene is concluded to be a potentially good candidate to replace noble-metal-modified
graphene for the detection of ammonia/amines in chemoresistance or field-effect transistor-based sensors.

1. INTRODUCTION
In the current chemical production,1 ammonia and other
nitrogenated compounds are highly demanded to produce
fertilizers, drugs, and pesticides to improve the quality of crops,
to fight bacteria and invasive insects and herbs.2 Ammonia and
short-length chain amines are also often released by the decay
of animals and spoiled fish, animal husbandry, and industrial
plants.3−5 Designing operative tools for their detection is thus
an active field of research, especially if starting from cost-
effective raw materials such as carbon nanomaterials.
Since fullerene was reported, for the first time in 1984, as a

nanometric form of carbon,6 considerable efforts have then
been devoted to designing carbon-based gas sensors using
fullerenes, carbon nanotubes, and graphene and graphene-like
nanomaterials such as BC3 and BC6N, or MXenes.

7−10 In
particular, graphene derivatives are commonly studied to
design biosensors for the detection of various compound
targets of interest and assess their level of applicability as
(bio)markers for healthcare, food safety and environmental
monitoring.11−17 Numerous strategies have been devised for
introducing functional groups (nitrile, carboxylic acid, thiol,
amine, substituted acetylene derivatives, allyl and aryl groups,
etc.) starting from insulating fluorographene using several
classical organic reactions such as Sonogashira coupling,
nucleophilic substitution and addition of organometallics.18−22

Non-covalent approaches such as using 1-pyrenebutyric acid
are routinely used to functionalize the graphene without
disrupting its electronic cloud.23−25 Several theoretical reports
examined the functionalization of graphene with carbenes since
it allows introducing organic functionalizer with specific
properties.26−31 This type of modification is reversible, indeed
above 160 °C, functionalized graphene derivatives undergo
retro Diels Alder reaction to retrieve the original graphene
nanomaterials.32−34 However, as far as we know, there is no
previous report on the use of carbene-functionalized graphene
derivatives for gas sensing. For instance, Zan examined the
theoretical aspects of graphene functionalization with a series
of symmetrical carbenes and showed that the chemical
modification induced a bandgap opening of 0.25 to 0.58
eV.31 Sainsbury et al. used dibromocarbene to modify
graphene and the functionalized nanomaterial that was
characterized by a palette of spectroscopic techniques to
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investigate the functionalization influence on the optical and
electronic properties of the graphene, although not tested in
sensing.28 The graphene rippling effect on adsorption of
various substances such as H2, NH2, and CO was also studied
by many authors.27,35−38 For instance, Hildebrand et al.
elaborated a model to predict the changes of the physical
properties of graphene after carbene adsorption.27 They also
showed that it is possible to modulate the bandgap using strain
engineering by tethering carbenes on a graphene surface.
Typically, adsorption releases an energy of up to 3.7 eV and
induces distortion of the graphene with a rippling of energy
around 1.4 eV.
Chemical modification of graphene surface by depositing

metal nanoparticles39−42 or adsorbing organic molecules43−48

is an interesting path to build gas sensors. For instance,
Baachaoui and co-workers demonstrated that the graphene
derivatization with arylnitrenes induces a bandgap opening and
suggested that the obtained nanomaterials can be used for the
sensing of various amines with good affinity.43 In another work,
the same team demonstrated that graphene bearing substituted
cyclopropane moieties with electron-donating groups
(MeO2C−, HO2C−, NaO2C− and PhCO−) are good
candidates to selectively sense Pb2+ in presence of Cd2+ and
Hg2+ in aqueous media, with predicted order of interaction of
cations in agreement with experimental data.26 Functionalized
graphene with cations generated from the decomposition of p-
substituted diazonium salts can be used for the detection of
ammonia.49 Kumar and Ghosh modified reduced graphene
oxide with rose Bengal dye to build chemoresistive gas sensors
for ammonia, ethanol and acetone.50 In a last example,
porphyrins and phthalocyanines coordinated with different
metal ions [Co(II),51 Cu(II)52 and Zn(II)53 were also used for
ammonia sensing with good selectivity in presence of other
gases such as CO2, SO2, NO2, H2S, etc.
To make progress in the field, herein we report on the use of

