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etal oxide gas sensors have at-

tracted much attention because

of their applications in medical
diagnosis, environmental monitoring, per-
sonal safety, and national security.' * Their
sensing performances depend on the inter-
action between the testing gas molecules
and the adsorbed oxygen molecules on the
surface of sensing films. Thus, the struc-
tural parameters of the film including pore
size, surface area, and film thickness can
greatly influence the properties of the
sensors.” ¢ Up to now, extensive fundamen-
tal and technological efforts have been
dedicated to fabricate perfect gas-sensing
elements.’~ ' The various nanostructured
materials, especially nanoparticles, have
been numerously reported for application
in gas-sensing devices.'>~'® Compared with
those thick compact film-based sensors,
nanoparticle-based sensors have achieved
superior sensing performance because of
their small particle size and high surface
area. However, there are still some prob-
lems that exist: First, the nanoparticles are
usually interconnected and aggregated,
which will decrease the specific surface
area, and the agglomerate of the particles
does not avail the gas diffusion to the inte-
rior of the sensing films. Second, these sens-
ing films are usually fabricated by the
simple print technique, in which the pore
size and homogeneity of the film thickness
cannot be precisely controlled, resulting in
the uncontrollability of the resulting sens-
ing performance. Therefore, production of
the nanostructured films with homoge-
neous thickness as well as controlled pore
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ABSTRACT The double-layer hetero-apertured porous films with hierarchical micro/nanoarchitectures were

fabricated on a desired substrate, based on a simple and flexible strategy alternately using the monolayer colloidal

crystal with different sizes of colloidal spheres as templates. Such films are of biperiodic ordered structures and

can be fully lifted off from the substrate and present a freestanding property. The structures and morphologies of

the films can be controlled by combination of the colloidal monolayers with different sphere sizes. The

corresponding gas sensing devices were also built. Representatively, the In,0; hierarchically micro/nanostructured

porous film-based sensors have shown both higher sensitivity and much faster response to NH; atmosphere than

the corresponding conventional nanostructured ones. Importantly, the gas-sensing parameters (i.e., response time

and the sensitivity) can be well-controlled separately in a large range simply by changing the pore sizes in different

layers of the porous film. Further, for the application, a diagram of gas-sensing parameters (t;—S$ diagram) was

presented, which can not only give a measurement of sensing performances but also well guide design and

fabrication of the hierarchically structure-based sensors with desired sensing performances. This work is an

important step toward the practical application of the nanostructured porous film sensors.

KEYWORDS: hetero-apertured porous film - hierarchical
micro/nanoarchitectures - structurally induced sensing controllability - gas-sensing

devices - oxide semiconductors

size is very important both in scientific inter-
est and in practical application for develop-
ment of the next generation of nanostruc-
tured gas sensors.

Two-dimensional (2D) ordered nanostruc-
ture porous films possess high specific sur-
face area and ordered arrangement’®~2" and
thus have extensive applications in many ar-
eas, such as photonic crystals,? catalysis,?> ac-
tive substrates for surface-enhanced Raman
spectroscopy,?* data storage media,? etc. Im-
portantly, these films can be fabricated on
any desired substrate (flat or curved surfaces),
with the homogeneous and controlled film
thickness and the controllable pore sizes, by
the solution-dipping, vapor deposition, and
electrodeposition based on a template
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Scheme 1. First, a flat glass
substrate covered with a col-
loidal monolayer of 1000 nm
PSs is dipped into the precur-
sor solution. The colloidal
monolayer will thus be de-
tached, due to the surface ten-
sion of the solution and the
difference in the wettability
between the glass substrate
and the colloidal crystals,?
and float on the surface of the
solution (as shown in Scheme
1a,b). Second, the floating
monolayer is picked up using
a desired substrate with a flat
or curved surface. The colloi-

Drying and
annealing

(2)

Scheme 1. Outline of the layer-by-layer synthesis strategy for preparing hierarchically micro/nano-
structured porous films. (a) Flat glass substrate covered with a colloidal monolayer of 1000 nm PSsis  we use the dried substrate,

dipped into the precursor solution; (b) the colloidal monolayer floats on the surface of the solution; (c)  gvered with the monolayer
the monolayer is picked up using a substrate; (d) after drying the substrate with the monolayer in a fur-
nace (120 °C); (e) the colloidal monolayer of smaller PSs (<1000 nm) floats on the surface of the solu-
tion [similar to (b)]; () using the dried substrate covered with the monolayer (1000 nm PSs) to pick up  induced metal hydroxide
the colloidal monolayer, with smaller PSs, floating on the solution. (g) The hierarchical micro/nano-
structured porous film is formed on the substrate after heat treatment.

