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 Both the template itself and the rep-
licating technique determine the struc-
tures and consequently the performances 
of the produced replica. Recently, block 
copolymers (BCPs) as the templates and 
atomic layer deposition (ALD) as the 
replicating technique have been demon-
strated to be a very promising pair in the 
template synthesis of a variety of porous 
materials with various functions. BCPs 
are composed of two or more covalently 
linked homopolymer chains. Microphase 
separation of the incompatible constit-
uent blocks occurs, leading to a number 
of well-organized periodic morphologies. 
In these phase-separated morphologies, 
the minority blocks forming spheres, 
cylinders, gyroids, lamellae, and etc. are 
uniformly distributed in the matrix of the 
majority blocks. [ 9 ]  By converting the dis-

persed phases in the BCPs into voids via chemical or physical 
methods, one produces porosities along the positions initially 
occupied by the minority phases without the loss of the size 
uniformity. [ 10–12 ]  Thus obtained porous polymers can then be 
used as templates containing highly ordered pores with sizes 
typically in the range ≈10–50 nm. [ 13,14 ]  ALD defi ned as self-
limiting reactions of gaseous precursors along the solid inter-
faces is capable of forming conformal thin coating layers on 
substrate surfaces with precise control of the coating thickness 
in the subangstrom level. [ 15 ]  ALD is particularly superior in the 
coating of narrow and deep pores with high aspect ratios as 
its precursors are operated always in the vaporized form, thus 
being able to be delivered into pores as small as comparable 
to the sizes of the precursor molecules themselves, and form 
monolayers along the pore walls. [ 16 ]  To synergize the distin-
guished properties of both BCP templates and ALD replication, 
BCP templates with porosities in the form of spirals, [ 17 ]  straight 
cylinders, [ 18 ]  gyroids, [ 19,20 ]  three-dimensionally interconnected 
disordered channels [ 21,22 ]  have been coated with ZnO, Al 2 O 3 , 
or TiO 2  by ALD, and replica composed of tubular building 
blocks are produced after removing the BCP templates by cal-
cination or dissolution. The produced replica of metal oxides 
shows excellent performances as humidity sensors, antirefl ec-
tion coatings, and photovoltaics because of their well-controlled 
uniform structures endowed jointly by the BCP templates and 
ALD replication. Considering that a number of pore geometries 

 3D gyroidal networks of ZnO nanorods or nanotubes are synthesized by rep-
licating block copolymer (BCP) templates with gyroidal nanopores via atomic 
layer deposition (ALD). The generation of 3D ZnO nanorods or nanotubes 
depends on the thicknesses of deposited ZnO layers, which can be easily and 
precisely controlled by adjusting ALD cycles. The as-obtained ZnO nano-
structures have porosities as high as 77% for gyroidal nanorods and 86% for 
gyroidal nanotubes due to their unique interconnected structures and rough 
surfaces. Both gyroidal ZnO nanostructures are used as vapor sensors to 
detect ethanol with different concentrations. Gyroidal ZnO nanotubes show 
higher ethanol sensitivity than nanorods because of the inherently intercon-
nected nanotubes and larger porosity. Gyroidal ZnO nanotubes can also 
act as formaldehyde sensors with the sensitivity as high as 42 to 50 ppm 
formaldehyde, which is much higher than previously reported sensors based 
on ZnO nanorods or nanotubes. 

  1.     Introduction 

 Interconnected porosities are required for materials to be used 
in a diversity of fi elds including catalysis, [ 1,2 ]  separation, [ 3,4 ]  
photoelectronics, [ 5–7 ]  biomedicines, [ 8 ]  etc. In these applications, 
well-defi ned pore sizes, geometries, and surface chemistries 
of pall walls are highly demanded to maximize the functions 
of the materials. Porous structures in the form of thin fi lms, 
in other words, membranes, are of particular interests as they 
combine the ample accessible surface areas of isolated nano-
objects and the robustness and convenience in handling of bulk 
materials. Insisting efforts have been made to develop porous 
thin fi lms with varying material nature and pore architectures 
targeting to corresponding applications. Template synthesis has 
been recognized as an effi cient method to prepare porous fi lms 
for its good control in the pore structures and fl exibility in the 
available types of materials. 
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with tunable pore sizes is easily available to the BCP templates 
and ALD is capable of depositing different materials including 
metal oxides, metals, and even polymers with continuously tun-
able thickness of the depositing layers, this “BCP+ALD” route 
is expected to be extended to the fabrication of many other 
functional materials targeting to various applications. 

