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Abstract

An easy and cost-effective method is presented to functionalize graphene through thermally
activated dimerization of 2,5-diaryltetrazoles. Consistently with the experimental spectroscopic
results, theoretical calculations demonstrate that during the thermal treatment a dimerization
process to tetrazine is energetically more favorable than covalent grafting. Since both the
functionalization method by thermal activation and the use of tetrazoles have never been
considered before to prepare graphene-based chemiresistors, this represents a promising
approach to develop graphene-related sensing platforms. Five different 2,5-diaryltetrazoles have
been tested here for the effective functionalization of low-defect graphene layers on silicon
nitride. Based on these layers, an array of sensors has been prepared for testing upon ammonia
exposure. The tests on the sensing performances clearly show a remarkable sensitivity to
ammonia, extending the current range of ammonia detection with graphene-based chemiresistor
down to the sub-ppm range, as results from a benchmarking with data available in the literature.
Furthermore, all sensors perform better than bare graphene. Density functional theory (DFT)
calculations, carried out on a model of the best performing layer of the array provided the
theoretical framework to rationalize the sensing mechanism and disclose a dual role played by
the tetrazine molecules, (i) acting as ammonia concentrators and (ii) mediating the electron
transfer between ammonia and graphene.
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Introduction

Highly sensitive gas sensing materials, as well as ammonia monitoring, are of great importance
for several applications, including environmental pollutants detection, ! food quality tracking, *
6 and medical screening campaigns. "'°

Indeed, concentrations of ammonia higher than 10 ppb in the exhaled breath of a patient can be
related to liver or kidney pathologies, !! while regarding environmental monitoring, ammonia is
the precursor of fine particulate (PM2,5 and PM10), which is very dangerous for human
respiratory health. ! Finally, spoiled food, especially cheese and meat, releases small quantities
of ammonia. '* Taking into account this information, it is clear why developing cheap and
effective gas sensors to detect low ammonia concentrations would be a groundbreaking
achievement for many fields.

Graphene is probably one of the most studied materials in recent years, due to its intrinsic
remarkable properties, such as high in plane conductivity leading to a low electrical intrinsic
noise, !4 its excellent chemical stability at room temperature, !> and its high sensitivity to surface
adsorption of gas molecules, '® which make it a promising candidate for gas sensor development.
Within the graphene family, graphene oxide (GO) or reduced graphene oxide (rGO) have been
so far the most investigated for the development of gas sensors, since their highly defective
nature is expected to favor the interaction with gas molecules, enhancing the sensor response.
1718 Nevertheless, GO- and rGO-based gas sensors have some drawbacks, from the high
production cost '’ to the irreversible recovery to the initial condition after gas exposure, which
makes their sensing capability not reliable. 2

Consequently, ad-hoc functionalization of pristine graphene has been recently explored as a
methodology to enhance its sensing capability.?!** Graphene could be functionalized in several
ways, including both covalent and non-covalent bonding,”® and different experimental

approaches could be followed for the functionalization: from single atoms (mostly boron or

26,27 28,29

nitrogen) 2*?° to nanoparticles, 24>’ or organic molecules.
In the present work an easy and low-cost small molecules functionalization method, based on
tetrazoles chemistry, has been developed to functionalize pristine graphene layers, that have
been successfully employed in ammonia gas sensing. In detail, different tetrazoles molecules in
solution have been dropcasted on graphene layers that, after thermal activation in nitrogen

atmosphere at 250 °C, have generated highly reactive nitrilimines. ** What happens to
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nitrilimines on the graphene surface is relevant to the present study. According to [31], a highly
reactive nitrilimine species in the presence of defects and edges, could covalently graft on the
graphene surface modulating its work function. However, the authors do not report what happens
to the nitrilimine if the graphene layer does not present a high density of defects and therefore
the nitrilimine does not covalently graft on graphene.

Nitrilimines species, generated from tetrazoles by either heat or UV-irradiation, are reactive
towards a plethora of functional groups (Scheme 1) 32-34 and this reactivity has been successfully
exploited for numerous applications, such as labeling and cross-linking of biological substrates,

3536 polymers functionalization for explosive detection 3’ and surface chemistry.
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Scheme 1. Reactivity of nitrilimines. 2-*

However, when no reactive counterpart is present and under determinate conditions, nitrilimines
can self-react to form new entities by dimerization or oligomerization pathways. In particular,
thermal treatment of 2,5-diaryltetrazoles in melt, yield, predominantly, via a head-to-tail
mechanism, 1,3,4,6-tetraryltetrazines (Scheme 1, pathway d). *°

On this basis, we tested five different 2,5-diaryltetrazoles (1-5, Figure 1) for the functionalization
of low-defect graphene layer on silicon nitride and the prepared samples have then been
simultaneously tested as gas sensors at room temperature, showing remarkable capability to track
ammonia at low concentration, compared with results reported for chemiresistor graphene-based

sensors to date.
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Figure 1. Selected tetrazoles molecules for the functionalization of graphene:
1. T: 2,5-diphenyl-2H-tetrazole;
2. TMe;: 2-(3,5-dimethylphenyl)-5-phenyl-2H-tetrazole;
3. TOMe:: 2-(3,5-dimethoxyphenyl)-5-phenyl-2H-tetrazole;
4. TCN: 4-(2-phenyl-2H-tetrazole-5-yl)benzonitrile;
5. TOH: 4-(2-phenyl-2H-tetrazole-5-yl)phenol.

