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14 showcasing a remarkable detection limit of 200 ppb together with a |,
15 boosted sensing signal with respect to bare SnO,. To delve deeper, the | %o«
16 combination of experimental data with density functional theory
17 calculations unveiled an electron-donating behavior of both porphyrins

ABSTRACT: Herein, the integration of SnO, nanoparticles with two
Zn(1I) porphyrins—Zn(II) 5,10,15,20-tetraphenylporphyrin (ZnTPP)
and its perfluorinated counterpart, Zn(Il) $,10,15,20-tetrakis-
(pentafluorophenyl)porphyrin (ZnTPPF,,)—was investigated for the
sensing of gaseous acetone at 120 °C, adopting three Zn-porphyrin/
10 SnO, weight ratios (1:4, 1:32, and 1:64). For the first time, we were
11 able to provide evidence of the correlation between the materials’
12 conductivity and these nanocomposites’ sensing performances, | .

ZnTPPF /SN0, : = 2
13 obtaining optimal results with a 1:32 ratio for ZnTPPF,;/SnO, and S (. = <« :§:2

ZnTPP/SnO,
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18 when interacting with tin dioxide semiconductors, especially for the nonfluorinated one. The study suggested that the interplay
19 between electrons injected, from the porphyrins’ highest occupied molecular orbital to SnO, conduction band, and the latter’s
20 available electronic states has a dramatic impact to boost the chemiresistive sensing. Indeed, we highlighted that the key lies in

2

—

preventing the full saturation of SnO, electronic states concomitantly increasing the materials’ conductivity: in this respect, the best

22 compromise turned out to be the perfluorinated porphyrin. A further corroboration of our findings was obtained by illuminating the
23 sensors during measurements with light-emitting diode (LED) light. Actually, we demonstrated that it does not have any impact on
24 improving the sensing behavior, most probably due to the electronic oversaturation and scattering caused by LED excitation in
25 porphyrins. Lastly, the most effective hybrids (1:32 ratio) were physicochemically characterized, confirming the physisorption of the
26 macrocycles onto the SnO, surface. In conclusion, herein, we underscore the feasibility of customizing the porphyrin chemistry and
27 porphyrin-to-SnO, ratio to enhance the gaseous sensing of bare metal oxides, providing valuable insights for the engineering of

28 highly performing light-free chemiresistors.

29 KEYWORDS: chemiresistors, gaseous acetone sensing, tin dioxide, porphyrins, nanocomposites, density functional theory

1. INTRODUCTION

30 In the realm of modern sensing technologies, chemiresistive
31 gas sensing stands as a remarkable innovation that can play a
32 critical role in detection of volatile organic compounds
33 (VOCs) and toxic gases in various applications, ranging from
34 environmental monitoring to industrial safety and medical
35 diagnostics.'~* Delving deeper into the development of
36 chemiresistive materials, i.e., mainly metal oxide semiconduc-
37 tors (MOS) as SnO,, ZnO, and WO,, both alone’ or in
38 combination in hybrid compounds,®™® cutting-edge advance-
39 ments have been already done. In recent years, SnO,, an n-type
40 metal-oxide semiconductor with a band gap of 3.6 eV, emerged
41 as a promising semiconductor for gas sensors.” However, the
42 adoption of traditional SnO,-based gas sensors continues to be
43 limited by the inherent challenges shared by all MOS. In
44 particular, cross-sensitivity (for which the sensor also responds
45 to interfering species present in the environment), temperature
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dependency together with high operating temperature in the 46
case of bare metal oxides, and humidity interference due to the 47
MOS’s high sensitivity to water vapor molecules are the 48
primary causes of sensing worsening.m_12 Therefore, to 49
address some of these challenges, MOS have been usually so
combined with graphene oxide (GO)," reduced GO (rGO),"* s
metal organic frameworks (MOFs),"”> and/or noble metal s
nanoparticles (as Au or Pd).'*"” s3

In this context, porphyrins have emerged as highly s4
promising materials in the field of chemiresistive gas sensors ss
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based on MOS, particularly for the detection of VOCs. These
cyclic organic compounds, characterized by a macrocyclic
structure with an extended 7-electron conjugation, thermal and
chemical stabilities, quite good solubility, and high structural
flexibility, have been investigated in a variety of different fields,
such as catal%rsis,18 optoelectronics,lg_21 third-generation
photovoltaics,”~>* and artificial photosynthesis.”*~*" Indeed,
many reactive positions of the macrocycle (eight f-pyrrolic and
four meso carbons, plus two axial positions in the presence of a
central metal ion) allow a tailor-made synthesis and a fine-
tuning of the electronic properties in view of a specific
application,” including sensing.””"

Actually, photoactive porphyrins exhibit remarkable versa-
tility as ligand platforms, capable of both forming an extensive
array of metal complexes and interacting with gaseous
molecules through diverse mechanisms.>° In fact, leveraging
on their chemical versatility, porphyrins can be used to both
enhance their hybridization with other compounds (as MOS)
and tailor the sensing material’s surface, so that the sensing
performances may be improved.*”

Given this backdrop, to the authors’ best knowledge, very
few research papers are focused on the combination of MOS
with porphyrin macrocycles for sensing application, and most
of them are focused on the use of zinc oxide as MOS.”' ™’
Furthermore, to date, the only exploration of hybrid materials
comprising porphyrins and SnO, demonstrates that this
combination enhances the performance of optical oxygen
sensors’® and presents encouraging prospects for developing
chemiresistive sensor materials capable of detecting mixed
BTEX compounds.”

Generally, in a gas sensor employing chemiresistive
technology with MOS functionalized by porphyrins, detecting
electron donor species results in an augmented current and,
consequently, in a reduction in resistivity, irrespective of the
specific sensing mechanism. The most accredited model relies
on resistance changes triggered by variations in the density of
charge carriers, resulting from oxygen adsorption or desorption
and formation of oxygen ions on the surface (i.e., ionosorption
model).'” Upon exposure to the target gas, its molecules react
with the adsorbed oxygen anions, releasing trapped electrons
back into the MOS conduction band, thus reducing sensor’s
resistance.’’ This resistance change is converted into an
electrical signal, facilitating gas detection. Therefore, the
conductivity of the metal oxide is mainly dependent on the
density of oxygen ions adsorbed on the surface. In addition to
that, so far published literature about sensing mechanisms of
ZnO/porphyrin systems®>>* primarily centers around the
direct interaction between the organic macrocycles and the
target VOC, offering electrons for injection into the MOS
conduction band or re§enerating the porphyrin cation formed
postelectron transfer.”> Albeit this interaction is commonly
ascribed to the reversible adsorption and desorption processes
taking place on the sensor’s surface, there is no general
consensus; thus, the precise role of porphyrins remains unclear
and necessitates further elucidation. In any case, the outcome
is an increase of the semiconductor’s conductivity, which is
related to the final response signal.