dispersion-corrected density functional theory (DFT−D3) to
investigate the modification of graphene nanosheets with
substituted carbenes to obtain the corresponding carbene-
functionalized graphene nanomaterials (g7 × 7/1a−d) that
can be used as gas sensors for short chain nitrogenated
compounds. We find that the modified materials can selectively
sense the amines, via hydrogen-bonding interactions having
energies varying from −0.5 to −0.6 eV. Additionally, we show
that in the presence of water molecules the carboxylic moiety
can protonate ammonia giving rise to ion pairs. Changes in
electronic density, Löwdin partial charges, and projected
density of states in the absence of acidic amine protonation
reveal that the strongest interaction occurred between the
−OH from the carboxylic group and the nitrogen atom of the
amines. To investigate the selectivity of this phenomenon, we
examined the interaction of g7 × 7/1a with other gases such as
CO2, SO2, H2S, and CH4. Recovery time values estimated from
adsorption energetics suggest that these nanomaterials can be
used to detect nitrogenated compounds at relatively low
temperatures (298 and 373 K). Importantly, we perform
transmission calculations of prototypical systems based on
NH3 interacting with various functionalizers containing
carboxylic moieties, both dissociated and un-dissociated, and
showed that g7 × 7 and g7 × 7/1a behave differently in the
presence of ammonia, which should be experimentally
detectable and make these materials good candidates to design
sensors for ammonia.

2. COMPUTATIONAL DETAILS
Structure relaxation and band structure calculations were
carried out at DFT/PBE level54,55 with the DFT-D3 dispersion
correction56−58 implemented within the Quantum ESPRESSO
(v7.0) package.59 Valence and core electrons were expressed in
terms of a discrete plane-wave basis set (cut-off = 49.15 Ry)
and PAW formalism, respectively.60,61 The conductance of the
different systems was obtained by mean of the non-equilibrium
green function (NEGF) approach62 implemented within the
SIESTA code,63,64 by using double zeta plus polarization
(DZP) basis set for describing the valence electrons and
Hamann norm-conserving pseudopotentials for describing the
inner charges.65,66

For all the thermodynamics and sensing simulations, we
used a graphene supercell consisting of large 7 × 7 unit cells
(98 carbon atoms) onto which the different organic
functionalizers were chemically bound. Such a large cell was
chosen to achieve a low surface coverage and avoid lateral
interaction between the functionalizing groups. During the
relaxation of the structures (until the maximum force on ions is
less than 1 × 10−3 eV·Å−1), we used a Monkhorst−Pack k-
point grid (3 × 3 × 1) to sample the Brillouin zone and the
orbital energies were broadened using Gaussian smearing of
0.01 eV. A denser Monkhorst−Pack k-point grid (12 × 12 ×
1) and tetrahedron integration method were applied for
calculating the electronic properties.
For the conductance calculations, we used graphene layers

made by 120 carbon atoms laid on the basal plane of an
orthorhombic unit cell (36.9 × 8.52 × 25.0 Å3). The
transmission direction, which coincides with the longest
edge, also coincides with the zig-zag direction of the graphene
layer.67 We accounted for the system periodicity in the
direction perpendicular to the transmission one, by employing
Born−von Karman boundary conditions that allow wave
vectors K belonging to a 100 × 1 Monkhorst−Pack regular
grid. Prior to the conductance calculations, the geometry of the
functionalized nanoribbons was relaxed until the maximum
force on ions is less than 1 × 10−3 eV·Å−1 and the electronic
energy is less than 1 × 10−6 Ry employing the CP2K
software68 at DFT-D3/PBE level using DZVP-Molopt-GTH
basis sets69 and GTH-PBE pseudopotentials.70

Cycloaddition reaction energies, ΔErnx, were determined
from the difference of the individual energies of the modified
graphene (Emg), the carbene adsorbate (Ecarbene), and the
graphene (Egraphene) using eq 1.

