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a  b  s  t  r  a  c  t

The  influence  of hollowness  variations  on the  gas-sensing  performance  of  ZnO  hollow  fibers  (Hfs)  was
investigated  by  varying  their  hole  diameter.  The  hole  diameter  of  the  ZnO  Hfs  was  changed  using  template
polymer  fibers  with  various  diameters,  which  were  synthesized  by electrospinning.  Hfs  with  smaller  hole
diameters were  more  sensitive  to both  reducing  and  oxidizing  gases  than  those  with  larger  diameters.
The  improved  gas-sensing  ability  was  attributed  to  the  increased  surface  area  of  the  Hfs  due  to the  smaller
eywords:
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ollow fiber
ole diameter
urface area

hole  diameter.  The  results  show  that the hole  diameter  is  a key  shape  parameter  and  should  be  accurately
monitored  to  maximize  the  gas-sensing  properties  of  Hfs;  thus,  in  this  paper  an important  guideline  for
the use  of  oxide  Hfs  in chemiresistive-type  gas  sensors  is provided.

©  2016  Elsevier  B.V.  All  rights  reserved.
as sensor

. Introduction

Chemiresistive-type gas sensors based on oxide hollow fibers
Hfs) are well known for their remarkable gas response; their excel-
ent performance, which is superior to that of sensors fabricated
rom regular, solid fibers, is due to the doubled surface area pro-
ided by the inner and the outer surfaces of the Hfs, which offer
ore adsorption sites for the surrounding gas molecules [1–4].
oreover, the control of the population density of the potential

arriers established at the interface among the neighboring grains
n Hfs is essential to retain the excellent sensing properties of Hfs
5].

A variety of methods, including sol-gel [6,7], sputtering [5],
hermal evaporation [8–10], electrochemical process [11], elec-
rospinning [12–14], and template-assisted route [15], have been
dopted to synthesize hollow structures. Among them, the poly-
er  template-assisted electrospinning route [5,16,17] has been

uccessfully employed to synthesize Hfs with a controlled hole
iameter. In this route, a combination of electrospinning and
tomic layer deposition (ALD) techniques is used. First, polymer
bers with a uniform diameter are synthesized by an electrospin-

ing technique. The ALD technique, which is effective for preparing
onformal layers on irregular-shaped surfaces, is used to coat the
olymer fibers with an oxide material. Subsequently, a suitable
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heat treatment removes the core polymer fibers, resulting in the
formation of hollow oxide fibers.

In a previous investigation [18], the sensing performance of
Hfs was  found to depend on their wall thickness and the radial
modulation of the electron-depletion layer at the inner and outer
surfaces was revealed to be responsible for the gas response of
Hfs. Particularly, Hfs with thin walls in the order of the Debye
length appeared more sensitive toward reducing gases than oxi-
dizing gases. In the presence of reducing gases, the Hfs, electron
depleted by pre-adsorbed oxygen species in air, become less resis-
tive because of the electron transfer back to the conduction band of
the Hfs; conversely, oxidizing gas molecules cause marginal resis-
tance variations owing to the already electron deficient state due to
the pre-adsorbed oxygen species. Accordingly, the wall thickness
of the Hfs is an essential parameter that needs to be optimized.

According to recent investigations [19–22], the size of the
nanograins and the crystallinity are important factors that greatly
influence the electrical and sensing properties of oxide nanofibers.
Nanofibers, consisting either of smaller grains or higher crystalline
quality, usually show better sensing properties than those either
of larger grains or inferior crystalline quality. This suggests that
the simultaneous optimization of the grain size and crystallinity
is crucial to obtain a superior sensing performance from oxide
nanofibers, including Hfs.
Compared to regular, solid fibers, an important microstructural
feature of the Hfs is the presence of inner surfaces. The area of the
inner surfaces depends on the hole diameter. Hfs with a small hole
diameter are expected to have a larger surface area than Hfs with
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Fig. 1. (a) Schematic of the synthesis of ZnO hollow fibers (Hfs). Field-emission scanning electron microscopy (FE-SEM) images of ZnO Hfs with different hole diameters: (b)
5  polym
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0,  (c) 90, (d) 140, and (e) 185 nm.  (f) Variation of the diameter of polyvinyl alcohol

 large hole diameter, providing the possibility of better sensing
erformance. However, no systematic investigation has been con-
ucted yet to determine the correlation between the hollowness
ariation and the gas-sensing properties of oxide Hfs.

