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Factors Shaping the Morphology in Sol-Gel Derived
Mesoporous Zinc Titanate Films: Unveiling the Role of
Precursor Competition and Concentration

Yanan Li, Nian Li, Constantin Harder, Shanshan Yin, Yusuf Bulut, Apostolos Vagias,
Peter M. Schneider, Wei Chen, Stephan V. Roth, Aliaksandr S. Bandarenka,
and Peter Müller-Buschbaum*

Zinc titanate films with mesoporous structures have widespread
applications ranging from sensors to supercapacitors and bio-devices
owing to their photoelectric properties and specific surface area. The
present work investigates the morphology of mesoporous zinc titanate films
obtained by calcination of hybrid thin films containing polymer templates and
precursor mixtures of zinc acetate dihydrate (ZAD) and titanium isopropoxide
(TTIP). ZnO and TiO2 films are fabricated for reference. The influences of
hydrochloric acid contents (HCl), the ratios of ZAD and TTIP, and the solution
concentrations on the film morphologies are studied. The amphiphilic diblock
copolymer, polystyrene-block-polyethylene oxide (PS-b-PEO), plays the role of a
structure directing template, as it self-assembles into micelles in a solvent-acid
mixture of N, N-dimethylformamide (DMF) and HCl. Thin films are prepared
with spin-coating and subsequent calcination. Adjusting the ratio of TTIP and
ZAD leads to the structure evolution from order to disorder in a film. It depends
on the hydrolysis and condensation processes of the precursors, providing
different time-to-growth processes to control the film morphologies. An
increase in solution concentration enhances the surface coverage. As probed
with grazing-incidence small-angle X-ray scattering, the inner structures
are larger than the surface structures seen in scanning electron microscopy.
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1. Introduction

Engineered nanocrystalline metal oxide
thin films with tailored mesostructures,
such as titania (TiO2) and zinc oxide
(ZnO), have garnered significant at-
tention in photovoltaics,[1] sensors,[2]

and photocatalysis,[3] due to their cost-
effectiveness, stability, low toxicity, and
intriguing photoelectric properties.
However, the performance of devices
using TiO2 and ZnO films is limited
by high charge-carrier recombination
rates and low electron mobility. To mit-
igate this issue, extensive research has
been devoted to enhancing the device
performance by using different sur-
face modifications, doping strategies,
and tuning property characteristics
of TiO2- or ZnO-based materials.[4]

In particular, zinc titanium oxide or
zinc titanate films, comprising ZnTiO3
(cubic, hexagonal),[5] Zn2TiO4 (cubic,
tetragonal),[6] and Zn2Ti3O8 (cubic),[7]
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have demonstrated advantages such as the low charge car-
rier recombination rate,[8] optimized bandgap and enhanced
electron mobility.[9] As well-known from metal oxides, the
film morphology also plays a critical role on the achievable
device performance.[10] In particular, compared to conventional
nanoparticle-based films, which are challenged by agglomer-
ation issues, mesoporous films with interconnected network
architectures are beneficial for efficient charge transport, im-
proved stability, and increased surface-to-volume ratio providing
an enhanced active-site density for surface reactions.[11] For
example, Chi et al. prepared mesoporous ZnTiO3 rods with
good photocatalytic activity and low costs, which could of-
fer broad opportunities for environmental remediation.[12]

However, in contrast to TiO2 and ZnO films, tailoring se-
ries of zinc titanate film morphologies are rarely reported in
the literature,[8,13] especially rarely reported are the factors
related to solute and solvent. Hence, studying mesoporous
morphologies of zinc titanate films with a controlled domain
configuration is highly meaningful and necessary, to enable
new chances for device performance improvements in the
future.

At present, compared to physical vapor deposition, chemi-
cal vapor deposition (CVD), micro-arc oxidation, and thermal
spray processes,[14] thin film fabrication routes based on sol-
gel chemistry in combination with spin-coating appear attrac-
tive to achieve a controlled thin film structure in laboratory con-
ditions due to its ease in tailoring the process. In the sol-gel
chemistry route, block copolymers (BCPs), such as polystyrene-
block-polyethylene oxide (PS-b-PEO), are very successfully used
to template the resulting mesoporous metal oxide films via the
control of the self-assembled micellar structures loaded with the
precursors.[15] The controlling factors of the BCP template mor-
phologies (tubules, vesicles, rods, and lamellae) are molecular
weight, solvent evaporation,[16] salt content,[17] concentration,[18]

temperature,[19] etc. In the complex film formation process, con-
tributions from the free surface energy, interfacial energies in-
cluding the interactions with two blocks of the BCP, elastic en-
ergies including chain conformations, and interaction energies
with the substrate drive the film morphology.[20] Usually, ion
addition for controlling the template morphologies has been
used to impart functionality or affect the interfacial energetics.[21]