Theoretical calculations and spectroscopical analyses of the samples reveal that this remarkable
sensing capability is given by the 1,3,4,6-tetraaryltetrazines on the graphene surface after the
functionalization treatment, as the lack of defects and edges in the graphene layer hindered any

potential cycloaddition reactions.

Results and Discussion

Synthesis of 2,5-diaryl-2H-tetrazoles 1-5

2,5-diaryl-2H-tetrazoles 1-5 were synthesized according to a reported procedure (Scheme 2). 4
The selected aldehyde reacted with tosylhydrazine in refluxing EtOH. The tosylhydrazone
intermediate was not purified and treated with the diazonium salt of the suitable aniline to afford

the expected 2,5-diaryl-2 H-tetrazole.
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Scheme 2. Synthesis of 1-5.

Grafting or Dimerization

Surface functionalization of Gr by grafting usually requires defective sites, such as
undercoordinated C atoms located at edges and/or vacancies, which are more reactive and
prompter to bind covalently to molecules.’! For this reason, since defects in the graphene
samples used in this work are relatively low (as will be discussed and proved below), we expect

a low tendency to grafting.

In order to clarify the competition between grafting and dimerization to tetrazine, we performed
an energetic analysis by calculating and comparing the DFT energies of reactants, intermediates,
and products along the two possible reaction paths (as shown in Figure 2). In line with the
experimental samples, we considered a perfect graphene monolayer, free from defects that may
favor grafting. Moreover, among all the tetrazoles considered in this work, we chose the 1,3,4,6-
tetraaryl-1,4-dihydro-1,2,4,5-tetrazine (TOH), as a case study, because of its remarkable sensing
capability, as it will be disclosed later, and because its composition yields to an easier

characterization analysis, especially as relates to XPS.

We started by virtually depositing two tetrazole molecules onto the Gr surface (Figure 3a). This
model structure represents the system before any heat treatment, only after the solvent

evaporation which leaves the molecular precursors adsorbed on the graphene surface.

Then, due to the thermal treatment, each adsorbed tetrazole decomposes and releases one N>
molecule in the gas-phase by forming a nitrilimine intermediate (Figure 3b). Such a 1,3-dipolar

compound presents a charge separation that makes it prone to react with other elements in the



environment. Here, two possible scenarios open up: 1) the formation of a pyrazoline compound
through a 1,3-dipolar cycloaddition reaction (grafting, Figure 3c), or 2) the formation of a
tetrazine compound through a dimerization reaction (Figure 3d). It is worth pointing out that
even if the cycloaddition on graphene is reported to take place only on defective site, we
calculated the reaction energy of a possible grafting in the areas of the graphene without defects,

in line with the morphology of the experimental samples.
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Figure 2. Competitive pathways of thermal generated nitrilimine from 2,5-diaryltetrazoles in presence of
graphene layers.

As shown in Figure 4, the grafting is clearly more energetically expensive than the dimerization

process (4.86 eV vs -0.19 eV with respect to the Gr-TOH(tetrazole).

The reason is that grafting requires the formation of covalent bonds between the adsorbed
molecules and the Gr surface, leading to a disruption of the graphene sp? system. Indeed, as one
can clearly see from the side view of Figure 2¢, four C atoms become highly pyramidalized (two
per molecule) due to the change of their hybridization from sp? to sp>. This energy cost has been
calculated to amount to = 4.6 eV (= 2.3 eV per pyrazoline molecule), in good agreement with the

energy difference of 5.05 eV between the two configurations.



On the contrary, in the case of the dimer formation, no rehybridization of the graphene C orbitals

is required, which makes the process more energetically favorable.
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Figure 3: Ball-and-stick models (top and side views) for reagents, intermediates, and products along with
the two possible grafting and dimerization processes (Figure 2). Color coding: C atoms in Gr are rendered
in dark grey (stick representation); C, N, O, and H atoms in the adsorbed molecules are rendered in black,
blue, red, and white, respectively (ball-and-stick representation). Distances are reported in A.
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Figure 4: Energy profile for the grafting and dimerization processes. The first reaction step (which
involves the release of N> in the gas-phase) is shared between the two mechanisms. The corresponding
geometries are reported in Figure 3.

To summarize, based on our simulations, no evidence that grafting is energetically favored with
respect to dimer formation has been found. Grafting could be a competitive process only if the
graphene sample exhibits high defectivity, making it easier to form covalent bonds between the
molecule and the surface. To support these conclusions, a thorough experimental
characterization of the functionalized graphene samples has been carried out, through AFM,

Raman, and XPS analysis.