strategy of 2D colloidal crystals.?~2° Thus, such 2D po-
rous films would be good candidates for the new gas-
sensing elements,®*~32 and their sensing parameters (sen-
sitivity, response time, etc.) can be modulated based on
the controllable film structure. However, the two main pa-
rameters for such homopore sized porous film-based
sensing elements (i.e,, the sensitivity and response time)
are usually correlated with each other. It means that a
large pore size corresponds to a fast response, but low
sensitivity, and vice versa for a small pore size. The prepa-
ration of sensing elements based on such nanostructured
porous films with high sensitivity and fast response, as
well as separately controllable sensing parameters in a
large range, is a great challenge. Solution of this prob-
lem will be a big step toward the practical application of
the nanostructured porous film-based sensors.

Recently, we have developed a layer-by-layer strat-
egy for fabrication of 2D ordered multilayer oxide po-
rous films with hetero-apertured micro/nanoarchitec-
tures on a desired substrate (flat or curved surfaces) by
solution-dipping and alternately using the monolayer
colloidal crystal with different sizes of polystyrene
spheres (PSs) as templates, as schematically shown in
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dal monolayer covers the sur-
(d) face of the substrate and the
interstitial space among the
PSs, and the space between
the colloidal template and the
substrate is filled with the so-
lution due to the capillary
force. Then, the substrate,
with the monolayer and solu-
tion, is dried in a furnace (120
°C) (see Scheme 1¢,d). Next,

(1000 nm PSs) and the drying-

among their interstitials, as a
new substrate to pick up the
colloidal monolayer with
smaller diameter PSs’ floating on the solution (see
Scheme 1e,f). Obviously, the precursor solution can
wet not only the upper layer with smaller PSs but also
the drying-induced metal hydroxide in the bottom
layer, making these two layers well-connected after
the final treatment. Finally, by drying and annealing
the sample to remove the PSs, the hierarchical micro/
nanostructured ordered porous film can be obtained on
the substrate (Scheme 1g).

Using this strategy, the hierarchical porous films,
with any desired layers, can be fabricated on a curved
or flat surface. More importantly, the morphology and
structure of the porous films can be easily controlled by
the solution concentration, the diamater of PS in the
templates, etc. Also, the corresponding gas-sensing de-
vices can be built by the fabrication of the double-
layered porous films, with heteropore sizes, on a ce-
ramic tube, which is usually used for sensor substrates.
Here, In,03 is chosen as a model material, which is of
high mobility of conduction electrons and chemical/
thermal stability,3*3° to demonstrate the superior sens-
ing performance and parameter controllability of such
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hetero-apertured micro/nanostructured porous films. It
has been found that these films exhibit both higher
sensitivity and faster response to NH; at a much lower
temperature than the corresponding conventional
nanostructured ones. Importantly, the gas-sensing pa-
rameters (i.e., response time and the sensitivity) can be
modulated in a large range simply by combination of
the porous monolayer with different pore sizes. A dia-
gram of gas-sensing parameters is presented, which
can give measurement of performance of the sensors.
From this diagram, we can easily design and fabricate
the multilayer hetero-apertured porous film-based
sensing elements with desired sensing performances.

RESULTS AND DISCUSSION

Morphology and Structure. Figure 1a shows the typical
morphology of the double-layered hierarchically micro/
nanostructured porous film on an ordinary glass slide,
which is from the combination of colloidal monolayers
with PSs of 1000 and 200 nm in sizes, respectively, for
the first and top layers (or 1000/200 nm colloidal mono-
layers). Apparently, the film is homogeneous. The pores
in the film are hexagonally arranged, exhibiting biperi-
odic ordered structure with periodicities of 1000 and
200 nm, respectively. In addition, this hierarchically
structured porous film can be lifted off by blade with in-
tegrity, showing a good freestanding property. Figure
1b exhibits the morphology of the back side of the film
shown in Figure 1a (deformation of some pores is in-
duced by peeling). We can see that the pores in the first
layer are of hollow-spherical shape with truncated tops.
The spherical shells or pore walls are very thin (about
30 nm in thickness), and the small holes in the top layer
can also be clearly seen from the truncated pores, as
more clearly shown in the inset of Figure 1b.