26,43

(1)

Adsorption energy values, ΔEads, were determined from the
difference of the complex energy (Ecomplex), the modified
graphene energy (Emg), and the target energy (Etarget) using eq
2, where n is the number of adsorbates per supercell.26,43

(2)

Differences in the charge density, Δρ, were determined from
the difference of the electronic densities of the complex
(ρcomplex), the modified graphene (ρmg), and the target (ρtarget)
using eq 3.26,43

(3)

Partial charges were calculated using the Löwdin population
analysis using eq 4.26,43
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(4)

where necal. and neval. represent respectively the population
calculated for a given atom and its number of valence electrons
(H = 1.00, C = 6.00, N = 7.00, O = 8.00 and F = 9.0). The
partial charge is considered negative if the calculated Löwdin
electron population71 is higher than the number of valence
electrons, otherwise it is considered as positive.
Recovery times were calculated from transition-state theory

according to eq 5.72

(5)

where ν is the attempt frequency of bond breaking (ν ≈ 1
THz), ΔEads is the adsorbate/modified graphene interaction
energy, kb is the Boltzmann constant, and T is the system
working temperature.

3. RESULTS AND DISCUSSION
3.1. Thermodynamics of the Graphene Functionali-

zation. We first examined the [1 + 2]−cycloaddition reaction
between the carbenes (1a−d) with the graphene (Figure 1A),

which yields the corresponding cyclopropane functionalized
graphene nanosheets (g7 × 7/1a−d) as depicted in Figure 1B.
These substituted prototypical carbenes were chosen to grasp
the effects of: (i) introducing a second carboxyl substituent on
the low-valence carbon atom, (ii) substituting the carboxyl
group with a phenylcarboxyl group, and (iii) replacing the
hydrogen atoms on the phenyl group by strong electron
attracting fluorine atoms.
Data summarized in Table 1 show that the cycloaddition

reaction between the graphene (g7 × 7) and the substituted
carbenes is favorable since the reaction energy varies from
−1.57 to −2.68 eV (−151.5 to −258.6 kJ·mol−1). These values
agree well with the data for cycloaddition reaction occurring
between dienes and dienophiles.73,74 Differences can be

attributed to the electronic and steric effects caused by the
different groups, in particular the lower energy value for 1b is
due to steric hindrance.
Also, for comparison with previous works,26,43 we examined

the reaction between the rippled graphene substrate (g7 × 7r)
and the carbenes by virtually splitting the as-formed cyclo-
propane into a carbene group and a rippled graphene. The
reaction energy values (−2.93 to −3.89 eV) are naturally
higher than those computed starting from the flat graphene
supercell and agree well with those reported by Hildebrand et
al.27 The differences, varying from 1.11 to 1.36 eV depending
on the substituent on the low valence carbon atom, measure
the energy needed for distorting the graphene (the rippling
energy) by pulling out the two carbon atoms, site of the
reaction, from the graphene plane and changing their
hybridization from sp2 to sp3. These values are also consistent
with the literature.75

3.2. Geometrical Features. Since the chemical reaction
involves carbon atoms from the graphene surface, we examined
the changes occurring in their geometrical features. The sp3−
sp3 C−C bond length from the cyclopropane is longer than the
simple carbon−carbon bond length in the graphene (1.57 vs
1.44 Å) and ∠CCC of 60°, which agree with values from
literature.26,31,43 Besides, the same reaction induced localized
changes in the graphene structure, the involved atoms show a
protrusion (0.6 to 0.7 Å) above the graphene median surface,
which completely disappeared at the unit cell edges.
3.3. Electronic Properties of the Substituted Gra-

phene. We further examined the changes induced by the
organic functionalization on the graphene electronic proper-
ties. Plots of the total DOS display a transition from a system
without a bandgap, suggesting a semi-metallic behavior, to a
pseudo-semiconducting one with the appearance of a gap near
the Fermi level (Figure 2A−D). A more precise picture is
derived from the band structure plots (Figure 2E−H) showing
a direct bandgap near the K point of ≈0.2 eV (note also the
inflection shape in the lowest unoccupied band at the K point).
Importantly, it is to be noted that the Dirac point is shifted
away in K-space from the Fermi level, and, in the 1b−1d cases,
lies in the middle of the pseudo-bandgap (above the Fermi
level). In other words, the presence of the functionalizer with
the transformation of some aromatic into aliphatic carbon
destroys conjugation and creates an electronic band gap in its
neighborhood, whereas the graphene away from the
functionalizer basically maintains its conducting electronic
structure. This explain the band gap at the K point, and the
shift of the Dirac point to another position of the Brillouin
zone. Previous Results on similar systems in previous literature

Figure 1. (A) Chemical structures of the different carbene reactive
intermediates used to functionalize the graphene nanosheets, (B) 2D
representation of the modified graphene nanosheets (g7 × 7/1a−d),
and (C) lateral view of the flat (g7 × 7) and rippled (g7 × 7r)
graphene substrates. Color code: C: black (or cyan blue), O: dark red,
H: yellow, and F: green.

