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Abstract

Pacific Northwest National Laboratory (PNNL), in collaboration with Parker and
Hannifin, is developing a compact, inexpensive, and highly sensitive and selective
surface acoustic wave sensor coated with fluorophillic sorbent for detecting fluorocarbon
leaks from HVAC systems. Having a highly effective sorbent sensitive to fluorocarbon
refrigerant vapors provides a means to develop a sensing device for leak detection.
Surface acoustic wave (SAW) sensors with a gas sensing film deposited between the
delay lines or on the interdigital transducer have been used to detect gas and vapor
molecules in harsh environments with high sensitivity. As part of this project, PNNL
screened several sorbent materials that are shown to be selective towards fluorocarbon
refrigerant (R32) molecule. The identified sorbent materials were synthesized,
characterized, and tested towards R32 using various spectroscopic techniques. Next,
the sorbent material was coated on a SAW sensor as a thin film using vapor deposition
and drop coating methods. The coated thin film was further characterized and tested
towards the detection of pure R32 and R32 in ambient air at room temperature to
demonstrate the SAW response towards R32 in presence of other competing gases and
vapors in air.

This report completes the milestone 2.1entitled Demonstrate SAW sensor detection limit
performance in pure vapor at 36,000 to 100 ppmv and 2.2 entitled Demonstrate SAW
sensor detection capability for R32 at 36,000 ppmv or less in air.

Abstract
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Summary

Pacific Northwest National Laboratory (PNNL), in collaboration with Parker and Hannifin, developed a
compact, inexpensive, and highly sensitive and selective surface acoustic wave sensor coated with
fluorophillic sorbent for detecting fluorocarbon leaks from HVAC systems. Having a highly effective
sorbent sensitive to fluorocarbon refrigerant vapors provides a means to develop a sensing device for
leak detection. Surface acoustic wave (SAW) sensors with a gas sensing film deposited between the
delay lines or on the interdigital transducer have been used to detect gas and vapor molecules in harsh
environments with high sensitivity. As part of this project, PNNL screened several sorbent materials that
are shown to be selective towards fluorocarbon refrigerant (R32) molecule. The identified sorbent
materials were synthesized, characterized, and tested towards R32 using various spectroscopic
techniques. Next, the sorbent material was coated on a SAW sensor as a thin film using vapor deposition
and drop coating methods. The coated thin film was further characterized and tested towards the
detection of pure R32 and R32 in ambient air at room temperature to demonstrate the SAW response
towards R32 in presence of other competing gases and vapors in ambient air.

Summary iii
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Acronyms and Abbreviations

CSPH Conductive Supramolecular Polymer Hydrogel
HVAC&R Heating Ventilation Air Conditioning and Refrigeration
IDT Inter Digital Transducer

LFL Lower Flammable Limit

MOF Metal Organic Framework

MIL-101 Material of Institute Lavoisier-101

PXRD Powder X-ray Diffraction

PVB Polyvinyl Butyral

QCM Quartz Crystal Microbalance

R32 Difluoromethane

SAW Surface Acoustic Wave Sensor

TBC4 Tert-butyl[4]calixarene
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1.0 Introduction

When a refrigerant leak occurs from an HVAC&R system, there are several direct and indirect
consequences that include reduction in cooling efficiency and higher CO2 emissions. The reduction in
colling efficiency results in increased power consumption and costs for the additional kWh consumed until
the leak is detected and repaired.! Further, depending on the global warming potential of the refrigerant
additional greenhouse gas emissions to the

atmosphere. When considering flammable A2L or .{"’?"%
A3 refrigerants, refrigerant leaks take on an Fluorocarbon Refrigerant }‘: i%
additional overriding consideration regarding the OOO '{.;&3;.;«
safety of the occupants in the building. Reliable Aeference o

2

detection of refrigerant leaks is thus a critical Z 7 Ane
technology necessary to enable more widespread RIS o i fr==cs g
use of class A2L and A3 refrigerants in HYAC&R ol
systems. Several existing methods have been

developed for refrigerant leak detection that Reflection T Reflection

includes optlcal, electrlc.al, and OlfaCt(?ry Figure 1. SgAVf/ sensor platform with agseTective sorbent
methods.? Standard optical methods include

adding a fluorescent dye into the refrigerant that
becomes visible under laser or UV light or
monitoring IR absorption with a hand-held unit.3
Electrical methods typically involve an electrical or coronal discharge across electrodes with the electrical
conductivity of the sensing electrode varying in response to refrigerant concentration. Olfactory methods
involve the addition of mercaptans, ammonia, or other odorous compounds that can be detected by smell.
All of these methods have been designed for detecting leaks when an HVAC&R system is being serviced.
They are not autonomous systems that can detect and alert the building owner when a leak occurs under
normal unattended operating conditions. Moreover, these sensing methods and enabling detection
devices were found to be cost-prohibitive for an integrated sensing system designed as part of the
HVAC&R unit.

