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A B S T R A C T   

Synthesis of all-inorganic metal oxide architectures using polymer templates offers control over their thickness, 
porosity, and composition. Here, we provide insights into the synthesis of nanoporous zinc oxide films as a model 
system via infiltration of polymers that have different mechanisms of interaction with metal oxide precursors 
such as a polymer of intrinsic microporosity (PIM-1) and representative of the block-copolymers family (poly
styrene-polyvinyl pyridine block copolymer). We investigated polymer infiltration process with both gas (diethyl 
zinc, DEZ, and water vapors) and solution (zinc acetylacetonate, Zn(acac)2, dissolved in ethanol) phase pre
cursors. Using quartz crystal microbalance (QCM), X-ray diffraction (XRD), and X-ray photoelectron spectros
copy (XPS) analyses, we systematically studied the effect of polymer template and the form of the metal oxide 
precursors on the properties of synthesized metal oxide thin coatings. We demonstrate that the infiltration of 
polymer templates can be efficiently achieved using both gas phase and solution phase precursors. We show that 
the crystallinity of the synthesized 200 nm ZnO films is mainly affected by the state of the precursor (gas or 
solution phase) and does not depend on the polymer template type. In turn, the polymer type affects the surface 
termination of ZnO films. We demonstrate that the surface of porous ZnO coatings synthesized with BCP (here 
PS-P4VP) is more accessible than the surface of ZnO synthesized with PIM; however, despite the lower surface 
accessibility for ethanol molecules, ZnO synthesized via infiltration of PIM-1 with solution-phase precursors 
demonstrates the largest change in resistivity upon its exposure to ethanol vapor at room temperature.   

1. Introduction 

Template-assisted infiltration synthesis has been efficiently used for 
creating composite [1–8] and all-inorganic porous metal [9,10] and 
metal oxide structures [9]. Organic polymers can be exposed to gas 
phase metalorganic precursors [11] (so-called sequential infiltration 
synthesis (SIS) or vapor phase infiltration (VPI)) [9,12,13] or metal ions 
dissolved in solution [10,14–17] to transform them into hybrid mate
rials. Polymer templates can be further removed via thermal oxidative 
annealing [10,18] or plasma treatment [19] resulting in the synthesis of 
all-inorganic metal oxides architectures with features resembling the 
structure of the polymer. All polymers with functional groups capable of 
interacting with gas or solution phase metal precursors can be used to 
synthesize hybrid or all-inorganic structures for a broad range of ap
plications [20,21] such as solvent separation membranes [22], reusable 

absorbers for oil spill mitigation [8], sensors [23,24] and antireflective 
coatings [18]. 

Various polymer templates such as block copolymers (BCPs) con
sisting of polar and nonpolar domains (e.g. polystyrene-block-polyvinyl 
pyridine (PS-b-P4VP) [23,25], PS-b-P2VP [24], polystyrene-block-poly
methylmethacrylate (PS-b-PMMA) [26,27], etc), polymers that carry 
polar groups (e.g. UV-curable photoresists SU-8 [28–29] or poly
methylmethacrylate [30]), hydrogels [10] and polymers of intrinsic 
microporosity (PIM) [22,31,32] have been utilized as templates in SIS 
[9,11,20]. The use of BCPs and PIM as templates allows to engineer 
porous hybrids that can further transform into porous all-inorganic 
structures after polymer removal [9]. However, the mechanism of in
teractions of BCPs and PIMs with gas-phase precursors seems to be 
different. In the case of BCP, the gas phase precursors (e.g. trimethyla
luminum (TMA)) interact with polar groups (e.g. carbonyl groups) of the 
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hydrophilic part of the BCP, forming physisorbed complexes and cova
lently bonded products [33]. In turn, PIMs have porous structure with a 
pore size less than 2 nm, originating from rigid backbones which inhibit 
efficient molecular chain packing [34,35]. In the case of PIMs, metal 
precursors interact with functional groups of PIMs (e.g. C–––N groups) 
forming an adduct that transforms into hydroxide upon its exposure to 
H2O that detaches from the polymer and further serves as a nucleation 
center for growth of oxide phase [22]. The same gas or solution phase 
metal oxide precursors and synthesis regimes can be used for the syn
thesis of porous metal oxides using BCPs and PIMs templates. However, 
the question is - does the template affect the properties of the synthe
sized materials? 