Table 1. Reaction Energies of the Organic Functionalizers
with Flat and Rippled Graphene and the Corresponding
Distortion Energy

substrates
reaction
energy/eVa

reaction
energy/eVb

rippling
energy/eVc

g7 × 7/1a −2.68 −3.89 −1.21
g7 × 7/1b −1.57 −2.93 −1.36
g7 × 7/1c −2.42 −3.62 −1.20
g7 × 7/1d −2.32 −3.43 −1.11

aReaction energy calculated starting from the flat graphene (Egraph,flat).
bReaction energy calculated starting from the rippled graphene
(Egraph,rippling).

cErippling = Egraph,rippling − Egraph,flat.
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are consistent with the more detailed picture here
presented.26,43

3.4. Detection of Volatile Amines. Next, we investigated
the sensing capability of the functionalized graphene
derivatives (g7 × 7/1a−d) to detect ammonia and other
short-chain volatile amines (MMA, DMA, and TMA).
Adsorption energy was calculated from the energies of the
complex, the modified graphene, and the adsorbate (target),
according to eq 2. Data gathered in Table 2 show that the
nitrogenated derivatives interact favorably with the different
carbene-functionalized graphene derivatives. The highest
energy values (−0.49 to −0.60 eV) were observed with the
amines, which can be attributed to the strong hydrogen bond
(HB) between the OH from the CO2H group and the nitrogen
from the amines. Additionally, we examined the potential
ability of g7 × 7/1b to sense more than one molecule of
amine. Structural relaxation of the modified graphene in the
presence of two NH3, MMA, DMA, or TMA showed that the
energy values are almost twice larger than those obtained with
one molecule of the target amine, which agrees with the fact
the substrate is involved in HB using both carboxylic groups
with the two amines. Additionally, the adsorption energies per
one adsorbate molecule are almost the same as that computed
for one target, denoting a decoupled adsorption. In our study,
we intentionally used a low surface coverage of the organic
functionalized (one carbene group for every 100 graphene
carbon atoms). One can expect that increasing the surface
coverage (one carbene group every 40 to 50 graphene carbons
in smaller supercells) will allow detecting a higher number of
the targets and thus reaching a higher sensitivity.
Furthermore, the interaction energies for the derivatives

bearing the carboxylic acid group (g7 × 7/1a−b) are higher
than those computed with the ketone substituents. This was

expected since the carboxylic acid groups act as strong
hydrogen bonding donors than the ketone with the nitrogen
atom of the amines as hydrogen acceptors, while the NH···CO
hydrogen bonds are weaker. We can observe that the
interaction energy values between the amines and g7 × 7/
1d are lower than that with g7 × 7/1c because the strong
electronic withdrawing effect of fluorine atoms in g7 × 7/1d
weakens the C�O group hydrogen bond accepting behavior.
It is worth noting that the DFT/PBE typically somewhat

overestimates the interaction energy between the acidic group
of the formic acid and the ammonia target.76 Indeed, in Table
S1 of the Supporting Information we report the results of the
comparison among interaction energies computed according to
different methods, showing that depending on the method the
increase in energy may range from 20 to 290 meV. We also
note however that it is difficult to reach high accuracy on this
quantity: even computationally expensive post-Hartree−Fock
CCSDT/DZ and M08-HX methods overestimate the inter-
action energy by 17.5 and 6.4%, respectively, when compared
to the CCSDT/QVZ method, which we report and is believed
to achieve chemical accuracy. Despite these limitations, PBE/
D3 is the only computationally affordable method to
investigate the large unit cells of the present study.
3.5. Electron Density Differences. To gain further

insight into the changes in the electronic density distribution
after the interaction with the target and potentially interfering
molecules, we computed the charge density difference using eq
3. Panel A of Figure 3 displays the charge variations after
interaction with NH3, MMA, DMA, and TMA. The charge
density plots show area of charge depletion (colored in blue)
around the hydrogen and oxygen atoms of the carboxylic acid
group along with areas of charge gain (colored in yellow) in
the vicinity of the nitrogen. We attribute this to a charge