AFM representative images collected on the sample are reported in Figure S1. All the
functionalized samples present a homogeneous layer, except for the Gr-TCN case, where
agglomerates, which are probably due to the possible reaction of nitrilimine with the CN triple

bond. !

Representative Raman spectra of each sample are reported in Figure 5a. Starting from the
pristine graphene (red spectrum) the G band, located at 1590 cm™, and the 2D band, located at
2649 cm’', are clearly present. The former band is ascribed to the C-C stretching of sp?
hybridized carbon atoms in the graphene lattice, while the latter is a second order Raman

scattering process, and it is related to the breathing mode of carbon atoms in the plane of



graphene.*? In pristine graphene a feature around 1445 cm™ is detectable. This band has also
been reported by A. Gupta et al. ¥ for graphene layers on Si/SiO2 and ascribed to disorder-
induced first order scattering. After an extensive Raman data analysis on different pristine
graphene samples, we found that in most cases this band is present in pristine graphene samples.
Therefore, we tentatively ascribe it to the contribution of the graphene layer (in agreement with
ref. 43), assuming that the deposition of the tetrazole overlayer may contribute to a quenching of

its intensity.

The feature detected around 1340 cm™ likely has a two-fold origin: indeed, the silicon nitride
substrate has a band in the same position,* but also the D-band related to defects in graphene,
and in particular to the formation of sp® hybridization of some graphene C atoms upon the
covalent attachment of a molecule, was reported around 1330 cm'.*> The Ip/I ratio in the
pristine graphene spectrum is quite low (i.e. 0.15+0.02), and, taking into account that this value
is probably overestimated due to the silicon nitride contribution, it is possible to conclude that
the monolayer graphene is not highly defective. Regarding the treated samples, G and 2D bands
are always present, while no increase in the D-band is observed when comparing with the Gr
pristine sample. This confirms what has been theoretically predicted, i.e. that the grafting process

does not occur, or it occurs with very low efficiency, during the thermal treatment.

In order to verify the successful dimerization and consequent physisorption of the tetrazine on
the graphene layer, extensive XPS analysis has been performed on the TOH system, due to its
already mentioned remarkable sensing performances, focusing mainly on the N 1s peak
contribution. In details, a powder of TOH, which has undergone the same thermal treatment as
all samples, was directly dropcasted on a graphene on silicon/silicon dioxide substrate. This
substrate was chosen to avoid any contribution of nitrogen coming from the substrate, thereby
focusing only on the contribution coming from the annealed powder, mainly constituted by the
tetrazine moiety. Figure 5b displays the N 1s core level spectrum, collected on the TOH powder
on graphene on Si/Si02, which exhibits mainly two peaks: one around BE = 399.5 eV, ascribable
to N-N-C bond, and the other related to the N-N=C bond at about BE = 401 eV. * Both peaks

are consistent with the presence of tetrazine.
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Figure 5: Representative Raman spectra of the pristine graphene (red curve) and the functionalized
graphene layers. The D-band is slightly present in all the spectra, confirming the low efficiency of the
grafting mechanism. (a) N 1s XPS core level spectra and fitting with Voigt functions ascribed to the N-
N-C, N-N=C and Si3N4 bonds. Data collected on T-OH annealed powder dropcasted on graphene on
Si/Si0; substrate (b) and collected on the Gr-TOH sample, at two angular resolutions, nearly normal to
the surface, 6 = 80° (c) and nearly grazing to surface, 8 = 20° (d).

Figures 5c and 5d show the N 1s core level spectrum of the Gr-TOH sample, acquired at two
different electron take-off angles, i.e., nearly normal to the surface at 0 = 80°, and nearly grazing
to the surface at 6 = 20°. Both spectra could be interpolated with three Voigt functions: two
peaks have already been observed in the TOH powder sample and are ascribed to N-N-C (BE =
399.5 eV) and N-N=C (BE =401 eV) bonds, while the third peak at BE = 397.6 eV is related to
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the silicon nitride contribution coming from the substrate.*® It is clear that in the surface sensitive
grazing-angle geometry (i.e. 0 = 20°), the contribution of the substrate is attenuated in favour of
the surface contributions.

The ratio between the N-N-C and the N-N=C intensities is equal to 1.21 £ 0.25, 1.29 + 0.18 or
1.36 + 0.22 for the spectra collected on TOH powder, Gr-TOH at 6 = 20° and Gr-TOH at 6 = 80°
respectively, confirming that the dimerization is the dominant process in the thermal annealing,

and the contribution of grafting could be neglected.