In this study, we focused on representatives of two classes of poly
mers such as BCPs and PIMs that were reported to have a different 
mechanism of interaction with gas-phase metal oxide precursors 
[9,21,31] to investigate the effect of the polymer template in the syn
thesis of highly porous ZnO nanostructures. ZnO nanostructures and 
conformal coating represent an important class of materials with great 
potential in optoelectronics, photocatalysis, gas sensing, biochemical 
sensing, and fabrication of antibacterial coating [36–41]. However, the 
existing traditional methods are limited in the degree of the structure, 
composition, and porosity control. Since ZnO porous structures can be 
obtained by infiltration of the polymer template with metal precursors 
from the gas and solution phases, we also investigated how the infil
tration technique affects the synthesized materials. This study provides 
insight into the relationship between the preparation techniques, the 
structure, and the properties of nanoporous ZnO coatings. Since ZnO is 
one of the most exploited metal oxides in gas sensing, we used the 
sensitivity of ZnO to ethanol vapors to characterize the performance of 
ZnO synthesized using BCP (PS-P4VP(25-25)) and PIM (PIM-1) tem
plates and two different infiltration techniques with gas phase and 
solution-based precursors. 

2. Experimental procedure 

2.1. Sample preparation 

The ZnO coatings were prepared by adopting two infiltration tech
niques: solution-based infiltration (SBI) and swelling-assisted sequential 
infiltration synthesis (SIS). The polymer of intrinsic microporosity (PIM- 
1) was synthesized using previously reported procedures [42]. The block 
copolymer poly(styrene-block-4-vinylpyridine) (PS-P4VP) (specifically 
in this study (PS(25)-PVP(25))) was purchased from Polymer Source, 
Inc. 

The PIM-1 was dissolved in chloroform to prepare a solution of 0.03 
g/mL concentration. PIM-1 templates on QCM substrates with titanium- 
coated electrodes and SiO2/Si substrates were prepared by spin coating 
the polymers at 800 rpm for 40 s. After spin coating, the samples were 
baked at 70 ◦C for 1 h for full evaporation of the chloroform and 
improved adhesion of the film to the substrates. The thickness of the 
resulting coatings calculated from the QCM analysis and confirmed by 
the ellipsometry was ~200 nm. 

The PS-P4VP BCP was dissolved in chloroform to prepare a solution 
of 2 wt%. The BCP samples were spin-coated on the silicon wafer and 
QCMs at 2000 rpm for 40 s. 

The samples for the X-ray diffraction (XRD) study were prepared 
using a paper filter (Whatman, Grade I) as a substrate for the polymer 
template during the swelling and infiltration steps [43]. Paper filters 
were immersed in the polymer solution and sonicated for 30 mins for 
absorption of the polymers inside the cellulose matrix. 

2.1.1. Infiltration of the polymer templates with solution-phase precursors 
ZnO samples were synthesized by the immersion of the PIM-1 and 

PS-P4VP(25-25) templates in a solution of zinc acetylacetonate, Zn 
(acac)2 in ethanol at different concentrations (from 0.05 wt% up to 1 wt 
% concentration) at 75 ◦C for 1 h. The ethanol solution of Zn(acac)2 was 

stirred for 1 h for complete solubility of the Zn(acac)2 powder in ethanol 
and left for a few hours before immersion of the polymer. The temper
ature of this procedure was selected based on the earlier results indi
cating the higher swelling rates of the polymer at an elevated 
temperature [18]. 

2.1.2. Infiltration of the polymer templates with gas-phase precursors 
Infiltration of the polymer templates with gas-phase precursors 

(diethyl zinc (DEZ) and water vapors) was conducted using the SIS 
technique which is a variant of the ALD process for vapor phase infil
tration of ZnO in the polymer template [23]. Before the infiltration, the 
PS-P4VP films were swollen to increase the efficiency of the infiltration 
of the PS-P4VP template with zinc oxide precursors [18]. The swelling 
was performed in ethanol at 75 ◦C for 1 h, followed by drying under the 
fume hood for 2–3 h to prevent collapsing of the swelling-induced free 
volume in the polymers. PIM films deposited on the substrates were 
immersed in ethanol heated to 75 ◦C for ~1 h and then dried out at 
nitrogen flow to remove the residue of the solvent. Such treatment was 
reported to increase the free volume in the polymer template [44] and 
increase gas permeability [45] that was attributed to improved effi
ciency of the PIM-1 infiltration with the gas phase precursors [32]. 

