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ABSTRACT: Despite various advantages and usefulness of
semiconductor metal oxide gas sensors, low selectivity and
humidity interference have limited their practical applications. In
order to resolve these issues, we propose a new concept of a
selective gas filtering structure that increases the gas selectivity and
decreases the moisture interference of metal oxide gas sensors by
coating metal organic frameworks (MOFs) on a microporous
elastomer scaffold. Cu(BTC) with an excellent selective adsorption
capacity for carbon monoxide (CO) compared to hydrogen (H2)
and MIL-160 with an excellent moisture adsorption capacity were
uniformly coated on the microporous polydimethylsiloxane
(PDMS) structure through a squeeze coating method, resulting
in a high content of MOFs with a large effective surface area. A
Cu(BTC)-coated microporous PDMS filter showed an excellent adsorption efficiency (62.4%) for CO, thereby dramatically
improving the selectivity of H2/CO by up to 2.6 times. In addition, an MIL-160 coated microporous PDMS filter showed a high
moisture adsorption efficiency (76.2%).

KEYWORDS: metal oxide gas sensor, gas filter, microporous elastomer, metal organic frameworks, moisture interference

■ INTRODUCTION

Semiconductor metal oxide (SMO) gas sensors are being
actively applied in various mobile equipment and remote
monitoring systems because of many advantages such as high
sensitivity, low cost, and compact size.1−11 Despite these
advantages, however, they possess a critical disadvantage of
low selectivity because of their sensing principle based on the
adsorption and desorption of oxygen gas depending on the
environment.12,13 Because the SMO gas sensors show similar
responses between different oxidizing gases or reducing gases,
the selectivity between nonidentical gases can be low.
Furthermore, because they are sensitive to moisture, the sensing
response is highly affected by humidity and the gas selectivity
worsens under high humidity conditions.14 To overcome these
drawbacks, various sensing materials such as core−shell
nanostructures and multimetallic oxide compounds, function-
alization with catalytic nanoparticles, array of multiplexed
sensors,5,15 and gas filtering or separation systems for selective
filtration of specific gas molecules have been developed.
In the past, gas filtering or separation techniques have been

focused on the development of porous polymer mem-
branes.16−18 Afterward, selective gas filtering technologies
using mixed matrix membranes (MMMs) combined with

polymer membranes and metal organic frameworks (MOFs)
have been developed for higher gas selectivity.19−24 In recent
years, in situ growth of MOFs onto nanowires25 and commercial
polyurethane (PU) sponges26 has been developed. However,
polymer membranes andMMM require various equipment such
as pumps and cylinders to provide high pressure and thus have
limitations such as large power consumption and difficulty in
miniaturization, making them unsuitable for mobile equipment.
On the other hand, in situ growth of MOFs onto nanowires and
commercial PU sponges has another limitation: complex and
difficult MOF synthesis conditions (temperature, quality,
quantity, etc.) on the frame (nanowire, PU sponge, etc.) and
low filtering efficiency due to small coating amount of the
MOFs.
In this study, we propose a new type of a microporous gas

filter by coating the MOFs such as Cu(BTC) and MIL-160 that
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can selectively absorb gas or moisture onto a microporous
polydimethylsiloxane (PDMS) structure that can provide a large
surface area and all connected three dimensional multi-
microchannels. To implement the microporous gas filter, we
used a coating process of presynthesized MOFs (i.e., Cu(BTC)
and MIL-160) with high crystallinity on a microporous PDMS
structure by the squeeze coating method. This fabrication
approach of the microporous gas filter has many advantages.
First of all, it is very simple and rapid to fabricate the
microporous gas filter, and a large amount of MOFs can be
loaded on the filter, so that a high filtering efficiency can be
achieved. In addition, the multichannel of the microporous
PDMS structure eliminates the need for high pressure to operate
the filter, which simplifies the installation and enables low power
and miniaturization of the filtering system. By using these
structures, we have designed a gas filtering system, as shown in
Figure 1. The microporous PDMS filter coated with Cu(BTC)

