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ABSTRACT: A single platinum nanowire (PtNW) chemiresistive sensor for ethylene gas is reported. In this application, the PtNW
performs three functions: (1) Joule self-heating to a specified temperature, (2) in situ resistance-based temperature measurement,
and (3) detection of ethylene in air as a resistance change. Ethylene gas in air is detected as a reduction in nanowire resistance by up
to 4.5% for concentrations ranging from 1 to 30 ppm in an optimum NW temperature range from 630 to 660 K. This response is
rapid (30—100 s), reversible, and reproducible for repetitive ethylene pulses. A threefold increase in signal amplitude is observed as
the NW thickness is reduced from 60 to 20 nm, commensurate with a signal transduction mechanism involving surface electron
scattering.
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D l anowires have been extensively investigated for use as evaluated. Like H,, ethylene (C,H,) and other olefins

transducers in chemical and biological sensors. While chemisorb to Pt surfaces at or above room temperature.
silicon nanowires,' > metal oxide nanowires,*”” and carbon Ethylene is an important target for sensor development
nanotubes” ™' have been used as the basis of sensors for the because it is a precursor for the manufacture of polymers'
detection of a wide variety of molecular targets, metal and is widely used for promoting the controlled ripening of
nanowires have been applied almost exclusively for the avocadoes, bananas, and other climacteric fruits and vegeta-
measurement of hydrogen gas (H,). In this application, bles.”” Rapid, accurate, and sensitive ethylene sensors are
palladium nanowires (PANWs) are able to detect H, rapidly needed because ethylene is odorless and C,H,/air mixtures are
and reversibly because exposure to H, results in the explosive above 3% ethylene in air. Eth};llene is commonly
spontaneous formation of electrically resistive PdH, (x < measuggd using single-useADriiger tubes, , 8% chromatog-
0.7)."*7'® The spontaneous transformation of palladium metal raphy,” and photoacoustic spectroscopy,””" but power

consumption for the latter two options (1 W—2 kW) is
significant. None of these sensing modalities have been
adapted to handheld, portable, and continuous ethylene

to PdH,, in H, is a property unique to palladium.
Platinum nanowires (PtNWs) have also been evaluated as

H, sensors, but a different mechanism of H, detection applies 2

as compared with PANWs.'7'® Unlike Pd. Pt does not form a concentration monitoring in air, to our knowledge.” To

bulk hydride phase upon exposure to H,; however, a surface enable real-time ethylene monitoring, several chemical sensors
J ) .

monohydride (Pt—H) is formed. Exposure of PtNW to H, in have been developed (Table 1). Catalytic sensors for ethylene

air causes a reversible decrease in resistance that is attributed

to an increase in the specularity of electron surface scattering Received:  May §, 2023
caused by the displacement of adsorbed O,, H,O, and OH Accepted:  June 21, 2023
from the Pt surface by Pt—H.'”'® These results beg the Published: July 7, 2023

question: Could the surface scattering modality for the Pt
nanowire sensing of H, be expanded to other gases? In this
study, the investigation of ethylene detection using a PtNW is
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Table 1. Performance of Some Prominent Ethylene Sensors

sensing material“ transduction mechanism?
PdCl, + pH indicator colorimetric N
SWCNT @PdCl, catalytic mixture CR Y
Pd and rGO modified a-Fe,O4 CR Y
SWCNT @PdCl, catalytic mixture CR Y
CeO,-SnO, NDs CR Y
1% Pt@SnO, CR Y
SnO, TF CR Y
WO, TF CR Y
Drager X AM 8000 IR Y
Drager tube colorimetric N
single Pt nanowire CR Y

reversibility

response time® (s)  operating temp (°C)  LOD (ppb)? refs
120 RT 170 28
n.a. RT 500 26
14 250 10 29
n.a. 40 200 27
12 350 300 30
n.a. 450 1000 34
67 400 200,000 35
58 350 200,000 3S
na. RT 1,000,000 21
1800 RT 200 21
4.8 390 170 (est.) this work