The SIS was done using Veeco Savannah S100 ALD System. Several 
deposition runs were made to optimize the recipe for infiltration of ZnO 
by using diethyl zinc precursor (DEZ). The samples were placed in the 
reactor chamber at 90 ◦C, below the glass transition temperature of the 
PS-P4VP to avoid compromising the integrity of the polymer structure. 
Nitrogen (20 sccm) was introduced into the reactor chamber prior to the 
infiltration. The polymer templates were exposed to 5 cycles of DEZ 
precursor for 400 s, when the infiltration of the polymer was completed, 
the excess of the reactant was evacuated and followed by exposure to 5 
cycles of H2O for 200 s, the chamber was then purged with 100 sccm of 
nitrogen to remove excess byproducts. 

2.2. Polymer removal 

UV ozone cleaner (UVOCSR16x16 OES, 254 nm UV wavelength) was 
used for the removal of polymer templates on the QCM crystal after the 
infiltration. The samples were exposed to UV ozone treatment for 10 h at 
room temperature. For the Si/SiO2 samples, the polymer templates were 
removed in a Thermo Scientific Lindberg Blue M Furnace for 4 h at 
450 ◦C with Oxygen flowing through the furnace tube, to transport 
polymer particles removed away from the surface of the sample. 

2.3. QCM Analysis and gas sensing measurement 

The QCM analysis was used for the in situ quantitative analysis of the 
swelling events, infiltration process after the SBI and SIS, and in situ 
analysis of infiltration during the sensing measurements. The QCM is 
made of an AT-cut piezoelectric quartz crystal (1 in. in diameter) which 
oscillates in a shear mode with a resonant frequency of 5 MHz. The 
Titanium and gold-coated QCMs were purchased from Fil-Tech. The 
changes in the resonant frequency of the QCM oscillations when in 
contact with a liquid media and mass were observed with the SRS 
QCM200 controller. 

Gas sensing test was performed in a custom-built vacuum chamber 
connected to a nitrogen gas, and ethanol supply. In the chamber, two 
samples, one deposited on the QCM and one deposited on the Si/SiO2 
substrate prepared with the SIS and SBI preparation procedure, were 
placed next to each other to simultaneously measure ethanol adsorption 
efficiency and the induced changes in electrical conductivity. A custom- 
designed stainless-steel holder was used to hold the QCM sample in 
place for the controlled temperature tests. QCM samples were used for 
the sensing assessment as they accommodate nanometer scale coatings 
and can detect changes resulting from even submonolayer coverage of 
the adsorbed species. In comparison, standard Brunauer–Emmett–Teller 
(BET) measurements require much larger, at least a couple of grams, 
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mass of material. Electrical measurements were conducted using the van 
der Pauw method with four probes connected to the corners of the 
sample and the resistance was measured with a 2401 Keithley Source 
Meter. To eliminate the effect of air and disruptive moisture on the ZnO 
samples, the chamber was pumped down to ~10− 3 Torr after placing the 
QCM and silicon dioxide samples in the vacuum chamber. The samples 
were then exposed to the ethanol vapors introduced to the chamber, and 
the pressure was monitored using a 275 Granville-Phillips Vacuum 
Gauge. The resonant frequency of the QCM and the resistance readings 
on the source meter were allowed to stabilize at room temperature 
before readings were recorded. 

The adsorption capacity of the QCM samples was estimated from the 
change in the QCM resonant frequency that is directly proportional to 
the added mass [46,47]: 

Δf = −
2f 2

A ̅̅̅̅̅̅̅̅̅ρqμq
√ Δm (1)  

where f is the frequency of oscillation of the unloaded crystal, ρq is the 
density of quartz (2.648 g cm− 3), μq is the shear modulus of quartz 
(2.947 × 1011 g cm− 1 S− 2), A is the QCM surface area, and Δm is the 
mass change. 

