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Abstract: Covalent grafting of small organic molecules on the conducting surface is a smart
strategy to tune the interfacial electrical properties of electronic devices. In this endeavor, the
present work reports electrografting of a series of aryls, bearing different substituents on ITO
electrode, which are further used to fabricate heterojunction devices for ammonia sensing.
Electrografting is performed by electroreduction of respective aryldiazonium salt with
synchronous measurement of surface coverage by electrochemical quartz crystal microbalance.
It reveals a strong influence of substituents on the mass loading, such that methoxy-bearing aryl
forms multilayers, while a hydrophobic or bulky group at para position prefers monolayer
growth. The organic coatings possess high surface passivating properties, highlighted by the
diminishing of electron transfer process of a redox probe over them and contain many structural
defects in the form of azo and imine nitrogen functionalities. The electrografted aryls are
incorporated into organic heterojunction devices in combination with lutetium bis-
phthalocyanine (LuPc2), displaying accumulation of mobile charges at aryl-LuPc; interface and
a bias-dependent interfacial conductivity, while a bias-independent bulk conductivity. The
heterojunction devices clearly show an improvement in ammonia sensing properties compared
to LuPcy resistor, demonstrating a reversible, repeatable and faster response with low

interference from humidity fluctuation.

Keywords: Surface functionalization, Diazonium electrografting, gas sensors, Impedance

spectroscopy, Organic heterojunctions



A. Kumar et al. Chem. Eng. J. 2022, DOI 10.1016/).cej.2022.135207

1. Introduction

Functionalization of conducting surfaces through aryldiazonium chemistry is a
recognized strategy to improve their physical and chemical properties suited for targeted
applications [1, 2]. In this method, a molecular film is grafted on the surface by the
chemical/electrochemical reduction of an aryldiazonium salt, generating aryl free-radical in a
concerted homolytic fashion [3], which is subsequently covalently-bonded to the surface [4].
Since the pioneering work of Pinson, reporting at first the validity of electroreduction of
aryldiazonium and grafting of nitrobenzene on a carbon surface [5], the approach has been
extensively diversified. This is manifested by the modifications of a range of surfaces, such as
those of carbon [6-8], metals [9, 10] and semiconductors [11, 12] with plethora of aromatic
molecules, bearing peripheral functionalities among nitro, amine, thiol, ester, alcohol, alkyl and
halogen. Owing to the advantages of performing electrografting directly on the electrode, this
method has been exploited in multitude of application areas, such as sensors [13, 14], catalysis
[15, 16], energy conversion and storage [17, 18] and molecular electronics [19, 20]. Some of
these applications sought the growth of a monolayer of organic film, employing different
strategies, among which those based on the control of charges consumed [21], use of bulky
substituents [22, 23] in the precursor aryldiazonium salt and employing radical scavenger [24],
are worth mentioning. However, in some application areas, for instance in the field of chemical
sensors where electrografted layer is used as a sensing material, there is always a trade-off
between the fast charge transport (imparted by the thin functionalized layer) and high density

of specific interaction sites (contained in a thick layer).

Aryldiazonium electroreduction based surface processing has witnessed profound
interests in chemical sensors development [25], either for introducing chemical functionalities
on the electrodes or imparting specific recognition sites in the sensing materials or using as a

cross-linker in hybrid sensing materials synthesis. However, it has to be noted that most of these
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advancements have taken place in electrochemical sensors, while using such a versatile
approach in the field of gas sensors remains in infancy. A chemiresistor based on chemically
modified graphene (by the electroreduction of sulfophenyldiazonium) for NO> detection was
reported [26]. The grafting of sulfophenyl moieties on graphene sheet resulted in 16 times
enhancement in the sensitivity and improved reversibility and response kinetics of NO2 from
the pristine graphene based sensor. Further in this direction, sulphanilic acid anchored graphene
sheet was decorated with silver nanoparticles and a flexible chemiresistor based on it
demonstrated NO> detection in ppb range with fast response and recovery times of 10 and 20 s,
respectively [27]. A similar flexible chemiresistor for NO, detection was reported using a
polypyrrole-reduced graphene oxide-benzoic acid hybrid, demonstrating high sensitivity and
selectivity, which were attributed to the presence of electrografted benzoic acid functionality,
inducing strong interaction with NO2 [28]. Very recently, the important role of porous triazine-
based 2D polymer insertion between the sheets of phosphorene by diazonium electrografting
was exemplified in improving the NO2 sensing performance [29]. The incorporation of the
polymer between the phosphorene sheets acts like a nanospacer, preventing their aggregation
and providing larger area for gas adsorption. Chehimi et al. reported a chemiresistor for
ammonia detection, which was fabricated using a cellulose paper strip, incorporating
polypyrrole-wrapped carbon nanotube (CNT) composites over it [30]. The important role of
aminophenyl group anchored on CNT sidewall, acting as a cross-linker with polypyrrole in the
composite formation was highlighted. Elsewhere, a chemiresistor based on CNT, which is
chemically modified by the electroreduction of neutral Red dye diazonium exhibited high

sensitivity and short response/recovery times for acetone detection [31].

Besides chemiresistor based gas sensors, we explored the influence of diazonium
electroreduction based surface functionalization on organic heterojunction sensing devices

performances [32]. The organic heterostructures in this study consisted of a low conducting,
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perfluorinated copper phthalocyanine (Cu(FisPc)) and a high conducting, lutetium bis-
phthalocyanine (LuPc.), arranged in a bilayer configuration on interdigitated electrodes (IDE).
The devices based on such heterostructures are typically called as “molecular semiconductor
doped insulator” (MSDI) heterojunction [33]. It was revealed that NH3 sensing properties of
the heterojunction devices greatly improved after electrografting of substituted benzenes on the
ITO surface by the electroreduction of their corresponding diazonium salts. The sensing
performance improvement was attributed to the strengthening of organic heterojunction effect
[34, 35] in which opposite charge carriers (e” and h*) accumulate at the organic-organic interface
because of the workfunction differences, thus facilitating the faster charge transport during gas
adsorption/desorption cycles. However, such studies remain in the nascent stage because only
a few substituted aryls have been investigated in this configuration of organic heterostructure.
The role of interfacial charge accumulation on gas sensing performances was also explored in
heterostructures formed by p-doping of 2D layered materials like molybdenum disulfide
(MoSz) by strong acceptors, such as 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(FsTCNQ) and metal nanoparticles [36, 37]. Field Effect Transistors (FET) based on these
heterostructures displayed very high response to NHsz and H», owing to the accumulation of
charges at the p-dopant and MoS: interfaces, which facilitated effective charge transfer with
gas molecules. Another highly relevant configuration of organic heterojunction sensor, which
displayed high sensitivity in ammonia detection, is double lateral heterojunction (DLH),
consisting of two identical lateral organic-organic interfaces [38, 39]. In these devices, a thick
organic film (10-20 um) of polyaniline derivatives or polyporphines were coated on the fingers
of interdigitated ITO electrode through electrooxidation of the respective monomers. However,
the influence of different aryl films prepared by diazonium electroreduction, which are also