Figure 2. Plots of the total DOS (A−D) where the grey plain plots are for the pristine graphene and the violet plots are for the corresponding
functionalized graphene. Band structures (E−H) for the different carbene-functionalized graphene nanosheets g7 × 7/1a−d showing the band gap
opening at the K-point. The black plots are for the unmodified graphene and are given for comparison.
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density redistribution following the hydrogen bond formation.
All the carbons of the graphene substrate and the carbene are

unaffected by the interaction and their electronic density
remained unchanged.
3.6. Selectivity. To examine the selectivity of the modified

graphene surface toward the nitrogenated target molecules, we
calculated the interaction of the prototypical g7 × 7/1a with
other gases such as Cl2, CO2, H2S, and SO2. Table 2 (entry 2)
and panel B of Figure 3 report the corresponding results of
charge density differences. From the data, we remark that the
interaction of these competing species is generally weaker,
meaning that sensing will be selective towards amines. The
interaction energy does not exceed −0.20 eV, which the one-
third of the lowest energy computed for CO2H···NR3 (R = H,
CH3) systems, thus demonstrating a good selectivity of the
surface toward amines, thanks to the high hydrogen bonding
donating ability. Carbon dioxide and sulfur dioxide seem to be
the least attracted to the surface because of the lone pairs of
electrons on the oxygens, which probably are causing repulsion
with the oxygen-rich group tethered to the graphene surface.
Also, as expected, the areas of charge gains and losses in panel
B of Figure 3 are more sizeable with the chlorine and H2S
molecules than with CO2 and SO2. In all cases, the charge
density differences with the competing gases are weaker than
with those obtained for the amines (note that panels A and B
are represented using two different isovalues of the charge
density).
3.7. Projected Density of States. To further analyze the

amine/functionalized-graphene interaction, we calculated the
PDOS for the atoms of the two groups involved in the
interaction (H3N and the carboxylic acid), and other carbon
atoms from the carbene functionalizer and one carbon in the
graphene far from the reaction center. In panel A of Figure 4,
we can observe a shift by 2.1 and 0.3 eV to lower energy values
of the orbital energy of the N2p and the H1s after adsorption,
respectively. Also, the 2p orbitals of the two oxygens of the
carboxylic acid are shifted to lower energy after adsorption.
The extent of the shift is weaker (0.4 eV), which suggests that
the influence of the interaction weakens far from the reaction
center. The 2p orbitals of the C(sp2) atom of the carboxylic
acid are shifted to higher energy values by 0.6 eV after the
interaction (black plot), while the CH group of the carbene is
influenced to a lesser extent (red plot) and the other carbons

Table 2. Calculated Adsorption Energy of the Nitrogenated
Compounds with the Different Modified Graphene
Nanosheets (g7 × 7/1a−1d), HB Donors and Acceptors
Involved in the HB and Their Lengths

substrates targets
ΔEads
(eV) involved atoms d (Å)

g7 × 7/1a NH3 −0.49 OH···N 1.66 (2.95)a

MMA −0.52 OH···N 1.63 (2.65)a

DMA −0.55 OH···N 1.60 (2.95)a

TMA −0.51 OH···N 1.62
g7 × 7/1a Cl2 −0.18 OH···Cl 2.41

H2S −0.18 OH···S 2.39
CO2 −0.08 OH···O 2.12
SO2 −0.02 OH···S 3.02

g7 × 7/1b NH3 −0.56 OH···N/C�O···HN 1.63 (2.51)a

MMA −0.57 OH···N/C�O···HN 1.58 (2.86)a

DMA −0.58 OH···N/C�O···HN 1.54 (2.41)a

TMA −0.50 OH···N 1.56
g7 × 7/1b 2NH3 −0.58 OH···N 1.64

(1.65)b,c

2MMA −0.63 OH···N 1.59
(1.60)b,c

2DMA −0.60 OH···N 1.54
(1.57)b,c

2TMA −0.61 OH···N 1.53
(1.56)b,c

g7 × 7/1c NH3 −0.11 C�O···HN 16
MMA −0.12 C�O···HN 2.20
DMA −0.13 C�O···HN 2.14
TMA −0.04 C�O···HC 3.12d

g7 × 7/1d NH3 −0.05 C�O···HN 2.22
MMA −0.08 C�O···HN 2.25
DMA −0.10 C�O···HN 2.39
TMA −0.01 C�O···HC 2.82d

aThe target established a second nonlinear HB between the C�O
group and NH from the amine. bLength of the second OH···N
hydrogen bond. cEach OH group established an HB with the target
molecule. dWeak CH···OC hydrogen bond.