channel

ﬁv “ Sorbent
layer

Similarly, spectroscopic methods are available including surface plasmon resonance spectroscopy, FTIR,
and NMR techniques, but none of these are suitable for a low cost sensor application. However, the
change in mass that occurs from the adsorption of gas can, in theory, provide a very sensitive means to
detect refrigerant leaks with the proper adsorbent. For example, the quartz crystal microbalance method
is sensitive to ng-level changes in mass of the oscillating crystal.* Even higher sensitivity to mass change
is possible with a similar method based on propagation of surface acoustic waves. Surface acoustic
waves are typically generated by exciting an interdigital transducer (IDT) deposited on a piezoelectric
substrate. As an AC signal is applied to the IDT, a SAW is generated and propagated through the
substrate and be detected by another IDT, which converts the mechanical signal back to an alternating
electrical signal due to the direct piezoelectric effect. By placing a sensing thin film along the SAW’s
propagation path, a frequency or phase shift can be observed through the receiving IDT due to surface
perturbation, thus providing a sensing output (Figure 1). SAW sensors have been used to detect various
gases and vapors under harsh environments with high sensitivity however never been explored nor used
for the detection of refrigerant leaks.>8 Therefore, as part of this project we identified a sorbent that is
selective to fluorocarbon refrigerant particularly difluoromethane (R32), fabricated the sorbent into gas
sensing film on a SAW using vapor deposition and/or drop coating approaches and demonstrated the
performance of the SAW towards refrigerant leak detention with and without competing gases and vapors
by measuring the phase shift.

Introduction 1
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2.0 Sorbent Selection and Characterization

As detailed in the previous quarterly report,
several candidate materials were selected based
on commercial availability, easy synthesis, pore
size, hydrophobicity, and thin film fabrication.
Based on the literature data and our work in this
area, three carbon-based materials along with a
metal organic framework (MOF) material was
identified as a possible candidate for refrigerant
leak detection.®1* The sorbent materials include
tert-butylcalix[4]arene, TBC4, porous organic
cage (CC3) and Ketjen black activated carbon
(Obtained from Parker and Hannifin). Both TBC4
and CC3 were synthesized at a small scale using
a literature procedure. 1213 The porous form of
TBC4 can be obtained by sublimation of
commercially available TBC4 powder under
reduced pressure at 200 C. Once obtained,
difluoromethane (R32) adsorption experiments
were carried out at room temperature at
concentrations between 0 and 36,000 ppmv.
Figure 2 shows the R32 adsorption for three
materials identified, which show high uptake at
low concentration, particularly TBC4. Along with
the sorbent identified here, we also tested the

R32 adsorption at room temperature in activated TBC4 active form
carbon materials received from our industrial 4
partner (Figure 3). To down select the sorbent for 35

thin film fabrication, experiments were conducted
on TBC4 and activated carbon materials (labeled
as F400 and F600) towards CO2, and water.
Figures 3 show the single-component CO2, and
water adsorption under identical conditions for the
three sorbent materials tested. TBC4 has a much
higher R32 adsorption capacity (5X), especially at
concentration close to 36,000 ppm (about 0.036
bar), compared to those of the two carbon 0
materials, F400 and F600. All three sorbents 0 2 “0 60 80 10¢
show relatively low CO: uptake at the Figure 2. Chemical diagra:,\;esaslr]ré' r(??)a/rstal structure of
concentrations found in the building, but TBC4 is TBC4 (top). Adsorption isotherms of R32 for three
shown to have much lower capacity compared to  |_2dsorbent materials identified.

activated carbon materials, although the result is hard to quantify due to the low concentration (about
1500 ppm) of COz2 in the buildings. Similarly, the two carbon materials, F400 and F600, show typical H20
adsorption isotherms. Water will condense inside the pores of the two carbon materials at RH levels
higher than 60%. TBC4 shows a hydrophobic behavior, and H20 adsorption capacity stays at a low level
throughout the RH range. Based on the available data on R32 uptake, selectivity over CO2/water at lower

R32 uptake, wt%
= ~
- n N wn

e
wn

Sorbent Selection and Characterization 2
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concentrations, and easy thin film fabrication, TBC4 was down selected as an ideal material for single-
channel sensor design.