Such a hierarchically structured porous film is signifi-
cantly different in morphology from the double-layer
porous film fabricated by the colloidal monolayers with
the same PS diameter, as illustrated in Figure 1c, corre-
sponding to the double-layer porous film from the 200
nm PSs template. It consists of double-layered and
closely hexagonally arranged pores with the same size.
Each pore in the top layer is situated on the center of
three closely packed pores in the first layer. The X-ray
diffraction (XRD) indicates that these films are com-
posed of cubic In,0s, as shown in Figure 2. The forma-
tion of the hierarchically micro/nanostructured porous
films is easily understood, which can be attributed to
the interstitial geometry of the PS template and solvent
evaporation, similar to that of the homopore sized po-
rous films.333¢ This free-standable and hierarchical po-
rous film is of high surface—volume ratio, controlled
pore sizes, and homogeneous film thickness and could
be used for smart filters, flowmeters, or for separating
tools for biomolecules. Moreover, the as-prepared hier-
archically structured porous films are highly expected
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Figure 1. FESEM images of micro/nanostructured porous films
on glass substrate. (a) In,0; hierarchical porous structure
(1000/200 nm). (b) Back side of the film shown in (a) by peel-
ing. (c) Bilayered homopore sized porous film (200/200 nm). In-
sets: the local magnification (the scale bars are 200 nm).

to be good candidates for new gas-sensing elements,
and that is what we are concerned with in this paper.
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Figure 2. XRD pattern of the film shown in Figure 1a (verti-
cal lines: JCPDS #74-1990, cubic In,053).
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Gas-Sensing Properties. On the basis of the same
method, we can directly fabricate the double-layer hier-
archically micro/nanostructured porous film on the sur-
face of a commercial ceramic tube with two preformed
gold electrodes at the parts close to its two ends and
one Pt wire inside the tube for heating, as illustrated in
Figure 3a (the length and outer and inner diameters of
the tube are about 5, 2, and T mm, respectively). In
this way, we can get a series of nanostructured gas sen-
sors with different pore sizes. The morphology of the
film on the ceramic tube is representatively illustrated
in Figure 3b, which is similar to that shown in Figure 1a.

Gas-Sensing Performance with Both High Sensitivity and Fast
Response. The electric response measurements in the
NH; atmosphere have shown that the gas sensitivity
and response time of the sensors are significantly de-
pendent on the structure and morphology of the films.
Figure 4 presents the response curves to 500 ppm NH3
gas at the working temperature of about 60 °C for the
samples (or sensors) based on the double-layered
micro/nanostructured porous films of 1000/200 (the
pore size of the first layer is 1000 nm, while the top layer
200 nm), 200/200, and 1000/1000 nm on the ceramic
tubes. Herein, the gas sensitivity (S) is defined as a ra-
tio of two electric resistance values or S = Rair/Rgas,
where R is the resistance value of the sensor in air
and Ry is the steady value of the resistance after expo-
sure to the test gas.5 8 Response time (tg) is defined as
the time required for the resistance to reach 90% of the
total variation of resistance after exposure to the test
gas. For the sample with the homopore sized porous
film of 200/200 nm, the gas sensitivity S and response
time tg are about 20.3 and 102 s, respectively, whereas
they are 3.5 and 10 s for the 1000/1000 nm, as shown in
Figure 4a,b. Obviously, for the samples with the ho-
mopore sized porous structure, the big pore size (1000
nm) corresponds to fast response (10 s) but a very low
sensitivity (3.5), while the small pore size (200 nm) leads
to the opposite situation or high sensitivity (20.3) but
with slow response (102 s). For the hierarchically porous
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Figure 3. (a) Hierarchically structured porous film (1000/200 nm)-based sensor on a ceramic tube and (b) FESEM image of the film marked

structured sample with the 1000/200 nm film, how-
ever, the values of S and t; are 14.7 and 27 s, respec-
tively (see Figure 4c). Undoubtedly, the double-layered
hierarchically structured porous film-based sensor com-
bines the advantages of both big and small sized pores

air - gas

R_/R
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Time(s)

0 100 200 300 400
Time(s)

air | gas

R_/R

1 1 1 1 1
0 100 200 300 400 500 600
Time(s)

Figure 4. Response curves to 500 ppm NH; gas at 60 °C for
different double-layer micro/nanostructured porous films.
(a) 1000/1000 nm, (b) 200/200 nm, (c) 1000/200 nm.
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and has the better sensing perfor-
mance with both high sensitivity
and fast response. Furthermore, it
is much more sensitive (9 times
higher) than the sensing film of the
In,03 nanoparticles, with 30 nm av-
erage size, which was fabricated on
the ceramic tube with about 1 mm
film thickness by a simple printing
method, as shown in Figure 5, in ad-

dition to the comparable tg.
Figure 5. FESEM image (a) and response curve to 500 ppm NH; at 60 °C (b) for the In,0; nanopar-