Figure 3. (A) Selected optimized geometries of cyclopropane-modified graphene derivatives g7 × 7/1a in interaction with NH3, MMA, DMA, and
TMA molecules. (B) Modified graphene substrate interaction with Cl2, H2S, CO2, and SO2 molecules. Isovalues of the charge density difference
were set at 1.0 × 10−3 e·bohr−3 (A) and 3.0 × 10−3 e·bohr−3 (B).
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of the graphene are unaffected (blue plot in panel D). The
projected DOS of C−C atoms siege of the cycloaddition
reaction shows no influence of the interaction on their energy
levels, thus confirming the effect of the distance (panel C).
3.8. Partial Charges. The computed partial charges from

the Löwdin population analysis changed after adsorption
(Figure 5). It is worth noticing that the variation in the

electronic charge is proportional to the extent of the
interaction between the substrate and the target, as depicted
in Figure 5A,B. In the case of the interaction between g7 × 7/
1a and ammonia, the highest partial charge changes occur in
the vicinity of the interaction center, where the nitrogen loses
charge density (−0.09e) and draws electrons from the three
adjacent hydrogens, on which the partial charge increases by
+0.08e. The acidic hydrogen also loses charge density (−0.05e)
upon adsorption, by gaining charge density from the two
oxygens. The partial charges of the latter and the sp2-carbon
from the carboxylic acid witness weaker gains in their partial
charges (+0.03e), due to a longer distance separating them
from the hydrogen bond location. The CH group shows
almost no partial charge change (loss of 0.01e), thus
demonstrating the proximity of these charge effects to the
interaction center.
In the case of the interaction between g7 × 7/1a and Cl2,

the overall trend is similar to those observed in the interaction
between g7 × 7/1a and ammonia but they are appreciably
weaker. For instance, the chlorine charge distribution is only
slightly disturbed by the interaction and the acidic proton only
loses −0.02e following the interaction. Additionally, the partial
charges of the graphene substrate seem to be unaffected by the
interaction. The overall partial charge variation does not

Figure 4. PDOS of the atoms involved in the interactions: (A) H1s from the acidic group and N2p form the ammonia, (B) 2p orbitals of the two
oxygens from the carboxylic acid, (C) 2p orbitals of the two carbons involved in the cycloaddition and (D) 2p orbitals of the sp2 carbon from the
carboxylic acid, from the CH group and a random carbon from the graphene surface far from the reaction center.

Figure 5. Computed partial charges before between brackets and after
the interaction of g7 × 7/1a with ammonia (A) and chlorine (B).
Atoms of the graphene were removed for clarity.

Table 3. Recovery Times Calculated at 298 and at 373 K for the Different g7 × 7/1a−b in the Presence of the Amines and the
Potential Interfering Targets

g7 × 7/1a g7 × 7/1b

target recovery time (298 K)/μs recovery time (373 K)/μs target recovery time (298 K)/μs recovery time (373 K)/μs
NH3 194 4 NH3 2956 (6440) 37 (68)
MMA 623 11 MMA 4363 (45,131) 50 (325)
DMA 2002 27 DMA 6440 (14,032) 68 (128)
TMA 422 8 TMA 286 (20,713) 6 (174)
Cl2 1.1 × 10−3 0.3 × 10−3

