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Abstract: In the quest for more sensitive gas sensors, researchers have studied how heating
the sensors, using UV light, and thermally annealing sensors improve performance. During
thermal annealing, the heating process can improve the crystallinity of the material while
also increasing the electrode and sensing material interactions to create more available
active sites and thus improve sensor performance. Hexadecafluorinated iron (II) phthalo-
cyanine (FePcFj4) nanowires have high sensitivity towards NHj selectively, and thermally
annealing the NWs after the deposition can further improve the sensing response and
recovery. For this reason, the effect of annealing FePcF; NWs at different temperatures
was studied to optimize these systems. In this work, FePcFis NWs were synthesized using
physical vapor deposition (PVD) to deposit on interdigitated electrodes. The NWs were
characterized by SEM, EDS, PXRD, FTIR, and Raman spectroscopy to confirm their purity.
The sensors were annealed at different temperatures, inserted into a gas sensing chamber,
and exposed to 1 ppm NHj in air, and the electrical current was measured. The results show
that the optimized FePcF;4 NWs have excellent sensing properties, with a 58% increase in
response towards NHj after a stepwise annealing at 300 °C confirming these systems are
good prospective candidates for sensing NHs at room temperature.

Keywords: metal phthalocyanines; gas sensors; thermal annealing; nanowires; ammonia

1. Introduction

Atmospheric contaminants like toxic gases and fine particles can have dangerous
effects on living beings, jeopardizing the quality of life of the exposed population [1]. By
implementing systems for the detection and monitoring of trace amounts of dangerous
gases such as ammonia (NHj3) or nitrogen dioxide (NO,), the health consequences that
arise through prolonged exposure can be reduced. While the average concentration of
NHj3 in the atmosphere is in the range of 0.1 to 5 ppb, areas with increased agriculture
or industry can have significantly higher NH3 concentrations of 100 ppb or higher [2].
According to the Occupational Safety and Health Administration (OSHA), the exposure
limit of NHj is 25 ppm for 8 h or 35 ppm for 10 min [3]. However, even low-concentration
long-term inhalation can result in 20 to 30% dissolution in the mucus and lead to obstructive
airway disease [4]. Since NH3 can be detrimental to the health of the population even at
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low exposure limits, it is imperative to develop sensitive gas sensors to warn populations
before they are exposed to dangerous gases for extended periods of time. While there are
a number of metal oxide gas sensors, they are limited by high operating temperatures
(approximately 300 °C), and operating these sensors at room temperature limits their
sensitivity [5,6]. Moreover, while polymer-based sensors have fast response times, they
often are less sensitive, with lower limits of detection around 10 to 50 ppm [7]. Therefore,
reliable gas sensors with higher sensitivity are needed to monitor the concentration of
these pollutants.

Metal phthalocyanines (MPcs) are synthetic analogues of porphyrin developed in the
1920s as a dye [8]. Since then, researchers have discovered how useful these materials are
as solar cells, electrocatalysts, and gas sensors due to their inherent tunability. Additionally,
MPcs have had impressive results in electronics, chemical sensing, and energy conversion
and storage [9]. Substituted metal phthalocyanines (MPcX4 g 16) are generally planar com-
plexes in which transition metals such as Mn, Fe, Co, Ni, Cu, and Zn are coordinated in a
tetradentate manner to the inner four nitrogens of the Pc ligand [10-12]. While unsubsti-
tuted MPcs are generally p-type semiconductors, this behavior can easily be changed based
on the substituents added to the peripheral aryl rings and/or the coordinating metal to con-
vert the MPc from a p-type to an n-type semiconductor [13]. For example, the addition of
fluorine to the aryl rings converts the MPc to an n-type semiconductor, while unsubstituted
bis-phthalocyanato lanthanide complexes have ambipolar behavior [14,15]. Another benefit
of MPcs is their highly conjugated 7 systems from the aromaticity within the molecule.
These conjugated aromatic systems allow for changes in the electronic resistance within
the materials when the metal center coordinates gaseous NHj3 or NO,, thus triggering a
measurable electrochemical response. Hexadecafluorinated iron phthalocyanine (FePcFi¢)
is an n-type semiconductor whose outer fluorine substituents allow for a favorable electron
transfer [14]. The more electronegative fluorine substituents pull electrons from the aro-
matic rings towards themselves, changing the distribution of electron density. The electron
withdrawing towards the outer edges of the complex leaves the metal center wanting for
electrons [16]. Not only does this permit a rich array of chemical interactions but it also
allows the FePcFj¢ to have increased gas sensitivity and selectivity towards reducing gases
like NH; [14].