Therefore, in this study, we focus on the electronic effects
arising from the intimate combination of n-type SnO, with
porphyrins, featuring different electron-donating characters.
Additionally, we consider various porphyrin-to-MOS weight
ratios, aiming at roughing out a comprehensive overview of the
system to understand the specific role played by the two

materials. This approach yields valuable insights from both
empirical and theoretical perspectives. In particular, Zn(II)
5,10,15,20-tetraphenylporphyrin (ZnTPP) and the perfluori-
nated counterpart Zn(II) 5,10,15,20-tetrakis-
(pentafluorophenyl)porphyrin (ZnTPPF,,) were chosen due
to their peculiar electronic properties. Indeed, if, on the one
hand, plain aryl groups in the meso position impart an electron-
rich character to ZnTPP, on the other hand, the presence of
multiple fluorine atoms in the perfluorinated counterpart
(ZnTPPF,,) creates an electron-poor core, allowing us to
investigate the possible impact of the porphyrin’s electronic
features on the final sensing. For both nanocomposites, we
investigated three different Zn-porphyrin/SnO, ratios (namely,
1:4, 1:32, and 1:64) to assess the optimal one in terms of
sensing properties toward acetone molecules at low—medium
operating temperature (i.e., <150 °C). Acetone was chosen as
the target analyte, being considered as the gaseous biomarker
of diabetes type 1, and tin dioxide has proven to be more
promising than zinc oxide according to authors’ previous
works.*""** Furthermore, since it has been stated that light can
favor the sensing,43 to finalize the investigation, its role was
also studied by illuminating the samples during measurements.
Lastly, ab initio calculations through density functional theory
(DFT) were performed to possibly shed light on the
porphyrins’ role in the sensing mechanism of the synthesized
nanocomposites.

2. MATERIALS AND METHODS

All of the chemicals were of reagent-grade purity and purchased from
Merck; doubly distilled water passed through a Milli-Q apparatus was
used. Free-base 5,10,15,20-tetraphenylporphyrin was purchased from
Merck, whereas free-base $5,10,15,20-tetrakis(pentafluorophenyl)-
porphyrin was from PorphyChem Sas.

2.1. Synthesis of Pristine and Composite Materials. Tin
dioxide nanoparticles were synthesized as reported elsewhere.'**

ZnTPP and ZnTPPF,, were prepared according to the
literature.”"*® Briefly, the commercially available free-base TPP and
TPPF,, underwent a complexation reaction by refluxing the proper
solution of porphyrins for 3 h (CHCl, for TPP and CH;OH for
TPPF,,) after addition of an excess of Zn(OAc), in CH;OH. The
zinc complexes were purely obtained by evaporating the solvents from
reaction mixtures and by washing and filtering the resulting powder
from methanol (ZnTPP) or deionized water (ZnTPPFE,,).

Once the materials, namely, SnO, and the two Zn-tetraphenyl
porphyrins, were prepared, nanocomposites were fabricated by a
simple dissolution/deposition method. The appropriate quantity of
ZnTPP or ZnTPPF,, was separately dissolved in 2 mL of CH,Cl, and
the specific amount of SnO, (to have 1:4, 1:32, and 1:64 porphyrin/
metal oxide weight ratios) was dispersed in such solutions. The
obtained mixtures were vigorously stirred for 3 h at room
temperature. Then, the solvent was removed by means of a rotary
evaporator under atmospheric pressure at 50 °C. The composites
were subsequently collected and kept under vacuum overnight to fully
remove solvent residues.

2.2. Material Characterizations and Sensing. X-ray powder
diffraction (XRPD) analyses were carried out on a Miniflex 600
Bragg—Brentano Bragg goniometer. We employed graphite-mono-
chromated Cu Ka radiation (Cu K,; 4 = 1.54056 A, K, A = 1.54433
A) at 40 kV X 40 mA nominal X-ray power. Diffraction patterns were
collected between 10 and 80° with a step size of 0.02° and a total
counting time of about 1 h. A microcrystalline Si-powdered sample
was used as a reference to correct the instrumental line broadening
effects.

The powders’ morphology and surface structure were studied by
scanning electron microscopy (SEM) performed on an SEM Leo 438
VP Zeiss instrument after their gold plating by means of a sputtering
technique (Sputter Nanotech, Assing Instruments). High-resolution
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Figure 1. Sensors’ responses toward acetone gaseous molecules (from 20 to 0.2 ppm) both without (upper row) and with (lower row) LED light.
Tests were performed under simulated air (80% N,—20% O,) at an operating temperature OT = (120 = 2) °C and relative humidity RH% < 2%.

transmission electron microscopy (HRTEM) analyses were per-
formed on an FEI TECNAI G2 F20 instrument, operating at an
accelerating voltage of 200 kV, equipped with an S-Twin lens that
gives a point resolution of 0.24 nm. The TEM grids were prepared by
dropping the dispersed suspension of nanoparticles in ethanol onto a
holey-carbon-supported copper grid and drying it in air at room
temperature.

The specific surface area and porosity were determined by a
multipoint Brunauer—Emmett—Teller (BET) method using N,
adsorption/desorption isotherms at 77 K using a Tristar II 3020
(Micromeritics) apparatus. Desorption isotherms were used to
determine the total pore volume by using the Barrett—Joyner—
Halenda (BJH) method. During the measurement, sample powders
were thermally treated at 80 °C overnight to avoid any possible
material degradation.

Attenuated total reflectance (ATR)-Fourier transform infrared
reflectance (FTIR) spectra were acquired on a PerkinElmer Frontier
instrument equipped with an ATR accessory with a diamond/ZnSe
crystal. The IR spectra were registered between 4000 and 400 cm™.