CO2 1.1 × 10−6 0.3 × 10−6
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exceed 0.02e arising from the weak interaction between the
target and the substituted graphene.
3.9. Recovery Time. To assess the potential use of these

nanomaterials in the detection of the nitrogenated compounds,
we determined the recovery times at ambient temperature
(298 K) and at 373 K, using eq 5. The data are gathered in
Table 3.
Assuming a reasonable Arrhenius prefactor and at ambient

temperature, the recovery time values for the modified
graphene g7 × 7/1a and g7 × 7/1b were calculated. The
values span from 0.2 to 2.0 ms and from 0.3 to 45.1 ms,
respectively. At 373 K, the time values are two to 3 orders of
magnitude lower and range from 4 to 27 μs and 6 to 325 μs. It
is worth noticing that the millisecond to microsecond time
scale is shorter than the times required to realize detection in
an experimental setup since the device cannot hold the gas
molecules for times long enough to be detected by the
electronic circuit.8,9 On the other hand, all the examined
interfering gases have a weak interaction with the surface
except Cl2 and H2S. The recovery time values of the latter are
in the nanosecond range, which does not qualify the
investigated materials sensors to detect these species in a real
experimental setup. This is attributed to the weak interaction
energies (<−0.2 eV) recorded for the carbene-functionalized
graphene nanosheets. Although, the huge differences in
recovery times show that the nanomaterials can be used
selectively to detect the aminated compounds in the presence

of CO2, SO2, Cl2, and H2S if the interaction energy can be
enhanced by increasing the density of the detection sites.
3.10. Conductance and Integrated Currents. The

above band structure and wave function analysis provide
useful insights into the interaction between functionalized
graphene and amines, but they are not sufficient to
demonstrate the feasibility of using this system in sensing.
To demonstrate this, we must prove that some property of the
system, accessible to experimental measurement, is affected by
the formation of the target−substrate complex in a degree
sufficient to be detected in practice.77−80 The property of
choice in the case of graphene is conductance. We, therefore,
investigated how conductance changes as a function of amine
interaction via first-principles electronic transport simulations.
First, we calculated the conductance of pristine graphene, with
the transmission measured along a direction parallel to the zig-
zag one (panels C and D of Figure 6). The results of Figure 6
show that the current flows as the potential bias increases as
expected for a semi-conductive material with a zero bandgap
(Figure 6, GR curve in purple) and in this respect are
consistent with similar simulations reported in the literature
(see e.g. ref 81). Differently from previous cases, we find that
the current density, which is ca. 0.025 μA·nm−1 at a potential
bias of 50 mV, drastically increases by about 2 orders of
magnitude (2.70 μA·nm−1) when the applied potential bias
increased 10 times, implying a nonlinear behavior. In the case
of functionalized graphene (g7 × 7/1a), the calculated current
shows an overall similar behavior since the current increases

Figure 6. Panel (A) Electronic transmission plots at different energies for the bare graphene (violet) and the g7 × 7/1a nanosheet with (red) and
without (green) ammonia. Panel (B) Simulated current density under different potential biases for the bare graphene (violet) and the g7 × 7/1a
nanosheet with (red) and without (green) ammonia. Panels (C,D) contain different views of ball and stick representations of the functionalized
graphene layer in interaction with the ammonia molecule.
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concomitantly with the potential bias increase (Figure 6 green
curve). However, the recorded maximum current is ca. 70%
lower than that recorded for the pristine graphene. Indeed, for
a potential bias of 0.5 V, the currents are respectively 2.70 and
0.85 μA·nm−1 for the pristine and modified graphene. We
therefore conclude that the covalently bounded carbene unit is
able to reduce the electronic states available for charge
transport along the transmission direction even at a density as
low as 1 group per 120 graphene carbons (about 0.5 pmol·
mm−2), see Figure 6 panel C for an atomistic depiction of the
system.
On the contrary, by considering the system illustrated in

Figure 6 panel D, we find that, under these conditions, the
ammonia presence (Figure 6, panel B, red curve) hardly affects
the functionalized graphene’s current response, which is
reduced by only about 3% when the bias is 1.0 V. We
attribute this unexpected low sensitivity to both the low
density of interaction sites and especially to a relatively low
interaction between the ammonia and the acid moiety, which
do not generate a surface dipole strong enough to appreciably
modify the electronic states and thus the transmission of the
functionalized graphene along the considered direction. In

other words, the number of conductance paths affected by the
presence of ammonia is small and has little effect on the
current. We thus explored the effect of a larger density of
carbene groups on the electronic current, to see whether this
can induce a larger and more uniform dipole in the direction
transverse to transmission. To do this, we added three more
HC−CO2H groups (1a) surrounding the initial one within a
stripe of graphene about 10 Å width (Figure 7, panels C and
D).
The results of the current simulations (Figure 7, panels A

and B) indicate, first, that the carbene density increasing
drastically modifies both the shape and the intensity of
transmission, which loses the characteristic V configuration
and reduces almost linearly with the number of carbene units.
The higher carbene coverage also improves the functionalized
graphene sensitivity in detecting ammonia presence, since the
larger and more uniform dipole, generated from the
interactions of the amines with the CO2H groups, destabilizes
the electronic states of the graphene responsible for
conductance that now passes directly underneath the adsorbed
amine and increases their density near the Fermi level, leading
to an improved transmission at low bias (Figure 7, panel A red