Five different tests were carried out on each sample upon exposure to 
ethanol vapor and venting of the chamber. 

2.4. Characterization 

Scanning Electron Microscopy (SEM) analysis of the samples was 

Fig. 1. Depiction of the polymer templates and the approaches used in the synthesis of porous ZnO structures.  

Fig. 2. Summary of mass changes of the polymer templates as a result of their infiltration with zinc oxide precursors measured by the QCM. Mass increase caused by 
the infiltration of PIM-1 and PS-P4VP templates (a and d, respectively) (the masses of PIM-1 and PS-P4VP deposited for each experiment shown in a and d are 
depicted as red and black bars, correspondingly) using solution-phase precursor with different concentrations of Zn(acac)2 in ethanol (the concentration used in the 
experiments are denoted on the figures); (b and e) evolution of the mass of PIM-1 and PS-P4VP templates infiltrated with 0.5 wt% of Zn(acac)2 upon their exposures 
to EtOH and H2O; (c) evolution of the mass of PIM-1 and PS-P4VP templates as a result of 1–5 SIS cycles (the polymer templates were treated with EtOH prior SIS as 
described in the Experimental Details). 
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performed using an FEI Nova SEM. The analysis of the surface topog
raphy and roughness profile of the samples was performed with a Bruker 
Multimode Atomic Force Microscopy (AFM). The images were acquired 
in tapping mode in the air with a scan rate of 0.5 Hz using Antimony 
doped Silicon tips with a spring constant of 42 N/m. X-Ray Diffraction 
(XRD) analysis was done with Bruker D2 Phaser and Bruker D8 Discover. 
Contact angle measurements were conducted by the Sessile water drop 
(10 μL) method using a Ramé-Hart 250 contact angle goniometer. X-ray 
photoelectron spectroscopy (XPS) measurements were done with a PHI 
5000 Versaprobe spectrometer with monochromatic 1486.6 eV Al Kα 
radiation. All binding energies were corrected for the charge shift using 
the C 1s peak at 284.5 eV, and the energy resolution was 0.1 eV. 

3. Results and discussion 

Previously, we have demonstrated that porous ZnO conformal 
coatings can be synthesized using BCPs by SIS using a gas-phase pre
cursor [23]. In this study we explore a new type of polymer template 
such as the PIM-1 template for the fabrication of porous coatings. Also, 
we examined if polymer templates can be infiltrated with metal oxide 
precursors from the solution phase that can simplify the synthesis of 
porous metal oxide coatings. Fig. 1 summarizes the templates and 
infiltration techniques used in this study to synthesize porous ZnO. The 
scoring of the properties was done using the performance of ZnO porous 
structures for ethanol sensing. 

While methanol is the most frequently used solvent to treat PIM-1 
[44,45] to improve its gas permeability, here we tested other solvents 
to systematically investigate the effect of solvent treatment on the sub
sequent infiltration of PIM-1 with gas phase precursors. We used the 
QCM technique to monitor the in-situ change in resonant frequency 

between bare QCM crystals and the polymer-coated QCM crystals before 
and after their exposure to different media. While PIM-1 is soluble only 
in tetrahydrofuran (THF) and chloroform, our data indicated a very 
small decrease in polymer mass after treatment with other solvents such 
as methanol, ethanol, acetone, and toluene (Fig. S1). It can be attributed 
to the removal of the chloroform trapped during spin-PIM-1 coating 
and/or removal of oligomers possibly present in the initial PIM-1. Our 
QCM results suggest that there is no significant change in the mass of the 
polymer after swelling in ethanol and methanol, which indicates that no 
molecular degradation of the polymer occurred during swelling and all 
changes shown in the QCM experiment can be attributed to its volu
metric expansion (Fig. S1a). We choose ethanol for all experiments with 
PIM-1 since the ethanol is used to swell BCPs and the use of the same 
solvent enables minimizing of the synthesis parameters. Therefore, we 
used ethanol as a treatment solvent to prepare both PS-P4VP and PIM-1 
templates for gas-phase infiltration and as a solvent of zinc acetylacet
onate (Zn(acac)2) that served as a solution-phase precursor. Similar to 
methanol, exposure of PIM-1 to ethanol was found to be very effective in 
preserving the porosities created in the polymer due to the high vapor 
pressure of ethanol, thereby preventing the mobility of the polymer 
chains toward equilibrium packing [48]. 