ZnTPP and ZnTPPF,, were characterized by 'H- and ""F-NMR,
ultraviolet—visible (UV—vis) absorption spectroscopy, and thermog-
ravimetric analysis. NMR spectra were acquired on a Bruker Avance
DRX-400 instrument in CDCl; (Sigma-Aldrich). UV—vis electronic
absorption spectra were recorded at room temperature in CH,Cl,,
using a Shimadzu UV-3600 spectrophotometer and quartz cuvettes
with a 1 cm optical path length. Thermogravimetric analysis (TGA)
analysis was performed on a TGA 7 PerkinElmer instrument,
connected to a TAC 7/DX interface and a gas selector to choose
between air and nitrogen. The analysis was conducted in air, with a
heating rate of 20 °C/min, ranging from 30 to 800 °C.

The nanocomposites were characterized by diffuse reflectance
spectroscopy (DRS), using a double beam UV—vis—NIR scanning
spectrophotometer (Shimadzu UV-3600 plus, Tokyo, Japan)
equipped with a diffuse reflectance accessory (integrating sphere
from BIS-603). The spectra were recorded in the wavelength range of
220—2600 nm. The finely ground powder sample was uniformly
pressed in a circular disk (with an external diameter of 0.2 cm)
included in the sample holder; the latter was inserted in a special
quartz cuvette and fixed on a window of the integrating sphere for the
reflectance measurements. BaSO, was the reflectance reference
compound.

Nanocomposites were deposited by a hot-spray method on glass
interdigitated platinum electrodes (Pt-IDEs, purchased from
Metrohm and schematically depicted in Figure Sla) and sensing
tests were carried out using a custom-built stainless-steel cell (see
Figure S1b), as deeply described in authors’ previous works."* In
particular, the layer’s resistance was measured while flowing a

simulated air (80% N,—20% O,) gas mixture (with a total flow rate of 231
0.5 L min™') in the presence of different concentrations of acetone 232
gaseous molecules. The flow of the target analyte was varied by 233
dilution from a starting S00 ppm concentration (in a N, gas mixture) 234
by Bronkhorst flow meters while keeping the total flow rate constant. 235
The dynamic response (schematically displayed in Figure Slc) was 236
recorded by an Autolab PGStat30 (Eco Chemie, Utrecht, The 237
Netherlands) potentiostat/galvanostat controlled by NOVA 2.0 238
software, applying a constant bias of +1.0 V. The sensor signal is 239
reported as (Ry;/R,cetone) — 1, where Ry and R, yone are, respectively, 240
the layer’s resistances in simulated air and in the presence of acetone 241
molecules, together with the relative response and recovery times 242
according to the previous literature."*** These last two parameters 243
refer to the time needed to reach 90% of the response at a given VOC 244
concentration and the corresponding time necessary to lose 90% of 245
the signal. All of the tests were performed at a relative humidity lower 246
than 2% (checked by inserting a hygrometer in the tube coming out 247
from the sensing chamber) and at (120 + 2) °C, and for some of 248
them, light-emitting diode (LED) (THORLABS, at a wavelength of 249
455 nm, power of 2 W) and UV (Jelosil HGS00 iron halide mercury 250
arc lamp 500 W, emitting in the 350—450 nm range with an incident 251
power density of 30 mW cm™2) irradiation sources were also adopted. 252

To better investigate the electrical properties of the sensors, I-V 253
curves were recorded by varying the applied potential in the range 254
—2/42 V and measuring the current by means of an Autolab 255

PGStat30 (Eco Chemie, Utrecht, The Netherlands) potentiostat/
galvanostat controlled by NOVA 2.0 software.

2.3. Computational Details. Ab initio calculations on the
tetragonal rutile structure of Sn0,***” were performed usin§ DEFT as
implemented in the SIESTA code,* choosing PBE" as the
exchange—correlation functional. Norm-conserving pseudopotentials
for Sn and O were generated based on the Troullier—Martins
parametrization.”® The basis set for both atoms is of the DZP type
with standard parameters. Bulk-phase calculations were performed on
a 22 X 10 X 7 k-point grid in a 12 atom tetragonal unit cell, using a
450 Ry as mesh cutoff. A suitable cell of SnO, for a reliable
description of the adsorption of ZnTPP/ZnTPPF,, has been chosen
as a 6 X 3 (110) surface unit cell and 2 trilayers in the direction
perpendicular to the surface. This choice corresponds to mass ratios
between the adsorbed porphyrins and the SnO, slab equal to 1/16
and ~1/10 for ZnTPP/SnO, and ZnTPPF,;/Sn0,, respectively. The
vacuum amount was 10 A. The two-dimensional (2D) periodic
system was thus composed of 72 Sn atoms and 144 O atoms. The
Brillouin zone sampling was 4 X 4 X 1 k-points.

In order to overcome the heavy band gap underestimation typical
of pure functionals, such as PBE, if necessary, we applied the half-
occupation technique to the oxygen pseudopotential as described by
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Table 1. Materials’ Current Values in the Absence (iy,in.) and Presence (i

cetone) Of Acetone Molecules and Response

Intensity Reported as (R,;;/Rycetone) — 1 Relative to the Signal at 20 ppm, Both with and without LED Light”
LED off LED on
Thaseline M- (Ryir/Rycetone) — L, response intensity at Thaseline (Ryir/Ricetone) — 1, response intensity at charge
material (uA) (uA 20 ppm (uA 20 ppm transfer
$nO, 3 s 0.60 9 0.55
ZnTPP/Sn0O, 1:64 38 49 0.29 NV 0.33 0.69
ZnTPP/Sn0, 1:32 64 70 0.10 53 0.30 1.36
ZnTPP/Sn0O, 1:4 1700 n.d. n.d. 1700 n.d. 4.32
ZnTPPE,,/Sn0, 1:64 5 9 0.70 8 0.72 0.25
ZnTPPE,,/SnO, 1:32 20 56 1.80 10 0.80 0.45
ZnTPPE,,/Sn0, 1:4 610 nd. nd. 620 nd. 1.97

“The charge transfer has been estimated computationally considering the electrons donated from porphyrins to 100 SnO, formula units.