Figure 7. Panel (A) Electronic transmission plots at different energies for the bare (green) g7 × 7/1a nanosheet in the presence of ammonia (red)
and after the addition of one water molecule per carboxylic acid function (blue). Panel (B) simulated current density under different potential
biases for the bare (green) g7 × 7/1a nanosheet in the presence of ammonia (red) and after the addition of water (blue). Panels (C,D) contain
different views of ball and stick representations of the functionalized graphene layer in interaction with the ammonia molecule. Panels (E,F) contain
different views of ball and stick representations of the functionalized graphene layer in interaction with the ammonia molecule after the addition of
water molecules. Dashed lines represent the hydrogen bond network established on the surface of the modified graphene by the carboxylate ion, the
ammonium ion, and the water molecules.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c01945
J. Phys. Chem. C 2023, 127, 15474−15485

15481

https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01945?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01945?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01945?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c01945?fig=fig7&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c01945?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


curve) and a current density larger by about 50% at 0.6 V
(Figure 7, panel B red curve) than the one recorded in the
same condition for functionalized graphene in the absence of
amine (Figure 7, panel B green curve). This phenomenon is
akin to the one previously investigated for graphene/electrode
interfaces81 and could be similarly rationalized by comparing
the electrostatic potential profile of the bare and amine-
interacting graphene systems. This degree of change of the
current density with ammonia presence (around 50% differ-
ence in the signal) should be sufficient to be experimentally
detectable, as the current state of the art in sensor devices
presents a 1/f noise level ranging between 5 and 50%
depending on device configuration.82 Furthermore, the
strength of the surface dipole and consequently the intensity
of the current density can be further increased by the addition
of water with a concentration similar to that of ammonia
(Figure 7 panel D and E). In this case, in fact, our simulations
predict the formation of ion pairs NH4+/CO2− following
proton transfer from the acid group to ammonia. The proton
transfer is critically promoted by the water molecules that
stabilize the negative charge left on the carboxylic groups from
the transferred proton leading to the formation of ammonium
ions. NH4+/CO2− and water molecules established a dense
network of hydrogen bonds stabilizing the charge on the
surface (as shown in Figure 7), which increases the electronic
effects. As shown from the data reported in panel B of Figure 7,
the formation of ion pairs increases the current density of the
functionalized graphene by about 270%, suggesting a
combined sensing of ammonia and water, or in general a
dependence on ammonia detection by this sensing system
upon humidity.

4. CONCLUSIONS
The functionalization of graphene with reactive groups with
tailored properties is of paramount importance in the field of
materials research aimed at developing sensors for the
detection of ammonia, in order to assess low levels of
contaminants that can endanger public safety. Using DFT, we
showed that graphene can be modified by carbenes to yield
corresponding functionalized graphene nanomaterials via a
cycloaddition reaction, with reaction energy varying from −1.6
to −2.9 eV, where these energies are reduced by the energy
lost to deform graphene (−1.1 to −1.4 eV). These nanoma-
terials can interact with nitrogenated compounds via hydrogen
bonding with sizeable interaction energies ranging from −0.5
to −0.6 eV. The mechanism of interaction was analyzed using
PDOS, partial charges, and differences of charge density,
providing a consistent physicochemical picture. The predicted
short recovery times and selectivity towards amines rather than
possible competing adsorbates (CO2, SO2, Cl2, and H2S)
indicate that the materials here investigated could offer a
possible pathway to design electronic field-effect transistors for
the detection of amine derivatives in complex gaseous samples.
This is demonstrated by complementing static calculations
with novel first-principles explicit simulations of electronic
transport (i−v curves), illustrating under which conditions the
presence of interacting amines can affect conductance to a
degree which can be experimentally measured.
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