“SWCNT = single-walled carbon nanotubes, rGO = reduced graphene oxide, NPs = nanoparticles, TF = thin films. YCR = chemiresistive, IR =
infrared spectroscopic. “The “10—90” response time, corresponding to 10—90% of the maximum signal amplitude, unless otherwise specified.
“Directly measured or estimated (est.) as the [ethylene] corresponding to 3X RSD of the sensor baseline noise in the absence of ethylene.

oxidation®*”” are both selective and sensitive but rely on a

liquid-phase catalytic mixture that has not been adapted to
continuous, real-time n1onitoring.26’27 Colorimetric sensors
can be inexpensive to manufacture, but concentration
measurement is less precise and reusability has not been
demonstrated.”® While some chemiresistive sensors report
rapid response times of 5—10 s, high sensitivity (AR/R, = 4—
80%), reusability, and high operational temperatures are
required in the 300—400 °C range, at the expense of power
efficiency.””°

B EXPERIMENTAL SECTION

Reagents and Materials. Glass microscope slides (1 in. X 1 in.)
were purchased from Fisher for use as a substrate. Acetone, methanol,
and nitric acid were received from Fisher. Potassium hexachlor-
oplatinate (K,PtCl;, 99% trace metal basis), potassium chloride
(KCl), and hydrochloric acid (HCl) were received from Millipore
Sigma. Positive photoresist (Shipley S1808) and developer (Shipley
MF-319) were received from Microchem Corporation. Nickel (Ni)
and gold (Au) pellets (5 N purity) were received from Kurt J. Lesker
Company. Ethylene gas (100 ppm in N,) was purchased from Linde
Gas, while acetylene (100 ppm), methane (10%), and purified air
(Ultra Zero Grade) were purchased from Airgas.

Platinum Nanowire Fabrication. Platinum nanowires were
synthesized using the lithographically patterned nanowire electro-
deposition (LPNE) process, as previously described.'®" Nickel films
of 20, 40, or 60 nm thickness were thermally evaporated onto
precleaned glass slides and thickness was monitored by a gold quartz
crystal microbalance (Sigma, model SQM-160). Slides were then
spin-coated with a positive photoresist layer (Shipley $1808) at 2500
rpm for 80 s (Laurell, model WS-400B-6NPP/Lite). The photoresist-
coated slides were then baked in an oven (Yamato Scientific America,
Inc., model DKN 600) in air for 30 min at 90 °C. After cooling to
room temperature, the photoresist-covered substrates were patterned
by flood exposure to ultraviolet (UV) light (Newport model 97436, i-
line, 365 nm, 500 W X 2.8 s). Exposed photoresist was removed from
portions of the nickel by dipping into the developer (Shipley MF-
319) for 40 s, washing in Millipore water (Milli-Q p > 18 MQ), and
air drying. Exposed nickel was etched by submerging in a commercial
nickel etchant (Alfa Aesar) for 4 min to create a trench beneath the
photoresist layer. Samples were then rinsed again in Millipore water.

A one-compartment, three-electrode cell was used to electrodeposit
the platinum nanowires. In a 100 mL liquid compartment, electrodes
were submerged in an aqueous plating solution containing 1 mM
K,PtCls and 0.1 M HCIL. The etched and patterned templates were
submerged and the nickel layer was connected to a potentiostat
(Gamry Instruments, model G300). A 1 cm? platinum foil electrode
was used as a counter electrode, and a saturated calomel electrode
(SCE) was used as a reference electrode. Single PtNWs were
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electrodeposited at —0.3 V vs SCE using a 300 s chronoamperometry
program. After deposition, the photoresist was removed by successive
submersion in acetone, isopropyl alcohol, and water; then the nickel
layer was removed by etching in a commercial nickel etchant, and the
PtNW was rinsed in water.