Ferreira et al,,*"** which led to great improvements in the band gap
value. After the treatment, the latter increased from 0.74 to 3.20 eV,
which is much closer to the experimental gap of 3.60 eV reported in
the literature.*’

3. RESULTS AND DISCUSSION

3.1. Acetone Sensing. First, to guarantee that the direct
current measurements accurately reflect the conditions at the
oxide—electrode interface without being influenced by any
possible potential barrier, I-V curves were collected for SnO,,
ZnTPP/Sn0O, 1:32, and ZnTPPF,,/Sn0O, 1:32 modified IDEs
(as representative ones). As clearly visible in Figure S2, all of
the materials showed a linear trend that perfectly matches the
first Ohm’s law, thus indicating a good electrical contact
between the sensing layer and the electrode’s material.>®

Then, to investigate the sensing properties of the prepared
nanocomposites, gaseous acetone was chosen as the target
analyte. Figure 1 shows the obtained results after purging
different acetone concentrations (from 20 ppm down to 200
ppb) both without and with the aid of LED light at a constant
operating temperature of 120 °C and very low relative
humidity (RH% below 2%). Focusing first on outcomes in
dark conditions, it is striking to see that the two porphyrins
have a different impact on the sensing when combined with
SnO,. In both cases, the highest porphyrin/SnO, weight ratio
of 1:4 did not result in any appreciable response upon purging
the target VOC, as well as porphyrins alone did not show any
perceptible sensing behavior (as depicted in Figure S3 for
ZnTPPE,,).

Delving into specifics, it seems that the two ZnTPP-based
nanocomposites (namely, 1:64 and 1:32 ratios; Figure 1b,1c)
do even worsen the sensing behavior of the pristine SnO,,
especially increasing the amount of the porphyrin in the
nanocomposite. Conversely, the presence of ZnTPPF,,
influences the MOS performances in a completely different
way, especially in the case of the 1:32 sample, which exhibited
sharper and higher sensing responses with respect to those of
bare SnO, (Figure 1a,1d,1e and Table 1, fourth column). This
sample gave an outstandingly 3 times greater signal at a given
concentration of 20 ppm, and in general, higher sensing signals
were recorded for all of the investigated acetone amounts
down to 200 ppb. To elucidate these significant differences
among nanocomposites and diverse ratios, we thoroughly
examined the electrodes’ currents in simulated air (called
baseline current from now onward), after having stabilized the
systems and before purging acetone molecules inside the
sensing chamber. An overview of the acquired data is reported
in Table 1 (2nd column). Generally, the presence of both

porphyrins leads to an increase of the current value with
respect to bare SnO, even if, mainly in the case of ZnTPP, this
rise is more prominent and the current predictably becomes
greater and greater by adding more porphyrin in the
composites. Analogously, a similar tendency was noticed for
the ZnTPPF,;-based samples with the exception that the

324
328
326
327
328
329

absolute values are lower than the corresponding ones of 330

ZnTPP (Table 1, second column), as expected by the higher
molar mass of ZnTPPF,, with respect to ZnTPP and to the
lower tendency of the former to transfer electrons, as shown by
theoretical estimates (Table 1, seventh column). As such,
considering that the final response is a ratio between the
compounds’ resistances in air and in the presence of the target
VOC (ie, (Ru/Ricetone) 1), we can infer that, if the
adsorption of porphyrins onto SnO, leads to a moderate
increase of sensors’ conductivity (in air, as, for instance, from 3
HA of bare SnO, up to 20 uA in the case of ZnTPPF,,/Sn0O,
1:32), this rise will boost the final chemiresistive performances.
Contrarily, when the sensing materials produce an excessive
increase of the baseline current, as in the case of a high
porphyrin/SnO, ratio and/or by using stronger donor
porphyrins (i.e, ZnTPP), a decline of performances will be
observed.

Besides, a remarkably different behavior was seen when LED
illumination illuminated the electrodes during the entire
sensing measurement. Pristine SnO, displayed no significant
rise in its baseline current (Table 1, fifth column) since LED
fixed wavelength does not fall into SnO, band gap (around
3.60 eV),” therefore not guaranteeing the electrons’
promotion from the valence band to the conduction one,
and subsequently an increase of the system’s conductivity.
Likewise, in the case of ZnTPP-based nanocomposites (Figure
Igh), no noteworthy observations can be made and the
recorded trend of both baseline currents (Table 1, fifth
column) and signals’ intensities (Table 1, sixth column)
roughly resembles the one in dark conditions. Conversely, the
situation is somewhat different in the case of ZnTPPF,,-based
composites (Figure 1i,1j): LED light seems to worsen the
behavior of 1:32 ratio, resulting in a signal’s decrease from 1.80
to 0.80. It is conceivable that the light source influences
porphyrins’ electronic behavior rather than the tin dioxide one.
Therefore, considering the former’s attitude to increase the
nanocomposites’ overall conductivity, further electronic
excitation of the macrocycles might be detrimental. We
assume, indeed, a greater electron injection from porphyrins
to SnO, upon illumination, with a subsequent rise in electrons
scattering inside the material.”*>> This phenomenon charac-
terized by a larger electronic dispersion might lead to a more
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Figure 2. Comparison of signal responses versus different acetone concentrations both (a) without and (b) with LED illumination. OT = operating

temperature.

a

b

Figure 3. Ab initio optimized structures of the (a) ZnTPP/SnO, and (b) ZnTPPF,;/SnO, nanocomposites together with the relative chemical

structure. The shortest Zn—O distances (in A) are shown as dashed lines.

372 disordered system and, thus, to its conductivity decrease
373 (baseline current around 10 pA; Table 1, sixth column) and,
374 ultimately, to a worsen sensing (halved signal’s intensity). To
375 have a better understanding of the whole system, measure-
376 ments under UV illumination were also carried out (Figure
377 S4). As expected, the lower light wavelength can be beneficial
378 only in the case of pristine oxide, causing an increase in the
379 signal’s intensity. On the contrary, the presence of porphyrin
330 molecules, adsorbed onto the SnO, surface (see HRTEM
3s1 images in the following), seems to interfere, and UV light does
382 not appear to be of any help for sensing. As such, we can infer
383 that our ZnTPPF,(/SnO, 1:32 nanocomposite has promising
384 applicability in hand-held sensors, owing to its ability to give an
385 optimal signal even without the aid of a light source.

