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ABSTRACT: TiO2/ZnO double-layer hollow fibers (DLHFs) are
proposed as a superior sensor material in comparison to regular single-
layer hollow fibers (HFs) for the detection of reducing gases. DLHFs were
synthesized on sacrificial polymer fibers via atomic layer deposition of a first
layer of TiO2 followed by a second layer of ZnO and by a final thermal
treatment. The inner TiO2 receives electrons from the ZnO outer layer,
which becomes more resistive due to the significant loss of electrons. This
highly resistive ZnO layer partially regains its original resistivity when
exposed to reducing gases such as CO, thus enabling more resistance
variation in DLHFs. DLHFs are a novel material compared to HFs and can
be successfully employed to fabricate chemical sensors for the accurate
detection of reducing gases.
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1. INTRODUCTION

Oxide fibers usually synthesized by electrospinning have been
widely investigated for their potential applications in fields
where reactions taking place on the surface are of high
importance, including sensors, filters and catalysis. This is due
to their advantageous attributes, including a wide range of
potentially achievable diverse morphologies, a large surface
area, their high reproducibility, and the relatively low cost of
production.1,2 In particular, oxide fibers are considered a
promising material in the production of sensors for detection of
gaseous chemical species.3 The key parameters affecting the
sensing capabilities of oxide fibers have been largely
investigated and identified.4

For instance, one of the routes adopted to improve the
sensing properties of oxide fibers is tailoring their morphology.
Hollow fibers (HFs) have emerged as a better material for gas
sensing applications than regular solid fibers.5−9 The available
surface area is significantly increased by the cavity running
along the whole length of the fiber and providing both an outer
and an inner surface, thus conferring HFs a superior sensing
performance compared to regular solid fibers.
A further route followed to improve HFs’ sensing properties

is the optimization of the fiber wall thickness. The ideal
behavior is expected when the wall thickness is thinner than the
space charge layer established at the interface with the reducing
gas and equivalent to the Debye length, λD, of the HF’s
material. Accordingly, when the whole fiber wall in a HF is
completely depleted of electrons, the resistance variation under
exposure to reducing gases will reach a maximum.
In general, the typical λD of oxide materials corresponds to a

few tens of nanometers. For instance, λD of ZnO varies in the

range of 20−35 nm depending on the temperature and carrier
concentration.10,11 This means that the commonly prepared
ZnO HFs reach the best sensing properties for reducing gases
when their wall thickness is thinner than 20−35 nm. Such a
thin wall is quite challenging to achieve because of the risk of
collapse of HFs during the stage immediately following the
thermal treatment used to remove the sacrificial polymer fibers.
In the present study, we propose a novel methodology to

fabricate regular HFs, where the fiber wall is completely
electron-depleted even when thicker than λD. This is achieved
by employing a double-layer oxide system, namely TiO2/ZnO
double-layer hollow fibers (DLHFs). Here, an electron flow
takes place from the outer ZnO layer to the inner Ti2O one.
When the TiO2 inner layer receives electrons from the ZnO
outer layer, complete electron depletion in the ZnO layer is
promoted, thus overcoming the limitations related to the ideal
ratio between the fiber wall thickness and the λD.