Ethylene Sensor Fabrication and Characterization. Four-
probe contacts were fabricated using a lift-off procedure. Briefly, the
nanowire—glass substrate was spin-coated with photoresist (Shipley
$1808) and soft-baked. A four-probe electrode with a SO ym gap was
patterned by a flood exposure to UV light, followed by developing in
Shipley MF-319 for 40 s and washing in Millipore water. The
patterned nanowire—glass substrate was plasma—oxygen cleaned
(Diener, Zepto) for 10 min at 100% power to remove any remaining
developed photoresist. A layer of gold (60 nm) with a chromium
adhesion layer (4 nm) was evaporated onto the patterned photoresist
using physical vapor deposition. The photoresist was removed by
sonication in acetone for 30 s, isolating a S0 pm segment of the
nanowire. Wires were equilibrated at the highest temperature
observed in the experiment (800 K) by Joule heating in ambient
laboratory air until the rate of the resistance decrease was insignificant
and a stable baseline was observed (~2000 s).

Temperature Calibration. Platinum nanowires were calibrated as
described previously.'* A programmable oven (Thermo Scientific,
Lindberg/Blue M) was used to control the temperature and a
multimeter (Keithley 2000) was used to acquire a series of two-point
resistance measurement between 294 and 540 K—the highest
temperature afforded by this oven. The resulting linear calibration
curve (Figure S1) was extrapolated for higher temperatures up to 800
K

Hydrocarbon Sensing. During a gas sensing exposure, the four-
contact electrical resistivity of a PtNW sensor was monitored with a
digital multimeter (Keithley Instruments, model 2000) and a source
meter (Keithley Instruments, model 2400) to control the voltage and
temperature applied across the nanowire. Ethylene gas, acetylene gas,
or methane gas was premixed with air, N, or Ar (Airgas, zero grade)
in a flow chamber using two mass flow controllers (MKS Inc, model
1479). This gas was pulsed onto the nanowire by switching (Parker
valve, cycle time = 25 ms) between the premixed hydrocarbon/
backing gas mixture and blank backing gas at a constant flow rate of
1000 SCCM. Resistivity data and instrument status were controlled
by a computer interfaced with a National Instruments board (model
BNC 2110). All gas sensing experiments were carried out using dry
gases at ambient laboratory temperatures (20 °C).

Atomic Force Microscopy (AFM), Scanning Electron
Microscopy (SEM), and Energy-Dispersive X-ray (EDX)
Imaging. SEM and EDX images were collected on an FEI Magellan
400 XHR scanning electron microscope (SEM) using an accelerating
voltage of 5—10 keV. An Oxford Silicon Drift Detector (80 mm?) was
used to collect energy-dispersive X-ray spectroscopy (EDS) images
for elemental analysis. Samples were mounted on aluminum stubs
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Figure 1. Single Pt nanowire sensor and PtNWs of three heights. (a) Schematic diagram of the single Pt nanowire sensors used in this study. (b)
Low-magnification SEM image of a PtNW with photoresist (PR)-covered gold contacts. SEM images (¢, e, g) and three AFM tip amplitude traces
(d, f, h) for Pt nanowires with three heights: (d, ¢) 20(+2) nm, (e, f) 40(£5) nm, and (g, h) 60(£7) nm. The electrodeposition growth direction
in the LPNE process>>*’ is indicated by an arrow.

T T T T T T
d.o 800 K § 480K
540 K
10.5 760 K n
- 730 K
T A e N B I — {630 K
c | 600 K
. 95 '—/\,~i 660 K 4 730 K
00 . 800 K
) _j\f" o~ L_'\—'G’OO*K ——
85 540 K — 660 K
d E
c. e 750 K 4 %
o - — 300 -
3L e 720 | :} :. b \
700 250 |- -
. ® 670 E 150k e 720K _ E \ . 720K
R, es0 , 1% . . = 200 - } i
< ' 2 o0l - o o
= ¢ * ¢ c o L 50 -
= o 3 ~ 700 K
Ll Y ‘ 19 700 S 100 B
L K ] - n
o ° ° g 50 . g ¢ L]
. ‘ + 50 -
ol & L] L] - ok L) ° . i,
1 1 | L | L 1 | | | | 1 1 | 0l 1 1 1 1 1 | —_——
0 10 20 30 0 5 10 15 20 25 30 0 5 10 I5 20 25 30
[ethylene], ppm [ethylene], ppm [ethylene], ppm