After ethanol treatment, PS-P4VP and PIM-1 templates were exposed 
to gas or solution phase precursors. QCM technique was used to analyze 
the efficiency of the infiltration by monitoring the mass change of the 
samples (Fig. 2). In the case of gas-phase precursors (Fig. 2c), a signif
icant mass gain was observed when 3 ALD cycles were performed. After 
3 cycles, the mass gain significantly slows down indicating that PIM-1 is 
approaching full infiltration. Therefore, we limited the number of ALD 
cycles in SIS to 5. 

We have tested different concentrations of Zn(acac)2 in ethanol to 

Fig. 3. AFM surface topography images of initial PIM-1 and PIM-1 templates underwent infiltration with zinc oxide precursors from solution and gas phases followed 
by polymer removal resulting in the formation of porous ZnO coatings. The AFM scan size is 140 nm. 
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infiltrate PIM-1 with zinc precursors from the solution phase. An in
crease in the samples’ mass upon their exposure to a more concentrated 
Zn(acac)2 ethanol solution indicates that PIM-1 efficiently adsorbs the 
zinc precursor dissolved in ethanol (Fig. 2a). The substantial rise in the 
mass of the PIM-1 immersed into Zn(acac)2 ethanol solutions with 
concentrations above 0.1 wt% we attribute to the possible crystalliza
tion of zinc precursors from the solution. 

QCM study indicated that Zn(acac)2 adsorbed by polymer did not 
desorb back into ethanol as evidenced by no mass change upon im
mersion of the infiltrated polymer templates into ethanol. However, 
exposure of infiltrated polymers with Zn(acac)2 to water was associated 
with a loss of ~half mass gained during the infiltration step (Fig. 2b, e). 
It can indicate the desorption of Zn(acac)2; however, it has a lower 
solubility in water as compared to ethanol. Therefore, no change in mass 
upon immersion of infiltrated polymer in ethanol and mass decrease 
observed in water point out to a reaction between the infiltrated Zn 
(acac)2 and water (e.g., exchange of acetylacetonate ligand with OH 
group). Fig. 3 shows that almost no changes were observed in the surface 
topography of the swelled PIM (Fig. 3b), in comparison to the initial PIM 
(Fig. 3a). This further confirms the stability of the polymer after swelling 
in ethanol. However, the swelled polymer exhibits an increase in 
roughness height, indicating the presence of swelling-induced poros
ities. Surface topography for the PS-P4VP(25-25) and PIM infiltrated 
with zinc oxide precursors from solution and gas phases, and all- 
inorganic ZnO films formed after polymer removal are shown in 
Figs. 3 and 4. 

After infiltration of the polymer templates with zinc oxide precursors 

from solution and gas-phase precursors, the polymer templates were 
removed via UV ozone cleaning [49] that resulted in the formation of 
nanoporous ZnO films. The AFM images indicate the smooth and uni
form nature of these nanoporous films for both polymer templates and 
both infiltration approaches with the resulting nanoporous structure 
being highly dependent on the template type. The films prepared using 
the solution-phase infiltration demonstrate a little higher degree of the 
refinement in comparison to the vapor-phase infiltration which is 
attributed to the salt agglomeration effect upon the polymer removal 
process. As a result, the solution-phase processed coatings are expected 
to exhibit larger accessibility of the surfaces to the environment. 

The SEM images (Fig. 5) further confirm that zinc oxide films ob
tained with the same type of polymer template demonstrate similar 
morphologies regardless of the type of the zinc oxide precursor they 
were synthesized with. The SEM analysis shows that the surface of ZnO 
films obtained with PIM-1 templates is characterized by the presence of 
some circular features. Their formation we attribute to the capturing of 
the gas or solvent molecules by PIM-1 during its spin-coating that are 
released during polymer removal causing the appearance of circular 
dimples [32]. 