Gas sensing

Experimental measurements

The platform prepared with the functionalized samples (see Materials and Methods section) was
tested for ammonia sensing. As an example of the array response to ammonia, data collected
from the sensors upon exposure to 11 ppm of ammonia are reported in Figure 6-left side. All
sensors increase their resistance during the exposure, suggesting a p-type doped nature of the
layer themselves. Secondly, a quick response is observed for all the sensors, while the extent of
response and the recovery time (i.e. evaluated as the time required by the resistance value to fall
by 80% with respect to the highest value achieved during the exposure) vary among the sensors.
The faster recovery time has always been detected for the Gr-TOH sample, closely followed by
Gr-TCN, while the slower recovery has been detected for the Gr sample. For instance, the
analysis of the data after exposure to 11 ppm ammonia for 3 minutes resulted in a recovery time
of 8 minutes for Gr-TOH and Gr-TCN, 21 minutes for Gr-T, 22 minutes for Gr-TOMe,, 25
minutes for Gr-TMe, and more than 1 hour for the Gr sample.

Several exposures at different concentrations have been carried out, in order to draw the
calibration curves of all the samples. It is worth to mention, that also the sub-ppm range of
ammonia concentration has been explored, and the lowest tested concentration (0.19 ppm) leads
to a clear response for Gr, Gr-TCN, Gr-TOH and Gr-TOMe,. Regarding the Gr-T and Gr-TMe»
samples, the experimental limit of detection has been observed to be at 1 ppm for Gr-T, while
Gr-TMe> presented a limit of detection of 0.3 ppm.

Considering the calibration curves, reported in Figure 6-right panel, it is clear that all the

functionalized samples show a higher response to ammonia than the pristine one, in particular
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the response of Gr-T, Gr-TOH and Gr-TCN is one order of magnitude higher than that of the

pristine graphene.
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Figure 6: right side: Response of the 6 Gr-based sensor array to 11 ppm ammonia. The shaded area
denotes the exposure time. Left side: Calibration curves extracted from several measurements upon
ammonia exposures. Error bars are estimated based on the signal-to-noise ratio. Concentration range: 0-
23 ppm. Please note that Gr-T and Gr-TOMe; curves present less data points, since they do not respond in
the sub-ppm range.
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All the sensors present a nonlinear behaviour, which is quite common in the field of gas sensing
with carbon-based materials. The Freundlich isotherm (AR/Ro = A[NH3]*°%) has been used to fit
the data (fit parameters reported in Table S1). The fitting parameters (A and pow) have been
used to calculate the theoretical detection limit (dl) (see also Table S1), according to the formula:
56/Ro=A[dI]P°Y, where o is the fluctuation of the electrical signal; Gr-TOH and Gr-TCNT show
the best detection limit: 1.5 ppb and 4.2 ppb, respectively.

The data used to build the calibration curves have been also used to perform a benchmarking for
the sensitivity (S) parameter, defined as S= (AR/Ro x 100)/[NH3], with respect to literature data
on graphene-based sensors. In particular, only papers clearly reporting gas concentration and
sensor response/sensitivity, operating at room temperature and in a chemiresistor configuration
have been taken into account for this benchmarking.

The comparison, reported in Figure 7, shows that the data obtained in the present work are quite
remarkable in terms of sensitivity for Gr-TCN and Gr-TO, while for the other sensors the
performances are in line with the reported literature results.*’->° It is worth pointing out that the
10-1000 ppm is the most tested concentration range for ammonia in literature, while real
applications of gas sensors in environmental monitoring, food quality tracking or medical
campaigns require sensors able to detect concentration in the low ppm-sub ppm range, where the

sensors presented in this work clearly show remarkable performances.

Considering all the sensing parameters, i.e. sensor response, recovery time, detection limit, and
sensitivity, it is possible to conclude that the functionalization enhances the sensing capability of

the pristine graphene layer, especially in the case of TOH and TCN molecules.

Finally, selectivity in air has been checked by exposing all sensors to different gases at higher
concentrations than the one selected for ammonia (i.e. 20 ppm for ammonia and around 100 ppm
for the other gases). As shown in the SI (Figure S2), the sensor response to acetone, water, and
ethanol molecules is basically negligible, as compared to the response to ammonia for all the

tested samples.
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Figure 7: Benchmarking for the sensitivity parameter of the prepared samples with respect to graphene-
based chemiresistor performances reported in literature > for ammonia exposures.

Computational analysis

As pointed out in the previous section, exposure to ammonia leads to an increase in the
resistance of the graphene-based sensors. In other words, since graphene is the conductive part of
the device, the presence of ammonia must somehow alter its electronic properties. In order to
understand this effect, it is necessary to define first what type of interaction is established
between the two components of the interface (before exposure to ammonia): 1) the tetrazine
molecule and 2) the graphene layer.