 As an  n -type metal oxide semiconductor with a wide band 
gap of 3.37 eV, ZnO has been reported as an effective mate-
rial to recognize different gases due to its high electrical con-
duction ability as well as its excellent thermal stability. [ 19,23–25 ]  
Various ZnO nano/microstructures have been utilized to fab-
ricate gas sensors, such as 1D nanorods and nanowires, [ 25,26 ]  
2D nanosheets or nanoplates, [ 27,28 ]  and 3D hierarchical struc-
tures. [ 29–36 ]  Two key factors facilitate the gas sensing perfor-
mances: high surface area and facile mass transport. [ 37 ]  It has 
been demonstrated that 3D porous ZnO structures with high 
porosity exhibit better gas-sensing performance than those 
of ZnO powders. [ 38 ]  However, the typically used routes to the 
fabrication of 3D porous ZnO structures are predominantly 
solvothermal or sol–gel techniques. They usually require 
time-consuming multiple steps, frequently leading to inad-
equate control in structural uniformity. [ 29,30,37,39 ]  Moreover, 
thus obtained ZnO structures are generally discrete powdery 
particles and additional procedures are necessary to coat these 
powders onto electrodes with the help of binders to produce 
gas sensing devices. In this operation, part of porosity may be 
lost due to the blocking effect of the binders and poor inter-
connectivity between ZnO powders is expected, thus impeding 
the sensing performances because of the interrupted mass 
transport. Therefore, it remains a challenge to reproducibly 
produce ZnO thin fi lms with well-controlled interconnected 
porosities, which are highly desirable for advanced gas sensors. 

 Herein we report the fabrication of ZnO fi lms with highly 
ordered interconnected porosities via the BCP+ALD route and 
examine their sensing properties. The BCP templates pos-
sessing a well-defi ned gyroidal porosity are produced by soaking 

hydrogen-bonded BCP supramolecular fi lms in the morphology 
of gyroids in ethanol. By carefully choosing the deposition 
parameters, we successfully deposit ZnO along the narrow and 
curved gyroidal pores. After burning off the BCP templates, we 
obtain robust ZnO fi lms composed of interconnected nano-
tubes/nanorods with the gyroidal pattern like the BCP tem-
plates. By controlling the ALD cycle numbers, the thickness 
of the deposited ZnO layers can be adjusted to form nanorods 
or nanotubes as the building blocks of the ZnO gyroids. The 
gyroidal ZnO nanotubes exhibit better sensing properties than 
gyroidal nanorods because of the higher porosity of nanotubes, 
and they show higher sensitivity toward formaldehyde than 
other sensors based on ZnO nanotubes or nanorods.  

  2.     Results and Discussion 

 We fi rst prepared the porous BCP templates following our 
previous work in which polystyrene- block -poly-4-vinylpyridine 
(PS- b -P4VP) and 3- n -pentadecylphenol (PDP) were used as 
the main starting materials. [ 40 ]  PDP was incorporated into PS-
 b -P4VP and form supramolecules via the hydrogen interac-
tion between PDP and the pyridyl rings in the P4VP blocks. 
Supramolecular fi lms taking the morphology of gyroids can be 
feasibly produced through a retarded evaporation process. A 
subsequent soaking in hot ethanol of the supramolecular fi lms 
led to the dissolution of the PDP and the selective swelling of 
P4VP blocks, thus producing gyroidal pores along the initial 
P4VP(PDP) phases in the supramolecular fi lms. [ 40 ]  As illus-
trated in  Scheme    1  , a BCP fi lm with gyroidal pores is yielded 
after ethanol soaking (panel a). Then the porous fi lm is served 
as a template and is coated with ZnO by ALD for a relatively 
higher cycle number, for example 60 cycles, to nearly com-
pletely seal the template pores (panel b). Thus obtained BCP/
ZnO hybrid fi lm is subsequently calcinated in air to burn off 
the BCP template, leaving behind a ZnO network composed of 
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 Scheme 1.    Illustration for the preparation of ZnO networks of gyroidal nanostructures. a) the BCP template with gyroidal pores prepared from a PS-
 b -P4VP(PDP) supramolecular fi lm; the BCP/ZnO hybrid fi lm after ZnO deposition with different ALD cycles for b) complete or d) partial fi lling of the 
template pores; the ZnO network composed of c) gyroidal nanorods or e) nanotubes obtained by burning off the BCP template.
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gyroidal ZnO nanorods (panel c). If the cycle number of ZnO 
deposition is decreased, for example, to 30, the deposited ZnO 
is forming thinner coating layers along pore walls and void 
spaces are remaining in the pores but with a smaller diameter 
(panel d). Subsequent calcination burns off the BCP template 
and produces a ZnO network composed of gyroidal nanotubes 
(panel e).  