In this work, for the first time, in the attempt to investigate the
nfluence of the hollowness variation on the gas-sensing perfor-

ance of Hfs, we have synthesized ZnO Hfs with a range of hole
iameters by combining the electrospinning and ALD techniques,
hile using polymer fibers as templates, and examined their gas-

ensing properties as a function of the hole diameter. The Hfs with
 small hole diameter revealed superior sensing properties when
ested with a reducing gas, owing to the increased surface area.

his results provides a useful guideline for the use of oxide Hfs in
hemiresistive-type gas sensors.
er fibers.

2. Experimental

ZnO Hfs with various hole diameters were synthesized by a com-
bination of electrospinning and ALD techniques. First, polyvinyl
alcohol (PVA) polymer fibers were synthesized by the electro-
spinning technique. The diameter of the electrospun fibers was
controlled by changing the polymer content in the electrospin-
ning solution, while keeping all the other parameters constant. In
the second step, ZnO layers were deposited by ALD. Subsequently,
the template polymer core fibers were removed by performing a
heat treatment at 500 ◦C in air for 0.5 h. The number of ALD depo-
sition cycles to achieve ZnO Hfs with the same wall thickness of

∼60 nm was 700. Fig. 1a presents a schematic diagram of the overall
procedure used for the growth of ZnO Hfs. Details of the electro-
spinning conditions (procedure for the electrospinning solution,
applied voltage, distance between the nozzle and the substrate,
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Fig. 2. FE-SEM images of ZnO Hfs with different hole diameters: (a) 50,

tc.) used for the synthesis of the template core polymer fibers and
he ALD deposition (precursors and operating procedure for ZnO
eposition, etc.) of the ZnO shells have been described in detail
lsewhere [18].

The microstructure of the synthesized ZnO Hfs was examined
y field-emission scanning electron microscopy (FE-SEM, Hitachi
-4200) and high-resolution transmission electron microscopy
HR-TEM, Jeol/JEM-2100F). The surface area of the ZnO Hfs was
haracterized using the Brunauer–Emmett–Teller (BET) method.

For the sensing measurements, Ti (∼50 nm thick) and Au
∼200 nm thick) bilayers were deposited by sputtering Ti and Au
argets on ZnO Hfs that had been spread over SiO2-grown (∼200 nm
hick) Si (100) substrates using a comb-shape metal mask. The pro-

edure for electrode fabrication is described in detail elsewhere
23,24]. The gas-sensing capabilities of the sensors based on ZnO
fs were investigated using CO and H2, and NO2 as representative
, (c) 140, and (d) 185 nm.  (e) Variation of the hole diameter of ZnO Hfs.

reducing and oxidizing gases, respectively. The sensing measure-
ments were performed using a gas dilution and testing system
described in detail in earlier reports [25–27]. The measurement
temperature was  set to 375 ◦C, which was selected after a series
of preliminary experiments. For the sensing measurement, the
sensors were kept in a horizontal-type tube furnace which was
connected to an electrical measurement system (Keithley 2400)
interfaced with a computer. The details of the setup used for the
sensing measurements have already been described in one of our
earlier studies [23]. The sensors were heated to the operating tem-
perature 375 ◦C by the tube furnace, not by the Pt heating element
usually fabricated by screen printing on the back-side of the sen-
sor substrate. The sensor response (R) was  determined using the

following equation: R = Ra/Rg or Rg/Ra, where Ra and Rg are the
resistances in the absence and presence of the target gas, CO or
NO2, respectively.
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F hole d
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ig. 3. TEM images and SAED patterns taken from individual ZnO Hfs with various 
. Results and discussion

Fig. 1b–e shows typical FE-SEM images of the template PVA
olymer fibers with different diameters. The diameter of the
iameters: (a) and (b) 50, (c) and (d) 90, (e) and (f) 140, and (g) and (h) 185 nm.
polymer fibers was controlled by changing the polymer content
in the electrospinning solution, and consequently modifying its
viscosity. The insets show the corresponding low-magnification
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ig. 4. Responses of ZnO Hfs with different hole diameters to: (a) CO and (c) NO2 ga
t  0.1 ppm concentrations of: (b) CO and (d) NO2 gases. The inset shows the corresp

E-SEM images, which reveal the overall features of the polymer
bers. The diameter of the polymer fibers increased with increasing
olymer content, as shown in Fig. 1f. A linear relationship between
he polymer content and the diameter of the produced polymer
bers showed that the diameter of the polymer fibers can be con-
rolled on the nanometer scale by properly varying the viscosity of
he electrospinning solution; the increase of the viscosity results in
hicker polymer fibers.