can be used as a gas filter for the selective adsorption of carbon
monoxide (CO) in a mixture of CO and H2, thereby improving
the selectivity of the SMO gas sensor for H2 against CO gas.
Meanwhile, the microporous PDMS filter coated with MIL-160
can function as a moisture filter to minimize the interference
from humidity by absorbing water (H2O) molecules.
MOFs are three-dimensional structures in which metal atoms

and organic ligands are bonded in a certain pattern. They have
been actively studied as next-generation adsorbents and catalysts
because of their well-organized and stable crystallinity, high
porosity, large surface area, and excellent selective adsorption
capacity of gas molecules.27−31 Among them, Cu(BTC), which
is one of the most well-known MOFs, is a structure in which
copper (Cu) atoms are connected in a certain pattern by organic
ligands, BTC (1,3,5-benzenetricarboxylic acid).32 These Cu
atoms in Cu(BTC) have open metal sites, which provide the
catalyzation or adsorption of gas molecules. The adsorption
capacities of the Cu(BTC) for various gases have been
extensively studied.33−40 Especially, it has been found that the
Cu(BTC) has an excellent adsorption capacity for methane
(CH4), carbon monoxide (CO), carbon dioxide (CO2),

37

volatile organic compounds (VOCs),41 and so forth. In addition,
utilization of the Cu(BTC) in gas separation, adsorption, and
toxic gas removal is being actively studied.42,43 MIL-160 is a

recently developedMOFs formed by combining aluminum (Al)
atoms with an organic ligand, FDCA (2,5-furandicarboxylic).
The aluminum carboxylate structure of MIL-160 contains a
number of oxygen atoms, which not only strengthens hydro-
philicity but also maintains the pore volume allowing the H2O
molecules to approach well. Because of this strong hydro-
philicity, MIL-160 has been actively studied in applications such
as H2O adsorption/desorption devices for heat pumps and
chillers,44−47 seasonal heat storage systems,48 and adsorption-
driven thermal batteries.49

Microporous PDMS structures have been recently studied in
energy, sensor, and various other fields, such as water/oil
separation,50,51 micro pumps,52 flexible pressure sensors,53 and
stretchable ion batteries54 because of their unique thermal,
chemical, mechanical, and structural properties. Especially,
microporous PDMS structures fabricated using sugar tem-
plates53,55 have an intermediate structure with the advantages of
both open and closed cells, which means that small holes are
formed between closed cells so that the they form amultichannel
for air to pass easily. Therefore, these microporous PDMS
structures offer excellent features as a filter frame, with the
advantages of both the large surface area of the closed cell and
the multichannel of the open cell.

■ RESULTS AND DISCUSSION

Fabrication and Characterization of the Microporous
Cu(BTC)/PDMS and MIL-160/PDMS Structures. Figure 2
shows the results of the fabricated microporous PDMS
structure, microporous Cu(BTC)/PDMS filter, and micro-
porousMIL-160/PDMS filter. Themicroporous structure of the
PDMS (Figure 2a) was well maintained with a porosity of 70.8±
2.0% and a pore size of 291 ± 36 μm. As shown in Figure 2b,c,
Cu(BTC) and MIL-160 were uniformly coated both inside and
outside of the microporous PDMS structure. As shown in Figure
2d−f and Figure S1, MOFs were firmly attached to the porous
PDMS surface and the coating materials penetrated well into the
inside of microporous PDMS by the squeeze coating process.
The crystallinities of each MOFs were well maintained without
degradation during the coating process, as shown in the X-ray
diffraction (XRD) pattern (Figure 2g,h).45,56 The weight
percentage of Cu(BTC) for the two Cu(BTC)/PDMS filters
and the two MIL-160/PDMS filters were measured using their
mass changes. One of the two Cu(BTC)/PDMS filters
contained 9.82 wt %, while the other sample contained 19.82
wt % of Cu(BTC); on the other hand, one of the microporous
MIL-160/PDMS filters contained 18.36 wt %, while the other
contained 38.98 wt % MIL-160. In the case of the microporous
Cu(BTC)/PDMS filter, the content of Cu(BTC)was 2.75 times
higher than that of the previous study in which Cu(BTC) was
directly synthesized on a commercial PU sponge.57