Further, the double-layered hier-
i 4 ticle film, which was fabricated on the ceramic tube with about 1 mm film thickness by a simple
archically nanostructured porous printing method.

film exhibits the controllability of tg
and S values just by changing the
pore sizes. The flexibility of our syn-
thetic strategy allows for the tun-
able pore sizes in the hierarchically
structured porous films. Figure 6a,b
shows the morphology of the
double-layered hierarchically micro/
nanostructured porous films on the
ceramic tubes with 1000/350 and
1000/100 nm, respectively, which is
similar to that shown in Figure 1a

R_/R

0 100 200 300
Time(s)

12
except the pore sizes in the top
layer. Correspondingly, the re-
sponse curves of 500 ppm NH; gas 8t

at the same experimental condi- x
tions as above are illustrated in Fig- &
ure 6¢,d, respectively, showing a

good controllability in sensing per-
formance. The controllability of the — . . L . L
hierarchical porous structure is 0 50 100 150 200 250 300 100 200 300 400 500 600

. Time(s) Time(s)
highly expected to modulate the

. Figure 6. FESEM images of hierarchical micro/nanostructures with different pore size combina-
gas-sensing parameters, such as S tions: (a) 1000/350 nm and (b) 1000/100 nm; (c) and (d) response curves of the films shown in (a)
and tg, in a large range, according to  and (b) in 500 ppm NH;, respectively.

practical application.

The values of S and t; for all of the samples in this
study (for 500 ppm NH; test gas) are shown in Figure 7
(a diagram of t versus S). It can be clearly seen that S
value increases mainly with the reduction of the pore
size in the top layer when the pore size of the first layer
is fixed at 1000 nm (see dashed line in Figure 7). On

the contrary, the tz value mainly depends on the pore

size of the first layer (see points c and d in Figure 7). It 750nm/500nm

means that we can control the S value mainly by the *e

pore size of the top layer and the t; value simply by that D

of the first layer. We can thus, from such a t;—S dia- 1A /(nanoparticlcs)

gram, easily design and fabricate the structure of 2041 & a _('1'00

double-layered porous films with desired sensing pa- 1 ﬁ‘ P

rameter according to practical requirements. As an ex- 0 (IOOQ/IOOOmn)‘ —

ample, if we need a sensor with the sensing parameters 0 10 20
(S, tr) located at point e (the black mark in Figure 7), ob- S

viously, the pore size of the top layer should be be- Figure 7. Diagram of the sensing parameters tg versus S for In,0; films

. with different porous structures in 500 ppm NH; atmosphere at 60 °C
tween 1000 and 350 nm (or between points a and b (see text for details). A—D correspond to the different zones in the
on the x axis), and that of the first layer should be be- diagram.
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tween 1000 and 200 nm (or between points a and d
but close to point a on the y axis), which has been con-
firmed by further experiment. Position e (the red mark
in Figure 7) corresponds to the result of the double-
layered hierarchically micro/nanostructured porous film
sensor from 750/500 nm.

Furthermore, the tg—S diagram in Figure 7 can, in
principle, give a measurement of the sensing perfor-
mance of a sensor. Different positions in the diagram
correspond to different sensing performances. Obvi-
ously, the S value is too low in regions A and B, and the
response is too slow in regions B and C (see Figure 7),
indicating that the sensors with sensing parameters in
these regions are unfavorable in practical use.>” The pa-
rameters in region D correspond to both fast response
and high sensitivity and hence are of practical
application.

We also examined the gas-sensing performances of
all the films for the other concentrations (from 20 to
2000 ppm) of the NHjs test gas, as shown in Figure 8a.
Obviously, the sensitivity of all the films shows similar
increase with the rising concentration of NH; gas. Fur-
ther, evolution of the sensing parameters with pore size
is similar to that in Figure 7, as illustrated in Figure 8b.
It should be mentioned that the on and off responses in
this study were repeated for more than 50 cycles with-
out observing significant changes in the S and t values,
indicating the good reproducibility of the sensing per-
formance. Also, the sensing performances keep almost
the same after a long-time preservation in air (about 6
months) for our samples, showing the good sensing
stability, as illustrated in Figure S1 in the Supporting In-
formation. It is expected that combination of the mono-
layer porous structure with different pore sizes into
the multilayer (more than two layers) hierarchically
micro/nanostructured porous films would lead to the
controllability of S and tz values of sensors in a large
range and meet various practical requirements.