As discussed above, the analysis was carried out on the system functionalized with TOH (Gr-
TOH), due to its high sensing capability and easier experimental characterization. The Total
(TDOS) and Projected (PDOS) Density of States of the Gr-TOH system are reported in Figure
8a. We can observe that the Dirac cone of Gr is preserved (blue curve), indicating a weak
interaction with the adsorbed molecule. However, the Dirac point is upshifted with respect to the

Fermi level, because of the p-doping character of Gr. Regarding the states of the tetrazine
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molecule (red curve), all peaks appear as quite sharp indicating no significant mixing with
graphene states. Thus, we consider the molecule as mostly physisorbed on the graphene surface,
although in Figure 8a and b we can identify a little coupling in terms of very small bumps in the
blue line at the energy position of the molecular peaks. This is also confirmed by the calculated
adsorption energy of TOH on Gr of -1.6 eV, which is modest considering the large molecule
size.

Nevertheless, not only van-der-Waals (vdW) interactions occur at the interface but also a
significant electron transfer from the molecule to graphene is observed (Figure 8b and c). Indeed,
we notice how the Dirac point is relatively downshifted with respect to the pristine Gr system,
indicating a filling of the empty states: in other words, Gr-TOH is less p-type doped than Gr.
From the quantitative point of view, based on the Lowdin population analysis, T-OH is
transferring ~ 1.12 e to Gr. Such an electron transfer is also evident from Figure 8c, where the
electron depletion region is localized on the molecule side of the interface (in blue), whereas
some electron accumulation is visible on the graphene side (in yellow). It is worth noting how
the electron rearrangement is less pronounced on Gr, due to its metallic nature, whereas the
perturbation is more pronounced on the four N atoms of the central six-membered aromatic ring

(where the HOMO of the molecule is highly localized, as shown in Figure S3).

1
TDOS Gr-TOH
= — PDOS Gr
— PDOS TOH

T

DOS (arb. units)
DOS (arb. units)

. I
0
E-E, (eV)

0
E-E, (eV)

Figure 8: (a) Total (TDOS) and Projected (PDOS) density of states for Gr-TOH. (b) Comparison of the
density of states for pristine and tetrazine-functionalized graphene. The Fermi level is scaled to zero and
is indicated by a dashed line. (c) Charge density difference plot for the Gr-TOH system. Electron
depletion and accumulation are rendered in blue and yellow, respectively (isosurface value is 5x10* ¢~
/bohr?). The red arrow shows the direction of electron charge transfer with the corresponding electrons
transferred calculated by using the Lowdin population scheme.
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To summarize, vdW dispersion forces and electron charge transfer build up the interaction
between T-OH and Gr and will certainly play a role in determining the behavior of adsorbed
ammonia. In particular, given the electron-donor properties of ammonia, we expect it will

perturbate the TOH and Gr interplay, causing a change in the graphene resistance.

Given the complexity of an accurate experimental determination of the number of NHj3
molecules interacting with Gr-TOH, we have first simulated the presence of one NH3 molecule
per supercell. As shown in Figure 9a, in the most stable configuration, the ammonia molecule
interacts with one of the two -OH substituents, forming a strong H-bond leading to an energy
gain of -0.61 eV. In the second configuration (Figure 9b), the ammonia molecule is placed on top
of the center of the tetrazine ring. Since no H-bond is formed, the adsorption energy is lower by
0.38 eV if compared to the previous case (-0.23 eV).

A second ammonia molecule approaching the system can either adsorb: 1) on the same -OH
group interacting with the first NH3 molecule or 2) on the other free -OH. We did not consider
the latter case since we expect a similar binding to that of the first ammonia molecule, i.e. an
average adsorption energy of = -0.6 eV. Instead, we considered two NH3 molecules interacting
with the same -OH substituent, as shown in Figure 9c¢, and the corresponding adsorption energy
is -0.40 eV/NHs;.

According to these calculations, we may conclude that the first ammonia molecules tend to
interact with the -OH groups by forming H-bonds, rather than interacting directly with the

central tetrazine ring of the molecule, which will be accessible at higher coverage.

16
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Figure 9: Ball-and-stick models (top and side views) for physisorbed NH3; on Gr-TOH at different
coverages. The corresponding adsorption energies (in eV), normalized per NH3; molecule, are reported
below each panel. Color coding: C atoms in Gr are rendered in dark grey (stick representation); C, N, O,
and H atoms in the adsorbed molecules are rendered in black, blue, red, and white, respectively (ball-and-
stick representation).

Further simulations along this path (not reported here) show that interaction with the central ring
of the tetrazine occurs when six NH3 molecules approach the tetrazine, which corresponds to a
reasonable value matching the experimental condition, i.e. concentration of few ppm (details of
this analysis are reported in the S.I. file).

We considered two possible configurations with six ammonia molecules, as reported in Figure
9d and e. In one case, we saturated the -OH groups with four NH3 molecules, with the remaining
two interacting with the central tetrazine ring, while, in the other, we covered the -OH groups

with only two molecules, placing the remaining four on the center of the molecule. It is
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interesting to note that in this last configuration, one ammonia molecule is set at =<3 A above the
center of the tetrazine ring, which is the molecular portion that was found to be most involved in
the electron transfer between dimer and graphene (see Figure 8c and discussion above).

However, both configurations are characterized by a similar adsorption energy of =~ -0.3 eV.