Characterization of the Microporous Cu(BTC)/PDMS
Filters with a Metal Oxide Gas Sensor. Figure 3 shows the
results of a gas selectivity test of the microporous Cu(BTC)/
PDMS filter. The response of the sensor is defined as (R0− Rg)/
R0, where R0 is the resistance of the sensor in the air and Rg is the
resistance of the sensor when exposed to the target gas. The
adsorption efficiency of the filter is defined as the change in the
response of the sensor, which is expressed as follows

= − ×
S
S

Adsorption efficiency (%) 1 100%s

b

i
k
jjjjj

y
{
zzzzz (1)

Figure 1. Schematic image of a filtering system based on a microporous
elastomer filter coated with MOFs for improving the selectivity for
hydrogen (H2) against carbon monoxide (CO) and minimizing the
moisture interference of metal oxide gas sensor. If CO andH2 are mixed
in a humid environment, water (H2O) molecules are filtered by the
microporous MIL-160/PDMS filter, and CO molecules are adsorbed
by the microporous Cu(BTC)/PDMS filter, resulting in more selective
and stable detection of H2 in air.
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where Ss and Sb are the responses of the sensor with and without
a filter mounted in front of the inlet to the sensor. Figure 3a
shows the responses of the sensor to the changes in H2
concentration with various filters, and Figure 3b summarizes
the H2 adsorption capacity of each filter. As shown in these two
graphs, there was almost no difference in the sensor response
between various filtration conditions. Also, the adsorption
efficiencies of each filter were close to zero. From these results, it
can be concluded that the microporous Cu(BTC)/PDMS filter
has no adsorption capacity for the H2.
Figure 3c shows the test results of the CO adsorption capacity

of the filter. Compared to the response with no filter, the sensor
responses to CO gas with 10 wt % and 20 wt % microporous
Cu(BTC)/PDMS filters decreased in proportion to the amount
of Cu(BTC) within the microporous PDMS matrix. On the
other hand, the sensor response did not decrease with the bare
microporous PDMS structure (i.e., without Cu(BTC) coating).
Figure 3d shows the adsorption efficiency of each filter for CO
gas. The adsorption efficiencies of the 10 wt % and 20 wt %
microporous Cu(BTC)/PDMS filters were as high as 36.69 and
62.38%, respectively, whereas that of the bare microporous
PDMS structure was only 3.68%. Additionally, there was no
difference in the sensor response when different sizes of the
microporous Cu(BTC)/PDMS filters with the same amount of
coated material were used, as shown in Figure S2. These results

demonstrate that the microporous PDMS structure itself has a
negligible effect on the CO adsorption, while Cu(BTC) coated
on the microporous PDMS scaffold has a strong adsorption
capability to CO gas, in agreement with the strong affinity of Cu
sites for the CO molecule adsorption.
The adsorption capacity of Cu(BTC) for H2 and CO

molecules can be explained by Henry’s law. According to
Henry’s law, the amount of a given gas dissolved in a given type
and the volume of solvent is directly proportional to the partial
pressure of the gas in equilibriumwith the solvent. Here, Henry’s
constant shows the adsorption capacity of the solvent for the gas
molecules. According to Karra andWalton, Henry’s constants of
Cu(BTC) for H2 and CO are 0.4 × 10−3 mol/kg·kPa and 9.5 ×
10−3 mol/kg·kPa, respectively,58 resulting in the adsorption
capacity of Cu(BTC) for COmuch higher than that for H2 by 24
times. This selective gas adsorption capacity of Cu(BTC) allows
the gas sensor to selectively detect H2 better than CO after gas
filtration.
Figure 3e,f presents the improvement of H2/CO selectivity of

the gas sensor due to the selective gas adsorption capacity of the
microporous Cu(BTC)/PDMS filter based on the adsorption
tests explained above. The selectivity is the ability of a sensor to
distinguish target gas against other interfering gases. Thus, the
selectivity (K) of H2 to CO is expressed as SH2