Similarly, a well-known MOF (known as MIL-101) was identified as an alternate to TBC4 due to its
exceptional capacity towards R32 however this sorbent is hydrophilic and known to adsorb a significant
amount of water from the air.* R32 and water adsorption isotherms for MIL-101 were shown in Figure 4.
Although MIL-101 has preferential adsorption towards CO2 and water over R32, coating the MIL-101 with
hydrophobic polymer has several advantages that include reduced water and CO:2 uptake and better
adhesion to the QCM substrate.516 Therefore, TBC4 and MIL-101 were identified as the sensing material
candidate for further study.

08 25 20

= TBC4 R32 Adsorption = TBC4 CO, adsorption = TBC4 Water Adsorption
* F400 o F400 A 181 | « F400
.
A  FB00 . » 20 A FB00 . A 164 4 FB00 a4
.
a . ]
. . 14 .
o ®
) o 15 a . o 121
£
3 H . . 3 10
E E . E  fmccceegemm—————————
c . c 1.0 PR . oww c 84 ‘i
. n . A & . = [l o Region of interest B
1 . - 1
b 054 1% o " 44 -
|- 1]
% - L] " L] [ L]
2 I/loqmnlintems\ 24 " . ! !
00 T T T T T 0.0 A T T T T [F S T T T T rl T T T
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.0 02 04 06 08 10 0 10 20 30 40 50 60 70 80 90 100
P (bar) P (bar) RH (%)

Figure 3. Adsorption isotherms of CO2 (left) and R32 for three carbon based adsorbent materials. Water adsorption in
TBC4 and activated carbon materials were received from Parker

140 Room Temperature

R32 loading, wt%
8

Mass %

- ey, 5 = 0 01 02 03 04 05 06 07 08
_,/ﬁ" B, LL’;—“ . f ?\. 3 Pressure, P/Po
Figure 4. Crystal structure of MIL-101, R32 adsorption and water adsorption and desorption profiles at room
temperature.

Sorbent Selection and Characterization
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3.0 Thin Film Fabrication and Sensor Development

To fabricate thin film on the
SAW substrate using the
two sorbents identified
above, we adapted the
vapor deposition technique
for TBC4 and the drop
coating method for MIL-
101. Figure 5 shows a i
step-by-step process from

-
fabricating sensor film to
the evaluation of the thin Figure 5. Flowsheet process for sensing film coating and sensor response evaluation
film using Quartz Crystal
Microbalance (QCM) and
SAW platforms. QCM
platform was selected to
evaluate the coating
methods and the response
of the sensing film toward
R32. A QCM sensor with a
default frequency of 10
MHz was cleaned and
porous TBC4 was
deposited to the QCM
substrate under vacuum
and high temperature

Vacuum Drop
depaosition coating

Porous material
(TBC4 or MIL-101)

Frequency/phase
angle shift

Sensing layer QCM/SAW platform

-__
1

(~150 C) through TestQCM

sublimation using a

homemade reactor ) Figure 6. The sublimation system to deposit TBC4 thin film on top of the QCM
chamber as shown in sensor: a) QCM sensor, b) QCM sensor sample holder, c¢) heating block and

Figure 6. The TBC4 was
placed inside of the stainless-steel tube enclosed by the heat blocks. Then, the reactor was sealed and
evacuated. The TBC4 powder was heated under vacuum to deposit a thin film sprayed through a small
nozzle. A decrease of about 3,700 Hz in the frequency signal was observed (Figure 7) while coating
TBC4 film on a QCM sensor. The total time it took to deposit a TBC4 film was 60 minutes. From 0-16 min,
the two QCM sensors were at room temperature with atmospheric pressure and the frequencies did not
change for either sensor. When the temperature was increased to 100 °C and the pressure was
decreased to 0.1 bar from 17-20 min, the frequency of the “test” QCM slightly decreased and the
frequency of the “reference” QCM did not change. When the temperature was further increased to 150 °C
during the 21-35 min period, the frequency change of the “test” QCM increased to about 3500 Hz and the
frequency of the “reference” channel decreased by about 30 Hz. Then, the heating block was turned off
and the temperature at the nozzle decreased to 24 °C (36-60 min). The frequency change of the “test’
QCM sensor further increased to over 3730 Hz and the frequency change of the “reference” QCM sensor
stayed at about 30 Hz. The TBC4 loadings were estimated from the mass sensitivity of the QCM sensor
(4.4 ng/cm? Hz).1” The mass sensitivity (k) was calculated using the relationship:

_ \UqPq
=

where f, is the frequency of quartz crystal without mass loading (10 MHz), u, is the shear modulus of AT-
cut quartz cystal (2.947E11 g cm!s?), and p, is the density of quartz (2.643 g cm).