relatively much thinner (a few nm) [40] has not been studied on DLH device sensing properties.
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In this endeavor, the present work attempts to widen the scope of diazonium surface
chemistry in improving the sensing performances of DLH devices, which are simpler than
MSDI heterojunction devices. Herein, we investigate the electrografting of a series of aryls
substituted with different electron accepting and donating groups on ITO electrode.
Comprehensive and quantitative studies of the surface coverage, grafting mechanism and
surface blocking properties of these modifications have been performed by electrochemical
quartz crystal microbalance (EQCM) in combination with voltammetry techniques. The
electrografted films were extensively characterized by X-ray photoelectron spectroscopy (XPS)
and electron microscopy to assess their chemical structure and surface morphology.
Subsequently, the electrografted organic films on interdigitated ITO electrodes were
incorporated into DLH devices. The electrical characteristics and interfacial charge transport in
the DLH devices have been extensively investigated by current-voltage (I-V) and impedance
spectroscopy measurements. Finally, in-depth ammonia sensing properties of these devices

were investigated in a wide range of concentrations and relative humidity (RH) values.

2. Experimental

2.1. Materials and reagents

Perchloric acid (HCIO4), potassium chloride (KCI), sodium nitrite (NaNOz) and
potassium hexacyanoferrate (Ks[Fe(CN)g]) were used as received from Sigma-Aldrich. The
precursor anilines for the synthesis of aryldiazonium salts were purchased from Sigma-Aldrich.
These included N,N-dimethyl-p-phenylenediamine, 4-Trifluoroethoxyaniline, 4-Butoxyaniline
,  2,5-dimethoxyaniline, 4-trifluoromethylaniline, 2,3,5,6-tetrafluoroaniline, 2,3,4,5,6-

pentafluoroaniline, 4-isopropylaniline and 2,3,5,6-tetrafluoro-4-(trifluoromethyl)aniline. LuPc>
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was synthesized according to the previously reported procedure [41]. Cylinders of ammonia

gas (985 ppm in synthetic air) and synthetic air were purchased from Air Liquide.
2.2. Electrochemical setup and electrografting of aryls

Before any electrochemical measurement, ITO coated glass plate and IDE of ITO were
cleaned for 10 minutes each in dichloromethane, acetone, ethanol and distilled water in a
sequential manner, followed by drying under synthetic airflow. Electrochemical experiments
were performed at PGSTAT302N Autolab Metrohm potentiostat interfaced with Nova 2.1
software using a conventional 3-electrode set up, comprising an ITO, Ag/AgCI (sat. KCI) and
Pt wire as working, reference and counter electrode, respectively. These measurements were
performed in a teflon cell, using a total volume of 400 uL. EQCM experiments were carried
out at BioLogic potentiostat workstation, equipped with QCA922A quartz crystal analyzer
(Seiko-EG&G,Princeton Applied Research) and interfaced with EcLab V11.25 software. For
the EQCM studies, an ITO coated quartz crystal (nominal frequency 9 MHz) with geometric
area 0.196 cm? was used as a working electrode in combination with a Pt wire and Ag/AgCl

(sat. KCI) as counter and reference electrodes, respectively, in a vertical cell set up.

The precursor diazonium salts for the electrografting of the aryls were synthesized by
mixing 2 mM (in 1 M HCIO4) of their corresponding aniline derivative with 0.1 M of NaNO>
(ag.) in a deoxygenated and dark environment in the ratio of 25:1 (V/V). The reaction mixture
was stirred for 10-15 minutes under argon bubbling, then introduced in the electrochemical cell.
The formation of the diazonium species was visualized as the appearance of yellow color in the
solution. Electroreduction of the diazonium was performed in a potentiodynamic mode by
repetitive cyclic voltammetry (CV) cycles in the range of 0 to -0.7 V at a scan rate of 40 mVs”
! The organic film so formed was later washed in copious amount of water, followed by drying

in ambient condition. After each electrografting, a CV of the organic film coated ITO electrode
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was recorded in 5 mM Ks[Fe(CN)g] in 0.1 M KCI (ag.) at a scan rate of 50 mVs™ in the potential

window of 0 to 0.6 V.

2.3. Surface characterizations

Elemental and chemical structure analyses of the electrografted aryl films on ITO
substrate were performed by XPS using Versaprobe 5000 spectrometer (ULVAC-PHI
apparatus), utilizing a monochromatic and focused Al Ka X-ray source (1486.6 eV). For each
aryl coating as well as bare ITO, a survey spectrum and a high-resolution core level spectrum
of carbon 1s, nitrogen 1s, fluorine 1s, oxygen 1s, chlorine 2p, indium 3d and tin 3d were
recorded over a 200 pum spot size. The pass energies were 187.5 eV and 58.7 eV for the survey
and core-level spectra, respectively. The raw data were fitted and analyzed by CasaxXPS
software. To study the surface morphologies of the organic coatings on ITO, scanning electron
microscope (SEM) images were acquired on JEOL JSM-7600F electron microscope, equipped
with field emission gun (FEG, ZrO/W(100)) and operating at an accelerating voltage of 2 kV.
The imaging was performed, while maintaining a horizontal scan of the surface. Atomic Force
Microcope (AFM) images of the aryls coated ITO and the bare ITO were recorded on a Bruker
Icon 2 nanoDMA equipment. AFM was operating in nanoDMA peak force mode, which is
sensitive to local mechanical properties. Measurements were made at a peak force frequency of
2 kHz and at amplitude in the range 50-100 nm, using silicon probes (DNP SA or ScanAsyst-

HR) (tip radius < 5 nm). Images were analyzed by Nanoscope analysis software.