To improve the previously reported high sensitivity of these complexes, the materials
can be annealed after synthesis [17]. Annealing is a common process in materials science
and specifically in the formation of metal alloys. In this area, researchers have found
significant changes in the structural and physical properties of the materials, leading
to improvement for the materials” intended purposes [18]. In the case of gas-sensitive
materials, significant improvement has been seen in the sensitivity of metal oxides towards
H, after annealing [19,20]. For example, annealing SnO, increases the sensitivity of the
material and improves the response and recovery times simultaneously [19]. This is thought
to be due to the increase in the SnO; crystal size, which allows for an easier electron pathway
through the material. Similarly, annealing Ga-doped ZnO thin films at 700 °C increased the
sensitivity, response time, and recovery time towards both acetone and ethanol [21]. X-Ray
Diffraction (XRD) spectroscopy was used to study these changes in the crystalline lattice
and gain insight as to how physical changes correlate to changes in the chemiresistive
response. In both cases, the annealing showed more narrow and intense diffractions for
the annealed samples when compared to the pristine samples, suggesting that the sample
increases in crystallinity after annealing [19,21]. Researchers have also studied the effect of
annealing on MPc systems like PbPc, GaPcCl, and TiPcCl, and found improvements in the
materials’ structural, optical, and gas sensing properties with an increase in conductivity
after annealing the thin films [22-24]. In MPcs used for gas sensing, the changes caused
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by annealing give rise to electrical and structural improvements, leading to increased
sensitivity and reducing response time. These improvements occur both in thin films of
oxide materials and in Pcs, making thermal annealing of FePcF;4, NWs an attractive option
for improving its gas sensing capabilities.

This research focused on the improvement of previously reported FePcF;4 nanowires
for NHj3 sensing by observing any changes to the gas sensing behavior after the materials
underwent thermal annealing. The results obtained from this work revealed that fluorinated
metal phthalocyanines are not only reliable sensors with high selectivity and sensitivity
but that adding a thermal annealing step prior to the gas sensing stage can enhance the
response and recovery of our sensors, improving the functionality of these materials as
gas sensors.

2. Materials and Methods

FePcFy; is synthesized using a simple template reaction performed under inert con-
ditions, resulting in a crystalline product. The fluorinated samples can then be deposited
directly onto gold interdigitated electrodes using physical vapor deposition. This generates
a sensor made of a portable substrate with nanostructures that branch across and connect
the terminal of the electrodes. Then, the sensor can be tested in a gas sensing apparatus and
measurements of the electric response can be carried out as the gas comes into contact with
the material surface. Adding an additional annealing step can improve the performance of
these materials even more.

2.1. Synthesis of FePcF1s Powder

FePcFi4 was synthesized by first grinding fluorinated phthalonitrile and the metal
acetate salt in a 1:1 stoichiometric ratio, then heating the solids to 250 °C as shown in
Scheme 1 [14]. Excess metal (II) acetate and tetrafluorophthalonitrile were washed from
the solid with water and hexane, respectively, via vacuum filtration. Final impurities were
removed by Soxhlet extraction with distilled acetone, where the impurities were insoluble
and thus left in a solid state. The tetrafluorophthalonitrile and iron (II) acetate were bought
from TCI chemicals with a 98.0% purity and Alfa Aesar with a 95% purity, respectively.

+ M(OAG), 250°C

Scheme 1. Synthesis and structure of MPcFyg.