Structurally Induced Controllability of Gas-Sensing Property. For
In,0s-based sensing elements, the change in resistance
is caused by the redox reaction on the surface of the In,O3
film in a gas atmosphere. When the film is exposed to
air, oxygen in air is chemisorbed as O~ ions on its sur-
face, and some electrons in the film are localized in the
film surface, leading to an increase of the resistance.3>*”
When exposed to a reducing gas, NHs, for instance, the re-
dox reaction occurs at a certain temperature between
the reducing gas and the adsorbed oxygen molecules,
and the amount of the adsorbed oxygen will thus be de-
creased, inducing release of the surface-trapped electrons
back to the In,0; film and hence significant reduction of
resistance. Thus, many factors can influence the sensing
performance, such as the mobility of conduction elec-
trons and the chemical/thermal stability of metal oxide,
the surface area, the pore size, and crystallite/grain size of
the films, etc. For a given film, the gas-sensing perfor-
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Figure 8. Sensitivity as a function of NH; concentration (a)
and diagram of t versus S in 2000 and 100 ppm (inset) NH;
(b) at 60 °C for the different double-layer hierarchically struc-
tured porous In,0; films (1000/100, 1000/200, 1000/350 nm).

mance should mainly depend on crystallite/grain and
pore sizes of the film.

In this study, the fabrication conditions (precursor so-
lution concentration, and drying and subsequent anneal-
ing treatment, etc.) are the same for all of the samples
with different pore sizes. It means that the crystallite/grain
sizes for all of the samples should be similar (about 12
nm), which has been confirmed by XRD results (see Fig-
ure 2 and Figure S2 in Supporting Information). So, the
structure-induced controllability of the gas-sensing prop-
erty in this study is mainly attributed to different pore
sizes. Obviously, the higher surface area (or smaller pore
size) exposed to environmental atmosphere corresponds
to the higher S value.® Meanwhile, in our case, the smaller
pore size in the top layer corresponds to the smaller pore
area at the film surface, which will thus decrease the trans-
portation rate of the gas molecules and diffusion along
the pore wall within the porous film when exposed to the
test gas atmosphere and increase the response time tg.
The results in this study are thus easily understood. When
decreasing the pore size in the top layer (keeping that of
the first layer), the S value will rise due to increase of the
specific surface area, but the response rate slows down
because of the difficult small pore-induced transportation
of the test gas. Additionally, the peculiar hierarchical
micro/nanostructure will lead to significantly more dan-
gling bonds or higher surface activity for the reaction of
the reducing gas with adsorbed oxygen molecules than
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Figure 9. Diagram of the sensing parameters tg versus S
for Fe,0; micro/nanostructured films with different
double-layer porous structures in 500 ppm NH; atmo-
sphere at 60 °C.

for the bulk structure™*® and thus remarkably decrease
the reaction temperature. In this study, our working tem-
perature is only 60 °C, much lower than that (about 300
°C) of the other In,03 sensors,'®3> which is very important
for the practical application, especially for detection of
some flammable gas.

All'in all, by combining the monolayer porous struc-
ture with different pore sizes into multilayered hierar-
chically micro/nanostructured porous films, we can
modulate both S and tg values separately in a large
range and obtain the sensors with desired sensing per-
formance, or both high sensitivity and fast response,
to meet practical requirements. Such sensors are supe-
rior to those of the nanoparticle-based ones and can
overcome the shortages of the homopore sized porous
films mentioned in the introduction section and can im-
prove the S and t values to desirable values.

Universality of the Strategy. Further, the strategy pre-
sented in this paper can also be used for some other ox-
ide semiconductor hetero-apertured porous films with
hierarchical micro/nanoarchitectures. We have success-
fully fabricated such porous films as SnO,, Fe,03, TiO,,
ZnO, CuO, etc. and obtained structurally induced tun-
able sensing parameters and better sensing perfor-
mances than the conventional nanostructured ones.
Representatively, Figure S3 in the Supporting Informa-
tion gives the results of Fe,03, which is a widely used
material in the gas-sensor industry. Correspondingly,
the hetero-apertured porous Fe,0s film with hierarchi-
cal micro/nanostructure shows both high sensitivity
and fast response and is better than that of homopore
sized porous film, as shown in Figure 9 (data from Fig-