 The BCP template has a thickness of ≈7 µm and the diam-
eter of the gyroidal pores is 26 nm ( Figure    1  a). Such narrow and 
tortuous pores may impose diffusion diffi culty for ALD precur-
sors. However, as an inherent nature of the BCP templates pre-
pared from the BCP supramolecular fi lms the pore walls are 
lined with a layer (with the thickness of several nm) of P4VP 
blocks which are directly exposed to the precursors during ALD. 
The deposition of ZnO onto the P4VP-lined pores is therefore 
facilitated with the help of the preferential interaction of metal 
precursors with the pyridyl groups of P4VP. [ 41,42 ]  To verify this 
easy coating of ZnO onto narrow PS- b -P4VP gyroidal pores, we 
fi rst tried to perform the ALD of ZnO at the temperature as low 
as 50 °C. Although it has been reported that the ALD deposition 

temperature window of ZnO is 80 °C–150 °C, [ 43 ]  ALD of ZnO 
at 50 °C on our BCP template successfully leads to ZnO net-
works with a thickness of ≈1 µm. The produced ZnO network 
is composed of gyroidal nanotubes with a 200 nm thick com-
pact toplayer (Figure S1, Supporting Information). We note that 
the bottom part of the ZnO network is partially collapsed due 
to the insuffi cient ZnO deposition at low deposition tempera-
ture. Consequently, we increased the deposition temperature 
to 80 °C in the following work for the sake of homogeneous 
deposition throughout the entire thickness of the templates. By 
deposition on silicon substrates we determine that the growth 
rate of ZnO is ≈0.21 nm per cycle at the deposition temperature 
of 80 °C (Figure S2, Supporting Information). We try to fi ll the 
template pores to the utmost degree. As the gyroidal pores is 
26 nm in diameter the thickness of the ZnO deposition layer 
along the pore wall needs to be ≈13 nm for a complete fi lling 
of the pores. Therefore, the minimal deposition cycle number 
for the complete pore fi lling is estimated to be 55 if we assume 
that the growth rate of ZnO along the template pores is iden-
tical to that on silicon surface. Based on this estimation, we 
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 Figure 1.    Cross-sectional SEM images of a) the BCP template fi lm, b) the ZnO-deposited BCP fi lm with 60 ALD cycles, c) the ZnO replica prepared 
by calicining the ZnO-deposited BCP fi lm, and different gyroidal faces of d–f) the ZnO replica. Insets are the corresponding magnifi ed images. 
g, h) The TEM images with different magnifi cations of ZnO replica prepared with 60 ALD cycles. Inset is the corresponding SAED pattern. The scale 
bars are 2 µm in a) and b) shown in a), 2 µm in c), 100 nm in d), e) and f) shown in d), 100 nm in g), 5 nm in h) and 500 nm in insets of a) and 
b) shown in the inset of a).
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deposited the BCP templates for 60 cycles to ensure the utmost 
fi lling of the template pores. Figure  1 b shows the cross-sec-
tional morphology of the BCP templates after ZnO deposition 
for 60 cycles. Compared to the morphology before deposition, 
the templates take a very dense form while the gyroidal pat-
terning is still discernible at higher magnifi cation, revealing the 
conformal coating of ZnO. After calcining the ZnO/BCP hybrid 
fi lm at 450 °C for 3 h, the BCP template is completely removed 
while the deposited ZnO remains tightly adhered to the sub-
strate as a continuous thin fi lm. SEM examinations indicate 
that the ZnO fi lm has a good structural integrity and a highly 
porous network-like morphology (Figure  1 c). Its porosity faith-
fully coins the gyroidal pattern of the original BCP template as 
the three faces of gyroids can be observed from the ZnO rep-
lica (Figure  1 d–f). The ZnO replica is composed of intercon-
nected branched nanorods with the diameter of ≈28 nm, which 
is a slightly larger than the diameter of the template pores. This 
is should be ascribed to the subsurface growth of ZnO in the 
P4VP layers along the pore walls as a result of the strong inter-
action between P4VP blocks and diethyl zinc. [ 42,43 ]  The thick-
ness of the replicated ZnO fi lm is ≈3.5 µm, suggesting a 50% 
shrinkage during the calcination process. Steiner et al. experi-
enced 60%–90% shrinkage in their preparation of gyroial ZnO 
networks from PS templates also using the ALD replicating 
technique. [ 19 ]  The smaller shrinkage in thickness in our case 
should also be ascribed to the subsurface growth in the P4VP 
lined layer which enhances the structural stability of the depos-
ited templates. [ 41,42 ]   