386 Furthermore, plotting the responses as a function of the
387 purged acetone concentrations, a linear fashion is well-visible
3ss for all of the tested compounds, both in the dark and under
389 LED light, with the only exception being the ZnTPPF,,/SnO,
390 1:32 composite (LED off), for which a change in trend is

clearly observable by increasing the VOC amount (Figure 2, 391 2
second-degree function reported as dashed violet line). Indeed, 392
notwithstanding a lower slope can be easily and reasonably 393
seen after 4 ppm, no plateau region is reached until 20 ppm 394
and so the system—in this concentration range—does not 39s
show any Langmuir-like behavior, which results in agreement 396
with the available literature.”® This singular behavior might be 397
ascribable to a partial degree of active sites’ saturation and/or 398
consumption/reduced accessibility of the negatively charged 39
adsorbed oxygen species with the increase of acetone 400
concentration. 401

In addition, alongside signal’s intensity, two other 402
parameters need to be considered to define the performances 403
of a chemiresistor, ie., the response and recovery times. 404
Herein, all of the investigated compounds showed roughly 405
similar values with an average response time of about 120—150 406
s and a recovery one of around 200—220 s. Considering that 407
literature about porphyrin/SnO, coupling for acetone 408
detection is basically nil, a comparison between our 409
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violet arrows. (d) Charge transfer as a function of the mass ratio porphyrin/MOS, estimated considering the electrons donated from ZnTPP/

ZnTPPF,; to 100 SnO, formula units.

410 response/recovery times with those already published,
obtained with the same material systems and gas environ-
412 ments, is barely possible. However, on the basis of the most
413 recent studies,”””® we can assume that our sensors’ perform-
414 ances are in line with the already reported highly efficient
415 chemiresistors for acetone sensing operating at low temper-
416 atures.

417 3.2. Sensing Mechanism: The Role of Porphyrins.
418 Trying to unveil the possible sensing mechanism and especially
419 the singular electronic properties of the synthesized nano-
420 composites, ab initio calculations on the Zn(II) porphyrin-
based adducts were carried out using DFT. Both the SnO, bulk
422 and (110) surface, which is reported to be the most stable
423 one,sg_61 were simulated and, once verified through the
424 comparison with recent literature™ that our computational
425 setup gave reliable results, we devoted our attention to the
426 structures of the two ZnTPP/SnO, and ZnTPPF,;/SnO,
427 hybrids. In our calculations, the coordinates of the oxygen
428 atoms of the MOS upper layer and of all of the atoms of the
429 porphyrin molecules were optimized to take into account both
430 surface relaxation effects and the distortion of the porphyrin’s
431 conformation with respect to the gas phase due to the
432 interaction with the solid substrate. The electron density
433 distribution of the systems was analyzed within the framework
434 of the Quantum Theory of Atoms in Molecules (QTAIM)®
435 using the Critic2 code.”” Due to the limited number of atoms
436 that can be treated ab initio, we considered a MOS surface
437 sample with a reduced thickness of only 2 trilayers (see Figure
438 3) and a planar adsorption of the porphyrins’ molecules onto
439 the SnO, surface. We are aware that porphyrins can lay down

S
just
o

N
S}
at

in different ways on the semiconductor substrate,”*®° depend- 440
ing on both the rotation angle of the porphyrin core and the 441
Zn position with respect to the SnO, lattice. However, the 442
nature of the interaction between the macrocycles and the 443
substrate (SnO,) is mainly a weak electrostatic atom—atom 444
interaction between the large, highly symmetric, highly 445
conjugated, apolar adsorbed molecules and a periodic SnO, 446
lattice with regular alternation of negative (O) and positive 447
(Sn) ions extending all over the surface. Therefore, regardless 44s
of the mutual orientation of the macrocycles with respect to 449
the substrate, the atoms in close contact are the same, resulting 450
in a global intermolecular interaction energy having the same 4s1
strength and nature. This means that, aiming at deriving a 4s2
reliable estimate of the porphyrin-to-MOS charge transfer, 453
which causes an overall materials’ current increase, the role of 4s4
the adsorption configuration can be considered negligible. 455

For both nanocomposites, the most stable solution turned 4s6
out to be magnetic, its energy being lower by 0.2 eV than the 4s7
value obtained through a nonmagnetic calculation. The 4s8
computed adsorption energies were equal to 3.55 and 4.12 4s9
eV for ZnTPP and ZnTPPF,, respectively: these values reflect 460
the large overlapping area between the substrate and the 461
adsorbed molecules and are consistent with the nature of the 462
intermolecular interactions, resulting in a significant charge 463
transfer from the macrocycles to the MOS surface. For this 464
topic, we have found that ZnTPP donates 1.23 e”, whereas 465
ZnTPPF,, gives only 0.78 e, in agreement with their 466
electronic properties. Indeed, looking at the spin-resolved 467
density of states (DOS) graphs (Figure 4), two fundamental s6s f4
remarks can be highlighted: first, for ZnTPP/SnO,, a sharp 469
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peak of the minority spin component of the original highest
occupied molecular orbital (HOMO) (green arrow in Figure
4b, left side) is located above the Fermi level (thus being
empty), whereas the peak of the HOMO majority spin
component (green arrow in Figure 4b, right side) is pinned at
the Fermi level (thus being partially empty). This result is in
agreement with the number of transferred electrons (i.e., 1.23
e”) and with a partial filling of the SnO, conduction band
(CB) due to its superposition with the frontier molecular
orbital of ZnTPP. Second, for ZnTPPF,,/SnO,, the peak of
the minority spin component (violet arrow in Figure 4c, left
side) is partially empty, while the majority spin component
peak of the original HOMO (violet arrow in Figure 4c, right
side) is located below the Fermi level and is therefore filled.
These findings explain the lower charge transfer (0.78 e”) with
respect to the ZnTPP/SnO, system. In other words, ZnTPP is
more prone to give electrons to the SnO, surface rather than
the ZnTPPF,, molecule, in agreement with the presence of
electron-withdrawing fluorine atoms.