Thin Film Fabrication and Sensor Development 4
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After comparing the results for the “test” and “reference” QCM sensors, we believe that the frequency
change of the test QCM is clearly due to the TBC4 mass loading. The estimated mass loading of TBC4
can be calculated to be about 3200 ng by using the change of frequency times the area of the electrode
(diameter 0.51 cm) and the mass sensitivity.1® The frequency of the “test” QCM was evaluated again the
next day and the reading was maintained.

) ) . Wi
Like TBC4, MIL-101 was deposited to the arosenss _
QCM (later SAW substrate) through drop
coating as opposed to vapor deposition
with a polymer binder to improve the — _

A . i Deta Frequency#ti
adhesion of the MOF film. First, the QCM
. 00:00.00.00 Time (Minutes) 01:06:00.
substrate was cleaned by acetone washing . | e
followed by plasma (5 min) cleaning. T L -
Plasma cleaning was well-known approach 100°C + Vac.
to clean the surface using energetic o || e -
plasma created by gas species (oxygen). e - et of 024 C ¢ Vo
Delta Frequency#2 - min am—— ole min

After plasma treatment, the MIL-101 nano-
dispersant with polymer was drop cast on —— = =

ISp ] p y p Figure 7. Frequency changes of the QCM sensors: test QCM
the QCM film. In brief, the MIL-101 nano- (top), reference QCM (bottom).

dispersion was prepared with a
concentration of about 0.2 g/L was
prepared in 5 ml methanol. Then poly(vinyl
butyral) (10 wt% of MIL-101) was added to
the 5 ml MIL-101 dispersion. The mixtures

were then thoroughly mixed and deposited : - : ‘
on top of QCM sensors using a Figure 8. The SEM images of QCM coated with TBC4 and MIL-101.

. . . a) TBC4 coating obtained through vacuum deposition; b) Clean
micropipette. The morphologies of the QCM substrate; ¢) MIL-101 coating obtained through drop
deposited porous sensing layers were coating.
characterized with SEM. The TBC4 layer ) = b >
deposited through vacuum deposition is I e -

sparky and the particle domains are in 20-
50 um (Figure 8). The particle size of the

Deposited mass (ng)

MIL-101 layer deposited through drop J H
coating is about 100-130 nm and the MIL- o f T Tackmn
101 particles are somewhat more uniformly I T b
arranged compared to the TBC4 layer ) Time (rin) ) ) Vahume ()

. . Figure 9. The deposition rate of TBC4 using different methods. a)
(Figure 8). The deposition rates of the vacuum deposition at 200 °C; b) drop coating deposition using
sensing film for vacuum deposition and methanol as the dispersion solvent

drop coating were recorded and compared

in Figure 9. The deposition rate of TBC4 coating in the vacuum deposition process is constant at the
deposition temperature (200 °C). The deposition rate can be estimated to be about 173.7 ng TBC4/min.
The deposition rate dramatically stopped after the heating was turned off which confirmed that the
deposition was generated by the sublimation of TBC4 under heating and vacuum. The deposition rate of
the drop coating method is not linearly related to the volume of dispersion. One possible reason is that
the sublimed TBC4 particles did not disperse very well in common organic solvent including methanol so
the mass of TBC4 particle in each drop (4 pl) varied which led to a different frequency change to the QCM
sensor. Therefore, it is easier and more accurate to control the thickness of the TBC4 coating using the
vacuum deposition method. However, it is possible to use the drop coating method to achieve the desired
thickness provided that the frequency can be measured after each deposition using a micropipette.