On these polymer fibers, ZnO layers were deposited by ALD.
he core polymer fibers were subsequently removed by the heat
reatment, which only left the ZnO shell layers, resulting in the for-

ation of ZnO Hfs. By applying 700 cycles of ALD deposition, Hfs
ith a wall thickness of ∼60 nm were obtained. Fig. 2a–d shows the
icrostructures of the ZnO Hfs with various hole diameters; the

nsets show the corresponding low-magnification images reveal-
ng a random and uniform distribution of Hfs on the substrate. The
ole diameter was changed gradually using polymer core fibers
ith different fiber diameters. Notably, the Hfs were composed of
ano-sized grains, also called nanograins. The role of nanograins in
elation to the gas-sensing properties was studied systematically

22,28–30]. The microstructure of the ZnO Hfs was investigated fur-
her by TEM, and the results are displayed in Fig. 3. Fig. 3a,c,e, and g
resents typical low-magnification TEM images taken from individ-
al ZnO Hfs with different hole diameters. The average grain sizes
mmary of the relationship between the response of ZnO Hfs and their surface area
g dynamic resistance curves of ZnO Hfs with the largest hole diameter of 185 nm.

were evaluated to be 18, 19, 19, and 17 nm for ZnO Hfs with hole
diameters of 50, 90, 140, and 185 nm,  respectively. This indicates
that the grain sizes were similar irrespective of hole diameter. The
semi-transparent region with dark boarders indicates the hollow
nature of the nanofibers. The selected area electron diffraction pat-
terns (SAEDs) showing ring-shaped spots in Fig. 3b,d,f, and h, clearly
indicates the polycrystalline nature of the ZnO Hfs. In a previous
investigation [18], the crystalline phase of the ZnO Hfs synthesized
under identical conditions was examined by XRD. According to the
results [18,19], ZnO Hfs exhibited a hexagonal wurtzite structure
of high crystalline quality.

The hole diameter of the ZnO Hfs is summarized in Fig. 2e.
The hole diameter showed an almost linear relationship with the
polymer content in the electrospinning solution, thereby with the
diameter of the template polymer fibers. Notably, the hole diam-
eter of the ZnO Hfs was  slightly smaller than the diameter of the
polymer fibers, likely because of slight shrinkage of the shell layers
along the radial direction of the fibers during the heat treatment
process.

The gas-sensing properties of the ZnO Hfs with various hole

diameters were measured using typical reducing (CO) and oxidiz-
ing (NO2) gases at concentrations of 0.1, 1, 5, and 10 ppm. Fig. S1 of
Supplementary Information shows the dynamic resistance curves
of the ZnO Hfs to CO gas. All the sensors clearly track the supply
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Fig. 5. Summary of the surface area of ZnO Hfs as a function of hole diameter.
The inset shows N2 adsorption–desorption isotherms of ZnO Hfs with 50 nm hole
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Appendix A. Supplementary data
iameter.

nd cessation of CO gas. Fig. 4a summarizes the CO response of
he ZnO Hfs with various hole diameters. To show more clearly
he relationship between the CO response and the hole diameter,
he response behaviour of the ZnO Hfs to 0.1 ppm CO is replotted
s a function of the hole diameter in Fig. 4b. As the hole diameter
ncreases, the CO response of the ZnO Hfs decreases. As an exam-
le, the inset shows the dynamic resistance curve of ZnO Hfs with

 hole diameter of 50 nm.  Fig. S2 of Supplementary Information
hows the dynamic response curves obtained from the ZnO Hfs for
O2. Fig. 4c presents the corresponding NO2 responses. In addi-

ion, Fig. 4d shows the response behaviour to 0.1 ppm NO2. Similar
o the case of the reducing gas CO, the NO2 response decreased with
ncreasing hole diameter. The gas sensing measurement for H2 was
lso performed and the response curves and responses for 1 ppm
2 are summarized in Fig. S3 of Supplementary Information. The

esponses show the same trend as the cases of CO and NO2, demon-
trating that ZnO Hfs with a small hole diameter are favourable to
btain superior sensing properties.