The formed hybrid micellar structures are densely packed in
the solid phase, and the precursor molecules bonding with the
polymer blocks affect the interfacial energy during the film
formation.[22] Desired film morphologies were achieved, e.g., by
controlling the solvent and additive contents,[23] by optimizing
the annealing temperature and time,[24] by utilizing the poly-
mer or nanoparticle templates.[25] Jiang et al. prepared TiO2 films
with ordered structures by adjusting the solvent composition and
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the hydrolysis rate of TiCl4.[26] Tian et al. prepared mesoporous
ZnO films with worm-like, sponge-like, and grid-like structures
using zinc acetate dihydrate (ZAD) and PS-b-PEO with differ-
ent molecular weights and PS-b-P4VP, respectively, having an
almost positive relationship between adsorption and electrical
conductivity.[27]

However, the existing studies on zinc titanate composite thin
films are still inadequate, especially using the precursor mix-
ture of the highly reactive titanium isopropoxide (TTIP) and
ZAD with less hygroscopicity and no oxidizing properties. For
example, Sarkar et al. fabricated foam-like zinc titanate films
with large aggregates based on the BCP-assisted sol-gel chem-
istry using ZAD and ethylene glycol-modified titanate (EGMT)
by spray-coating, an industry-oriented approach, at 80 °C. Zinc
orthotitanate films were obtained by calcination at 600 °C.[28]

They used solutions containing PS-b-PEO (23 kg mol−1 for PS
block; 7 kg mol−1 for PEO block), ZAD and EGMT dissolved
in a mixture of N, N-dimethylformamide (DMF), water, and hy-
drochloric acid (HCl). However, the obtained film surfaces exhib-
ited large aggregates without ordered structures. Also the role of
HCl in the system was not discussed in the earlier work. Ehsan
et al. prepared globular zinc titanate-titania particles using TTIP
and ZAD by aerosol-assisted CVD.[29] Chuaicham et al. showed
the high photocatalytic phenol degradation performance of the
ZnTiO3 phase, which was prepared based on the precursor mix-
ture of zinc nitrate hexahydrate and titanium chloride, using
the hydrothermal synthesis method.[8] However, to the best of
our knowledge, so far there is no systematic study on the fac-
tors of the BCP template, the crystal type when changing the ra-
tio of TTIP and ZAD, and acid function based on the competi-
tive relationship between TTIP and ZAD during their hydrolysis
process.

Herein, we investigate the morphology of the hybrid films pre-
pared with a PS-b-PEO template and a mixture of two precursors
before calcination as well as the morphology of the resulting zinc
titanate films after calcination. The film morphologies are ad-
justed by changing the composition (precursor ratio of TTIP and
ZAD), solution concentration, and hydrochloric acid (HCl) con-
tent in the stock sol-gel solution preparation. As additives, the
precursors and the acid affect the interfacial energy between the
blocks of the BCP causing a polymer-structure reorganization,
which can be used to tune the film morphology. For reference,
the metal oxide films TiO2 or ZnO are fabricated as well when
using the pure precursors TTIP or ZAD. Due to the different
hydrolysis reactions of TTIP and ZAD, the additional HCl will
not only decelerate the hydrolysis rates of TTIP and ZAD but
also prevent aggregation formation in the solution.[30] In addi-
tion, the growth of anatase TiO2 with small grains is driven by the
strong bonding of HCl on the TiO2 (101) surface, Cl− is a rutile
mineralizer, and a high HCl concentration is beneficial for the
formation of smaller-scale building blocks.[31] Moreover, due to
the presence of additional ions, the surface morphology of a film
can be different from the inner film structure.[32] In this work,
the fabricated film morphologies are probed with scanning elec-
tron microscopy (SEM) to picture the surface morphologies and
with grazing-incidence small-angle X-ray scattering (GISAXS)
to study the inner structure. The crystal phases of the calcined
films are characterized with grazing-incidence X-ray diffraction
(GIXD).
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Figure 1. a) Schematic illustration of the fabrication of mesoporous thin zinc titanate films. Initially, the PS-b-PEO solutions with TTIP or ZAD are
prepared separately in two vials. After that, the solutions are intermixed to obtain the solutions with polymers and the two precursor mixtures. Then,
the solutions are spin-coated on pre-cleaned Si substrates. After two days, the thin films are calcined at 600 °C to remove the polymer templates. b)
Illustration of hydrolysis and condensation reactions of TTIP and ZAD for zinc titanate production.