Figure 2. Ethylene sensing in air. (a) Real-time traces (200 min) of Ryyversus time at a series of nine temperatures as indicated, for a PENW having
dimensions of 52 + 1 nm (h) and 448 + 9 nm (w). The green bar graph at bottom indicates the program of ethylene/air pulses, with
concentrations in the range from 1 to 30 ppm. (b) Same data shown in panel (a) plotted as AR/R,. (c) Mean values of AR/R, versus [C,H,] at five
temperatures, as indicated. Error bars indicate 16 for replicate exposures at the same PtNW sensor. (d) Response time versus [C,H,] at two
temperatures, as indicated. (e) Recovery time versus [C,H,] at two temperatures, as indicated.
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Figure 3. Influence of nanowire height and a comparison of sensitivity for three hydrocarbons. (a) AR/R, versus time at 700 K for three PtNWs
with heights of 20(%2), 33(+1), and 52(+1) nm. Width dimensions for these nanowires are 360(+20), 350(+40), and 448(+9) nm, respectively.
The green graph at bottom indicates the program of applied ethylene pulses, with concentrations in the range from 1 to 30 ppm. (b) AR/R, versus
[C,H,] calibration plots for the same data shown in panel (a). (c) Comparison of real-time AR/R, versus time at 750 K for the same PtNW sensor
detecting methane (blue), acetylene (gold), and ethylene (red), as indicated.

(Ted Pella) using a conductive carbon tape. Imaging of postexposure
wires under SEM and EDX was conducted to produce Figures 2 and
S3. AFM images were acquired using an Asylum Research MFP-3D
microscope in contact mode with Bruker OTESPA-R3 silicone AFM
tips. All images were collected in air at ambient room temperature (20
°C).

B RESULTS AND DISCUSSION

Fabrication of PtNW Sensors. The PtNW ethylene
sensors reported here are comprised of a single Pt nanowire
chemiresistor (Figure 1a). This nanowire is prepared on a glass
surface using lithographically patterned nanowire electro-
deposition (LPNE)*** and is 100—500 nm in width. The
height or thickness of the Pt nanowire is controlled with a
precision of 2—7 nm for thicknesses of 20, 40, and 60 nm
(Figure 1c—f).””** No effect of the larger width dimension of
the nanowire on its ethylene sensing properties was observed
in this study. The electrically isolated length of the nanowire,
defined by two evaporated gold contacts, is SO ym (Figure 1b).
A PtNW ethylene sensor operates by performing three
functions in parallel: (1) Joule self-heating to a specified
temperature from 460 to 800 K, (2) in situ resistance-based
temperature measurement (temperature calibration of the NW
is described in Figure S1), and (3) detection of ethylene in air
at concentrations from 1 to 30 ppm as a resistance decrease
relative to the resistance of the PtNW in pure air. The
diminutive cross section of a Pt nanowire enables these
functions to be performed using a net total power
consumption of between 0.10 and 10 mW, 2—3 orders of
magnitude lower than competing electrically based ethylene
sensors (Table 1). This value for power consumption was
calculated from the current supplied through the nanowire to
measure resistance in the four-point measurement, which
simultaneously heats the nanowire while monitoring its
resistance and the potential drop across it.

Ethylene detection in air, N,, or Ar at a PtNW requires that
the nanowire be heated to temperatures above 480 K. This
heating is readily accomplished by thermal dissipation of the
power, iRy, (where i is the through-nanowire current), in a
process called Joule self-heating. The applied voltage necessary
to enable self-heating to a particular target temperature varies
with Ry, and depends on its lateral dimensions and length. It
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is therefore useful to use the nanowire itself as a resistance
temperature detector (RTD) to monitor its temperature using
Ry, before the exposure of the nanowire to air/ethylene
mixtures. This is accomplished by first acquiring a temper-
ature—resistance calibration for each PtNW sensor in an oven
at temperatures up to 475 K (Figure S1)—a limit imposed by
the ovens available in this laboratory. As expected, the Ry
versus temperature calibration of each NW is linear and the
Ry values corresponding to Ty > 475 K up to 800 K can be
estimated by extrapolation (Figure S1). The uncertainty
associated with this extrapolation increases with the target
temperature above 475 K, as indicated in the yellow envelope
shown in the plot of Figure S1 and is estimated to be +50 K at
750 K.