Thin Film Fabrication and Sensor Development 5
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3.1 QCM Sensor Performance and Testing:

The two QCM sensors loaded
with TBC4 and MIL-101 were
exposed to pure R32 and a
mixture of R32 in dry air to test
the sensing performance by
recording the frequency change
of the QCM sensor. The test
system was evacuated
overnight to remove any
interferant gas from the vessel.
A reference blank QCM sensor
was also put inside the test
chamber and its result was
used as the baseline to
compare with that of the coated
sensor. The frequency change
results for pure R32 adsorption
on TBC4 were shown in Figure
10. Compared to the frequency
change caused by only air
exposure (10 Hz at about 4
psi), the QCM sensors showed
a higher change of frequency
(25-40 Hz at about 4 psi)
toward R32 vapor. This result
indicates selective adsorption
of R32 over other gas
components present in the air.
In addition, the R32 test were
repeated twice, and the results
are reproducible. However, the
frequency changes observed
from the R32 tests for both the

QCM-Deposited TBC4 QCM-Referent

Af=3Hz -

Figure 10. The frequency change of the QCM loaded with and without TBC4
coating obtained through vacuum deposition in presence of pure R32 and air.
Left: experiment QCM sensor; right: reference QCM sensor.

QCM-Dip coated M 01 QCM-Reference

.l B

Figure 11. The frequency change of the QCM loaded with and without MIL-101
in presence of pure R32 and air. Left: experiment QCM sensor; right: reference
QCM sensor.

Reference QCM sensor

a0 ™ . - - * = e

Figure 12. The frequency change of the QCM loaded with and without TBC4
coating obtained through drop coating in presence of pure R32 and air.

QCM sensors loaded with TBC4 and MIL-101 are only small portions (2-3%) of the predicted frequency
changes based on the equilibrium adsorption uptakes from the isotherm data. Similar results were
observed for MIL-101 as shown in Figure 11. Differences were observed for the QCM sensor with MIL-
101 coatings compared to the reference sensor, but the frequency change is not in the same order of
magnitude of the frequency change predicted from the adsorption isotherm. Several possibilities for such
low frequency shift include i) film thickness, and ii) heterogeneous growth of TBC4. For applications in
sensor technology, the diffusion into these layers plays a decisive role. Due to the inhomogeneity of the
layers, diffusion of gas molecules into the thin film is restricted therefore uniform coating is required.

Thin Film Fabrication and Sensor Development
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Therefore, experiments were conducted to coat a uniform thin film of TBC4 by dip-coating method as
opposed to vapor deposition discussed above. The porous form of TBC4 was dispersed in a solution
containing methanol and deposited on the QCM and evacuated overnight to remove any interferant
solvent molecules from the surface of QCM. The QCM sensor loaded with TBC4 coating through drop
coating was exposed to pure R32 and air at room temperature and the test results are shown in Figure
12. This time, the QCM sensor
showed a much higher change
of frequency (32 Hz at about
0.3 psi) toward R32 vapor
compared to a negligible
change in frequency when ‘
exposed to air at various

pressures. These results |
indicate significant N
improvement from the previous | In-situ Sublimed TBCA thin film
test where the R32 frequency %l Rt N |

change was very minimal (3 vs
32 Hz). The frequency change
for QCM sensors loaded with
TBC4 is close to 40% of the
predicted frequency changes
based on the equilibrium
adsorption uptake. Our QCM results indicated 120 oo ; *
that the TBC4 coating directly on the QCM sensor i

did not have a frequency change that matches the
predicted from the R32 adsorption isotherm in the
porous TBC4 (sublimed TBC4). It seems that the

~__ Ex-situ Sublimed TBC4 powder_Methanol

Ex-situ Sublimed TBC4 pow&ér_' I

Original TBC4 powder

2 = 3 s “ 45 50
Twe Theta (deg]

Figure 13. The XRD pattern of TBC4 powder, sublimed and thin film

TBC4-2nd
TBC4-3rd
TBC4@PVB-1st
TBC4@PVB-2nd
TBC4@PVB-3rd

100

000D

80

|
|
|
|
|
|
|
|
|
|
|
|
shown in Figure 13. To avoid the preferred crystal + o e
;
|

TBC4 film-coated through the vacuum deposition g 0.

on the QCM substrate (with the gold electrode) 5 ® M
showed some preferred crystal orientation as 20 . o

orientation, we deposited a PVB layer and then 20 . .®°@ | e e
deposited the TBC4 through vacuum deposition .: \0@% e o | TBC4 loading: 8224 ng

so that there is no induction of crystal growth from 0 9 ® @PVB loading: 2878 19
the substrate. The TBC4@PVB was tested again 0.0 01 02 03 0.4 05 0€
W?th pure R32 vapor and res.u“s Wer.e compared Figure 14 Frequency chzizgzr:(frsggfﬁzizsor toward pure
with those of the TBC4 coating obtained through R32 with different TBC4 coatings.