2.2. Synthesis of MPcF1s Nanowires

The synthesis of the FePcF;4 NWs was performed in a two-phase oven (MTI Corpora-
tion, Richmond, CA, USA, model OFT-1200X-II) with a quartz tube of 0.05 m in diameter
and 1.2 m in length. The quartz tube is connected to a Trivec D168B mechanical pump.
To synthesize the nanowires, the substrates (Al, quartz, and silicon) were mounted in the
physical vapor deposition (PVD) chamber approximately 13 cm away from ~20 mg of the
precursor material. The chamber was set to a constant pressure of 5 torr (monitored using
an Inficon PSG55x pressure gauge; Balzers, LIE) and a constant N, gas flux of 100 sccm
using an MKS 946 Multigas controller (Andover, MA, USA). The temperature of the oven
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was increased to 120 °C for 20 min to eliminate any humidity that might have entered
the tube furnace. After 20 min, the temperature was increased again to 420 °C using a
6.67 °C/min rate. This temperature was maintained for the duration of the 1 h deposition
time. During this time, the FePcF;4 sublimed, traveled with the Nj flux down the tube
furnace, and deposited on the substrates as the gas cooled (~130 °C). Finally, the substrates
containing FePcFj¢ nanowires were vacuum annealed at 50 °C, 100 °C, 150 °C, 200 °C,
250 °C, and 300 °C using a heating rate of 4.67 °C/min and a pressure of 1072 torr for
various lengths of time to study the effect of annealing on the gas sensing capabilities.
The FePcFis NWs were characterized using SEM/EDS, PXRD, Raman spectroscopy, and
UV /Vis spectroscopy (shown in Figure S1) to show the purity of the NWs and investigate
whether the FePcFj¢s underwent a phase change.

3. Results and Discussion
3.1. SEM Images of FePcF15 Nanowires

The synthesized FePcF;4 nanowires deposited on aluminum substrates were character-
ized via SEM to verify the identity and structure of the compounds at the nanometric scale
(Figure 1). These experiments were performed using a JEOL JSM-7500F HR field emission
SEM with a JOEL JEM-9310 focused ion beam system. The images showed slightly different
arrays of nanowires, and the EDS analyses demonstrated consistent intensity peaks for Fe
and F at all the temperatures (shown in Figure 52). Additionally, the SEM images show the
reorientation of the nanowires with the increase in the temperature. This reorientation is
often accompanied by an increase in crystallinity of the material [25,26]. The realignment
of the nanowires could result in the increase in available active sites for gas coordination or
a shifting of the nanowire connections on the electrode itself.

Figure 1. SEM images of FePcFj4 NWs without annealing (a) and after annealing for 30 min at 100 °C
(b), 200 °C (c), and 300 °C (d).
3.2. Analysis of XRD Patterns

The XRD experiments were performed on a Rigaku SmartLabs instrument irradiating
the FePcF1 NWs deposited on a quartz substrate at 40 kV and 40 nA. The XRD diffrac-
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Intensity (a.u.)

tograms confirmed the identity of the complexes after the PVD and annealing processes
with distinct peaks along the 26 axis. The most intense peak for FePcF;4 occurred within
the 20 = 6.25 — 6.50°, with other noticeable peaks along the value ranges of (12.60-12.67°),
(21.30-21.60°), (31.93-31.98°), and (44.47-44.73°), taken at each of the temperatures, as
shown in Figure 2. The diffraction at 6° and 12° are characteristic of the 100 and 002 planes
of the 3 phase FePcFy¢ [14]. In the case of the conversion of the FePcF¢ from powder to
nanowires, there is a clear phase change that occurs as the FePcFy¢ goes from the o phase
to the 3 phase [14]. However, it can be clearly seen in Figure 2a that no additional phase
change occurs during the thermal annealing process, even at temperatures above 200 °C.
Additionally, there is some loss in the intensity of the annealed diffraction peaks as com-
pared to the pristine NWs. While this is commonly attributed to decreasing crystallinity,
there is a slight narrowing in the diffractions showing the increase in the crystallinity of the
NWs, as shown in Figure 2b. Further study showed that annealing at temperatures above
300 °C caused the FePcF;¢ material to sublime and leave the substrate. Therefore, when
taken in combination with the peak narrowing, the decreasing intensity of the diffraction
peaks is attributed to a small amount of sublimation of the FePcF;¢; material rather than
decreasing crystallinity of the NWs. Additionally, the crystallite size was calculated for
each annealing temperature using the Scherrer equation, taking the shape constant, K,
to be 0.89 (shown in Table S1) [27-30]. These results show that, as opposed to what is
seen in the literature, the crystallite size does not increase significantly with the anneal-
ing [22,25]. Therefore, the increase in crystallinity seen is attributed to the elimination of
voids, impurities, and surface-level oxygen [24].