Fig. 5e demonstrates the X-ray diffraction (XRD) patterns of the 
porous ZnO samples prepared using two types of polymer templates with 
both solution and gas-phase precursors. The diffraction peaks of the 
synthesized ZnO films were indexed to the hexagonal wurtzite crystal 
structure of ZnO. As it is evidenced by rather narrow XRD peaks, ZnO 
samples prepared using solution-phase precursors are highly crystalline. 
However, the XRD spectra of ZnO samples prepared using gas-phase 

Fig. 4. AFM surface topography images of BCP (PS-b-P4VP(25-25)) templates infiltrated using solution (1 wt% of Zn(acac)2 in EtOH) and gas-phase precursors (a 
and b, respectively) and AFM surface topography images of porous ZnO coatings formed as a result of polymer removal of PS-P4VP templates infiltrated using 
solution and gas-phase precursors (c and d, respectively). The AFM scan size is 140 nm. 
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precursors are characterized by broader peaks indicating the nano
crystalline nature of the synthesized material. A comparison of their 
XRD spectra indicates that the PIM-1 template enables the synthesis of 
ZnO with a smaller crystalline size. These results are in agreement with 
the highly nanocrystalline structure of ZnO nanowires synthesized via 
the infiltration of lithographically patterned SU-8 polymer template 
using gas-phase precursors [28]. 

XRD spectra demonstrate strong diffraction peaks for all studied 
samples. These peaks can be indexed to the hexagonal structure with 
space group symmetry P63mc of the ZnO wurtzite phase, which is in a 
good agreement with data reported for ZnO wurzite phase (Fig. 5e) [50]. 
The slight shift of 2Theta to higher values can be indicative to less than 
0.5 % lattice strain (Fig. 5e). 

We conducted XPS studies to analyze the surface composition of 
synthesized porous ZnO films. High-resolution XPS spectra of the Zn 
2p3/2 and O 1s regions are shown in Fig. 6. For all samples, the Zn 2p3/2 
peak was fitted to only one Gaussian. The XPS spectra of all porous ZnO 
films have Zn 2p3/2 peaks at ~1021.2 eV, suggesting a +2 oxidation 
state of surface zinc [51] and that the surface of samples is Zn dominated 
since the stoichiometric ZnO reveals a corresponding peak at 1022 eV 
[52]. The most intense peaks of the XPS spectra in O 1s regions of ZnO 
samples obtained with gas-phase precursors are at ~529.8 eV that 
correspond to the Zn–O bond in ZnO lattice [52–53]; however, these 
peaks are shifted to slightly lower values of binding energies when gas- 
phase precursors were used to infiltrate both PIM-1 and PS-P4VP tem
plates. Since all binding energies were corrected for the charge shift 
using the C 1s peak, we can exclude the charging effect and attribute 
such shifts to the subtle difference in atomic arrangement around oxy
gen atoms in ZnO samples prepared with gas-phase precursors. The XPS 
spectra of ZnO synthesized with PS-P4VP(25-25) could be deconvoluted 
into two Gaussian sub-peaks, at ~530 eV and 531.5 eV, that is charac
teristic of oxygen vacancies [52,53]. The broader and more asymmetric 
peaks of the O 1s peaks indicate that ZnO obtained using PIM-1 tem
plates has more species at the surface. We deconvoluted corresponding 
spectra into three different Gaussian peaks. ZnO obtained using PIM-1 
and gas-phase precursors also revealed a peak at 531.5 eV indicative 

of oxygen vacancies and a peak at ~533 eV that is often attributed to 
-OH [52–53]. ZnO samples synthesized using PIM-1 and solution phase 
precursors revealed a peak at 533 eV and at ~532 eV that can be 
attributed to either chemically adsorbed O2 [52,53] or it can a result of 
the shift of the peak corresponding to oxygen vacancies due to similar 
origin as the shift of the most intense peak. On the other hand, previ
ously, the peak at 532.6 eV was attributed to loosely bound oxygen on 
the surface due to H2O or OH groups bonded to metal [53]. 