/SCO, where SH2

and SCO are the sensor responses to the H2 and CO gases,

Figure 2. Photographic images of (a) microporous PDMS structure, (b) microporous Cu(BTC)/PDMS filter, (c) microporous MIL-160/PDMS
filter, and (d−f) their scanning electron microscopy images (inset images of (b,c) are the cross sections of each filter). XRD patterns of (g)
microporous Cu(BTC)/PDMS filter and (h) microporous MIL-160/PDMS filter.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c00143
ACS Appl. Mater. Interfaces 2020, 12, 13338−13347

13340

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c00143/suppl_file/am0c00143_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00143?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00143?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00143?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00143?fig=fig2&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c00143?ref=pdf


respectively. In order to evaluate how much the selectivity
increases by introducing the microporous Cu(BTC)/PDMS
filter, the selectivity improvement factor is defined as follows.

=C
K
K

Selectivity improvement factor ( ) s

n (2)

where Ks is the selectivity of H2 to CO when 0, 10, and 20 wt %
microporous Cu(BTC)/PDMS filters are utilized and Kn is the
selectivity of the gas sensor without using any filter. When the

microporous Cu(BTC)/PDMS filters were utilized, the
selectivity increased by 1.57 times and 2.70 times with 10 wt
% and 20 wt % of Cu(BTC) contents, respectively. These results
show that the microporous Cu(BTC)/PDMS filter can improve
the selectivity of H2 to CO.
Furthermore, the developed filter shows excellent reliability in

the tests for reproducibility and long-term stability. The
standard deviation of CO adsorption efficiency between five
different filters at each concentration is lower than 5%
(maximum deviation = 4.65% under 20 ppm CO gas), as

Figure 3. Gas test results of a metal oxide gas sensor with microporous Cu(BTC)/PDMS filters. (a) Sensor response to H2 gas, (b) adsorption
efficiency for H2 gas, (c) sensor response to CO gas, (d) adsorption efficiency for CO gas, (e) selectivity for H2/CO gases, (f) selectivity improvement
factor, (g) sensor response to CO gas, and (h) adsorption efficiency for CO with insertions of one, two, and three filters in series.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c00143
ACS Appl. Mater. Interfaces 2020, 12, 13338−13347

13341

https://pubs.acs.org/doi/10.1021/acsami.0c00143?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00143?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00143?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00143?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c00143?ref=pdf


shown in Figure S3. The sensor response also did not change
over time, which means there is no degradation of the
adsorption efficiency of the filters, as shown in Figure S4.
These results show that the developed filter can improve the
selectivity of a metal oxide gas sensor without a trade-off in
reproducibility and long-term stability.
Figure 3g,h present the change of the response and the

adsorption efficiency for CO gas of the sensor when two or three

microporous filters are connected in series. As shown in these
two figures, when the number of mounted filters increases, the
response of the sensor to CO gas decreases and the adsorption
efficiency increases accordingly. Here, lower adsorption
efficiency for higher CO concentration is partially resolved
using a series of several filters. After the insertion of three filters,
the adsorption efficiency did not decrease rapidly even at a high

Figure 4. Reduction of the RH effect by the microporous MIL-160/PDMS filters with an RH sensor (a−d) and a metal oxide gas sensor (e−h): (a,b)
response of a RH sensor (a) and RH reduction (b) by bare microporous PDMS filter, 20 wt % microporous MIL-160/PDMS filter, and 40 wt %
microporous MIL-160/PDMS filter; (c,d) response of a RH sensor (c) and RH reduction (d) by the insertions of one, two, and three 40 wt %
microporous MIL-160/PDMS filters in series; (e,f) response of a metal oxide gas sensor (e) and adsorption efficiency (f) of bare microporous PDMS
filter, 20 wt %microporousMIL-160/PDMS filter, and 40 wt %microporousMIL-160/PDMS filter; (g,h) response of a metal oxide gas sensor (g) and
adsorption efficiency (h) by insertions of one, two, and three 40 wt % microporous MIL-160/PDMS filters in series.
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concentration of 160 ppm CO gas and remained high at more
than 63%.
Characterization of the Microporous MIL-160/PDMS