— Pristine FePcF,, NWs

—50°C L
@ 100°C ®) —_— Pnostlne FePcF, NWs
——150°C ] —150°C
——200°C —100°C
- =
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Figure 2. (a) XRD diffractograms of the FePcFs NW at the various annealed temperatures showing
no change in phase. (b) Zoom of the FePcF NW 6° diffraction showing the slight peak narrowing
attributed with an increase in crystallinity.

3.3. Raman of FePcF14 NW

The lack of physical and chemical changes in the material was confirmed by spec-
troscopic characterization of the FePcF;4 NWs deposited on quartz substrate via Raman
spectroscopy. The experiments were performed using a T64000 Raman spectrometer from
Jobin Yvon-Horiba with a triple monochrometer in subtractive mode and equipped with
a CCD detector. An Olympus microscope with 80x objective in backscattering mode was
used to focus the Coherent Argon Innova 70C laser beam using a wavelength of 514.53 nm
and a power of 5 mW on the sample. First and foremost, no structural change occurred
in the NW materials during the thermal annealing process. The data of the FePcF;4 NWs
shown in Figure 3 consists of the pristine NWs and the NWs annealed at 100 °C, 200 °C,
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and 300 °C. These data are representative of the results seen at 50 °C, 150 °C, and 250 °C
(all spectra shown in Figure S3). In these spectra, the same distinctive MPc stretches from
1400 to 1600 cm~! associated with the C=N and C=C region can be seen, as well as the
macro-ring or imidazole ring peaks seen from 600 cm~! to 1250 cm~!. Much as in the
case of the XRD experiments, a decrease in the intensity can be seen as the samples were
annealed. Once again, this is attributed to a small amount of the materials subliming and
leaving the system rather than damage to the system.

E — Pristine FePcF,, NW
——100°C
——200°C
——300°C

Intensity (a.u.)

T T
500 1000 1500 2000

Wavenumbers (cm™)

Figure 3. Raman spectra of the annealed FePcF;s NWs showing that no physical or structural changes
occurred in the NWs during the thermal annealing process. These spectra are representative of all the
thermal annealing temperatures, which can be seen in Figure S3.

3.4. Effect of Annealing on the FePcF15 NWs

The gas sensing experiments were performed by placing the FePcF;s NWs, deposited
and annealed on gold interdigitated electrodes (IDEs), into a specifically designed and
pre-tested chamber. The IDEs used were commercially available Micrux Thin-Film gold
interdigitated electrode (5/5 pum electrode/gap) with a glass substrate and a SU8/PI resin
insulating layer. The gas test system consists of a gas detection chamber (MMR Technologies
LTMP-4), where the sensing devices were at room temperature (75 °F/24 °C/297 K) and
connected with tungsten probes inside the chamber. A Keithley 6487 picoammeter/voltage
source was used to evaluate the sensor response and was controlled by LabVIEW 8.5
software. This device supplies 5 V and measures the electric current’s intensity as a time
function during exposure to airflow with and without contaminant gas. The desired
contaminant gas concentration is established by combining an air flow (compressed air)
and a test gas flow (100 ppm ammonia/nitrogen) in the appropriate ratio to define the final
concentration in parts per billion by volume. An MKS GE50A mass flow controller is used
in this process, which the MKS 946 vacuum system controller monitors. The total flow was
500 sccm. The FePcF1¢ NW systems equilibrated in air with a flow rate of 500 sccm for 2 h,
and then were exposed to 1 ppm NHj diluted in air with a flow rate of 500 sccm for 1 h at
room temperature. The response of the NW systems to the analyte gases was measured
by continuous recording of the flow. After the NHj; gas flow was turned off, the FePcFi¢
system recovered for 2 h in air with the same flow rate previously mentioned. The response
of the FePcF;4 NW system was calculated as a percentage using Igo_1,/1,*100, and the
recovery was calculated using Igo—1I100/160—15*100, where I, is taken to be the current when
the gas is turned on, g is taken to be the current when the gas is turned off, and finally I oo
is the current after 40 min equilibrating in air post NH3 exposure.