 We further examined the fi ne morphology of the ZnO rep-
lica by transmission electron microscopy (TEM). As shown 
in Figure  1 g, the morphology of interconnected branched 
nanorods is evident and the average diameter of the nanorods 
was determined here to be ≈27.5 nm, which is good consistent 
with SEM imaging. These nanorods seem to be aggregated 
from smaller particulates with sizes <10 nm and therefore they 
exhibit a rough surface as also evidenced by SEM. These par-
ticulates are expected to be ZnO crystals as ZnO is very easy 
to crystallize during ALD and the following calcination. In con-
trast, Al 2 O 3  ALD-replicated from similar BCP templates exhibit 
a considerably smooth surface as Al 2 O 3  is not easy to crystal-
line. [ 21 ]  High-resolution transmission electron microscopy 
(HRTEM) was further carried out to investigate the crystalline 
structures of ZnO nanorods (Figure  1 h). The typical lattice 
fringe of spacings was measured to be 0.16, 0.26, and 0.19 nm, 
corresponding to the (110), (002), and (102) crystal plane of 
hexagonal wurtzite structure of ZnO, respectively. [ 37 ]  The poly-
crystalline nature was further verifi ed by the concentric ring 
pattern of the selected area electron diffraction (SAED) (inset 
in Figure  1 h).The crystalline nature of the ZnO replica was fur-
ther confi rmed by from X-ray diffraction (XRD) characteriza-
tion. Except for the peaks originated from the silicon substrate, 
the remaining diffraction peaks shown in Figure S3 (Sup-
porting Information) well match the wurtzite structure of ZnO 
(JCPDS 36−1451). [ 44 ]  According to the layer-by-layer growth 
mode of ALD, it is practically impossible to completely fi ll 
the template pores as small empty channels should be always 
remained to allow the diffusion of the ALD precursors until the 
termination of ALD reactions. Further increase of ALD cycles 
will not seal the channels inside the template while instead it 

produces a dense top layer on the template surface as observed 
in Figure S1 (Supporting Information). Such hollow channels 
disappear with the growth and merging of the primary ZnO 
crystals. As a result, both SEM and TEM examinations reveal 
that the constituent nanostructures of the ZnO replica prepared 
with 60 ALD cycles are solid nanorods without empty chan-
nels. We notice that the obtained ZnO fi lms have a reasonably 
good mechanical robustness as an ultrasonication treatment at 
100 W for 10 min does not produce any cracks or morphology 
change to the fi lms. 