drop coating in Figure 14. TBC4@PVB indicates
that the TBC4 coating was obtained on top of a PVB layer through vacuum deposition. TBC4 indicates
that the coating was obtained through drop coating. The highest frequency change for the TBC4@PVB
sample matched 97.8% of the theoretical value estimated from the isotherm data. This signal dropped to
48.9% in the second run, and it seems that the signal maintained at around 48% in the third run. So
adding a layer of amorphous PVB did help the growth of porous TBC4 which would lead to a higher
adsorption affinity toward R32 as indicated from the significantly increased frequency changes of the
TBC4@PVB sample.

Thin Film Fabrication and Sensor Development 7
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3.2 SAW Sensor Performance and Testing:

Given the successful deposition of TBC4 and MIL-101 on a QCM sensor and its response towards R32,
next, we extended our fabrication process to deposit a thin layer of TBC4 and MIL-101 on a commercially
available Love-

wave (LW) SAW s
sensor obtained i w ! s
R, T Vi
from AW L ® 1 [Pl
N |Ptag) :”
sens'o.rs an'd . | o 7 f:l
modified with w2 %RL s
mass flow - :
5[5
controller (MFC T T [ _
. ( ) - = Control & Communicaions <:::>
to deliver R32 R = Sy e
and dry air into Figure 15. The SAW sensor platform used to evaluate the sensing toward the detection of R32
the flow cell mixture in air

through a 1/16-

05—

inch tube. The soprm | D |
length of the o3 _ o3 o3 .

. N N
tube connecting c " \. g \
the mixing tee \ TN \ )
and the flow cell _ \ | | N
was minimized ' w

] 00 600 00 1200 1800 1800 ] 00 600 00 1200 1500 1800 300 600 900 1200 1500 18

to less than 1/2 Time (second) Time (second) Time (second)
inch to minimize 19 time 2 time 3 time
the signal delay. Figure 16. Comparison of SAW sensor test result for the TBC4 coating on top of PVB layer.

The SAW sensor

uses a phase-shift configuration. It determines the concentration of R32 by measuring the phase
difference between the input signal and output signal. Figure 15 is an example of the circuit configuration
for the SAW sensor. As R32 gets absorbed by the sorbent film deposited on the SAW sensor, the phase
velocity of the acoustic wave propagating in the SAW sensor changes and thus causes a phase shift in
the output signal. The sensing circuit compares the output signal of the sensor to the reference signal,
which is the input signal, to obtain the phase shift. As the extent of the phase shift scales with the amount
of the R32 absorbed, the concentration of R32 in the gas sample can be determined.

Each experiment with the SAW sensor was conducted three times, first SAW experiment is right after the
sorbent coating, the second experiment after purging the sensor with dry air without heating, the third
experiment after a brief regeneration under vacuum and 120 °C. The first sample we tested using our
SAW platform is TBC4 directly deposited on top of a SAW substrate using vapor deposition technique
and the phase change in response to R32 adsorption is shown in Figure 16. The sensor was put under
dry air for 30 min with a flow rate of 20 standard cubic centimeters (sccm) before the test and then the
flow rate combination of air and R32 was set to 20 sccm and 0.1 sccm (R32 concentration ~5,000 ppm),
20 sccm and 0.5 sccm (R32 concentration ~25,000 ppm), 20 sccm and 1 sccm (R32 concentration
~50,000 ppm), 15 sccm and 5 sccm (R32 concentration ~250,000 ppm), 10 sccm and 10 sccm (R32
concentration ~500,000 ppm), 0 sccm and 20 sccm (Pure R32). After the SAW sensor was exposed to
the pure R32, desorption of R32 was conducted by flowing the SAW sensor with dry air. The time interval
between each step is shown as the x-axis and the change of phase shift is shown as the y-axis. As
shown in Figure 16, the TBC4 coated SAW response or phase shift started to decrease when performed

Thin Film Fabrication and Sensor Development 8
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the three times. In the first experiment the phase shift was very clear with R32 in presence of air. After the
first experiment the TBC4 coated SAW sensor was recycled by flowing with dry air without heating,
assuming R32 will be desorbed completely from the TBC4 film however as shown in Figure 16 (middle)
the reduced phase shift with R32 in air was observed. This could be due to the incomplete activation of
the R32 from TBC4 film under flowing air. To test this hypothesis, SAW sensor coated with TBC4 film was
activated for 15 min under vacuum at 120 °C. After cooling the SAW senor to room temperature, the
experiments were conducted with same composition as described earlier. As shown in Figure 16(left), the
SAW sensor coated with TBC4 regained the phase shift.