Once we have investigated structural details and energetics of the system upon NHj3 exposure,
we now analyze the effect on the electronic properties of graphene. As mentioned above, the
macroscopic effect related to ammonia detection is a change in the graphene resistance, which is
related to the occupation of its electronic states. Given the weak interaction between Gr and
TOH, we already observed above that the Dirac cone is preserved, which makes monitoring any
possible perturbation (in terms of electron charge transfer) caused by the presence of adsorbed
ammonia molecules easier: i.e. any significant change in the graphene electronic structure must

reflect in a change of the details of the graphene density of states.

The Projected (PDOS) Density of States on Gr states for all the considered models presenting
adsorbed NH3 on the top of Gr-TOH, as well as those without NH3 for comparison, are reported

in Figure 10.

— 1a/Gr-TOH

1b/Gr-TOH
— 2/Gr-TOH
— 6a/Gr-TOH
6b/Gr-TOH

|
1
| — Gr-TOH
|
|
|
1

DOS (arb. units)

0.15 0.30 0.45 0.60 0.75
E-E, (eV)

-0.15

Figure 10: Comparison of projected (PDOS) density of states on Gr for Gr-TOH with and without
adsorbed NH3 molecules. The Fermi level is scaled to zero and indicated by a dashed line.
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We can notice that for most of the configurations the position in energy of the Dirac point does
not change except for one case: 6b/Gr-TOH, where the shift is of = 20 meV, Besides, the shift
direction is in agreement with the experimental observation of an increase in the graphene
resistance: the Dirac point is indeed downshifted with respect to Fermi, indicating a filling of
graphene empty states. This leads to partial saturation of holes, which are the majority carriers in
this system. We have also tested the convergence of the shift value by increasing the density of
the K-point mesh used for the calculations, which is one of the most important parameters for an
accurate evaluation of the position of the Dirac cone. The results are shown in Figure S4 and
prove that, although there are some small differences in the numbers, the observed trend is
robust: adsorption of a sufficiently large number of ammonia molecules on the proper adsorption
sites makes graphene less p-type doped, reducing the number of hole and thus the number of

carriers.

Sensing mechanism

As pointed out in the previous section, the presence of a sufficient amount of ammonia is capable
of changing the electronic interplay between Gr and TOH, which is reflected in the position of
the graphene Dirac cone. A detailed knowledge of the mechanism underlying the sensing activity
is critical to control and properly engineer these systems to achieve high efficiency. Therefore, in
this last section, based on our study above, we propose a mechanism for ammonia sensing,
highlighting the key factors that are responsible for the high sensitivity of the systems

investigated in this study.

The two components of the interface are weakly interacting, as demonstrated by an almost intact
graphene Dirac cone. This allows us to study some properties of the two interface components
separately. Although a negligible mixing between Gr and TOH states takes place, a significant
electron charge transfer from the physisorbed TOH to Gr is registered. The driving force behind
this electron transfer is the position of the HOMO of the molecule relative to the Fermi energy of

graphene, as shown in Figure 11a.
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Figure 11: Schematic representation of the interface energy level alignment between TOH and Gr (a)
before and (b) after NH3 exposure. Ammonia molecules are represented with blue (N) and white
(H) spheres. Filled states of Gr are shown in grey, whereas empty states are shown in white.

Indeed, the two portions of the system differ in terms of calculated work function (®): 3.95 and
5.73 eV for TOH and Gr, respectively. This means that the HOMO of the molecule is at a higher
energy with respect to the Fermi of Gr (see Figure S5 for the interface energy level alignment),
and when the two systems are brought into contact with each other, electrons flow from the
phyisisorbed TOH to Gr in order to align the respective states (with a resulting work function of
5.34 eV for the entire system).

The next question is: what happens when the sample is exposed to NH3; gas? Ammonia
molecules will tend to aggregate in the proximity of physisorbed TOH molecules, initially
forming H-bonds with the -OH substituents, and, subsequently, at higher coverages, also
interacting with the tetrazine central ring, whose atoms are mostly involved in the HOMO and
LUMO of TOH, as shown in Figure S3. As a result of this last interaction, electrons will be
flowing from NH3 to the Gr empty states through the frontier orbitals of TOH, thanks to Gr-TOH
coupling, as shown in Figure 8a and Figure 11b. Because of this electron transfer, we expect a

reduction of the number of holes present in Gr upon ammonia adsorption.
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In this framework, the tetrazine molecule (TOH) has a dual role in the sensing mechanism: (1) it
acts as an ammonia concentrator and (2) mediates the electron transfer between ammonia and
graphene. Indeed, NH3 adsorption on pristine Gr is significantly weaker than on Gr-TOH: = 40
meV/NH3 (in good agreement with the literature %) instead of = 200/600 meV/NHs. Due to this,
it is not likely to observe ammonia molecules aggregation on the Gr surface, but they will tend to
disperse uniformly on the surface. While in the presence of TOH, ammonia is much more likely
to concentrate on the physisorbed molecule, allowing to reach higher local coverages.