 We then used lower ALD cycle numbers to reduce the thick-
ness of the deposited ZnO layers.  Figure    2  a shows the cross-
sectional morphology of the BCP template after ZnO deposi-
tion for 30 cycles. Pores are clearly discernible, implying the 
partial fi lling of the template pores with 30 cycles. After cal-
cination, similar to the case with 60 ALD cycles, an intercon-
nected branched ZnO network with the periodical gyroid mor-
phology is obtained. However, the gyroidal ZnO network is 
composed of nanotubes as their hollow interior can be easily 
seen by SEM (Figure  2 b). The inner diameter of the nanotubes 
is determined to be ≈9.5 nm. The outer diameter of nano-
tubes is ≈25.9 nm, which is nearly the same as the pore size 
of the BCP template but a little smaller than the diameter of 
ZnO nanorods produced with the 30 ALD cycles. The ordered 
gyroidal morphology of the ZnO networks was also verifi ed by 
TEM observations (Figure  2 c). The enlarged TEM image shown 
in Figure  2 d also reveals that the nanotubes are composed of 
aggregated small particulates. As the morphology of aggre-
gated particulates obscures the clear identifi cation of the nano-
tubes the hollow interior of the nanotubes can be occasionally 
observed as highlighted by the arrow. The thickness of the tube 
wall is roughly determined to be 8.2 nm, suggesting a growth 
rate (0.27 nm per cycle) higher than that on the silicon sub-
strate because of the subsurface growth in the initial deposition 
stage. We tried to further decrease ALD cycles to 10 but failed 
to obtain an integral network structure as the deposited ZnO is 
too thin to prevent the collapse of the structure after calcination 
(Figure S4, Supporting Information).  

 Because of the interconnected structures, the ZnO networks 
with gyroidal nanorods and nanotubes are expected to have 
high porosity. The porosity of the ZnO networks of gyroidal 
nanotubes can be estimated by the following equation [ 45 ] 

 n n n(1 )nanotube
2

ZnO
2

nanotube air
2

nanotubeϕ ϕ= − +     ( 1)  

 where  Φ  nanotube  is the porosity of ZnO networks composed of 
gyroidal nanotubes.  n  air ,  n  ZnO,  and  n  nanotube  are the refractive 
indexes of air, solid ZnO, with hexagonal wurtzite structure 
and the ZnO networks of gyroidal nanotubes. The value of 
 n  air  is known to be 1.0, and  n  ZnO  and  n  nanotube  are determined 
to be 2.0 and 1.19 by ellipsometry, respectively. Therefore, the 
porosity of the ZnO networks of gyroidal nanotubes can be cal-
culated to be as high as 86%. Similarly, the porosity of the ZnO 
networks composed of gyroidal solid nanorods is estimated to 
be 77% by considering that the refractive index of ZnO net-
works of gyroidal nanrods is 1.30. In addition, we can theoreti-
cally calculate the porosity of these two gyroidal structures to be 
45% and 53% for nanorods and nanotubes, respectively, based 
on the original porosity of the BCP templates and the thickness 
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of the deposited ZnO layers (Supporting Information). The 
higher porosities obtained from ellipsometry than that of the 
theoretical value should be due to the coarse surfaces and the 
voids existed in the ZnO nanotubes/rods caused by calcinating 
BCP/ZnO hybridd in air. [ 46 ]  Because of the presence of the 
hollow interior in the nanotubes ZnO networks of intercon-
nected nanotubes exhibit higher porosity than that of the ZnO 
networks composed of solid nanorods. 

 As porous ZnO nanostructures have been demonstrated 
to show promising gas-sensing properties, [ 38,47 ]  the gyroidal 
ZnO nanostructures produced in the present work were fab-
ricated on the surface of electrodes and were utilized to detect 
ethanol vapor. Since the sensitivity of gas sensors is greatly 
infl uenced by operation temperature, [ 48 ]  the sensing properties 
of the ZnO networks to 100 ppm ethanol were fi rst investi-
gated to obtain the optimal operation temperature ( Figure    3  a). 
With the increase of the operating temperatures, the sensi-
tivities are fi rstly increased and then drastically dropped for 
both gyroidal nanorods and nanotubes. Such a dependence 
of sensitivity on temperature is typical for ZnO sensors and 
has been frequently observed. [ 48,49 ]  The sensitivities of the sen-
sors based on gyroidal nanotubes are increased from 7.1 to 
13.6, 41, and 42.4 when the temperature was elevated from 
200 to 250, 275, and 300 °C, and then decrease to 9.4 and 
8 at 325 °C and 350 °C, respectively. The highest sensitivity 
was achieved at the operating temperature of 300 °C. The sen-
sitivities of the gas sensors with gyroidal nanorods are 2.5, 
3, 8.5, 19.5, 7.2, and 5 at the temperature of 200, 250, 275, 
300, 325, and 350 °C, respectively, which are all signifi cantly 
lower than those of the sensors based on gyroidal nanotubes. 