Ethylene Sensing Properties in Air. Using the described
PtNWs, sensing runs were conducted with air/ethylene
mixtures to determine the ethylene sensing properties of
these devices. The resulting data shows temperature-depend-
ent resistance responses that can be measured as a function of
the ethylene concentration from 1 to 30 ppm (Figure 2). At or
below 480 K, ethylene is not detected and no change in Ryyy is
observed across this concentration range (Figure 2a). As the
PtNW is heated to 540 K, two changes are observed: First, the
baseline value of Ryyy, measured in pure air, shifts to higher
Ryw because of the positive temperature coeflicient of
resistance of the platinum metal. Second, upon exposures to
C,H,/air pulses, Ry, decreases reversibly, returning to the
higher baseline resistance in pure air when ethylene is absent.
As NW temperature is increased still further, the baseline Ry,
in air continues to shift to higher values and the amplitude of
the resistance response to ethylene, AR, increases across all
concentrations. This increase in PtNW sensitivity to ethylene,
seen more clearly in plots of AR/R, versus time (Figure 2b),
continues to temperatures in the range of 720—750 K. Higher
temperatures up to 800 K also produce reversible ethylene
sensing responses with reduced sensitivity. Plots of AR/R,
versus [C,H,] (Figure 2c) are approximately linear at all
temperatures, and batch analysis of these devices (Figure S2)
shows that this AR/R, calibration is reproducible across
devices fabricated in identical conditions.

The ability of a PtNW to discriminate [C,H,] from 0 to 30
ppm is a capability that PtNWs do not possess for the

https://doi.org/10.1021/acssensors.3c00885
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Figure 4. Ethylene sensing in N,. (a) Ry versus time at a series of nine temperatures, as indicated, for a PtNW having dimensions of 53 + 1 nm
(h) and 270 + 7 nm (w). The green bar graph at bottom indicates the program of ethylene/N, pulses, with concentrations in the range from 1 to
30 ppm. (b) Same data shown in panel (a) plotted as AR/R,. (c) Mean values of AR/R, versus [C,H,] at four temperatures, as indicated. Error
bars indicate + 1o for replicate exposures at the same PtNW sensor. (d) Response time versus [C,H,] at two temperatures, as indicated. (e)

Recovery time versus [C2H4] at two temperatures, as indicated.

detection of H, in air, where H, concentrations ranging from
ppm to 1% all produce nearly identical steady-state Ry,
changes.18 The invariance of the ARy signal for H, is
attributed to the saturation of Pt surfaces with a monohydride
(Pt—H) layer."”

Surprisingly, a PtNW also exhibits faster response and
recovery of Ry, to ethylene exposures as compared with H,
(Figure 2d,e). For example, for 10 ppm H, and S50 K, the
optimum temperature for H, response and recovery requires
>1000 s independent of nanowire size.'® At 10 ppm ethylene
and 700 K, response and recovery times of 29 and 90 s are
obtained, respectively. The measurement of [C,H,] below 1
ppm was not attempted in this study, but a limit of detection of
100—200 ppb is estimated based upon the [C,H,] value
corresponding to 3(RSD) of the PtNW sensor background in
air.