However, the effect of TOH is not only to accumulate more ammonia molecules, but also to
mediate the electron transfer between ammonia and graphene: in fact, NH3 molecules transfer
electrons to TOH, and, consequently, inducing an electron transfer from TOH to graphene,

making it less p-type doped (i.e. increasing its resistance).

Finally, it is worth investigating how different substituents on the phenyl ring of the physisorbed
molecule may affect the sensitivity of the system. In this regard, we have performed additional
calculations to compare Gr-TOH with Gr-TCN and with Gr-T (as the reference without
substituent). The density of states of the gas-phase TOH, TCN, and T molecules is shown in
Figure Sé6a, together with that of p-doped Gr with a common zero reference, i.e. the vacuum
level. We clearly note that a different functional group on the phenyl ring changes the position of
the molecular levels, in particular the HOMOs: in the case of T, the HOMO is 1.6 eV above the
Fermi level of p-doped Gr, whereas for TCN, due to the electron-withdrawing character of the
CN group, it is only about 1 eV and for TOH, due to the electron-donating character of the OH
group, it is 1.7 eV above the Fermi level of p-doped Gr. Therefore, in all three cases, upon
deposition, an electron charge transfer from the molecule to the p-doped Gr is registered, but the
entity of such charge transfer will depend on the HOMO position. Quantitatively, the number of
transferred electrons, which have the effect to quench part of the holes present in p-doped Gr, is
0.77, 0.49 and 1.12 ¢ from T, TCN and TOH, respectively. Consequently, the reduction of the
number of holes is the highest for Gr-TOH > Gr-T > Gr-TCN (see the comparison of the Dirac
point position shown in Figure S6b). On this basis and given the donating nature of ammonia,
Gr-TCN is expected to be the most sensitive for its detection, in perfect agreement with

experiments (Figure 7).
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In addition to the density of charge carriers, transport properties also depend on the mobility of
charge carriers. As recognized by Gosling et al., © mobility in graphene can directly influence
electrical conductivity and its dependence on carrier density. In this frame, mobility and charge
density appear to be intertwined, though an assessment of their relationship still represents a
challenging task that can be properly addressed by considering experimental data and
simulations from GFET devices.*-%? In our study, we did not access the information provided by
a GFET readout, as our devices are operated on the basis of chemiresistor read-out scheme (i.e.
without a gate). For this reason, we specifically address the change in electron density, but we
are aware that mobility decrease cannot be neglected as an effect leading to the resistivity
increase observed in functionalized samples with respect to the pristine one. This decrease is
already observed before exposure to ammonia, suggesting that the deposition of the tetrazole
layer can itself decrease the mobility of electrons in graphene. As recognized in Ref. 60, the
properties of graphene heterostructures can be affected by both the unintentional presence of
charge impurities in the vicinity of the graphene layer and those deliberately introduced by the
top layer in Gr heterostructures, as a result of Gr decoration with different systems, from 0D to
2D. Indeed, spatial inhomogeneity in the impurity potential may result in a broadening of the
energy distribution of charge carries (electron and holes) near the Fermi level (Dirac cone),

ultimately determining a mobility decrease.

Conclusions

In this work an easy and cost-effective method to functionalize graphene for activating its
ammonia sensitivity has been presented. Tetrazoles, which can dimerize in tetrazine upon
thermal treatment, have been selected as the precursor molecules for functionalization. At first,
DFT calculations have demonstrated that, during the thermal treatment, the dimerization process
is energetically more favorable than covalent grafting, consistently with the experimental results
obtained from Raman spectroscopy. Since both this type of functionalization method and the use
of tetrazoles have never been considered before to prepare graphene-based chemiresistors, this
represents a promising approach to develop graphene-based sensing platforms. The test on the
sensing performances clearly shows a remarkable sensitivity to ammonia, extending the current

range of ammonia detection with graphene-based chemiresistor down to the sub-ppm range, as
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results from a benchmarking with data available in the literature. Wi the help of DFT
calculations we have identified the mechanism of sensing and disclosed a dual role played by the
tetrazine molecules (TOH), as (i) they act as an ammonia concentrator and (ii) also mediate the

electron transfer between ammonia and graphene.

Material and Methods
Synthesis

Details of synthetic procedures and characterization of prepared compounds are presented in the

Supporting information.

Samples preparation

Selected 2,5-diaryltetrazole (1-5) was dissolved in CH>Cl; at a concentration of 5 pg/mL. The
prepared solutions have been drop casted (15 drops) on graphene on silicon nitride layers (1x1
cm?, purchased by Graphenea) with a standard glass pasteur pipet. After complete solvent
evaporation (10 min), the samples have been heated at 250 °C for 1 h in a sealed glass oven
(Buchi Glass Oven B-585), under nitrogen atmosphere. After cooling to RT maintaining the
nitrogen atmosphere, the samples have been removed from the oven and gently washed with

CH2Clx (= 2 mL).