Moreover, the dynamic response and recovery behaviors of 
both gas sensors were tested under different ethanol concen-
trations at the operating temperature of 300 °C (Figure  3 b,c). 
The response amplitudes of both gas sensors were increased 
with ethanol concentration (Figure  3 d). The gas sensitivities of 
gyroidal nanotubes for ethanol with a concentration of 100 was 
42.4, which is three to four times higher than that of other 
sensors based on ZnO nanostructures with different archi-
tectures. [ 29 ]  Compared to gyroidal nanotubes, the gas sensor 
based on gyroidal nanorods always showed lower sensitivities 
under all the investigated ethanol concentrations in this work. 
However, a sensitivity of 19.5 for ethanol with the concentra-
tion of 100 ppm is still higher than many other sensors previ-
ously reported. [ 28,29,38 ]  From Figure  3 b,c we can also determine 
the response and recovery times of the gas sensors, which are 
defi ned as the periods of time for the 90% change of the total 
resistance. The nanotube sensors show a response time of 29 s 
and a recovery time of 122 s and these values are 14 s and 72 s 
for the nanorod sensors, respectively (Figure  3 b,c). As a result 
of the solid nanostructures and lower porosity leading to rapid 
release of tested gas, sensors based gyroidal nanorods show 
faster response and recovery times compared to sensors fabri-
cated from gyroidal nanotubes.  

 The gas responses of such ZnO-based sensors are enabled 
by the change of resistance attributing to the adsorption and 
desorption of gas molecules on the structure surface. [ 27 ]  The 
modulation model of the depletion layer has been proposed 
to illustrate the sensing mechanism. [ 50 ]  We take the gas sen-
sors of gyroidal ZnO nanorods as an example. When the ZnO 
networks are exposed to air, the surface of the ZnO nanorods 
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 Figure 2.    The 3D ZnO networks with gyroidal nanotubes prepared by ALD for 30 cycles. a) As-deposited BCP/ZnO hybrid fi lm at 80 °C for 30 cycles. 
b) The ZnO replica of gyroids after calcination at 450 °C for 3 h in air. The inset is the corresponding magnifi ed SEM. c) TEM image of the ZnO gyroidal 
nanotubes and corresponding enlarged image d) marked with the black box in c), and a typical nanotube is marked with the white arrow. a) and b) have 
the same magnifi cation and the scale bar is shown in a) and corresponding to 500 nm. The scale bar is 100 nm in the inset of b). The scale bars are 
200 nm and 50 nm for c) and d), respectively.
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adsorb oxygen molecules which capture electrons from the con-
duction band to form O −  as shown in the Equation  ( 2)  : 

 →O (gas) + 2e 2O (ads)2
– –

    ( 2)   

 
( )( ) ( ) ( )→CH CH OH ads + 6O ads 2CO g + 3H O l + 6e3 2

–
2 2

–

    ( 3)    

 The accumulated electrons could then form thick depletion 
layers on the surface of the ZnO nanorods. [ 27 ]  So the resulting 
potential barriers endow ZnO nanorods larger resistance than 
before. Once the atmosphere is switched to ethanol which 
is a chemically reducing substance chemical reactions take 
place with the contact of ethanol molecules with the surface 
of ZnO nanorods. Ethanol reacts with the adsorbed O −  and 
makes the trapped electrons back to the conduction bands (the 
Equation  ( 3)  ) leading to the decrease of the thicknesses of the 
depletion layers which produce the declination of the resist-
ance. Such a sensing process of ZnO nanorods is schematically 
shown in  Figure    4  a. Likewise, the depletion layers of the ZnO 
nanotubes contribute to the change of the resistance. How-
ever, the depletion layers of the gyroidal nanotubes are not only 
formed on the outer surfaces but also on the inner surfaces 
(the pore walls), as shown in Figure  4 b. The tubular structure 
with a hollow channel interior is, therefore, expected to have 
more drastic changes of the resistance because of the simulta-
neous formation of the two types of depletion layers and larger 
porosity than the nanorods. Consequently, the nanotube sen-
sors exhibit higher gas sensitivities than nanorods sensors.  