In addition to ethylene, PtNWs also show a resistance
response upon exposure to other olefins such as acetylene, but
some molecular class selectivity is observed in a comparison of
acetylene, ethylene, and methane at 750 K (Figure 3c). Here,
larger resistance responses are observed for ethylene versus
acetylene at the same PtNW while no response is observed for
methane, an alkane. A response time minimum of 4.8 s was
recorded at 20 ppm, which is also the fastest reported response
time for an ethylene sensor in air to our knowledge (Table 1).
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What is the mechanism responsible for the reversible
reduction in Ryy caused by exposure to ethylene? A
transduction mechanism involving the adsorbate-modulated
electron surface scattering is implicated by two observations.*®
First, the sensitivity of PtNWs to ethylene increases with
decreasing nanowire height—the smallest dimension of the
nanowires investigated here (Figure 1). A comparison of
PtNWs with heights of 20(£2), 40(+3), and 60(+4) nm
(Figure 3a) shows the amplitude of AR/R, increases by a
factor of 2.5 over this height range. Second, the magnitudes
of the observed AR/R, responses, ranging from 1 to 5%, are
also in the range expected for this mechanism. In adsorbate-
modulated electron surface scattering, a resistance change for
the NW is produced by a change in the specularity of electron
surface scattering, p, at nanowire surfaces (0 <p < 1.0)
mediated by adsorbate species on the NW surface. The
resistivity of a Pt metal nanowire, p, is related to the electron
mean free path, Ap, and the smallest lateral dimension of the
PENW, d°7%°

_ EP
p—p0{1+8(1 p)d} W

The specular surface scattering of electrons, in which the
momentum of conduction electrons is conserved in each
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Figure S. Proposed mechanisms for ethylene detection (a—c and e, f) and SEM images of PtNW sensors in air (d) and N, (g). (a) In an air
ambient, O, will physisorb, chemisorb, and dissociate. O, will desorb from this surface. (b) In ethylene/air mixtures, the combustion of ethylene
will occur producing CO, and H,O as primary products and H,, CO, and CO, as minor products. Coverage of the Pt surface by several
intermediates produces specular scattering of electrons at the Pt surface. (c) For T > 700 K, repetitive ethylene exposures cause the irreversible
formation of carbon particles on the Pt surface, but these particles do not significantly degrade the detection of ethylene. (d) SEM image showing a
PtNW after ethylene testing in air at 700 K. (e) In a N, or Ar ambient, these gases do not significantly adsorb to the Pt surface. (f) In N, or Ar
mixtures, high fluxes of C,H, result in the physisorption of molecular C,H, layers producing specular scattering at the Pt surface. It is proposed that
ethylene molecular layers reversibly form for [C,H,] >1 ppm and rapidly desorb in pure N, or Ar. (g) SEM image showing a PtNW after ethylene

testing in N, at 700 K.

scattering event, is characterized by p = 1, while a diffuse
scattering event that dissipates momentum has p = 0. The
largest possible change in p corresponding to a transition from

p=0top =10 is given by’
Ap 3 j’Pt
Po 16 d ()

Using Ap, ~ 12 nm, " eq 2 predicts a maximum Ap/p, ranging
from 4% (d = 60 nm) to 11% (20 nm), spanning the range of
nanowire thicknesses explored here. Consistent with this
prediction, the observed values of Ap/p, range from 1% (d =
60 nm) to 4.5% (20 nm).

The ability to predict p for a particular adsorbate—metal
system is not yet possible experimentally or theoretically, to
our knowledge. In the experiments described here, the value of
p increases during exposure to ethylene mixtures—with air, N,
and Ar—relative to when ethylene is absent. We speculate that
the reversible change in p is attributed to a change in the
identities and coverages of the adsorbates present on the Pt
surface. The ethylene/platinum system has been extensively
studied both in ultrahigh vacuum® ™" and at ambient
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S <1 . .
pressure*™* providing a basis for hypotheses, discussed

below, that account for the mechanisms operating in ethylene
sensing experiments conducted in air. These hypotheses are
also informed by experiments involving ethylene sensing at
PtNWs in N, (Figure 4) and Ar (Figure S3) that were
conducted to advance our understanding of the mechanisms
operating in air.