Prior to the annealing, the IDEs with FePcF;4 NWs were subjected to sensitivity
measurements which served as a ground base comparison to observe the changes that
occurred in their sensitivity. To understand whether time or temperature play a larger role
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in improving the gas sensing capabilities of the FePcFi NWs, two types of measurements
were performed on the various systems synthesized. The first type of measurement used
a singular IDE for all the annealing temperatures (these experiments are denoted “same
sample” in the graphical legends), and the gas sensing response was measured after
each annealing step. The second set of experiments consisted of using different IDEs
for each annealing temperature and measuring the response before and after annealing
(these experiments are denoted “different samples” in the graphical legends). For all these
experiments, the NWs were annealed from 50 °C to 300 °C in 50° increments and their
gas sensing capabilities measured at 1 ppm of NHj in air. The results of the experiments
showed that different annealing temperatures had direct effects on the sensing capabilities
of the sensor, and there was an increase in sensitivity of the FePcF;4 systems after annealing
when exposed to 1 ppm of NHj. To study whether temperature or annealing time has more
influence on the sensor response, FePcF14 NWs were annealed for different lengths of time
as well as at different temperatures. The results of these experiments show that the length
of the annealing time and the annealing temperature both play a significant role in the
improvement of the sensor response.

Preliminary experiments consisted of FePcF;4 NW samples, deposited on an IDE,
annealed for 2 h with 50 °C increments as mentioned above. For these experiments, the
NWs’ gas sensing response was measured, the NWs were annealed, and the response was
remeasured with all of the annealing occurring to the sample NWs on one IDE. A 2 h anneal
time was used for these experiments after consulting the literature and finding reports
for the improvement of gas sensors with 2 h annealing [31,32]. The results of these first
experiments (shown in Figure 4a) show a slight improvement in the response towards
NHj; with some of the annealing temperatures. For instance, when annealing at 50 °C and
300 °C, there is an improvement in the response from 16% to 17% and 26%, respectively.
Additionally, annealing the sample at 300 °C shows a clear increase in the response of
the sample, while annealing at 200 °C consistently shows the lowest response towards
NH3. These results are interesting considering that 250 °C has commonly been used as the
thermal annealing temperature for MPc thin films to improve various properties due to
the phase change at 200 °C [23,33,34]. In the case of the as-prepared FePcF;4 NWs, XRD
diffractograms show no phase change occurring. Since annealing the NWs allows them
to reorient their position and can change the NW-NW and sublayer—electrode contacts,
as proposed in other related systems, experimental results suggest that such annealing-
promoted effects optimize at 300 °C for the FePcF;, NW-based sensors [35]. Additionally,
thermal annealing is known to eliminate oxygen impurities, voids, and other flaws within
the crystalline materials; therefore, thermally annealing the materials could cause an
increase in the purity of the FePcF;4 NWs, opening more active sites to receive the gaseous
NHj and thus increasing the sensor performance [24].

To further study the effect of the length of time annealed on the systems, FePcF14 NWs
were annealed at 150 °C for 12 h and compared to the 2 h annealing experiments. As can
be seen in Figure 4b, annealing the samples for 12 h made little difference in the response
as compared to the samples with only 2 h of thermal annealing, as the response remained
at ~13% in both cases. This shows that while the time the NWs are annealed does influence
the gas sensing capabilities, there is a saturation time after which there is not enough of
an improvement in the response and recovery to justify the length of time annealed. After
determining the upper time threshold for improving the sensor performance, the annealing
time was shortened to determine the lower time threshold. For these experiments, two
samples were annealed for 30 min and 1 hour, respectively, at the previously described
temperatures. The gas sensing performance was measured before and after each annealing
step. These experiments resulted in a decrease in the current post annealing; however,
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there was an increase in the response and recovery of the samples, as seen in Figure 5.
The relative response of each annealing temperature was then compared to the relative
response of the pristine FePcF1s NWs for was length of annealing time, as shown in Table 1.
In fact, annealing for one hour decreased the relative response, while annealing the samples
for 30 min resulted in an increase in the relative response. Additionally, annealing at
300 °C consistently showed an increase in the response as opposed to the other annealing
temperatures, which often decreased the response towards NHj. This shows that the
shorter annealing times are more optimal for the FePcF; NW-based sensors.