2.4. Device development, characterizations and ammonia sensing

DLH devices were fabricated in a two-step process. At first, an aryl film was
electrografted by the aforementioned diazonium electroreduction approach on the fingers of
IDE of ITO separated by 70 um and lithographically patterned on a glass substrate of (1cm x

1cm) dimension. After rinsing in distilled water and air-drying, the aryl coated substrate was
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transferred into the deposition chamber of UNIVEX 250 thermal evaporator (Oerlikon,
Germany). 50 nm thick film of LuPc, was deposited at a rate of 1 A s, while maintaining a
secondary vacuum of ca. 1.0 x 10® mbar during the evaporation and keeping the substrate at
room temperature. The sublimation temperature of LuPc> was recorded in the range of 412-420
°C. A glass plate and an unmodified IDE were also placed next to the aryl-modified substrate

for surface analysis of LuPc> film and preparing of a LuPc resistor.

I-V measurements of the DLH devices were performed using Keithley 6517b
electrometer by sweeping the potential from -10 V to +10 V in a step of 0.1 V at room
temperature in air. Impedance spectroscopy measurements of the DLH devices were carried out
on Solartron S1 1260 impedance analyzer interfaced with SMART software. The experiments
were performed in a wide frequency range of 10 Hz to 10 MHz in two different modes. In one
case, DC bias was changed in a range of 0 to 4 V at a constant AC bias of 0.2 V. In the other
case, AC bias was modulated in the range of 0.05 to 0.5 V at fixed DC bias. The experimental

curves were fitted using Zview software and different circuit parameters were estimated.

Ammonia sensing studies of the DLH devices were conducted on a homebuilt
workstation, consisting of interconnected fluidic circuits for calibrated gas flows of NHz and
synthetic air. The required humidity in the sensor test chamber was produced through a
humidity generator connected with the fluidic lines and was controlled by a commercial
humidity sensor (HMT-100, Vaisala, Finland). The workstation was semiautomated, in which
the opening of the mass flow controller valves, mixing of the gases, control of relative humidity
(RH) and data acquisition were operated by a customized software. The detailed configuration
of the setup is reported elsewhere [42]. Sensing experiments were performed in a dynamic mode
at a fixed bias of 3V, by exposing the sensor at different concentrations of NHz in the range of

10 to 90 ppm for either 1 min or 10 min and allowing recovery under clean air for either 4 min
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or 15 min. The RH in the test chamber was varied between 30% and 70% and total flow was

maintained at ca. 0.5-0.55 NL minL.

3. Results and discussions

3.1. Electrografting of aryls

Electrografting of nine aryldiazonium salts on ITO coated quartz electrode was
investigated by EQCM in acidic aqueous medium (0.1 M HCIO4), the structure and
abbreviations of those are given in Table-S1. Fig. 1 and Fig. S1 show the CV and frequency
shift-potential profiles of the EQCM measurements of different aryldiazonium cations. For each
aryldiazonium, an irreversible reduction wave is evident in the first CV cycle, corresponding to
the reduction of diazonium function in the molecule, forming an aryl radical [43]. The reduction
peak of different aryldiazoniums varies between ca. -0.5 V and -0.65 V, which is attributed to
the electronic and steric effects of the substituents present in the benzene ring [3, 44]. The
subsequent potential sweeps reveal progressive decrease in the reduction current intensity,
indicating the passivation of the electrode surface because of coating of the organic film. This
is further confirmed by the more negative frequency shifts (Af) of the quartz crystal, which is

correlated with the mass loading on the electrode surface through Sauerbrey equation (Eq. S1).

1* cycle N 1pB 69l i 1% cycle N pwms

1t cycle

06 0.4 02 0.0 206 04 02 0.0 06 04 02 0.0
E (V vs. Ag/AgCl) E (V vs. Ag/AgCl) E (V vs. Ag/AgCl)
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Figure 1: Voltammograms (20 cycles) and associated frequency shifts of ITO coated quartz
electrode recorded in 0.1 M HCIO4 + 2 mM of aryldiazonium salt at a scan rate of 40 mVs*

and in the range of 0 to -0.7 V.

However, the modes of cathodic current decrease and |Af| increase are different,
depending on the type of substituents anchored on benzene ring. Three distinct cases are
highlighted in Fig. 1. In the case of p-isopropylbenzene (IPB) (Fig. 1a), there is a rapid decay
in the reduction current, such that reduction wave disappears after 3 cycles. It indicates the
grafting of passivating layer/layers on the electrode surface during the first 3 cycles, which
decreases the rate of the electron transfer from the ITO electrode to the diazonium cation at the
solution/electrode interface, diminishing the generation of aryl radical. The evolution of
cathodic peak profile associated with pentafluorobenzene (PFB) grafting (Fig. 1b) is however
different, exhibiting a relatively slower decline in the reduction wave. Such behavior indicates
formation of a porous organic film, allowing diffusion of the diazonium cation through it and
the electron transfer at ITO surface. Interestingly, the cathodic current variation associated to
dimethoxybenzene (DMB) grafting presents a unique behavior, in which the reduction wave
drastically collapsed after the 1% cycle. It indicates the complete coverage of ITO surface with
a passivating organic film during the 1% CV cycle, which restricts the electron transfer process

and the generation of aryl radical in the subsequent cycles.