Similar sensor response was recorded using TBC4 mixed with 10% PVB polymer drop cast onto the SAW
sensor as opposed to vapor deposition. The SAW response or phase shift was recorded with R32 and air
mixture at room temperature and the results are shown in Figure 17. As shown in Figure 17 left, the
SAW sensor drop coated with TBC4/PVB showed a smaller phase shift compared to the SAW sensor

vacuum-
deposited with os Lok s R T oo
TBC4 on top of bl e R i now em SR I I IR oy R i s e S R [ DO
the PVB layer it BB | nEn u ! 7
(Figure 16). S - hNUR= gl -
After the
experiment, the as
SAW film was R B e T e -~ W H . B D R R R R R R
regenerated by e een) e eecenc) e fecend)
flowing dry air 1% time 24 time 3 time
through the SAW Figure 17. Comparison of SAW sensor test result for the TBC4/PVB drop coating.
film and sensor
response was recorded by flowing R32 and air 00— 415t me d d
mixture. As shown in Figure 17, the drop-coated 05 \:\
sensor also showed decreased phase shift as 107 ord tme  2nd time
expected due to incomplete activation of the ;Z
TBC4. However, SAW sensor performance _2:5_
(phase shift) did not revert to the original phase ‘g 30
shift even after brief heating (Figure 17 (right)). T 6]
Further experiments are needed to evaluate the 401
optimal temperature to revert to the original 4.5
phase Shlﬂ:. ::z: R32 mixutre with ambient air at 1 bar
-6.0 T T T T
0 300 600 900 1200 1500 1800 2100 2400
Time (second)
Figure 18. SAW sensor test result for the TBC4 coating on
top of PVB layer in R32 ambient air mixture.

Thin Film Fabrication and Sensor Development 9



PNNL-32268

Based on these experiments, TBC4 deposited on a PVB layer through vacuum deposition showed better
performance toward R32 compared to the TBC4/PVB mixture coated on the substrate with a drop
coating. Therefore, the vacuum deposited TBC4 on PVB was tested in the R32 mixture with ambient air
and the results were summarized in Figure 18. The relative humidity of the ambient air in the lab is about
35-40%. The test procedure and conditions are the same as previously described and the sensor
measurement was repeated three times. The first sensor measurement was done after the fresh TBC4
deposition. The second senor measurement

was repeated after the first measurement 0.0 1 d B B
without any activation. The third sensor 05 - RA2 rfiutre wih cry s at 4 bar
measurement was conducted after -1.0-: \&

activation of the TBC4 at 120 °C for 15 1.5 |

minutes under vacuum. Compared to the -2.0-: i 3rd time
R32 dry air mixture results shown in Figure . 254

17, the phase shifts of the TBC4 film in R32 °§ -3.0-: ™~

- ambient air mixture is smaller however the -3.5+

phase shift is reproducible after activating 4.0

the sensor film for 15 min at 120 C under 45 \_| 1sttime

vacuum. Based on these results, we can 5.0

conclude there is a clear response or phase 551

shift where SAW coated with TBC4 when 6.0 : : : :
exposed to trace amounts of R32 in dry air 0 300 600 900 1200 1500 1800 2100 2400
as well as ambient air containing 35 — 40% Time (second)

Figure 19. SAW sensor test result for the MIL-101/PVB mixture

of relative humidity. Our results further coating in R32 dry aif mixture

demonstrate the phase shift can be
reproduced by activating the TBC4 film for 0.04 ‘ 4 g g
15 minutes at 120 C under vacuum. ‘
However, further experiments are needed to
optimize the film thickness and optimization 01 Wy
of phase shift with R32 in presence of other 2nd time
competing gases and vapors present in -0.2 m
residential and commercial buildings.