 In addition to the superior ethanol sensing sensitivity, the 
gyroidal ZnO nanotubes are expected to show promising sensing 
properties to other toxic vapors. We further tested their perfor-
mances in detecting formaldehyde, which is a kind of reductive 
and toxic gas. As shown in  Figure    5  a, the sharp peak with a sen-
sitivity of 14.5 occurs in the curve of the sensitivity vs operating 
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 Figure 4.    The gas-sensing mechanism of the ZnO networks composed of 
nanorods a) and nanotubes b).

 Figure 3.    Ethanol sensing performances of sensors based on gyroidal ZnO networks of nanorods and nanotubes. The sensitivities of the sensors at 
the operating temperature of 300 °C a); dynamic response and recovery curves of nanotube sensors b) and nanorods sensors c); the sensitivities of 
the sensors under different ethanol concentrations d).
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temperatures at the gas concentration of 10 ppm, indicating 
the optimal operating temperature for the sensing of formal-
dehyde of the nanotube sensors is 300 °C. Figure  5 b gives the 
dynamic response and recovery curve with the concentration of 
formaldehyde in the range from 250 to 50 ppm, indicating that 
the response is enhanced with the formaldehyde concentration. 
The response and recovery times are determined to be 44 and 
54 s, respectively. Formaldehyde with a concentration as low as 
250 ppb can be clearly detected as the corresponding response is 
1.2 (Figure  5 c). Such a detection limit is much better than other 
works. [ 30,51 ]  At a formaldehyde concentration of 50 ppm, the sen-
sitivity is increased to 42 which is higher than those of the gas 
sensors composed of ZnO nanorods or nanotubes [ 52–56 ]  and 
many previously reported 3D nanostructures [ 34,57–61 ]  previously 
reported (Table S1, Supporting Information). The selectivity of 
the gas sensors composed of gyroidal ZnO nanotubes to ethanol 
and formaldehyde can be evaluated from Figures  3 d, 5 c. The gas 
sensors based on gyroidal nanotubes exhibited enhanced sensi-
tivities to formaldehyde than ethanol at the operating temperature 
of 300 °C, indicating the much higher selectivity of the gas sen-
sors composed of gyroidal ZnO nanotubes to formaldehyde than 
ethanol. Based on this result we conclude that the gas sensor has 
a better ability to discriminate ethanol and formaldehyde.   

  3.     Conclusion 

 In summary, 3D interconnected gyroidal networks of ZnO 
nanorods and nanotubes have been fabricated by ALD dep-
osition into block copolymer templates with gyroidal pores. 

The formation of hollow nanotubes or solid nanorods can 
be easily tuned by altering ALD cycle numbers. For the tem-
plates with the pore size of 26 nm, 60 ALD cycles lead to 
nanorods whereas 30 cycles produce nanotubes with a hollow 
channel of ≈9.5 nm in diameter. Both networks composed 
of either nanorods or nanotubes exhibit promising sensing 
properties to ethanol vapor because of the 3D interconnected 
nature of gyroidal structures. Particularly, the gyroidal nano-
tubes show even better sensitivity because of their higher 
porosity endowed by their hollow interiors compared to 
nanorods. The nanotube networks are also very sensitive in 
detecting formaldehyde as formaldehyde with the concentra-
tion as low as 250 ppb can be clearly detected. The sensitivity 
of the nanotube sensors to formaldehyde is higher than that 
other sensors based on ZnO nanorods or nanotubes previ-
ously reported.  