Visualization of the Af profiles with potential sweep provides further evidences of the
aforementioned observations as well as additional insights into the multistep grafting
mechanism. In the case of IPB, the initial step of grafting takes place in the first 3 cycles within
the potential sweep corresponding to onset and end of the reduction wave, indicated by the rapid
increase in |Af|. During this step, the grafting mainly involves the aryl radical, as mass loading
on the electrode occurs within the potential zone in which the electron transfer takes place.
After the electrode surface becomes covered with the passivating organic film, slow mass

12
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loading continues in the second step. This can be attributed to multiple processes such as the
radical polymerization [9, 23], in which aryl radical covalently grafts on the already grafted aryl
and azo-condensation [45], in which two aryls are linked through —N=N- bridge after an
electrophilic attack from a diazonium cation in the solution. The later phenomenon is favored
when an electron-donating group is present in the benzene ring. The grafting mechanism
proceeds through a different way for PFB, revealing relatively slow increase in |Af|, which
continues during the entire potential sweeps. Thus, first step of mass loading creates a porous
organic film, containing microscopic pinholes [46], through which solution species can
penetrate to the electrode surface and can generate aryl radical after accessing electron transfer.
Such partial blocking of the surface allows the further growth of the organic film in the later
stage, mainly through aryl radical grafting. However, other mechanism of multilayer growth
can not be completely ruled out. The partial coverage of the electrode surface may be attributed
to the bulky nature of the molecule, bearing five fluorine substituents. Contrary to other two
cases, the Af variations in DMB grafting presented a very different scenario. The |Af]
undergoes a fast increase, followed by a limiting behavior and again a very rapid increase at the
final stage of grafting. A closer look in the Af-potential curve clearly differentiates the three
different stages of mass loading on the electrode. There is a fast mass loading in the first
potential sweep cycle, followed by a limiting behavior in the intermediate stage and finally a
rapid mass loading in the last stage. However, the mass loadings in the first two stages involve
the formation of aryl radical because the increase in |Af | takes place only in the electron transfer
zone of the potential sweep (reduction wave of the CV) (zoomed image in Fig. S2). On the
contrary, |Af| linearly increases during the entire range of potential sweep (0 to 0.7 V) in the
last stage, indicating mass loading by chemical reactions. Therefore, the polyaryl formation
through azo linkage or other processes involving an electrophilic attack on already grafted

dimethoxy benzene becomes dominant. Such transition in the mass loading can be explained
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by the free para position in DMB and high electron-donating tendency of methoxy group, which
make the electrophilic attack from cations in solution highly susceptible on the already grafted

organic film [47].

The surface coverage (I'rear) Of the aryls on the electrode was estimated from Af variation
using Eq. 1, in which K (Hz cm? g}) is calibration factor of EQCM instrument and M is molar
mass of the molecule being electrografted. The maximum possible coverage (I'theory) Was also
calculated from the total charge (q) consumed during the electrografting, using Eq. 2, in which
A, F and n are the electrode active area, Faraday constant and no. of electrons involved in the

reaction, respectively.
Af
Lreat = %Y, )

l—‘theory = nZT (2

Fig. 2a displays different evolutions of I'rea OVer grafting time, depending on the type
of substituents in benzene ring (same color codes of the legends in Fig. 2a and 2b). At first,
very low coverages of aryls substituted with —CFs (TFMB), —N(CHz)2 (DMPB), —-OCsHg (BTB)
at para position and the one substituted with 4 fluorine groups at ortho and meta positions and
a—CF3 group at para position (Yu-WASA) are clearly outlined. The surface coverages of these
molecules are between 8x107? and 2.7x1071° mol cm™, which are lower than a close- packed
monolayer of p-nitrobenzene on carbon and gold surfaces (5-10 x 1071° mol cm?) [48, 49]. Two
different grafting kinetics are observed for aryls bearing isopropyl (IPB) and trifluoroethoxy
(TFEB) group at para position, exhibiting a rapid mass increase up to ca. 80 s, followed by a
stabilization over the next 800 s. The initial surface coverage (faster kinetics) mainly
corresponds to grafting of aryl radical, which is self-limiting, owing to the formation of a
passivating film. The subsequent kinetics of surface coverage is very slow and involves mainly

diazonium cation electrophilic attack through a chemical reaction on the previously grafted aryl
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film to form azo moieties. The grafting kinetics of PFB is characterized by a continuous mass
increase without any limiting behavior. It indicates formation of a heterogeneous surface
coverage, containing aggregates and pores, which keep providing sites for electrochemical
reaction. Notably, the aryl bearing four fluorine substituents (TFB) presents an intermediate
grafting kinetics in which surface coverage pattern follows like IPB and TFEB till 600 s and
then like PFB for the remaining period. The highest surface coverage (10.6 x 10" mol cm™)
was obtained for DMB during 900 s, which displays three different kinetics of mass deposition.
The first stage involves a fast coverage of 5.3x107*% mol cm during the initial 41 s, which
corresponds to formation of a monolayer [48], mainly by the grafting of the aryl radicals. The
intermediate stage (until 484 s) exhibits a relatively slower surface coverage, which corresponds
to filling of the microscopic pinholes in the monolayer as well as the radical polymerization
over it. Final stage exhibits a fast kinetics of surface coverage, which involves mainly non-
radical chemical reaction because electron transfer process is limited by the coverage of

electrode area during the initial two stages.
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Figure 2: Experimental (a) and theoretical (b) surface coverages of different aryldiazoniums
on ITO electrode (same color code for the legends in a and b). Faraday efficiency (c) and

number of monolayers (d) obtained for electrografting of different compounds.

Interestingly, T'theory Of the aryls, estimated from the total charge consumed during
electrografting, presented different evolutions over time (Fig. 2b). Notably, grafting of DMPB,
PFB and Yu-WASA revealed very high charge consumptions, indicating the continuous
occurrence of electron transfer process and generation of aryl radicals. However, only a few of
these generated radicals graft on the electrode surface (confirmed by low I'rear). Such behavior
can be ascribed to bulkier nature of these molecules. In particular in PFB and Yu-WASA
radicals, all the five positions are occupied, which can prevent the molecular packing on the
electrode. In the remaining aryl molecules grafting, charge consumptions are relatively lower
and follow a two-step increment behavior. A fast increase in the beginning of the grafting
process is quickly slowed with a linear increase in the remaining period. This can be explained
by the limiting of the electron transfer process after coverage of the electrode surface with a
passivating organic film. Faradaic efficiency in each electrografting was estimated by dividing
I'real bY Ttheory, Which revealed higher values (17-26%) for IPB, DMB and TFEB. Therefore, up
to 26% aryl radicals are grafted on ITO surface for these three compounds, out of the total aryl
radicals produced from aryldiazoniums. On the other hand, in the case of DMPB, BTB, TFMB
and Yu-WASA, up to 99% of aryl radicals are lost in the solution. From the higher I'rea Values
obtained in the electrografting of five compounds, multilayer film growth is evident during the
grafting time. The number of monolayers in the polyaryl films was computed by assuming
5x10%° mol cm mass contained in one monolayer [48] and they are plotted in Fig. 2d. DMB
film is the thickest, containing 21 layers, which is consistent with the faster kinetics of film