Filters with a Metal Oxide Gas Sensor. Figure 4 shows the
humidity adsorption test results for the microporous MIL-160/
PDMS filter. In Figure 4a, relative humidity (RH) is measured
by the humidity sensor for input RHs of 20, 40, 60, and 80%.
Here, “input RH (%)” is the set RH controlled by the
experimental setup, and “measured RH (%)” is the RH after
filtration measured by the humidity sensor. Figure 4b is a graph
summarizing the effect of the RH reduction by the microporous
MIL-160/PDMS filter, and the degree of the RH reduction (RH
reduction) is defined as follows.

= − ×RH reduction (%) 1
measured RH (%)
measured RH (%)

100%s

n

i
k
jjjjj

y
{
zzzzz

(3)

where “measured RH (%)n” is measured RH when the filter is
not inserted and “measured RH (%)s” is measured RH when the

filter is inserted. In addition, “RH reduction (%)” refers to the
degree of RH reduction when the filter is inserted as compared
to when the filter is not inserted.
These two graphs show that when 20 and 40 wt %

microporous MIL-160/PDMS filters were inserted, the RH
was significantly reduced as compared to the value measured
without filter. The RH reduction by each filter increased more as
the amount of coated MIL-160 increased. RH reduction by 20
wt % and 40 wt %microporous MIL-160/PDMS filters was 39.3
and 61.1%, respectively. However, with microporous MIL-160/
PDMS filter, the sensor response was not recovered quickly
when dry air was injected. This is because the moisture adsorbed
by the microporous MIL-160/PDMS filter did not quickly
escape from the filter. The more the amount of coatedMIL-160,
the longer the injection time of the humid air, and the more the
number of mounted filters, the longer the recovery time became.
The problem with this long recovery time can be solved by
heating and drying the filter; details of the design and
demonstration are provided in Figure S5. Figure 4c,d shows

Figure 5.Gas test results of the mixture of (a,b) H2 and CO gas with Cu(BTC)/PDMS filter, (c,d) H2 and humid air with MIL-160/PDMS filter, and
(e,f) H2, CO, and humid air with both filters: (a) H2 sensor response and (b) selectivity to the mixture of 20 ppmH2 and 20/40/80 ppmCO gas with/
withoutmicroporous Cu(BTC)/PDMS filter. (c) H2 sensor response and (d) selectivity to themixture of 20 ppmH2 gas and RH 20/40/60% air with/
without microporous MIL-160/PDMS filter. (e) H2 sensor response and (f) selectivity to the mixture of 20 ppm H2 gas, RH 40% air, and 20/40/60
ppm CO gas with/without microporous Cu(BTC)/PDMS and MIL-160/PDMS filters.
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the changes of the RH and RH reduction when 1, 2, and 3
microporous MIL-160/PDMS filters were mounted. As the
number of filters increased, the RH reduction also increased.
When three filters were mounted in series, the maximum RH
reduction rate was 82%.
Figure 4e,f presents the change of baseline resistance of the