Extending further the investigation from a theoretical point
of view, the charge transfer from Zn(II) porphyrins to the
SnO, substrate has been correlated to the experimentally
explored porphyrin-to-SnO, weight ratios (Table 1, seventh
column; Figures 4d and S5 together with the description of the
charge transfer estimation). In Figure 4d, the estimated charge
transfer as a function of the weight ratio has been drawn,
starting from the energy positions of the partially occupied
HOMO state with respect to the bottom of the MOS CB.
Details of this procedure are reported in the Supporting
Information. It is plainly evident that in the case of ZnTPP/
SnO,, at the same level of mass ratio, more electrons are given
to tin dioxide with respect to ZnTPPF,;/SnO,, therefore
corroborating the so far reported speculations.

Eventually, we considered a defective metal oxide, i.e., with a
surface oxygen vacancy: in this case, two extra electrons are
released into the system and, according to our QTAIM
calculations, for both ZnTPP/SnO, and ZnTPPF,,/Sn0,, the
charge transfer is reduced by 0.2 electrons (with respect to the
previously mentioned results), amounting to 0.55 e~ and to
1.03 e~ for fluorinated and nonfluorinated porphyrins,
respectively. This scenario is confirmed by the DOS data
shown in Figure S. It is observable that, at an energy of about
—0.32 eV below the CB, there is a pair (spin up and spin
down) of states in the gap belonging to the substrate (black
arrows). This suggests that the defect states containing the two

extra electrons, made available by the presence of the vacancy,
are spatially localized, and therefore, they do not participate in
the conduction. For the sake of clarity, the DOS of the clean
surface (with vacancy) is shown in the left panel of Figure S: it
confirms that the defect state is sharp and localized in the band
gap (black arrow).

Combining experimental findings with theoretical calcu-
lations, a series of deductions can be drawn. Empirically, we
noticed that the coupling of SnO, with ZnTPP is somewhat
detrimental to the acetone sensing properties, whereas the
ZnTPPF,,-based nanocomposites displayed a boosted signal
with respect to pure SnO,, especially without the aid of light
(Table 1, fourth column). Theoretical analysis, on the other
hand, revealed that ZnTPP is more inclined to bestow
electrons upon physisorption onto the SnO, surface. These
considerations suggest that a high injection of electrons in the
conduction band of the MOS is not always beneficial for the
gas sensing properties. The key point is that electrons are
injected from the porphyrins® HOMO to the conduction band
of SnO,, and the former will thereby be depleted of electrons.
However, since the MOS-accessible states with an energy
lower than the HOMO are limited, there could be a complete
filling of all of them, consequently hindering further electronic
transfer upon interaction with the chemiresistive material. To
be specific, in this case, electron donation upon acetone
interaction with SnO, would not occur, and although there
might be an electronic injection to the empty porphyrins’
HOMO, no variation of the sensor’s resistance and, as a
consequence, no signal would be observed since these orbitals
do not contribute to the conduction.

Herein, the HOMO of ZnTPP is higher in energy with
respect to the one of ZnTPPF,, so more states are potentially
accessible, but at the same time, ZnTPP is also more prone to
give electrons, as previously said. Hence, upon comprehensive
consideration, it can be asserted that ZnTPP porphyrin may
inject too many electrons into the MOS CB, thus saturating
the accessible states and so preventing the response upon the
interaction of the target analyte with the semiconductor.
Conversely, the fluorinated porphyrin can prevent the
complete filling of the accessible states, since it injects a
lower number of electrons, thus preserving the final sensing
signal. Moreover, the relative concentration between the
porphyrin and the tin dioxide does play a pivotal role. When
the porphyrins’ concentration is reduced (i.e., 1:64 ratio), the
number of accessible states in the MOS conduction band per
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porphyrin molecule increases, and the other way round. This
means that when the porphyrin concentration is too low, the
electron pumping is insufficient to be beneficial for the sensing,
whereas at a high porphyrin concentration (as 1:4), too many
electrons are injected saturating all the accessible states, thus
worsening the performances.

On top of this, as brought up earlier, in the literature, there is
an open debate about the chemiresistive sensing mechanism:
on the one hand, there is the so-called and widely embraced
ionosorption model'’—in which the detection of a reducing or
oxidizing analyte is due to the variation of the negatively
charged oxygen species ionosorbed onto MOS surface—on the
other hand, the oxygen vacancy model—for which the target/
MOS interaction is described by the partial reduction and
reoxidation of the material’s surface.'” Concerning the former,
it is widely believed that the oxidation of adsorbed acetone
primarily contributes to the influx of additional electrons into
the conduction band of the MOS, thereby augmenting the
electronic currents. Specifically, in this model, the presence of
charged oxygen species on the MOS surface plays a pivotal
role,'® participating in the acetone oxidation process, giving off
their negative charge into the substrate. Thus, two distinct
phases, each manifesting different electrical responses, can be
recognized: first, the MOS surface with adsorbed charged
oxygen species (no pumped acetone), and second, the same
surface with fewer charged oxygen species (pumped acetone
and its consequent oxidation/desorption).

With this reasoning in mind, we attempted to elucidate the
present experimental findings from a theoretical point of view
within the framework of the Drude model for conductivity,
which states that conductivity is directly proportional to the
number of charge carriers in the system. As previously
outlined, the primary effect of porphyrin adsorption on the
SnO, surface is the transfer of a negative charge from the
porphyrin to the substrate. An approximate estimate of this
charge transfer is provided in the last column of Table 1. A
comparison with the measured current in the absence of
acetone pumping (Table 1, third column) confirms that the
greater the charge transfer, the higher the measured current.

Besides, the response to acetone adsorption (see also Table
S1 and Figure S6) is somewhat more intricate, necessitating
the consideration of multiple steps:

1. Presence of charged oxygen species. Our calculations
(see Tables S2 and S3 and Figure S7) indicate that the
additional electrons supplied to the MOS from the Zn-
porphyrins lead to an increase in charged oxygen species
on the surface, consistent with prior literature ? and that
this charge transfer is essentially independent from the
exposed crystallographic plane. In our scenario, electrons
are transferred by the added porphyrin, resulting in a
higher charge density in the MOS and consequently, an
increased presence of ions on the surface.

2. Oxidation of acetone. Upon interaction with the MOS
surface, acetone undergoes oxidation. Any oxidation
event involving charged oxygen species returns elec-
tronic population to the substrate (back-donation).