growth mainly by electrophilic chemical reaction. TFB, PFB, IPB and TFEB also exhibited
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multilayer growth, having 2 to 6 layers in their film. The other molecular films have very low

coverage, less than a monolayer.
3.2. Barrier effects of the organic films

The surface passivating properties of the resulting aryl films on ITO electrode were
investigated electrochemically by using an electroactive redox probe Ks[Fe(CN)e] in neutral
KCI aqueous solution. Fig. 3a and 3b show the CVs of the bare and the aryl film modified ITO
electrodes. Well-defined oxidation and reduction peaks (AEp: 0.08 V) on bare ITO correspond
to a reversible redox process of [Fe(CN)s]*+ and fast electron transfer from ITO. However, the
electron transfer from the aryl films modified ITO displayed a mixed behavior. The redox peaks
of the probe almost disappear on ITO modified with TFB, IPB, BTB, TFMB, DMB and TFEB,
indicating that surfaces are blocked and [Fe(CN)s]* ions in the solution can not exchange
electron from them. Notably, redox waves of [Fe(CN)s]*’* can be noticed in some cases but
redox currents are very small (Fig. 3b) compared to bare ITO. In the cases of TFMB, BTB and
IPB modified ITO, redox waves of [Fe(CN)s]*"* are not visible, validating a complete blockage
of the electron transfer. Interestingly, despite very low surface coverages, BTB and TFMB films
exhibited very high blocking efficiency. The possible reasons to explain such behavior are the
bulky nature and hydrophobicity of these groups. Contrary to the aforementioned cases, the
ITO modified with DMPB, PFB and Yu-WASA displayed low blocking efficiencies because
well-defined redox peaks with comparable current as of bare ITO for [Fe(CN)s]*’* redox
process are evident. It indicates that aryl films are porous and easily allow the diffusion of the
redox probe through them for electron transfer. This observation is also consistent with the high
charge consumptions recorded for grafting of these films (Fig. 2b). In particular, the ITO coated
DMPB exhibits almost no blocking effect. Such behavior is attributed to the hydrophilic nature

of DMPB [50], which attracts negatively charged [Fe(CN)s]*"*. However, PFB and Yu-WASA
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possess hydrophobic substituents (—F and —CFz), then only the porosity in the films can explain

their low blocking effect.
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Figure 3: Voltammograms of bare and aryls modified ITO electrode recorded in 5 mM
Ks[Fe(CN)s] + 0.1 M KCI aqueous solution (pH ~ 7) at scan rate of 40 mV s (a). CVs not

visible in (a) are zoomed in (b).

To confirm the porous nature of the organic film, causing poor blocking of the electron
transfer process on ITO, SEM and AFM imaging of the ITO coated PFB film were performed.
For the background reference, similar images of bare ITO were also recorded. The nanoscale
morphology of bare ITO is characterized by a dense surface, containing multiplicity of
protruding surface grains (Fig. 4a). However, SEM image of ITO surface coated with PFB film
(Fig. 4d) displays a combination of dark and bright regions, in which the latter can be ascribed
to the uncoated I1TO surface by comparing from the SEM image in Fig. 4a. Therefore, PFB film
is deposited only on a fraction of ITO surface, appearing as the darker zone in the SEM image,
which is responsible for the partial blocking of its electroactivity towards [Fe(CN)s]*"* redox
process. The surface coverage of PFB film on ITO was also investigated by analyzing the
variation in surface topography through AFM. At first, it can be remarked that ITO substrate is
rough at the nanoscale (Fig. 4b), showing protruding grains of ITO, which is also consistent

with the SEM image (Fig. 4a). The average roughness of the surface was estimated as ca. 6.68
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nm. It makes difficult to analyze a coating of one or two monolayers of aryl film on such rough
surface, considering the thickness of a monolayer of nitrobenzene (perpendicularly oriented on
a flat surface) is ca. 0.80 nm [49]. Nonetheless, a difference is noted in the AFM image of the
PFB coated ITO (Fig. 4e), in which the average surface roughness is assessed to ca. 5.61 nm.
Notably, the contrast between bright and dark regions decreases, compared to the bare ITO.
This observation is further validated in the vertical height profiles of the selected line-scans in
the two images (Fig. 4c and 4f), exhibiting larger height variations on the bare ITO surface than
PFB coated ITO surafce. Thus, the coating of the organic film fills the gaps between protruding

ITO grains, decreasing its roughness.
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Figure 4: SEM and AFM images of bare ITO (a and c) and PFB coated ITO (b and d). Vertical

height profiles of the line-scans (shown in 4b and 4e) for bare ITO (c) and PFB coated ITO (f).

3.3. Surface characterizations of electrografted films

XPS analyses of the electrografted films were performed to assess the elemental

compositions and to confirm the structures predicted from electrochemical measurements. The
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survey spectra are shown in supporting information (Fig. S3), exhibiting the peaks
corresponding to the expected elements (C, F, O, N) in each aryl film. Moreover, the intensity
of indium and tin peaks either diminished or completely disappeared, depending on the
thickness of the organic coating on ITO. To assess the chemical structure of the electrografted
coating, C1s core-level spectra were analyzed because all the films are expected to have carbon
containing chemical bonds. Deconvolutions of these spectra into individual components are
displayed in Fig. 5. The spectra of all the aryls exhibited the characteristic peak associated to
C-C/C-H bonds in benzene at ca. 284.8 eV. The peak at ca. 286.4 eV in the spectra can have
multiple origins [51, 52]. It can be assigned to C-N bond, which confirms the amine group in
DMPB and provides evidence for the presence of azo functionality attached to benzene ring.
Moreover, this peak can be also associated to C-O bond, which confirms the presence of
methoxy, butoxy and trifluoroethoxy groups in DMB, BTB and TFEB films, respectively. The
peak at ca. 288.6 eV is attributed to C-F bond with covalent character and is consistent with the
presence of fluorinated functionalities in TFB, TFMB and TFEB. On the other hand, peak at
ca. 287 eV in PFB and Yu-WASA corresponds to C-F bond in semi-ionic state [53, 54]. The
semi-ionic nature of the C-F bonds in PFB and Yu-WASA is attributed to the higher degree of
fluorination in these compounds, causing the depletion of electronic density from the carbon
atoms of benzene ring. Furthermore, the F1s spectra of PFB and Yu-WASA exhibited intense
peaks at ca. 687.3 eV (Fig. S4), which are indicative of a semi-ionic nature of C-F bond [54].
On the other hand, the F1s spectra of TFB, TFMB and TFEB show the similar peaks at slightly
higher energy (688.4 eV), confirming covalent nature of C-F bond. The C1s spectra of TFEB,
TFMB and Yu-WASA indicate additional peaks at ca. 292.8 eV, which are ascribed to the

presence of —CF3 group in these compounds [55].
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Figure 5. C1s XPS spectra and their deconvolutions into individual components of different

electrografted films coated on ITO substrate.