A universal observation in every ethylene sensing experiment
is a rapid decrease in the PtNW resistance that coincides with
heating and exposure to a highly purified stream of air, N,, or
Ar (Figures 2b, 3a, 4b, and S2). Since every PtNW sensor is
exposed to laboratory air, its Pt surfaces are covered with
hydrocarbons, adsorbed water, and other air-borne contami-
nants. The observed decrease in Ry is attributed to catalytic
“cleaning” of the Pt surface in these purified gases at elevated
temperatures. Equilibration of the hot NW with air is expected
to induce desorption and/or oxidation of volatile contaminants
and the chemisorption of O, produces a surface oxide, Pt—O
(Figure Sa). The lower resistance produced during this initial
cleaning process will equal the high resistance state of the
PtNW in subsequent ethylene sensing experiments. The
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Figure 6. Arrhenius plots for (a) response and (b) recovery to ethylene exposure (at 15 ppm) for PtNWs in air (blue) and N, (green). The

response and recovery rates (units: s™') are estimated as 1/ tresp

and 1/t respectively. Apparent activation energies, E,,,, for a response are (a),

18(+6) kcal/mol (air) and 16.1(+0.8) kcal/mol (N,), and for recovery: (b), 9(+2) kcal/mol (air) and 14.3(£0.9) kcal/mol (N,). Nanowire
dimensions are (air) 52.0(+0.7) nm (h) and 448(+9) nm (w), and (N,) 53(£1) nm (h) and 270(£7) nm (w).

rational for this is the fact that chemisorbed oxygen is a
promoter of diffuse electron surface scattering. A single oxide
monolayer on copper, for example, has been shown to reduce p
to zero.”” It is proposed that chemisorbed oxygen (Pt = O),
Pt—OH, and water are responsible for the high resistance state
seen for PtNWs in air.

The low resistance state associated with the presence of
ethylene is produced by the presence on the Pt surface of
intermediates involved in ethylene combustion. At temper-
atures above 370 K, ethylene undergoes spontaneous
combustion producing CO, and water**

C,H, + 30, —» 2H,0 + 2CO, 3)
The apparent activation energy, E app for eq 3 in air is 14—17
kcal/mol** at the pressures employed in this study, in
reasonable agreement with the value of E,,,, = 18(+6) kcal/
mol obtained from an analysis of response rates measured in
air (Figure 6a). The low resistance state observed for air/
ethylene mixtures likely derives from the presence of
chemisorbed intermediates involved in combustion, including
Pt—H, Pt—0, CO, ethylidyne (C,H;), and other C,H, where
y/x < 2 (Figure Sb). It is proposed that this ensemble of
intermediates displaces oxygen on the Pt surface, increasing p
relative to its value in pure air and thereby reducing Ry At
high temperatures (450—770 K), adsorbed ethylene undergoes
conversion first to ethylidyne (Pt—C—CH;) and then to
“carbidic” carbon (C,CHJ,).%’47 Experimental data for the
conversion of ethylene to ethylidyne is observed with E

18 kcal/mol,” which matches our experimental E, p derived
from the response time (Figure 6a), suggesting that ethylidyne
formation could be the process limiting the response time of
the sensor. In ultrahigh vacuum (UHV) experiments,*’
continued heating is known to cause further dehydrogenation
of ethylidene-producing carbidic carbon and eventually
graphite particles at 800 K (Figure Sc). Identification of
these particles in EDX mode confirms the carbonaceous
composition of these particles (Figure S4). Faceted islands,
similar to those of graphite islands seen on Pt(111) in UHV,*'
are also observed by SEM on PtNW sensors after exposures to
ethylene at temperatures in this range (Figure Sd). The
recovery time in air is also thermally activated with E_,,
9(+2) kcal/mol (Figure 6b). Physisorbed CO, on clean
platinum has a heat of adsorption of 9.6 kcal/mol,**"

aapp ~
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consistent with the E,,,, values measured here for recovery
in air. Therefore, in air, it is tentatively proposed that the
recovery in resistance after an ethylene exposure is limited by
the oxidation of carbonaceous particles that produce adsorbed
CO, as a product.