The sensing mechanism operating in the ZnO Hfs can be under-
tood based on n-type semiconductors. According to an earlier
tudy [18], the wall thickness of the ZnO Hfs influences their sensing
bility significantly. In the current work, radial modulation of the
lectron-depletion region in the wall must be almost identical for
ll the samples because Hfs with the same wall thickness of 60 nm
ere synthesized. Therefore, the effect of the wall thickness on the

ensing ability can be excluded. On the other hand, the crystallinity
nd grain size of the ZnO Hfs may  be another important parame-
er that can affect the sensing ability. In the current study, though
he same heat treatment was applied to all the samples, their crys-
allinity and grain size might be different due to the different inner
nd outer surface curvatures of Hfs. However, as is obvious from
he TEM images shown in Fig. 3, all the Hfs consist of nanograins
ith similar grain sizes ranging from 17 to 19 nm irrespective of
ole diameter. The SAED ring patterns with similar brightness in
ig. 3 for all the ZnO Hfs indirectly suggest that the crystallinity
f the Hfs is likely to be similar. In addition, in our earlier work
18], the similar crystallinity and grain size were established in all
he ZnO HFs with different wall thicknesses synthesized by using
he same conditions used in the current paper. Therefore, the crys-
alline quality and grain size of the ZnO Hfs can be assumed to be
dentical irrespective of hole diameter, meaning that both factors

an be neglected in interpreting the sensing properties of ZnO HFs
ith respect to hole diameter.
tors B 232 (2016) 698–704 703

Therefore, the specific surface area is probably the only factor
that can be responsible for the different response behaviours of the
Hfs. This is because the change in hole diameter naturally modifies
the surface area of the ZnO Hfs. Fig. S4 of Supplementary Informa-
tion shows the results of BET measurements of the Hfs in relation
to the hole diameter. As summarized in Fig. 5, the specific urface
area increased with decreasing hole diameter. The inset is the BET
curve taken from the Hfs with the hole diameter 50 nm as an exam-
ple. Accordingly, the stronger sensor response of ZnO Hfs with a
smaller hole diameter is more likely to be originated from the larger
specific surface area, i.e., the hole diameter of Hfs needs to be opti-
mized to improve the sensing performance. The results suggest that
a smaller hole diameter is more advantageous to obtaining superior
sensing properties of Hfs. It is of note that all the ZnO Hfs consist of
highly densely-packed grains, as is evident from the TEM images in
Fig. 3. No considerable gap or void between ZnO nanograins exists.
Therefore, it is reasonable to claim that the change in the specific
surface area of Hfs mainly originates from the variation of hole
diameter. In addition, the response and recovery times for 0.1 ppm
CO gas are summarized in Table S1 of Supplementary Information.
Notably, the response and recovery times are similar for all ZnO
Hfs, regardless of the different hole diameters, indicating that the
hole diameter has no significant influence on diffusion kinetics of
gas molecules. The hollowness of ZnO HFs was changed by control-
ling the hole diameter of HFs in this study. According to Figs. 5 and
S4 of Supplementary Information, the specific surface area of the
HFs with an average hole diameter 50 nm was  almost doubled in
comparison to ones with 185 nm.  We  believe that this difference is
enough to cause the change in gas response of the HFs in relation
to the hole diameter shown in Fig. 4.

The control of morphology is one of important issues in HF’s
sensing properties. The main purpose of the control of morphol-
ogy is to increase the specific surface area of HFs, which is one of
key materials parameters in chemiresistive-type sensors. Sensor
materials with a large specific surface area will experience more
resistance change during interaction of gas molecules with the
surface of sensor materials. Accordingly, by the increased specific
surface area of HFs, improved sensing properties will be expected.
In this study, we have controlled the hole diameter of ZnO HFs to
increase the specific surface area of HFs and confirmed the small
hole diameter results in the larger specific surface area, conse-
quently leading to improved sensing properties.

4. Conclusions

ZnO Hfs were synthesized by combining the electrospinning and
ALD techniques. The surface area of the ZnO Hfs was controlled
by varying the hole diameter, which was  achieved by applying
template polymer fibers with various diameters. The effect of
the surface area on the gas-sensing performances of the Hfs was
investigated using CO and NO2 gases. The improved gas-sensing
ability was  attributed to the increased surface area of the Hfs, due
to a smaller hole diameter. For the efficient use of oxide Hfs in
chemiresistive-type gas sensors, Hfs with a smaller hole diame-
ter will be more advantageous, which is a useful guideline for the
application of Hfs in gas sensors.
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