Nitrogen containing functionalities in the electrografted films were investigated by
studying their N1s spectra. Fig. 6a, 6b and 6¢ show the three distinct cases of DMPB, DMB
and IPB, while the similar spectra of other organic coatings are given in supporting information
(Fig. S5). The spectrum of DMPB can be fitted with two individual components centered at
399.7 eV and 401.8 eV, which are attributed to tertiary amino group in DMPB and
nitrosophenyl species formed by the nitrosation of tertiary amine in the presence of NO2™ [50].
The N1s spectra of DMB and IPB revealed the presence of nitrogen functionalities, despite their
molecular structures do not contain any nitrogen. Deconvolution of the spectra exhibits a
common peak at ca. 400 eV, assigned to azo-nitrogen (-C—N=N) [56], which is also noted in

the N1s spectra of other aryls (Fig. S5). It also confirms the assumption of azo condensation on
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the pre-grafted aryl layer in the EQCM analyses. Additionally, the spectrum of DMB exhibited
an additional peak at ca. 398 eV, which is characteristic of a deprotonated imine nitrogen and
is attributed to a C=N bond. The generation of such nitrogen functionality was noted previously

in diazonium electroreduction and was mainly referred as defects in the film [57, 58].
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Figure 6 : N1s XPS spectra and their deconvolutions of DMPB (a), DMB (b) and IPB (c)
electrografted films on ITO. O1s spectra and their deconvolutions of bare ITO (d), TFB (e) and

DMB (f) electrografted films.

To ascertain the type of linkage between the aryl and ITO, the O1s spectra of the aryls
coated and the bare ITO were investigated. The bare ITO O1s spectrum (Fig. 6d) is fitted into
three individual components centered at 530.2 eV, 531.6 eV and 532.8 eV that are assigned to
indium oxide in the bulk (In-O), oxygen deficiency sites and surface hydroxide/oxy-hydroxide
(In(OH)3), In(OOH), respectively [59]. However, O1s spectrum of TFB presented different
features (Fig. 6e), preserving only the component corresponding to bulk In2Oz of bare ITO,
which is attributed to thin layer (< 3 monolayers), while exhibiting two different peaks at ca.
531.8 eV and 533 eV. The peak at 531.8 eV is assigned to In-O-Phenyl (In-O-Ph) covalent bond

based on the previous report [57] and the one at higher energy is attributed to surface adsorbed

22



A. Kumar et al. Chem. Eng. J. 2022, DOI 10.1016/).cej.2022.135207

contaminants. Interestingly, O1s spectrum of a thick layer of DMB (> 20 monolayers) in Fig.
6f displayed only one peak at ca. 531.8 eV, which is assigned to In-O-Ph and —OCHjs
functionalities. The disappearance of the characteristic oxide peak of ITO indicates that
substrate is fully covered with the relatively thicker organic film. The O1s spectra of other aryls

are given in Fig. S6.

3.4. Electrical properties of DLH devices

Heterojunction devices were fabricated by electrografting of aryl films directly on the
interdigitated fingers of ITO electrodes, followed by coating of LuPc; over it. A schematic of
the device configuration has been shown in supporting information Fig. S7). The electrical
nature of the DLH devices was investigated at first by I-V measurements, exhibiting a non-
linear increase in the current with applied voltage, while LuPc resistor presented a linear I-V
profile (Fig. S8). The non-Ohmic feature of the I-V curves in DLH devices is an indicative of
the organic heterojunction effect and accumulation of mobile charges at the aryl-LuPcz interface
[35]. Notably, out of 9 aryl films based DLH devices, only 4 (TFMB/LuPc2, TFB/LuPc,
IPB/LuPc2 and DMB/LuUPcy) displayed stable and sufficiently high current for further
characterizations. The charge transport through these 4 heterostructures was investigated by
impedance spectroscopy in a wide frequency range from 10 Hz to 10 MHz at different DC bias
for a fixed AC and vice versa. The Nyquist plots of these devices (Fig. 7) exhibit multiple
depressed semicircles, the number and shape of which depend on the aryl film grafted on ITO.
There are two depressed semicircles in TFMB/LuPc., TFB/LuPc2 and IPB/LuPc2 DLH devices,
in which the one at high frequency (HF) remains unchanged, while the one at low frequency
(LF) gets smaller when bias is increased. It is evident from such observations that depressed
semicircles at HF correspond to the charge transport in the bulk of the heterostructures which
remains independent of the applied bias, while those at LF are associated to the interfacial

charge transport at aryl/LuPc; interfaces, which becomes easier with increasing bias [60].
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Notably, the semicircles at HF in the Nyquist plots of TFMB/LuPc, DLH are not completely
evolved, which are attributed to the very low thickness of the organic coating (less than a
monolayer). Such low coating can cause discontinuity in the organic-organic interface because
LuPc: is also directly coated on ITO fingers, remaining unoccupied by TFMB. The Nyquist
plots of DMB/LuPc, DLH have three components of depressed semicircles, in which the one
at HF remains independent of AC and DC bias, thus corresponds to bulk charge transport, while
those at intermediate and low frequencies get smaller with increasing bias, thus refer to
interfacial charge transport. The evolution of two different interfacial charge transports reveals
the existence of two organic-organic interfaces in DMB/LuPc; heterostructure. An additional
organic-organic interface, beside the one involving top layer of DMB and LuPc>, points towards
two different phases within DMB grafted layers, which offer variable resistances to the
transport of charges through them. The presence of an interface within DMB coating is
supported by the EQCM analysis, which revealed two different grafting kinetics, a slower one
mainly driven by the radical polymerization during the initial stage and a faster one dominated
by the electrophilic attack in the later stage (as discussed in section 3.1). To confirm this notion,
a DMB film prepared at very short electrografting time was studied by XPS. At first, the
elemental analysis revealed negligible nitrogen content in the layer (<1%) (Fig. S9a). Moreover,
the core level N1s spectrum presented a very noisy signal, which is fitted mainly with one
component centered at ca. 400 eV, characteristic of the azo-group. On the other hand, DMB
film grafted for longer time has higher nitrogen content (>6%) in the form of azo-nitrogen and
imine-defect. Therefore, XPS measurement provides a strong evidence of presence of two
different polymeric phases within DMB layer coated on the electrodes of DLH device. The
phase close to ITO fingers is devoid of nitrogen-based defects and the other phase, far from
ITO and interfacing LuPc, layer, is rich in nitrogen-based defect. The different electrical