EXPERIMENTAL DETAILS

Fabrication of Hetero-apertured Porous Films and Its Sensing Devices.
Ordinary glass slides were washed with acetone, ethanol, and dis-
tilled water in an ultrasonic bath and then in turn cleaned in 98%
H,S04/H,0, (3:1 in volume), H,O/NHj3 - H,0/H,0, (5:1:1 in volume),
and distilled water, respectively. Suspensions of monodispersed
PSs (2.5 wt % in water, surfactant-free) were obtained from Alfa
Aesar Corporation. Large-area (ca. 1 cm?) ordered PS colloidal
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ure S3 in Supporting Information). Further, we can get
some doped oxides by adding different dopant ions
into the precursor solution, which can further improve
the sensing performance. Besides, it is highly expected
that the hetero-multilayer hierarchical micro/nanostruc-
tured porous films could be fabricated by alternately us-
ing several different precursor solutions. Such films
could be of high performance for detection of multiple
gases. Also, the film surface can be decorated with
some specific organic and bio-organic receptors in or-
der to get higher selectivity.

CONCLUSIONS

In summary, the double-layered hetero-apertured
porous films with hierarchical micro/nanoarchitec-
tures and controlled pore size were fabricated on the
desired substrates, based on a simple and flexible
layer-by-layer strategy using the monolayer colloi-
dal crystal with different sizes of colloidal spheres as
templates. Such films are of biperiodic ordered struc-
tures and can be wholly lifted off from the sub-
strate and present a freestanding property. The hier-
archically micro/nanostructured porous film-based
gas sensors on the ceramic tube show both high sen-
sitivity and fast response to NH; gas and are supe-
rior to traditional ones. Importantly, such a sensor
can overcome the shortages of the homopore sized
porous film-based sensors and improve the sensitiv-
ity and the response time to the desirable values.
The S and tg can be separately modulated in a large
range by combination of the monolayer porous films
with different pore sizes. Moreover, the peculiar
hierarchical micro/nanostructure can remarkably de-
crease the reaction temperature owing to the in-
creasing dangling bonds or the surface activity for
the reaction of the reducing gas with adsorbed oxy-
gen molecules. A diagram of gas-sensing param-
eters tg versus S was presented, which can give mea-
surement of the sensing performance of sensors.
We can thus design and fabricate the hierarchically
micro/nanostructured sensors with desired sensing
performance. This work could be an important step
toward the practical application of the nanostruc-
tured porous film-based sensors and could provide
the realization in the near future of new types of
practical micro/nanostructured gas-sensing devices.

monolayers were synthesized by the spin-coating method on a
custom-built spin coater. A 0.1 M In(NOs); aqueous solution was
used as precursor solution. The glass slide covered with the colloi-
dal monolayer of 1000 nm PSs was gradually immersed into the
precursor solution at a certain angle, as shown in Scheme 1a. The
colloidal monolayer was then lifted off from the glass substrate and
floated on the surface of the precursor solution. Next, the mono-
layer was picked up with a desired substrate (ceramic tube with
curved surface or some other substrates with flat surface) and
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heated at 120 °C for 0.5 h in an oven. Subsequently, we used the
dried substrate covered with the monolayer to pick up another col-
loidal monolayer with different PS diameters (350, 200, or 100 nm,
and so on) floating on the solution and then dried it at 120 °C for
0.5 h. Finally, the temperature was increased to 400 °C at a rate of 3
°C min~" and was kept at 400 °C for 1 h to burn the PSs away, leav-
ing a hierarchically structured porous film with double layers on
the substrate and forming In,0; due to decomposition of In(NOs)s.
Similarly, a gas sensor can be built if the ceramic tube with the pre-
formed gold electrodes at the parts close to its two ends is used
as substrate.

Characterization. The morphologies of all the samples were ex-
amined on a field-emission scanning electron microscope
(FESEM, Sirion 200). Phase analysis of the films was carried out
on a Philips X'Pert powder X-ray diffractometer using Cu Ka
(0.15419 nm) radiation.

Gas-Sensing Measurements. Gas-sensing experiments were per-
formed in a static system in a custom-built experiment setup
(WS-30A) at a low working temperature (about 60 °C). It should
be mentioned that there are two small mixing fans mounted in
the sample chamber to mix the test gases sufficiently in very
short time. All of the measurements were carried out at a rela-
tive humidity of 50%, and NH; was used as test gas. The Pt wire
heater inside the ceramic tube is used to control the temperature
of the film.
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