  4.     Experimental Section 
   Chemicals : Block copolymer of polystyrene-block-poly-4-vinylpyridine 

(PS- b -P4VP,  M  n  PS  = 75 kg mol −1 ,  M  n  P4VP  = 25 kg mol −1 , and the 
polydispersity = 1.09) was purchased from Polymer Source, Inc. 
(Canada), and used as received. Chloroform (Purity ≥ 99.8%), ethanol 
(Purity ≥ 99.8%) were obtained from Sigma Aldrich and used without 
further purifi cation. 3- n -pentadecylphenol (PDP, 90%) was purchased 
from J&K Scientifi c Ltd and recrystallized twice from petroleum ether. 
Diethyl zinc ((C 2  H 5 ) 2  Zn) with a purity of ≥ 99.9% were purchased from 
Nanjing University and used as precursors for the ALD of ZnO. Nitrogen 
with an ultrahigh purity (99.999%) was used as both the precursor 
carrier and the sweeping gas for purging. Silicon wafers with a 1000 nm 
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 Figure 5.    The formaldehyde sensing performances of the ZnO networks composed of gyroidal nanotubes. The sensitivity of gas sensors at the operating 
temperature of 300 °C a); the dynamic response and recovery curve b); the sensitivity of the sensors under different formaldehyde concentrations c).
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thick oxide layer were cut into the size of 1.5 cm × 1.5 cm, and then 
ultrasonicated at least three times in ethanol followed by drying before 
use. 

  ZnO Networks via Atomic Layer Deposition : 7 µm PS- b -P4VP(PDP) 
supramolecular fi lms with gyroid morphology supported on silicon 
wafers were produced according to our previous report. [ 40 ]  The 
supramolecular fi lms were subjected to oxygen etching at 40 w for 150 s 
(Plasma cleaner, PDC21, Yamato) to remove the dense top layer. The 
fl ow rates of nitrogen and oxygen are both 10 mL min −1 . Subsequently, 
the supramolecular fi lms were immersed into 5 wt% hydrofl uoric (HF) 
solutions to etch away the oxide layers on the silicon wafers, allowing the 
fi lms to fl oat on the liquid surface. [ 62 ]  Ag/Pd interdigitating electrodes 
were then inserted into the solution to collect the fl oating fi lms on 
their surfaces. After drying, the fi lms supported on the electrodes were 
soaked in ethanol at 60 °C for 1 h to generate pores, followed by air 
drying at room temperature for at least 1 d. Thus we obtained BCP 
templates with gyroidal pores. The BCP templates were then subjected 
to ALD deposition of ZnO with a homemade hot-wall ALD reactor [ 63 ]  at 
the deposition temperature of 50 °C or 80 °C. The pulse time, exposure 
time, and sweeping time were set as 30 ms, 40 s and 120 s, respectively. 
The deposited templates were then calcinated at 450 °C in air for 3 h 
with a temperature increase rate of 5 °C min −1  to burn off the polymeric 
templates. 

  Characterizations and Gas Sensing Measurements : Field-emission 
scanning electron microscopy (Hitachi, S4800) was used to view 
surfaces and cross sections of the samples at a voltage of 5 kV. For the 
transmission electron microscopy (TEM) observations, ZnO replicas 
were scraped from substrates and dispersed in ethanol followed by 
sonication. The suspensions in ethanol were dropped onto copper grids 
for TEM probing. TEM observations were carried outon a JEM-2100 
microscope operated at 200 kV. X-ray diffraction (XRD, Minifl ex 600, 
Rigaku Corporation, Japan) was used to examine the crystalline nature 
of ZnO networks supported on silicon wafers at a speed of 5° min −1  
ranging from 25° to 80° with 40 kV and 12 mA. The refractive indexes 
of ZnO networks with a thickness of 2 µm on silicon wafers were 
measured by a spectroscopic ellipsometer (M-2000U, J. A. Woollam. 
Co. Inc.) at the wavelength of 632.8 nm and the incident angle of 65°. 
The gas sensing measurements were performed on a CGS-1TP gas 
sensitivity instrument (Beijing Elite Tech Co., Ltd) by an interdigitating 
electrode deposited with ZnO replica. All samples were heated at 
400 °C for 2 h in air to stabilize before tests. The tested gas was then 
injected into the test chamber by a microsyringe and then diffused to 
the sensor with air. The sensitivity is defi ned as  R  a / R  g , where  R  a  and 
 R  g  are the electrical resistance of the sensor in air and in tested gas, 
respectively. The response and recovery time were defi ned as the time 
of 90% change of the total resistance.  
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