3. Effect of the mass ratio on the CB filling. Back-donated

616

electrons may either augment or not the density of 617

charge carriers, thereby influencing the measured
current. Indeed, the lower empty states in the substrate
may reside in the conduction band of the MOS or in
localized states on porphyrins. In the latter case, the
back-donated electrons will not contribute to the
electronic current. This scenario could occur for specific
values of the porphyrin/MOS mass ratio. Specifically, for
ZnTPPF,, and ZnTPP at a mass ratio of 1:32, the
additional electrons back-donated by the oxygen anions
participating in the oxidation events exhibit distinct
behaviors: in the former case, they contribute to the
charge carrier density, whereas in the latter, they do not

618
619
620
621

629

(evidenced by a kink in the green line at a mass ratio of 630

1:32 in Figure 4d).

3.3. Physicochemical Characterizations of the 1:32
Porphyrin/SnO, Composites. Both single materials (SnO,
and porphyrins) and the most promising nanocomposites (i.e.,
1:32 ratio) were finely characterized to investigate their
possible interaction.

Regarding pristine SnO,, the polymorph obtained through
our proposed synthetic route is cassiterite, as clearly visible in
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Figure 7. HRTEM images relative to (a, b) pristine SnO, (inset: selected area electron diffraction), (c, d) ZnTPP/SnO, 1:32 and (e, f)
ZnTPPF20/Sn0O, 1:32 composites (crystalline SnO, and porphyrin/SnO, materials have been highlighted in yellow and pink, respectively).

639 Figure S8. Interestingly, there is no any appreciable change in
640 the XRPD pattern when SnO, is coupled with the two adopted
641 porphyrins: tin dioxide nanoparticles seem to retain their
642 crystallinity and polymorphic structure. In addition, no new
643 peaks appeared in the corresponding spectra.

644 On the other hand, UV—vis, 'H-/®F-NMR, and TGA
645 analyses were performed to give an insight into porphyrins’
646 chemical and structural properties (Figure S9). The UV/vis
647 absorption spectra in CH,Cl, show the typical pattern of
648 porphyrin comglexes predicted by the Gouterman’s “four
649 orbitals” model,*® with an intense (¢ &~ 10° M~' cm™!) Soret or
650 B band in the range 400—420 nm, due to a S; = S, transition,
651 and two less pronounced (¢ =~ 10* M™' cm™') Q bands at
652 540—600 nm, given by S, — S, transitions. All of the bands of
653 ZnTPPF,, show a sizable hypsochromic shift in comparison to
654 those of ZnTPP as an effect of the presence of electron-
6ss withdrawing fluorine atoms. Also, NMR spectroscopy confirms
656 the expected structures with a singlet for the S-pyrrolic protons

of ZnTPPF,, and a downfield shift in comparison to ZnTPP in 657
the '"H NMR spectrum, and three signals in the '"F-NMR 58
spectrum, due to the fluorine atoms in ortho (—136 ppm), para 6s9
(=151 ppm), and meta (—161 ppm) positions of the 660
pentafluorophenyl rings. Finally, TGA analysis confirms the 661
stability of both ZnTPP and ZnTPPF,; at the sensor operating 662
temperature (120 + 2) °C. 663
Insofar as it concerns the composites, the 1:32 ratio was 664
chosen as the representative sample, having shown the optimal 6ss
sensing behavior, especially in the case of ZnTPPF,,. Starting 666
from structural features, FTIR data of the nanocomposites 667
were elaborated by subtracting the spectrum of pure SnO, to 668
isolate the contribution of only porphyrins (Figure 6a). Then, 669 f6
the obtained curves (labeled as difference spectra) were 670
compared to those of the pure porphyrins to possibly spot any 671
differences, peculiar to the SnO,—porphyrin interaction. As 672
displayed in Figure 6a, an appreciable variation in the bands of 673
C—F stretching modes (at around 1000—1100 cm™', high- 674
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675 lighted in gray) is clearly visible in the case of the ZnTPPF,;-
676 based sample, evidencing a plausible interaction between the
677 porphyrin and the MOS. On the contrary, for the other
678 nanocomposite, no significant dissimilarities can be seen,
679 probably due to the moderately weak planar physisorption of
680 the organic macromolecules on the SnO, surface.

681 Besides, the 1:32 composites’ optical properties were
682 investigated by DRS, and the recorded spectra, after
683 subtraction of the SnO, one, were compared to those of
684 pure ZnTPP and ZnTPPF,, powders (Figure 6b). The typical
68s spectral pattern of Zn(II) porphyrins, previously observed in
686 solution (Figure S9a), is also present in the DRS spectra of the
687 pristine powders and remains clearly perceivable in the
688 nanocomposites. As in solution, the presence of fluorine
689 atoms produces a sizable 4—15 nm ipsochromic shift of all of
690 the bands in the spectrum of ZnTPPF,, in comparison to
691 ZnTPP. Furthermore, the analysis of the differential DRS
692 spectra confirms the interaction between the porphyrins and
63 Sn0,.”” Indeed, in perfect match with the colors, observable
694 with the naked eye, for the pristine porphyrin complexes and
695 the hybrids (Figure 6¢), the differential spectrum of ZnTPP
696 shows a marked enlargement of the Soret band and a
697 significant alteration in the Q-band region (highlighted with
698 a dashed gray line), with only one intense and red-shifted Q-
699 band in comparison to the pristine powder. For ZnTPPF,,, on
700 the other hand, even if the differential DRS spectrum and the
701 powder spectrum are almost superimposable, a slight broad-
702 ening and a small shift at higher energies (ca. 3 nm) of the
703 Soret band are observable. Computationally speaking, we
704 further corroborated this observation estimating a HOMO—
705 lowest-unoccupied molecular orbital (LUMO) gap decrease of
706 approximately 0.2 eV upon the adsorption of a ZnTPP
707 molecule onto the SnO, surface. Lastly, in the case of bare
708 SnO,, it was possible to compute the band gap value of around
709 3.2 eV through the Kubelka—Munk elaboration, as reported
710 elsewhere.®®

711 Concerning the specific active surface area (Spgr) and the
712 pores’ volume distribution, the results are reported in Figure
713 $10. The comparative histograms relative to the pores’
714 distribution reveal for the two composites a trend very close
715 to the tin dioxide’s one, with the majority of pores centered in
716 the range between 5 and 22 nm. Conversely, the surface area is
717 slightly reduced (around 50 m® g™') when porphyrins are
718 combined with SnO, (Sggr of 76 m* g™, see the inset of Figure
719 S10), as expected. Indeed, the presence of the organic
720 materials could lead to a partial covering effect and pore
721 clogging of the MOS nanoparticles.