2. EXPERIMENTAL SECTION
Synthesis of TiO2/ZnO DLHFs. TiO2/ZnO DLHFs were

synthesized by using a three-step process. First, polyvinyl acetate
(PVA, Mw = 80 000, Sigma-Aldrich) fibers were synthesized by
electrospinning; subsequently, TiO2 and ZnO layers were sequentially
deposited on the PVA fibers by atomic layer deposition (ALD) and,
finally, a thermal treatment was performed for the removal of the PVA
fibers used as a sacrificial template, in order to achieve a hollow
structure. For TiO2 deposition, H2O and titanium(IV) isopropoxide
(Ti(OCH(CH3)2)4, TTIP) were used as precursors. H2O and TTIP
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were separately introduced into the growth reactor to prevent a
vigorous prereaction of the two precursors while keeping the
temperature and pressure in the reactor at 150 °C and 0.1 torr,
respectively. H2O and TTIP were kept in bubblers at 25° and 40 °C,
respectively. The typical ALD pulse lengths were set at 1 s for TTIP
dosing, 10 s for N2 purging, 0.2 s for H2O dosing, and 25 s for N2
purging. The ALD cycle was repeated 1000 times, producing a 30 nm-
thick oxide layer on the core PVA fibers. For ZnO deposition,
diethylzinc (Zn(C2H5)2, DEZn) and H2O were used as precursors.
During deposition, the temperature and pressure of the ALD reactor
were maintained at 150 °C and 0.3 torr, respectively. The ALD pulse
length was set to 0.12 s for dosing of DEZn, 3 s for purging with N2,
0.15 s for dosing of H2O, and 3 s for purging with N2. The thickness of
the ZnO layer was in the range 3−70 nm and was achieved by
repeating the ALD cycle between 20 and 350 times. The experimental
procedure for the deposition of TiO2 and ZnO layers using ALD is
described in detail in the earlier reports of our research group.7,12 The
thermal treatment was performed by baking the achieved TiO2/ZnO/
PVA fibers at 500 °C for 30 min until the core PVA fibers were
completely removed. Schematic diagrams detailing the procedure for
the synthesis of DLHFs are shown in Figure 1.
Microstructure Observation. The microstructure of DLHFs was

investigated by field-emission scanning electron microscopy (FE-
SEM) and transmission electron microscopy (TEM), whereas the
crystalline phases were studied using X-ray diffraction (XRD) analysis.
Energy dispersive spectroscopy (EDS) analysis was carried out to
identify their chemical composition.
Sensing Measurement. For the sensing measurements, a

titanium/gold electrode (∼50 nm Ti/ ∼200 nm Au) was deposited
on the synthesized DLHFs via sequential sputtering of titanium and
gold targets. A metallic mask placed on the surface of the DLHFs
allowed obtaining interdigitated comb-shaped electrodes. The
performances of the fabricated sensors were investigated under
exposure to CO and NO2 as representative of a reducing and an
oxidizing gas, respectively. Measurements were performed at a
temperature 375 °C, chosen on the basis of preliminary experiments,13

using a gas sensing system. Details of the sensing system and
measurement process are given in the earlier reports of our research
group.2,14 The response under gas exposure was determined according
to the equation:

= R Rresponse /a g (1)

for CO, and according to the equation:

= R Rresponse /g a (2)

for NO2, where Ra and Rg are the resistance in the absence and in the
presence of the target gas, respectively.

3. RESULTS AND DISCUSSION
Representative FE-SEM images showing the microstructure of
TiO2/ZnO DLHFs with varying ZnO layer thickness are
reported in Figure 2a−f. Insets show the corresponding low-
magnification images, revealing the overall morphology of the
DLHFs. For comparison, the microstructure of regular, single-
layer TiO2 HFs is shown in Figure 2a. The average fiber wall
thickness and inner diameter of TiO2 HFs were ∼30 and ∼320
nm, respectively. Note that their surface appears relatively
smooth, with no apparent grains. On these TiO2 HFs, ZnO
layers were subsequently deposited, producing TiO2/ZnO
DLHFs. It is evident that the surface of the outer ZnO layers
becomes rougher as their thickness increases. The micro-
structure of DLHFs with an 8 nm thick ZnO layer was further
investigated by TEM, and the results are shown in Figure 2g−i.
As evident in Figure 2g, the presence of a dark border and a
semitransparent core region confirms the hollow nature of
DLHFs. The outer ZnO layer covers uniformly the surface of
the inner TiO2 layer, despite its very low thickness. Figure 2h is
a high-magnification TEM image from a region of the ZnO
layer where the lattice fringe matches well with the distance
between the (101) planes of ZnO (0.25 nm). The line profiles
for Zn (blue), Ti (red), and O (black) are shown in Figure 2i,
confirming again the hollow nature of TiO2/ZnO DLHFs. The
XRD patterns, as shown in Figure S1 of the Supporting
Information, reveal the tetragonal structure of pure anatase for
the TiO2 layer (JCPDS Card No. 89-4921) and the hexagonal
structure for the ZnO layer (JCPDS Card No. 89-0511). The
increase in peak intensity of the ZnO phase mirrors the increase
in ZnO layer thickness. Both the microstructure and crystalline
structure investigation consistently demonstrate the successful
synthesis of TiO2/ZnO DLHFs.