behaviors of these two interfaces are also evident in the Nyquist plots of DMB/LuPc, DLH
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obtained by changing AC bias (inset of Fig. 7d). The semicircles at LF undergo faster collapse,
which corresponds to the charge transport at LUuPc2/DMB interface, while those at intermediate

frequency experience a little decrease and are associated to the interfacial charge transport

within DMB layers.
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Figure 7: Nyquist plots of TFMB/LuPc2 (a) TFB/LuPc2 (b), IPB/LuPc> (c) and DMB/LuUPCc;
(d) DLH devices recorded in the frequency range of 10 Hz to 10 MHz at different DC bias and
a fixed AC bias of 0.2 V. The inset of each panel shows the Nyquist plots recorded in the same

frequency range at a constant DC bias of 0 V but changing AC bias from 0.05 to 0.5 V. The
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insets of (c) and (d) show the equivalent circuits used to fit the experimental curves. The Nyquist

curves in (a) and (b) are fitted with the same circuit displayed in (c).

Taking into account the distributed microstructural properties of aryl/LuPc»
heterostructures, the Nyquist plots were modelled with Constant Phase Element (CPE) based
equivalent circuits [61] to extract different charge transfer parameters. CPE is an imperfect
capacitor and its impedance Zcpe is defined according to Eg. 3 in which Qi, ® and o are non-
ideal capacitance, frequency and a coefficient ranging between 0 to 1, respectively. The upper

and lower bounds of a correspond to an ideal capacitor and an ideal resistor, respectively.

1
Qix(jw)%i

3)

ZCPEi =

The Nyquist plots of TFMB/LuPc2, TFB/LuPc; and IPB/LuPc2 DLH devices were fitted with
two components Ri-CPEi elements, arranged in series in combination with a contact resistance
Rc (inset of Fig. 7c). An additional Ri-CPEi element was connected in series to fit the Nyquist
plots of DMB/LuPc; device (inset of Fig. 7d). In these circuits, R1 and CPE1 describe the
semicircles at HF, thus they are the bulk parameters. On the other hand, R2(R3) and
CPE2(CPES3) explain the semicircles at intermediate and low frequencies, thus they are referred
as interfacial charge transport parameters. Different circuit parameters such as resistance (R), o
and effective capacitance (Cetf) (described by Eq. S2) were determined by the fitting and their
evolutions as a function of DC bias are shown in Fig. 8. It is evident that R2 and R3 in all DLH
devices experience a rapid decrease followed by a steady state (Fig. 8a) with increasing DC
bias. The decrease in the interfacial charge transport resistance is attributed to the enhanced
injection of electrons from the electrode at higher bias, which overcomes the resistive barrier
in the aryl film, making available larger accumulation of charge carriers near the interface, thus
making it more conducting. The most significant decrease in the R2 is noted in TFMB/LuPc,

from ca. 90 kQ to 30 kQ, when bias is increased from 0 to 3 V. It indicates that this device has
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an energy barrier of ca. 3 V to demonstrate an efficient interfacial charge transport. Based on

the similar analogy, DMB/LuPc, DLH has the lowest energy barrier for interfacial charge

transport because R2 and R3 are very low. On the contrary, R1 is independent of the DC bias

(Fig. 8b), confirming that bulk conductivity is not influenced by the change of bias. However,

bulk conductivity of the DLH devices depends on the type of the aryl sublayer coated on ITO.
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The variation of a2 with increasing DC bias (Fig. 8c) presented different patterns,
depending on the aryls film in the DLH devices. TFB and IPB based devices display a gradual
decrease in 02 from 0.84 to 0.59 when bias is increased from 0 to 4 V. Since, o=1 corresponds
to homogeneous CPEs, a decrease towards zero indicates dispersion in the CPEs because of
increase in heterogeneity at the heterostructure interface. Consequently, the capacitive
contribution decreases, while conductive contribution increases in the device total electrical
output. The increase in the conductive part is facilitated by the injected charge carriers,
populating the interface region and causing an extension of the interconnected Ri-CPE:i circuits.
Lowering in a2 in these devices is also an indicator of dominance of interfacial charge transport
at higher bias. The o2 at the interface in TFMB/LuPc> and in two different polymeric forms of
DMB increase towards 1 as a function of increasing bias. It means that CPEs become
homogeneous, turning the interface into an ideal capacitor at higher bias. Therefore, interfacial
charge transport becomes less relevant and heterojunction effects disappear. The al of all the
DLH devices are near 1 (Fig. 8d) irrespective of the applied bias. It infers homogeneous CPEs
in the bulk, which are expected, owing to negligible distribution in microstructural properties.
The accumulation of charges at the heterojunction interface was investigated by analyzing
interfacial and bulk capacitances. From the evolutions of Ceft2 (Fig. 8e) and Cefr1 (Fig. 8f) with
DC bias, a general conclusion can be made as interfacial capacitance (in nF) is much higher
than the bulk capacitance (in pF). Since, capacitance is inversely correlated with layer thickness,
interface region is much thinner than the bulk, which is a typical case of organic heterojunction
[62]. Notably, Cetr2 of TFMB/LuPc2 and DMB/LuPc; reveal low values similar to their bulk
capacitances, indicating the absence of significant heterojunction effect on the involved
interfaces. Moreover, with the increase of DC bias, Cesr2 of IPB and TFB based DLH and Cesfz
of DMB based DLH increase, which correlate to thinning of the interface region in these devices

because of effective overcoming of the energy barrier for interfacial charge transport.
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3.5. Ammonia sensing studies of DLH devices