44 ()

Besides TBC4, MIL-101 was selected as > % Lst time
another candidate for R32 sensing because
of the high adsorption affinity toward R32.
Like the TBC4/PVB mixture preparation,
MIL-101/PVB (10%wt) methanol dispersion -0.5 ; —
was prepared and coated to the SAW 0 300 600 900 1200 1500 1800 2100 2400
substrate through the drop coating method. _ Time (second) _

The measurement procedure and conditions Eggaliirr?gzior{ g/;;/vafnegisé%rt ;eiftn:ﬁft‘dlrtef_or the MIL-101/PVB mixture
are the same and the results in the R32 dry

air mixture are shown in Figure 19. The sensor performance was repeated three times that include i)
sensor response or phase shift right after drop coating the MIL-101/PVB followed by flowing R32 with dry
air mixture, ii) senor response after the first measurement without any activation and iii) The last
experiment was conducted after activating the MIL-101 film for 15 min at 120 °C under vacuum. The
phase shifts of MIL-101 in R32 dry air are much higher compared to those of the TBC4 (Figure 16), which
is expected given higher adsorption capacity of MIL-101 towards R32 due to high surface area and pore
volume. However, sensor response or phase shift was significantly reduced after subsequent tests and
could not recover the phase shift even after activating the MIL-101 film. The same experiment was

-0.4 -
R32 mixutre with ambient air at 1 bar
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repeated for the MIL-101/PVB in the R32
ambient air (humidity) mixture. The MIL-
101/PVB layer was exposed to ambient air

to saturate the film with water vapor C|3Ha Si-¥-
adsorbed from ambient air and used /—Si——O—Si—/_ n
without any further activation and the - |

CH,
results are shown in Figure 20. Since the

experiments were conducted after the Start

sensor reached an equilibrium in ambient 20 1 f4 [¢ B
air, the phase shift was recorded by
flowing the R32 over the MIL-101/PVB
layer. As shown in Figure 21, a significant 15
reduction in phase shift was observed P
compared to MIL-101/PVB layer activated

at high temperature (Figure .19). The 9{ 104 J 1st time
reduced phase shift was attributed to N

saturation of MIL-101/PVB film with water ]

molecule \{vhen exposed to ambignt air. 054 r onid time

The experiment was repeated twice and

the phase ShlftS at 25’000 ppmv and | R32 mixutre with ambient air (; ed) at 1 bar
50,000 ppmv R32 in ambient air have a 0.0 sowme" ™| MIL-101 vith CSPHG7 (10% of
reproducible reading which demonstrates 0 300 600 900 1200 1500 1800
the selective R32 detection even in the Time (second)

presence of water vapor. Another Figure 21. The repeat unit structure of the carbosiloxane

hili ; polymer hydrogel (CSPH) and SAW sensor test result for the
possibility of reduced phase_ _Shlft could be MIL-101/CSPH mixture coating in R32 ambient air mixture.
due to the lower glass transition

temperature of PVB layer (~120 °C depending on the molecular weight). As a result, the PVB polymer
may melt and penetrate inside the MIL-101. Therefore, the phase shifts for the MIL-101/PVB coating
(Figure 19) are not large and need to be improved to get a better signal-to-noise ratio. Therefore, we
selected another carbosiloxane polymer known as CSPH as shown in Figure 21. This CSPH polymer is a
rubbery polymer that has no glass transition phase and behaves like liquid at room temperature. The
same mixing and drop coating procedure were repeated as in the case of MIL-101/PVB to make MIL-
101/CSPH coating. This mixture was coated on the AW SAW substrate and tested toward the R32
mixture with ambient air. The results are summarized in Figure 21. The measurement was repeated two
times and no heating regeneration was included between the two measurements. Based on the plots, the
results are reproducible. More importantly, the phase shifts are four times better than those in the case of
MIL-101/PVB suggesting new CSPH polymer did help to eliminate any potential blockage of pores in the
MIL-101. The long-term stability of the sensing coating may need further study which is not included in
this stage of this project.

In conclusion, we successfully developed and demonstrate refrigerant leak detection using the SAW
platform using a selective sorbent identified from the library of materials. Though the initial results are
very promising, further experiments on SAW sensor needed to be performed that include i) optimization
of the thin film thickness and robustness ii) SAW performance in presence of interfering gases and vapors
including humidity, COz, toluene, ethyl acetate, acetone, isopropanol, ethanol (common contamination
found in residential HVAC), iii) temperature drift on lab platform and engineered platform iv) sensor
response time at 25% LFL and v) manufacturing methods to ensure strong mechanical coupling between
the sorbent and piezoelectric substrate for optimal sensitivities and vi) impact of sorbent orientation on the
SAW platform and so on before this technology can be commercialized.
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