metal oxide gas sensor under various RHs to confirm the
moisture removal effect of the microporous MIL-160/PDMS
filter for the gas sensor. As shown in these figures, the response of
the metal oxide gas sensor to RHwas significantly reduced when
the microporous MIL-160/PDMS filter was mounted (Figure
4e). The adsorption efficiency of the 20 wt %microporousMIL-
160/PDMS filter was up to 40% and that of the 40 wt %
microporous MIL-160/PDMS filter was up to 68% (Figure 4f).
Similar to the Cu(BTC) filters, the adsorption efficiency was
only affected by the total amount of the coating material (i.e.,
MIL-160) not the filter size, as shown in Figure S6. Furthermore,
the adsorption efficiency dramatically increased as the number
of filters increased, and the adsorption efficiency increased up to
98.7% when three filters were mounted in series (see Figure
4g,h). On the other hand, as in the previous humidity sensor test,
the sensing delay of the gas sensor occurred by the insertion of
the filter. Detection delay time of about 30 s occurred when one
filter was mounted. As the number of filters increased, the
detection delay time became longer. When three filters were
mounted, the detection time was delayed by about 100 s.
Finally, the reproducibility of the MIL-160/PDMS filter was

investigated. The standard deviation of RH adsorption efficiency
between five different filters at each concentration was lower
than 6% (maximum deviation = 5.53% under RH 20%), and the
change of the adsorption efficiency after 3 months was negligible
(deviation <3%), as shown in Figures S7 and S8, respectively.
This excellent reproducibility can be attributed to the repeatable
coating process of MOFs and good adhesion between
microporous PDMS and MIL-160.
Performance of the Microporous Cu(BTC)/PDMS and

MIL-160/PDMS Filters with a Metal Oxide Gas Sensor.
Figure 5 shows the results of the gas selectivity test with the
microporous Cu(BTC)/PDMS and MIL-160/PDMS filters to
the mixtures of H2, CO, and humid air. In order to evaluate the
filtering performance, the H2 selectivity was defined as the
change in the sensor response to the pure H2 and gas mixture,
which is expressed as follows

=
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where SH2
and Smixture are the responses (ΔR/R0) of the sensor to

pure H2 gas and the gas mixture, respectively. Figure 5a shows
the response of the metal oxide gas sensor to the mixture of 20
ppmH2 and 20/40/80 ppmCOgas. The sensor responses to the
mixture of 20 ppm H2 and 20/40/80 ppm CO gas (Smixture =
−0.69, −0.74, and −0.74 to 20, 40, and 80 ppm CO,
respectively) was higher than that to the pure 20 ppm H2 gas
(SH2

= −0.34) because the metal oxides react with both H2 and
CO gas and both have reducing nature. On the other hand, the
sensor response with the microporous Cu(BTC)/PDMS filter
(Smixture = −0.46, −0.50, and −0.50 to 20, 40, and 80 ppm CO,
respectively) showed relatively a small difference with the
response to pure H2 gas (SH2

= −0.34) because the filter
effectively captured the interfering COmolecules in the mixture

gas. In summary, the H2 selectivity was improved by 2.44−2.84
times with the Cu(BTC)/PDMS filter, as shown in Figure 5b.
Figure 5c shows the response of the metal oxide gas sensor to

the mixture of 20 ppm H2 gas and RH 20/40/60% air. The
sensor responses to the mixture gas (Smixture =−0.43,−0.58, and
−0.61 to RH 20, 40, and 60% air, respectively) was also higher
than that to the pure 20 ppmH2 gas (SH2

=−0.34) because of the
interference by humidity, and the interference effect of humid air
was reduced by using the microporous MIL-160/PDMS filter
(Smixture = −0.34, −0.38, and −0.44 to RH 20, 40, and 60% air,
respectively). The H2 selectivity to RH 20, 40, and 60% air was
improved by 87.2, 5.83, and 2.70 times with the MIL-160/
PDMS filter, as shown in Figure 5d. Notably, in the low humidity
region (i.e., RH 20% air), most of the moisture in the
atmosphere was captured by the filter, resulting in a significantly
enhanced selectivity. In contrast, the performance of the filtering
system was relatively deteriorated in the high humidity region
because of the limited adsorption capacity of MOFs. This
problem can be resolved by increasing the total amount of MOF
materials (e.g., by increasing the size, number, and MOF
concentration of the filter), as discussed in the previous section.
Furthermore, in case of prolonged exposure to high humidity or
CO concentration, replacement with new filters on a regular
basis will prevent the problem of filter saturation.
Finally, the sensor response to the mixture of H2 gas, CO gas,