28 L
(a) Same Sample C ) < Same Sample
Annealing 2 Hrs < Annealing 12 Hrs
60 -
21+
48|
i i
oF 141 =36
S X
24
7+
12+ i
1 1 " 1 1 1 L 1 1 1 1
0 50 100 150 200 250 300 0 50 100 150
Annealing (°C) Annealing (°C)

Figure 4. (a) Response of the FePcFj4 NW systems at each annealing temperature when annealing
for 2 h each. (b) Response of the FePcFj4 NWs annealed at 150 °C for 12 h, showing no difference
between annealing for 12 h and 2 h. The response at 25 °C is the response of the non-annealed
systems; these are represented by the hollow shapes for additional clarity.
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Figure 5. (a) Percent response of the FePcF1s NWs at each annealing temperature when annealing for
30 min on one IDE. (b) Percent response o f the FePcF1 NWs at each annealing temperature when
annealing for 30 min on different IDEs. (c) Percent response of the FecF;4 NWs at each annealing
temperature when annealing for 1 h, where the response at 25 °C is the response of the non-annealed
systems indicated with hollow shapes for clarity.
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Table 1. Percent change in the response of the annealed FePcFi4 NWs deposited on IDEs when

exposed to NHj3.
Annealing 30 Min . . 12h
Temperature Annealing 1h Annealing  2h Annealing Annealing
50 °C —15.5% —18.2% 3.4% -
100 °C —21.11% —20.6% —3.6% -
150 °C —50.2% —43.7% —19.4% —76.9%
200 °C —36.18% —56.5% —30.5% -
250 °C 32.1% —15.9% —12.8% -
300 °C 57.7% 6.5% 51.3% -

Upon further consideration of the experimental design, it was noted that the experi-
ments performed in the 30 min and 1 h trials were using compounding annealing steps.
That is to say, there was one sample annealed at each of the temperatures, resulting in
six annealing steps in total. Since this could very well cause the differences in the sensor
performance seen in Figure 5a,b, two more IDEs were prepared with FePcF;4 NWs and
annealed at 300 °C for 30 min and in a stepwise manner with a slow ramp. The stepwise
annealing used the same heating ramp as described before, but the heating was performed
by stopping at 50 °C, 100 °C, 150 °C, 200 °C, 250 °C, and finally 300 °C for 30 min each
during the same annealing experiment, resulting in a 5 h stepwise thermal annealing. The
results of these experiments are shown in Figure 6 and Figure 54, where the difference
between the stepwise ramp and the 30 min annealing time can clearly be seen. In fact, the
compounding annealing resulted in a 30% increase in the response compared to that of
the 30 min annealing. One reason for this increase could be that the stepwise annealing of
the materials slows the annealing process and allows the NWs to reorient into the optimal
lattice. Additionally, it has been shown that the thermal annealing process can decrease
the activation energy of the adsorption/desorption processes, allowing for faster response
and recovery times [22]. The graphs in Figure S5 corroborate these findings, showing an
increase in conductivity after annealing the samples to 300 °C. It is possible the slower
annealing ramp could help with the removal of excess water or defects in the crystalline
lattice, resulting in more available active sites in which gas coordination can occur. The
removal of these defects in combination with the increase in crystallinity decrease in ad-
sorption activation energy due to the thermal annealing process could combine to allow for
the improvement seen in the FePcF;4 NW systems.