722 From a morphological point of view, SEM and HRTEM
723 analyses were performed. From the former, it is well visible
724 that the surface texture of the pristine oxide slightly modifies in
725 the nanocomposites (Figure S11). Indeed, both ZnTPP/SnO,
726 and ZnTPPF,;/Sn0, 1:32 show a fluffier morphology, made of
727 aggregates of around 2 um, whereas bare tin dioxide is
728 characterized by bigger agglomerates of tens of microns.
729 Furthermore, direct evidence of porphyrins’ presence comes
730 from energy-dispersive X-ray spectroscopy results obtained in
731 the case of the perfluorinated-based nanocomposite (Figure
732 S11d). Actually, it was possible to detect a small peak
733 ascribable to fluorine atoms, therefore corroborating the
734 presence of the organic molecules. On the contrary, Zn(II)
735 was not found in both the hybrids, which can be expected
736 being the macrocycles’ content very low (1:32) with respect to
737 SnO,. HRTEM images of pristine SnO, (Figure 7a,7b) show

—

nanoparticles spherical in shape and with an average diameter 738
of approximately 4 nm. In addition, the selected area electron 739
diffraction (SAED) spectrum (inset of Figure 7b) reveals the 740
characteristic electron diffraction pattern of SnO, cassiterite.”” 741
Interestingly, in the case of ZnTPP (Figure 7¢,7d) and 742
ZnTPPF,;-based nanocomposites (Figure 7e,7f), both crystal- 743
line and amorphous phases can be observed, which have been 744
highlighted in yellow and pink color, respectively. In particular, 745
portions of this amorphous phase, located around and among 746
SnO, nanoparticles, might be ascribable to the porphyrin’s 747
adsorption leading to a local loss of the visible crystallinity. 74s
Conversely, MOS nanoparticles are clearly recognizable due to 749
the evident crystalline planes. 750

Hence, from all of the obtained physicochemical results, we 751
can conclude that we successfully managed to attain, through 752
the adopted synthetic route, an intimate contact between the 753
two macrocycles and tin dioxide nanoparticles. 754

4. CONCLUSIONS

In this work, we reported the integration of SnO, nanoparticles 7ss
with Zn(1I) §,10,15,20-tetraphenylporphyrin (ZnTPP) and the 756
perfluorinated counterpart Zn(II) §,10,15,20-tetrakis- 757
(pentafluorophenyl)porphyrin (ZnTPPF,), i.e.,, two porphyr- 7ss
ins characterized by peculiar electronic features. Three 759
different Zn-porphyrin/SnO, weight ratios (namely, 1:4, 760
1:32, and 1:64) were chosen and adopted as active sensing 761
materials for the low temperature (120 °C) detection of 762
gaseous acetone molecules. We demonstrated the correlation 763
between the materials’ conductivity in air and their final 764
sensing performances—in terms of signal’s intensity—upon 765
interaction with the target analyte. A too low (<20 pA) or a 766
too high (>30 pA) hybrid’s baseline current value seems, 767
indeed, to be detrimental. As such, the ratio of 1:32 was the 768
optimal one for both Zn-porphyrins, showing an outstanding 769
performance with respect to pristine SnO,, especially in the 770
case of the ZnTPPF,,-based nanocomposite (with a detection 771
limit of 200 ppb). 72

Moreover, by coupling the experimental findings with DFT 773
calculations, we evidenced a distinctive electron-donating 774
behavior exhibited by both macrocycles upon interacting 775
with tin dioxide semiconductors and, as expected, this 776
phenomenon was more pronounced in the case of the 777
nonfluorinated one. Actually, if the MOS is electron-rich, 778
acetone sensing may be highly hindered. Therefore, the 779
perfluorinated porphyrin, donating a lower number of 780
electrons than ZnTPP, may prevent the saturation of SnO, 781
available electronic states, concomitantly increasing the 7s2
nanocomposite’s conductivity and, ultimately, allowing a better 783
sensing. This result emerges also when considering computa- 784
tionally the semiconductor’s surface with oxygen vacancies 7ss
(i.e., defective surface). Furthermore, by estimating the amount 786
of charge transfer by varying the porphyrin-to-SnO, ratio, we 787
demonstrated compelling proof that, at a fixed value of 7s8
equivalent mass ratio, ZnTPP donates more electrons than the 789
perfluorinated molecule, thus supporting the experimental 790
materials’ current values (recorded in air). 791

To dig deeper into the investigation, we also examined the 792
impact of light by illuminating the samples during the sensing 793
measurements using different light sources. No significant 794
improvement could be noticed but, contrarily, a slight sensing 795
worsening was observed in the case of ZnTPPF,,/Sn0O, 1:32 796
sample upon LED illumination (from 1.80 to 0.80 of signal’s 797
intensity at 20 ppm). Even in this case, the amount of electrons 79s
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799 injected from porphyrins to SnO, CB plays a pivotal role since
soo an overfilling of semiconductor’s available states together with
8ol a greater electron scattering experimentally ends up being
802 detrimental.

803 Lastly, by finely characterizing the most performing hybrids
804 (i.e, 1:32 ratio), we successfully demonstrated the intimate
80s contact between the adopted macrocycles and SnO, nano-
806 particles. Indeed, by means of FTIR, DRS, and HRTEM, we
807 clearly noticed the materials’ interaction, which we hypothe-
808 sized to be physical in nature, also in accordance with the DFT
809 investigation.

810  In conclusion, the take-home message of the present work is
811 that achieving a balance between the porphyrin’s electron
812 injection and the available MOS states is crucial, whatever the
813 chemiresistive mechanism is, herein, we embraced the most
814 popular and widely accepted ionosorption model, and this
815 balance can be achieved by customizing the chemistry of the
816 porphyrins and adjusting the ratio between them and MOS. As
817 such, herein, we showcased for the first time how to tailor the
818 coupling of metal oxides with ad hoc Zn(II)-porphyrins, thus
819 providing useful guidelines to achieve a boosted light-free
820 gaseous sensing.
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