Ethylene Sensing Properties in Nitrogen and Argon.
PtNWs are also able to detect ethylene in N, and Ar
backgrounds (Figures 4 and S2, respectively), but two marked
differences are observed: First, responses in these inert gases
are more rapid and more reversible (Figure 4a,b). Response
times (Figure 4d) and recovery times (Figure 4e) are both
faster than in air. Second, saturation behavior is seen as a
function of ethylene concentration above 5 ppm. The
maximum AR/R, corresponding to 30 ppm ethylene is also
smaller than observed in air, with AR/R, & 1.5% versus the air
value of 3.5% at NWs with 20 nm thickness. Beyond these two
differences, a mechanism accounting for ethylene detection
must also consider that, in contrast to O,, neither N,°**! nor
Ar®* adsorbs in the temperature range explored here, and
ethylene oxidation cannot occur in the absence of oxygen.
However, dehydrogenation of the ethylene-producing Pt—H,
ethylidyne (C,Hs;), and other C.H, (y/x < 2) remains possible,
and likely, as in air. Consistent with this expectation, an
apparent activation energy of 16.1(+0.8) kcal/mol is obtained
from response times measured in N, (Figure S). This value is
close to the 18 kcal/mol barrier predicted” for the
dehydrogenation of chemisorbed ethylene to form ethylidyne
(Pt—C—CH,;)

Pt-CH,-CH,-Pt=Pt—-C-CH; +Pt—H
(4)

The presence of ethylidyne and other chemisorbed inter-
mediates produced by dehydrogenation cannot account for the
rapid and reversible modulation of Ry, by ethylene seen in
these experiments (Figure S).

A key question is: What chemical state of the Pt surface
could be responsible for the low resistance state seen in N, and
Ar upon exposure to ethylene? A model consistent with these
observations is the reversible formation of a physisorbed
molecular ethylene of perhaps one to two monolayers on the
PtNW in both N, and Ar (Figure 5f). A highly fluctional
molecular layer could be expected to condense because of the
significant fluxes of ethylene at the PtNW surfaces, estimated
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to be 800—2200 ML/s at 1-30 ppm ethylene. Since
oxidation/combustion is not possible, the Pt surface can be
expected to be covered by dehydrogenated intermediates that
block surface sites and impede continued dehydrogenation to
carbon and graphite, as observed in air. Onto this surface, a few
monolayers of molecular ethylene might condense when it is
present in the gas phase and then rapidly desorb when the
ethylene flux is reduced to zero. This mechanism is supported
by the fact that the resistance change does not depend on the
concentration of ethylene in these experiments; the low
resistance state of the wire is achieved upon saturation and is
identical across low and high ethylene concentrations. A
hypothesis is that such an ethylene molecular layer could
account for the low Ry, state observed in the presence of
ethylene, and removal of these molecular layers in the absence
of ethylene then produces the higher Ry, state seen in the
absence of ethylene. A puzzling and unresolved observation is
that the desorption of molecular ethylene from such molecular
layers would likely be very weakly activated, with E,,,, ~ 1-3
keal/mol,®>® a number much lower than is deduced from
measurements of recovery times in this study. If partial
dehydrogenation occurs in the N, and Ar ambients, then this
larger barrier could be explained by the platinum-bound
ethylidene and ethylidyne rehydrogenating and desorbing as
ethylene.

B CONCLUSIONS

In summary, the detection of ethylene in air at ppm
concentrations has been accomplished using chemiresistors
consisting of single Pt nanowires. Despite its simplicity,
temperature control of the PtNW transducer is readily
accomplished using Joule self-heating to an optimal temper-
ature of ~#660 K that is measured using the Pt nanowire itself.
Under these conditions, ethylene detection is reversible and
rapid with response times in the 4—75 s. The recovery of Ry,
from ethylene exposure to the air baseline occurs in 50—300 s.
As in prior investigations involving the detection of H, using a
PtNW,' ' the decrease in Ryy, by ethylene is attributed to an
increase in the specularity parameter, p, in the presence of
ethylene, possibly caused by the removal of oxygen from the Pt
surface during the ethylene combustion process. In N, and Ar
ambients where oxidation/combustion cannot occur, PtNWs
respond and recover much more rapidly to ethylene exposures,
but a weaker concentration dependence is reproducibly
observed, characterized by saturation of the Ry, at ethylene
concentrations below 10 ppm. It is suggested that these rapid,
reversible Ry, responses in N, and Ar may be caused by the
reversible condensation and desorption of molecular ethylene
layers on the nanowire surface.
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