Figure 1. Schematic diagram of the TiO2/ZnO DLHFs fabrication process.
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The sensing performances of DLHFs with varying thickness
of ZnO were investigated under exposure to CO and NO2. The
dynamic resistance curves of DLHFs relative to varying
concentrations of CO are shown in Figure S2 of the Supporting
Information. The results relative to TiO2 HFs are included for
comparison. The sensor response is evidently influenced by the
ZnO layer thickness. The results relative to the sensing
performances of DLHFs under exposure to NO2 are shown in
Figure S3 of the Supporting Information. The resistance of
DLHFs increases when exposed to NO2 and decreases when
exposure is terminated, a characteristic behavior of n-type
semiconductors. It is of note that some dynamic resistance
curves of DLHFs were not horizontal, showing nonsaturated
behavior. This is likely to come from the sluggish desorption
kinetics of gas molecules on semiconductor surface. However,

the degree of nonsaturation is very small, indicating that the
resistance values taken from the curves were valid.
Figure 3 summarizes the DLHFs responses to CO and NO2.

The response curve of 52 nm-thick single-layer ZnO HFs is

included for comparison. The resistance of DLHFs-based
sensors as a function of the thickness of the outer ZnO layer is
shown in Figure 3a. The resistance increases with increasing the
thickness of the ZnO layer up to 20 nm. A further increase in
the ZnO thickness has the opposite effect on the resistance. As
shown in Figure 3b, ZnO HFs show a much higher response to
CO than TiO2 HFs, which is likely to be associated with the
intrinsic properties of ZnO and TiO2 as semiconductors. The
response to CO shows a bell-shaped curve as a function of the
ZnO layer thickness, with a peak at 20 nm, in agreement with
the trend shown by the resistance. In sharp contrast with the

Figure 2. Typical FE-SEM images of (a) TiO2 HFs prepared with
1000 ALD cycles; TiO2/ZnO DLHFs prepared with (b) 20 ALD
cycles, (c) 50 ALD cycles, (d) 90 ALD cycles, (e) 220 ALD cycles, and
(f) 350 ALD cycles. (g) TEM image of a TiO2/ZnO DLHF with 8 nm
thick ZnO outer layer and (h) high magnification image of the ZnO
outer layer. (i) EDS line profiles along the fiber radial direction.

Figure 3. (a) Initial resistance of TiO2/ZnO DLHFs as a function of
the outer layer thickness, in air at 375 °C. Response of DLHFs to (b)
CO and (c) NO2 as a function of ZnO outer layer thickness. The
insets in panels b and c are the normalized resistance curves of ZnO
HFs, TiO2 HFs, and TiO2/ZnO DLHFs with 20 nm thick outer layer.
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response to CO, the response to NO2 of DLHFs with 20 nm
thick ZnO layer is lower than the response observed in both
TiO2 and ZnO HFs, as shown in Figure 3c. DLHFs revealed
improved CO-sensing properties compared to regular single-
layer ZnO HFs for the same ZnO layer thickness. This is
because single-layer ZnO HFs having a wall thickness thinner
than or equal to λD are highly electron-depleted by adsorbed
oxygen species when exposed to air, due to the ZnO tendency
to capture electrons in its conduction band, therefore they are
highly resistive. The width of the electron depletion layer is
equal to λD of pure ZnO found in case of oxygen adsorption,
and it is defined as15