ZnO is a commonly used intrinsic n-type semiconductor material 
with a bandgap of 3.37 eV, for the detection of various gas molecules 
due to its low cost and non-toxicity in nature [54,55]. When ZnO is 
exposed to an ambient atmosphere, oxygen molecules are adsorbed on 
the surface of ZnO and then ionize into oxygen species by capturing 
electrons from the conduction band, leading to the creation of a surface 
depletion layer, band bending in the direction of reducing electrons, 
increase in the potential barrier and thus increasing the sensor resis
tance. Upon exposure of the ZnO surface to a reductive gas such as 
ethanol, the oxygen species will react with these ethanol gas molecules, 
leading to the formation of gaseous CO2 and H2O. Trapped electrons are 
released back to the conduction band, band bending is reduced, deple
tion width and the potential barrier for electron transport decreases, 
resulting in a decrease in the sensor resistance [36,55–57]. Typically 
elevated temperatures (350 ◦C) are required to achieve a reduction in 
resistance [58]. Previously, we have shown that nanoporous ZnO 
enabled significantly higher sensitivity at much lower temperatures 
(down to room temperature) [23]. Therefore, we have tested the re
sistivity change in response to ethanol vapors at room temperature. 

The gas sensing tests for our synthesized porous ZnO films were 
conducted in a custom-made vacuum chamber. The chamber is equip
ped with a 4-point probe and a QCM to simultaneously measure the 
change in electrical resistance and change in QCM resonant frequency 
during exposure to ethanol. The resonant frequency shift is directly 
proportional to the mass of ethanol adsorbed [59]. Changes in the 
electrical conductivity and QCM frequency of the prepared ZnO films 
were also analyzed. Comparison of the resistance change and mass 
change can help to estimate the surface accessibility and sensitivity of 

Fig. 5. SEM images of porous ZnO coatings obtained using PIM-1 templates with solution and gas-phase precursors, (a and b, respectively), and using BCP (PS-b- 
P4VP(25-25)) templates with solution and gas precursors (c and d, respectively). 0.5 w t% and 1 wt% concentrations of Zn(acac)2 in EtOH were used for PIM-1 and 
PS-b-P4VP(25-25) templates, respectively. 5 cycles of SIS were used for the infiltration of polymer templates with gas-phase precursors. The insets demonstrate the 
data of the contact angle measurements on the corresponding surfaces. (e) XRD spectra of porous ZnO film synthesized by infiltration of PIM-1 and PS-b-P4VP(25-25) 
templates using the solution and gas-phase precursors. 
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the synthesized porous ZnO coatings. 
For consistency in comparison, we’ve chosen the samples synthe

sized with 5 cycles of SIS and adjusted the concentrations of Zn(acac)2 in 
ethanol to provide adsorption of similar concentrations of zinc oxide 
precursors. Thus, we used 0.5 wt% and 1 wt% concentrations of Zn 
(acac)2 for PIM-1 and PS-P4VP(25-25), respectively. Note, that 5 cycle of 
SIS results in the infiltration of different amount of zinc oxide precursors 
into PIM-1 and PS-P4VP templates (Fig. 2). Therefore, Fig. 7 demon
stratethe sensing performance of the samples synthesized with the 
amount of ZnO equivalent to the amount of ZnO obtained via 5 cycles of 
SIS for each type of polymer; However, we also normalized the mass 
change and resistivity responses of ZnO samples obtained with PS-P4VP 
(Fig. 7, data shown by dotted curves) to directly compare the perfor
mance of ZnO synthesized with different templates. The summary of the 
sensing results for the SBI-prepared ZnO films compared to the SIS at 
room temperature is shown in Fig. 7. The pressure increase in the 
pressure-time graph depicts the inflow of ethanol into the chamber. The 
pressure drop is indicative of ethanol evacuation from the chamber. All 
ZnO sensors demonstrated an increase in mass and decrease in resis
tance. The ZnO samples synthesized with PS-P4VP(25-25) demonstrated 
a more than two times higher mass increase upon their exposure to the 
ethanol vapors as compared to ZnO synthesized with PIM-1. ZnO films 

obtained by infiltration of PIM-1 with gas-phase precursors revealed the 
worst performance, while infiltration of PIM-1 using solution-phase 
resulted in similar resistivity change to ZnO samples obtained using 
solution-phase infiltration of PS-P4VP(25-25) that demonstrated ~2.5 
higher change in mass measured in QCM experiments (Fig. 7). This 
points out that ZnO synthesized with solution-phase precursor using PS- 
P4VP has more surface accessible for ethanol molecules; however, the 
surface of ZnO film obtained using PIM-1 and solution phase precursor is 
better suited for decomposition ethanol. 