and humid air was investigated to prove the performance of the
filtering system in terms of selectivity against CO and stability
against the moisture interference. In the filtering system, water
molecules are filtered by themicroporousMIL-160/PDMS filter
first and CO molecules are adsorbed by the microporous
Cu(BTC)/PDMS filter. According to previous studies, Cu-
(BTC) is not stable under certain humid conditions (RH
maintained higher than 30% at 25 °C).36 Therefore, the
degradation of Cu(BTC) should be prevented by installing an
MIL-160/PDMS filter, which can adsorb water molecules, in
front of the Cu(BTC)/PDMS filter, as shown in Figure 1. As
shown in Figure 5e, the interfering effects of CO and humid air
were clearly reduced by inserting both the Cu(BTC)/PDMS
andMIL-160/PDMS filters. The H2 selectivity to the mixture of
20 ppm H2 gas, RH 40% air, and 20/40/80 ppm CO gas was
improved by 7.87, 4.94, and 3.29 times, respectively, by using
both filters, as shown in Figure 5f. Therefore, it can be concluded
that our proposed MOF-loaded microporous elastomer filters
can be simultaneously integrated into the gas detecting system
for reducing the interfering effects of CO and humidity, resulting
in a more selective and stable detection of H2 gas.

■ CONCLUSIONS

In summary, we have proposed novel microporous gas filters
based on the 3D microporous elastomer coated with MOFs to
improve the gas selectivity and to minimize the moisture
interference of metal oxide gas sensor. The microporous PDMS
structure functions as an excellent filter frame because of its easy
fabrication and structural advantages such as three-dimensional
multimicrochannel, large surface area, and so forth. The MOFs
(Cu(BTC) and MIL-160) were coated by a simple and rapid
squeeze coating method. In addition to the MOFs mentioned in
this study, various other functional materials can be coated and
used as a multipurpose filter. This filter has the advantage that it
requires less pressure and equipment than the conventional
membrane filter, and the manufacturing process is very simple.
In particular, the microporous Cu(BTC)/PDMS filter was able
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to exhibit high performance by containing about 2.75 times
more contents of Cu(BTC) than the method of in situ growth
on the commercial PU sponge.
The gas sensing test with the Cu(BTC)-coated microporous

PDMS filter proved that the response of the sensor to H2 gas did
not get affected, while that to CO gas considerably decreased. As
a result, the use of the microporous Cu(BTC)/PDMS filter
could dramatically improve the selectivity of the metal oxide gas
sensor for H2 gas against CO gas. In the case of MIL-160-coated
microporous PDMS filter, which has an excellent adsorption
capacity to the moisture, the RH was reduced by up to 61.05%.
Also, the metal oxide gas sensor test result showed a high
adsorption efficiency of 76.20% for moisture. When three filters
were assembled together in series, the filter showed a very high
adsorption efficiency of 98% and interference frommoisture was
negligible. We believe that the proposed microporous PDMS
filters coated with MOFs can be utilized in various gas sensing
applications such as hydrogen energy systems (e.g., hydrogen
fuel cell), medical diagnosis systems (e.g., breath detection-
based disease diagnosis), and environmental monitoring
systems (e.g., air pollution sensing) that require high selectivity
and stability in a humid environment.