λ ε φ=
⎡
⎣⎢

⎤
⎦⎥q N

2 ZnO
d 2

ZnO

1/2

(3)

where ϕ is the height of the potential barrier established by the
oxygen adsorption,16 εΖnO is the permittivity of ZnO, NΖnO is
the electron concentration in ZnO, and q is the charge of an

electron, equivalent to 1.6 × 10−19 C. At room temperature,
when NZnO ∼ 1018 cm−3,16,17 εΖnO ∼ 8.7,18 and ϕ ∼ 0.5 eV,19

the calculated λd is approximately 22 nm. In literature, the value
of λD for bulk ZnO is in the range of 20−35 nm.10,11 In this
condition, when reducing gases such as CO are supplied to
ZnO HFs, the adsorbed oxygen species will interact with the
supplied reducing gas molecules, forming volatile species keen
to evaporate and releasing the captured electrons back to the
ZnO HFs. Following this process, the originally completely
electron-depleted region will turn into a partially electron-
depleted region, generating a sort of conduction channel and
promoting a high change in resistance. Conversely, when ZnO
HFs are thicker than λD, adsorbed oxygen from air will not
make them completely electron-depleted, although they will
induce a partially electron-depleted layer. The transition from
the partial electron-depleted state to the complete electron-
depleted state provides a lower resistance change during the
cycle supply/cutoff of reducing gases. This explains why HFs

Figure 4. Schematic diagrams of sensing mechanism: (a) ZnO HFs with wall thickness ∼λD and ≫λD, (b) TiO2/ZnO DLHFs with outer layer
thickness >λD in the presence of CO gas. EC and EF indicate the conduction band minimum level and the Fermi energy level, respectively.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am506499e | ACS Appl. Mater. Interfaces 2014, 6, 21494−2149921497



with a thinner fiber wall are better for the detection of reducing
gases.
In the case of DLHFs, λD is the same because the outer

surface, ZnO, is the same. At the interface between ZnO and
TiO2, electrons in the conduction band of ZnO flow to the
conduction band of TiO2,

20 because the work function of ZnO
is lower than that of TiO2, as shown in Figure S4 of the
Supporting Information. The width of the space-charge region
(Wheterojunction) can be calculated using eq 421

ε
= ×

× +
⎪

⎪

⎪

⎪
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⎣
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1/2

2 (4)

where V0, the contact potential difference between TiO2 and
ZnO, is 0.25 V, and NTiO2

and NZnO are the electron
concentrations, ∼1019 and ∼1018 cm−3, respectively.16,17,22

The calculated Wheterojunction is ∼4 nm. In addition, λd for the
TiO2 layer was found to be ∼22 nm, as calculated by using eq
3, with εTiO2

∼ 47.1,23 q = 1.6 × 10−19 C, NTiO2
∼ 1019 cm−3 at

room temperature, and ϕ ∼0.9 eV.24 Consequently, a TiO2
layer with a thickness of ∼30 nm is likely to be completely
electron depleted (see Figure S5 of the Supporting
Information). It is worth noticing here that the space-charge
layer is wider than λD, suggesting that, for the same layer
thickness, the ZnO layer in DLHFs is more electron-depleted
than the ZnO layer in HFs, as shown in Figure 4b. This is the
reason why, in DLHFs, the exposure to reducing gases such as
CO causes a higher resistance variation than in regular HFs,
and why DLHFs revealed superior CO-sensing properties
compared to single-layer HFs with the same fiber wall
thickness. Conversely, gas response in DLHFs decreases for
oxidizing gases such as NO2. Because the outer layer is thinner
than or equal to λD, it is completely electron-depleted in air;
consequently, few electrons are available for incoming oxidizing
gas molecules, leading to a lower resistance variation.

4. CONCLUSIONS
DLHFs were proven to be advantageous over regular single-
layer HFs for the detection of reducing gases. Specifically,
TiO2/ZnO DLHFs were investigated as a representative
system. By sequential deposition of TiO2 and ZnO using
ALD on polymeric fibers used as a sacrificial template and a
subsequent thermal treatment, DLHFs were synthesized in a
stable form. Their sensing properties under exposure to CO
and NO2 as representative of a reducing and an oxidizing gas,
respectively, were investigated as a function of the thickness of
the ZnO outer layer. DLHFs demonstrated a better behavior
compared to HFs when detecting reducing gases such as CO,
but showed a lower response to oxidizing gases such as NO2.
The inner TiO2 layer is responsible for electron absorption,
enabling to use a thicker outer layer than the one that would be
required to achieve the same sensing properties in case of HFs.
The use of DLHFs is a potentially novel approach to the
fabrication of sensitive sensors for reducing gases based on
oxide fibers.
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