Sample characterization

Raman spectroscopy, atomic force microscopy (AFM) and X-ray photoemission spectroscopy
(XPS) measurements has been performed to characterize the samples.

Raman spectra have been collected on a CGS device with a Renishaw-Invia system, equipped
with a 633 nm laser source. The laser light has been always focused onto the sample with a 100X
objective. An 1800 lines/mm grating and a laser power of 5 mW have been used for the
measurements.

AFM images have been acquired with a Park NX 10 AFM system in non-contact mode in air-
solid interface with a tip operating at a resonance frequency of about 300 kHz. All the images
processing has been performed using the Gwyddion software.

XPS data have been collected by using the Al Ka line (hv = 1486.6 ¢V) from a twin anode x-ray
source and a fully calibrated VG-Scienta R3000 spectrometer, with an overall resolution of 0.9

eV. 63
23



Gas exposures

Electrical contacts made of silver paint have been printed as small stripes at the opposite sides of
a pristine sample and on the 5 functionalized layers. All samples have then been mounted on a
properly designed platform (Figure S7a), able to host up to 8 sensors, which work
simultaneously. The present platform allows a direct comparison of the behaviour of the sensors
under the same environmental conditions. Two commercial sensors have been put on the
platform: a relative humidity (RH) sensor (humidity sensor HIH-4000 series - Honeywell
Sensing) and a temperature sensor (Thermistor NTC PCB 5K - Murata).

Gas exposure has been carried out at room temperature in a sealed chamber, by introducing a
mixture of synthetic air with a selected concentration of the analyte. Two cylinders have been
used to feed the chamber through programmable mass-flow controllers operating in a 20-500
sccm range. The first cylinder (S.I.A.D. Spa) was loaded with 47 ppm of ammonia in synthetic
air, while the second was loaded with synthetic air alone (S.I.A.D. Spa) and used to change the
overall concentration of ammonia in the chamber. Gas from both cylinders was pre-mixed before
entering the chamber. The analyte concentration has been determined by a calibrated sensor
(Figaro, Mod. TGS 2602), while temperature and R.H. values have been monitored by two
sensors, above mentioned, placed on the same board hosting the sensor array. During
measurements the overall R.H was (50 = 10) %. Exposure time was set to 3 minutes and after
each exposure the chamber has been purged by flushing the chamber with synthetic air until the
initial resistance value of the sensors has been restored.

The developed graphene-based sensors work in a chemiresistor configuration: the gas analytes
are detected by measuring the resistance changes of the sensing layers induced by the interaction
with the gas molecules and the electronic circuit of each sensor is reported in Figure S7b. A load
resistor (Rp) is in series with the sensor and, applying a constant voltage and monitoring the
output voltage (Vour) across the sample, it is possible to track the resistance R of the sensor. The
response of the sensor is then defined as AR/Ro = (R-Ro)/Ro, where Ry is the baseline sensor
resistance before the gas exposure, and AR = R-Ry is the resistance variation due to the
interaction with the gas molecules. Figure S7c shows a schematic typical change in a graphene-
based sensor resistance during an ammonia exposure and how AR, R, and Ro are obtained.
Ammonia, being a reducing gas, when interacting with a p-type doped graphene can donate

electrons to the layer, saturating the holes (majority carriers) and therefore an increase of the
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resistance is observed. Considering several exposures, calibration curves for each sensor could

be obtained by plotting the sensor response AR/Rg versus the gas concentration.

Computational details

Density functional theory (DFT) calculations have been performed using the plane-wave-based
Quantum ESPRESSO package (QE). %5 The ultrasoft pseudopotentials °¢¢7 have been adopted
to describe the electron-ion interactions with C (2s, 2p), O (2s, 2p), N (2s, 2p), and H (1s) treated
as valence electrons. Energy cutoffs of 46 and 326 Ry (for kinetic energy and charge density
expansion, respectively) have been adopted for all calculations. The convergence criterion of
0.026 eV/A for the forces has been used during geometry optimization, and the convergence
criterion for the total energy has been set at 10® Ry. To properly take into account weak

interactions, the van der Waals density functional vdW-DF2¢%* has been used, %

as
implemented in the QE code.

To model graphene, an (8 x 6\3) supercell, containing 192 C atoms, has been adopted. The Gr
surface area available in our model is 5.05 nm?. A Monkhorst-Pack 7 k-Points mesh of 6 x 4 x 1
and 18 x 12 x 1 was used for the geometry relaxation and density of states (DOS) evaluation,
respectively. Denser k-Points meshes of 9 x 6 x 1 and 27 x 18 x 1 (single point calculation and
DOS, respectively) have been tested for specific configurations, as indicated in the next section.
To avoid interactions between adjacent periodic images, a vacuum space of 25 A has been
included in the supercell model.

All calculations involving graphene have been charged by removing one electron from the cell,

in order to simulate the p-doped nature of the experimental graphene samples.
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