The presence of an organic heterojunction in different DLH devices was investigated on
their ammonia sensing properties. In the absence of any heterojunction (LuPc> resistor), the
current decrease under NH3 exposure and increase during the recovery step are not reversible
(Fig. 9a). Such variations in currents are expected, considering the electron donating nature of
NHz and p-type behavior of LuPc,. Additionally, the irreversibility in the exposure / recovery
cycles imparts a continuous drift in LuPcz sensor baseline signal, making it irrelevant for real
application. On the other hand, IPB/LuPc, DLH exhibits reversible current variations during
ammonia exposure / recovery cycles, maintaining a stable baseline (Fig. 9b). Moreover, the
response/recovery kinetics to ammonia is fast, highlighted by a quick decrease and increase in
the current during exposure and recovery steps, respectively. Such improvements in the sensing
characteristics are ascribed to the organic heterojunction effect in the DLH device, in which
interfacial accumulation of mobile charges facilitates the faster exchange of charges between
NH3 and the sensing layer. This is discussed in detail in the recent works devoted to mechanistic
studies of gas-material interactions in organic heterojunction sensors [35]. Similar response
curves of the other DLH sensors are given in supporting information (Fig. S10). Taking into
account the enhancement in sensing properties, further investigations were performed by
exposing the DLH devices at short exposure / recovery cycles (1 min / 4 min) with variable
NHz concentrations in the range of 10-90 ppm. The response curve of IPB/LuPc2 DLH
displayed similar variations of current in five consecutive exposure/recovery cycles at each
concentration step, demonstrating a good repeatability of the sensor (Fig. 9¢). Moreover, high
baseline stability of the sensor signal is remarkable. Similar response curves of the other DLH
devices are shown in Fig. S11, which also exhibited a highly repeatable signal at each ammonia
concentration. From these response curves, relative response (RR) was estimated using Eq. S3
and calibration plots, depicting the variation of RR as a function of ammonia concentration are

shown in Fig. 9d for all DLH devices.
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Figure 9: Response curves under repetitive exposure cycles (10 min) under 90 ppm of NHz and
recovery under clean air (15 min) at 40% RH of LuPc> resistor (a) and IPB/LuPc2 DLH (b).
Response curve at short exposure and recovery cycles (I min and 4 min) in NHs concentration
range of 10-90 ppm of IPB/LuPc2 DLH (c). The variation of RR with NHs concentration (d)
and adsorption sites for NHz (e) on different DLH devices. The response curve of IPB/LuPc>

DLH in a variable RH between 30 to 70% at a fixed NHz exposure of 90 ppm (f).
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It is evident from the calibration plots that DLH sensors responses depend on the aryls
layer present in the heterostructures. For instance, RR of TFB based sensor increases from ca.
20% to 60% when ammonia concentration is changed from 10 to 90 ppm, but DMB based
sensor exhibits RR variation from ca. 6% to 16% in the same concentration range. TFMB and
IPB-based sensors show even lower variations in the RR (2% to 6.8%). Notably, the calibration
plots are not linear and saturate at higher NHs concentrations, resembling to Langmuir
adsorption isotherm [63]. Indeed, the calibration plots fit accurately with Langmuir equation,
such that RR of a given sensor can be described by Eq. 4. Here, RRmax is the maximum RR
value, a sensor can display before complete saturation, K is the affinity constant of adsorption

sites and Cnns is the concentration of ammonia.

RR(%) = RRpax (%) —i3_ 4)

1+K cNH3

Therefore, NHs interaction on the sensors surface follows Langmuir adsorption, in which there
is a limited number of adsorption sites and at higher concentration, NH3 molecules compete to
occupy such sites, leading to saturation in the sensor signal. The RRmax of different DLH sensors
were calculated and it is found that nature of aryl molecule grafted on the electrode strongly
influence this value (Fig. 9e). Accordingly, TFB based sensor displays more than 4 times higher
RRmax than TFMB based sensor, thus the former can be operated in a wider concentration range
of NHs. For a real application of an ammonia sensor, humidity is a potential interferent,
therefore stability of the DLH sensors was evaluated in a wide range of RH (30-70%). Response
curve of IPB/LuPc, DLH device as shown in Fig. 9f exhibits a repeatable response at each RH
level and 15% drift in the baseline is noticed. Moreover, RR changes from 5.5% to 7.8%, when
RH changes from 30 to 70%. TFB and DMB based DLH devices also displayed high stability
at different RH levels, exhibiting less than 7.5% variation in baseline drift and a highly

repeatable response at each RH level.
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Conclusions

In summary, we performed electrografting of nine aryls, bearing different substituents
on ITO, which are used to fabricate heterojunction devices for application in ammonia sensing.
The grafting of aryls is achieved by potentiodynamic electroreduction of their corresponding
aryldiazonium salts. The mass loading and grafting kinetics are monitored by synchronous
EQCM measurements, revealing a strong influence of substituents in aryl. In particular, two
methoxy groups bearing aryl exhibits highest surface coverage, which is attributed to a
secondary chemical reaction, taking place simultaneously with the electrochemical process. On
the other hand, aryls bearing hydrophobic functionalities such as —CF3, -F as well as bulky
groups like —OCsHg and —N(CHa)2 display a monolayer surface coverage. Surface blocking
property of these organic layers towards an electron transfer process depends on the nature of
substituents. Poor barrier effect of DMPB is mainly attributed to its hydrophilic nature, while
PFB forms a porous layer. Chemical structure analysis by XPS confirmed the predicted
aryl/polyaryl films and a covalent linkage with ITO through its surface oxygenated group.
Moreover, grafted layers contain azo and imine functionalities, which are incorporated through
simultaneous chemical reaction during the electroreduction. Fabrication of DLH device based
on these electrografted layers revealed organic heterojunction effect, evidenced through non-
linear I-V curves and bias-dependent Nyquist plots. In-depth charge transfer studies by
impedance spectroscopy further confirm interfacial accumulation of charges in DLH devices,
which magnitude depend on the type of substituents present in the aryl film. The organic
heterojunction effects in DLH devices imparted strong improvement in ammonia sensing
properties compared to LuPc; resistor, resulting in reversible, repeatable and faster responses.

The DLH sensors can detect NHz below 10 ppm with low interference from humidity.
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