42 I-| Annealing 30 min .
@ One Step
35| ® Six Steps

0 50 100 150 200 250 300

Annealing (°C)

Figure 6. Comparison of the response of the FePcF14 NWs annealed for 30 min at 300 °C and the
NWs that underwent stepwise annealing from 50 °C to 300 °C, stopping at 50° intervals for 30 min.
The response at 25 °C is the response of the non-annealed systems indicated with a hollow shape
for clarity.
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After comparing the response of all the annealed FePcFj NW systems with the non-
annealed NWs, the recovery of the systems was compared. Figure 7 shows the difference
between the recoveries of all of the annealed and non-annealed systems. The recovery
of the annealed FePcF4 NW systems was consistently increased. Similar to the response,
annealing at 200 °C shows the least improvement in the recovery, no matter the amount
of time annealed. Additionally, annealing FePcFis NWs for 30 min or 1 h has the most
improvement on the recovery of the systems, going from 27% to 50% and 32% to 70%
recovery, respectively. The optimized sensors underwent long-term stability and humidity
sensitivity testing (Figures S10 and S11, respectively), and it was determined that while
there is an expected decrease in response over time, the sensitivity in the presence of
humidity only slightly decreases. This shows that not only does annealing FePcF;4 NWs
improve the sensing response towards NHj but it also improves the recovery of the systems,
allowing them to be reusable gas sensing materials.
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Figure 7. Comparison of the percent recovery for each of the synthesized FePcF16 NW systems
at annealing temperatures from 50 °C to 300 °C at 50 °C intervals, where the 25 °C points are the
non-annealed NWs.

4. Conclusions

Overall, this work shows the benefits of annealing MPcF;4 nanowire-based sensors
to improve their gas sensing capabilities. The compounding annealing from 50 °C to
300 °C increased the percent response and recovery towards NH3 the most, with a 30%
increase in the response and a 20% increase in the recovery when compared to the non-
compounding annealing. This is thought to be due to the removal of oxygen impurities
and defects from the crystalline system in addition to the increase in available active sites
from possible changes in the orientation of the nanowires and surface modifications after
thermal annealing. Additionally, annealing FePcF;¢ nanowires for more than 1 h without a
stepwise annealing process results in little improvement of the gas sensing capabilities of
the sensor. Therefore, the optimal annealing for these materials is using a heating ramp of
4.6 °C/minute and stopping for 30 min at each temperature, with the ending temperature
being 300 °C. Finally, this optimized sensor was tested for stability over time and sensitivity
with increased humidity and the sensors retained sensitivity towards NHj. Overall, the
compounding annealing process decreases the rate at which the wires are annealed giving
them more time to convert into the optimal orientation while also increasing the crystallinity
of the wires. Thus, these combined effects result in the performance improvement of the
FePcF14 NWs when exposed to NHj.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors13030095/s1, Figure S1: Solid state UV /Vis spectra
of the FePcFy4 pre and post thermal annealing; Figure S2: SEM image of the FePcF;4 NWs without
annealing with the SEM magnification included; Figure S3: Plot of the percentage of each element
within the FePcFjs NWs obtained by elemental analysis showing the purity of the NWs before and
after thermal annealing; Figure S4: Spectra of the FePcF; NWs annealed for 2 hours at various
temperatures showing the lack of physical, structural, or phase change in the nanowires after
annealing; Figure S5: Normalized response of the FePcFi4 NWs before and after they were annealed;
Figure S6: Current response of the FePcF14 NWs before and after they were annealed at temperatures
ranging from 50 °C to 300 °C in 50 °C increments on different samples; Figure S7: Normalized
response of the FePcF1s NWs before and after they were annealed at temperatures ranging from 50 °C
to 300 °C in 50 °C increments on the same sample; Figure S8: Normalized response of the FePcFy¢4
NWs before and after they were annealed to 300 °C for 30 minutes and to 300 °C in six steps; Figure
S9: Response of the FePcF14 NWs towards CHy, CO, Hy, and NO, showing the selectivity of the NWs;
Figure S10: Normalized gas sensing of the FePcF;4 NWs when first measured in September compared
to the repetition of the same experiment four months later in January; Figure S11: FePcF1¢ NW sensor
response conducting the experiment at 70% relative humidity versus 80% relative humidity; Table
S1: Size of the FePcFq NW crystallites as calculated by the Sherrer Equation; Table S2: Table of the
interdigitated electrodes with annealed FePcFi5 NWs.
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