Table 1 summarizes the resulting ethanol surface area coverage of 
200 nm thick ZnO films. To analyze the availability of the surfaces to the 
ethanol adsorption, we extract the surface coverage values from the 
measured changes in the QCM resonant frequency. For this, we can as
sume that ethanol molecules attach to the ZnO surface vertically. 
Therefore, the ethanol coverage AE in a simple model can be evaluated 
as: 

AE = N × πr2 (2)  

with N defining the number of the adsorbed on the nanoporous ZnO 
films ethanol molecules extracted from the detected changes in the 
adsorbed mass as: 

N =
Δm × NA

Methanol
(3) 

By combining Eqs. (2) and (3) we roughly estimate the availability of 
the ZnO surface for the ethanol coverage as: 

AE =
ΔmNAπr2

Methanol
(4) 

Note, that both higher performing ZnO samples are highly crystal
line, while samples with lower crystallinity demonstrated lower per
formance. In fact, samples with the smaller size of the crystallites reveal 
the worst results in terms of their resistivity change upon their exposure 
to ethanol. Therefore, we conclude that higher crystallinity of ZnO is 
associated with more robust and pronounced resistivity change. Smaller 
mass change of ZnO obtained with PS-P4VP(25-25) and gas-phase pre
cursor as compared to ZnO synthesized using the same polymer template 
but with solution-phase precursors indicates that the presence of Zn 
(acac)2 in ethanol can also affect the swelling of BCP and can favor more 
complete micelle opening in spin-coated BCP [49] resulting in the syn
thesis of ZnO with a more accessible surface. 

4. Conclusion 

In conclusion, we have investigated the effect of the structure and 
composition of the polymer template on the synthesis of the porous 
conformal inorganic coatings. Using the synthesis of ZnO as a model 
system, we have compared two types of polymers, PIM-1 and PS-P4VP 
(25-25), that have a different mechanism of interactions with metal 
oxide precursors. We have also demonstrated that the infiltration of 
polymer templates can be efficiently achieved using both gas phase and 
solution phase precursors. We showed that the crystallinity of the syn
thesized ZnO is mainly affected by the state of the precursor (gas or 
solution phase) and does not depend on the polymer template type. 
Thus, we demonstrated that infiltration of polymer templates using 
solution-phase precursors (e.g. Zn(acac)2) enabled higher crystallinity 
as compared to samples obtained using gas-phase precursors (so-called 
SIS or VPI). The concentration of the metal salt in the solution can be 
matched to achieve the amount of metal oxide comparable with the 
amount synthesized via SIS or VPI. All synthesized samples revealed the 
promising potential for sensing at room temperature. Interestingly, more 
crystalline ZnO conformal films synthesized with solution-phase pre
cursors demonstrated better performance in ethanol sensing tests as 
compared to samples synthesized with gas-phase precursors. We also 
showed that the surface of porous ZnO synthesized with BCP (here PS- 

Fig. 6. XPS spectra of Zn 2p3/2 and O 1s peaks for porous ZnO coatings syn
thesized with PIM-1 and PS-P4VP(25-25). 
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P4VP) is more accessible than the surface of ZnO synthesized with PIM. 
However, despite the lower surface accessibility for ethanol molecules, 
ZnO synthesized via infiltration of PIM-1 with solution-phase precursors 
demonstrates the largest change in resistivity upon its exposure to 
ethanol vapor. Therefore, we conclude that solution and gas-phase in
filtrations are promising approaches for the synthesis of uniform metal 
oxide or mixed metal oxide porous conformal coatings The surface of the 
synthesized metal oxide can depend on the type of the polymer template 
that, in turn, can affect their properties (e.g. biofilm growth, catalytic, 
etc.). Our results open the access to the synthesis of conformal metal 
oxide where gas-phase precursors are not available, or gas phase pre
cursors can be available at high temperatures at which polymer template 
undergoes glass phase transition or deteriorates. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.surfcoat.2022.129107. 
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