■ METHODS
Preparation of Microporous PDMS Structure. Microporous

PDMS structure was fabricated using the process introduced in our
previous works.53,55 As shown in Figure S9, a sugar cube was immersed
in the mixture of PDMS pre-polymer and curing agent (weight ratio of
10:1). Then the pre-polymer was completely absorbed in the sugar cube
under vacuum for 1 h. After curing in an oven at 70 °C for 3 h, PDMS on
the surface of a sugar cube was removed to expose the sugar to outer
surface. Then, sugar was dissolved in DI water for 24 h. After additional
washing with DI water and drying at 60 °C in a vacuum oven for 24 h,
microporous PDMS structure was obtained.
Synthesis of Cu(BTC) and MIL-160. The synthesis method of

Cu(BTC) was introduced by Schlichte, et al.59 Figure S10a is a
schematic image of the synthesis process of Cu(BTC). Copper(II)
nitrate trihydrate (Cu(NO3)2·3H2O) (1.53 g) was dissolved in 25 mL
of DI water, and 0.89 g of trimecic acid (C6H3(CO2H)3) was dissolved
in 25 mL of ethanol. These two solutions were mixed under stirring
conditions for 30 min at room temperature. Then, a well-mixed
precursor was placed in an autoclave andCu(BTC) was hydrothermally
synthesized at 120 °C for 24 h. After filtration and washing it with
ethanol, synthesized blue crystal of Cu(BTC) was dried in a vacuum
oven at 100 °C for 24 h.
The synthesis of MIL-160 was conducted using the method

proposed by Cadiau, et al.44 Figure S10b shows the synthesis process
of MIL-160. FDCA (2,5-furandicarboxylic acid) (4.69 g), 7.24 g of
aluminum chloride hexahydrate (AlCl3·6H2O), and 1.2 g of sodium
hydroxide (NaOH) were dissolved in 20 mL of DI water. The solutions
weremixed in a round-bottom flask and heated at 100 °Cwithmagnetic
stirring for 24 h. After being cooled down to the room temperature, the
product was filtered and washed with ethanol. Then, beige-colored
MIL-160 was obtained after 24 h of drying at 100 °C in a vacuum oven.
Coating of Cu(BTC) and MIL-160 onto a Microporous PDMS

Structure. The synthesized MOFs were coated onto the microporous
PDMS structure by squeeze−coating, as shown in Figure S11. First,
each MOF was fully dispersed in 5 mL of ethanol by sonication. Then,
the microporous PDMS structure was immersed in the solution and
squeezed several times until the solution was fully absorbed. TheMOF-
adsorbed filter was dried at room temperature in air for 1 h and then
further dried in a vacuum oven for 24 h to completely remove the
residual solvent. As a result, 10 and 20 wt % of Cu(BTC) and 20 and 40
wt % of MIL-160 were coated onto the microporous PDMS structure,
considering the pore volume of the microporous PDMS structure and
the densities of Cu(BTC) (0.35 g/cm3) and MIL-160 (1.097 g/cm3).

Gas Sensing Test Method and Procedure. We conducted gas
sensing tests to determine the effect of selective CO adsorption capacity
of the microporous Cu(BTC)/PDMS filter and the moisture
adsorption capacity of the microporous MIL-160/PDMS filter for the
improvement of the selectivity and the removal of moisture interference
of the sensor, respectively. A commercial metal oxide gas sensor (MQ-
5, Zhengzhou Winsen Electronics Technology Co., China) based on a
SnO2 thin film as the sensing material was commonly used for the gas
and humidity test. In addition, by conducting a humidity test using a
humidity sensor as well as a gas sensor, the humidity adsorption effect of
the microporous MIL-160/PDMS filter was quantitatively confirmed.
The microporous PDMS structures with/without Cu(BTC) and MIL-
160 were inserted into a filter holder made using a 3D printer. Then, the
filter holder was installed in front of the inlet side of the sensor
chambers with dimensions of 100 mm × 70 mm × 65 mm for the CO
gas test and 112 mm × 47 mm × 20 mm for the humidity test. The
ambient temperature wasmaintained at 23 °Cduring the entire gas test.
The detailed schematic illustration of the experimental setup for the
abovementioned gas sensor test is provided in Figure S12. Additionally,
a membrane heater for the drying process of the microporous MIL-
160/PDMS filter was fabricated following a fabrication process of the
previously reported flexible membrane heater.60,61 Using the test results
with gas sensors and humidity sensors, we compared the selective
adsorption performances of various microporous filters.
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