2. Results and Discussion

The mesoporous zinc titanate films with various morpholo-
gies are fabricated via calcining the spin coated hybrid films
(Figure 1). For reference, the metal oxide films TiO2 or ZnO are
fabricated as well. In this work, we compared two series sam-
ples, which differ in the HCl content: Series A and series B have
a low and a high HCl content, respectively. In series A, the mass
ratio of PS-b-PEO, HCl, and precursors in solution is fixed at
mPS-b -PEO:mHCl:mprecursors = 1:2:2. In series B, these three reac-
tants are fixed at mPS-b -PEO:mHCl:mprecursors = 1:4:2. Based on the
solubility parameters of polymers and solvents (Table S1, Sup-
porting Information), the self-assembled micellar structure of
PS-b-PEO has a PS core and a PEO shell in a solution. The pres-
ence of DMF, which is a suitable solvent for both blocks, and
HCl, which can protonate the PEO block, probably result in the
formation of spherical micelles due to the balanced solubility of
both blocks in the solvent mixture. Moreover, the block copoly-
mer length and packing parameter influence a micellar size and
shape, suggesting variations under different conditions. Follow-
ing the loading of precursors binding with PEO blocks due to
hydrogen bonds, the micellar structure transits from a sphere
to a cylinder. This conclusion is supported by Tian et al., who
observed that the loading of ZAD caused spherical micelles to
change to cylindrical structures with core and shell sizes of 9 nm
and 1.8 nm, respectively.[33]

For both series (A and B) we investigate three different solu-
tion concentrations labeled as dilute (c1), intermediate (c2), and
concentrated (c3) solution groups. In each solution group, four
different mass ratios of the precursors TTIP to ZAD (10:0, 5:5,
3:7, and 0:10) are prepared. Accordingly, depending on the pre-

cursor ratio, we obtain the zinc titanate composite films as well
as TiO2 or ZnO reference films. The hybrid thin films composed
of polymers and precursors are obtained by spin-coating these
different solutions on silicon substrates pre-cleaned in an acid
bath.[34] The accordingly prepared 24 samples of the series A and
B are summarized in Table S2 (Supporting Information). To ob-
tain the zinc titanate films and reference samples, the hybrid
films are calcined at 600 °C in the air as described in the experi-
mental section.

We use thermogravimetric analysis (TGA) to investigate the
thermal stability of PS-b-PEO and further to prove that the poly-
mer template is completely removed under the above thermal-
treatment condition. Figure S1a (Supporting Information) shows
two peaks, which means that PEO and PS are decomposed at 347
°C and at 448 °C, respectively. The TGA condition setting is the
same as the calcination process of the hybrid films (Figure S1b,
Supporting Information). Therefore, the polymer template is to-
tally combusted once the temperature reaches 486 °C. During the
calcination step, besides the polymer template removal from the
hybrid film, the thermal treatment enables the remaining amor-
phous titania and zinc to crystallize.

2.1. Film Morphology

2.1.1. Hybrid Films Prepared with Low HCl Content

SEM surface images of the 12 hybrid films combining polymers
and precursors from the A series are shown in Figure 2 be-
fore calcination. The three different concentrations are shown
from left to right for dilute (c1, Figure 2a–d), intermediate (c2,

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (3 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2024, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400215 by D
E

SY
 - Z

entralbibliothek, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 2. SEM images of hybrid thin films in series A before calcination.
The ratios of the two precursors mTTIP:mZAD are 10:0, 5:5, 3:7, and 0:10
(from the bottom to the top row). The material mass of the film (prepared
using dilute, intermediate, and concentrated solutions) increases from the
left to the right column.

Figure 2e–h), and concentrated (c3, Figure 2i–l) samples, respec-
tively. The four different precursor ratios (TTIP: ZAD = 0:10, 3:7,
5:5, and 10:0) are shown from the top to bottom in Figure 2. For
the dilute solution and with an increase of the ZAD addition, the
film morphologies transform from a more inhomogeneous sur-
face with disordered structures into a more uniform surface with
better-ordered structures, e.g., forming a porous film with a well-
defined pore size (≈20 nm) (Figure 2b). Compared with TTIP,
ZAD undergoes hydrolysis more readily due to its chemical struc-
ture. The differing sensitivities of isopropyl alcohol and acetic
acid to HCl mean that additional HCl prevents the formation of
aggregates. Thus, increasing the ZAD content in the precursor
mixture helps in a delayed aggregate formation, facilitating the
maintenance of the polymer template. Notably, this is beneficial
for the formation of elongated more ordered structures instead of
forming compact aggregates since the encapsulation of the PEO
shell domains by hydrolysis products of the precursors alters the
block interactions between PEO and PS. With an increase in ma-
terial mass, the morphologies become more compact due to more
precursor material present in the solution. In case of pure ZAD
(Figure 2a,e,i), the film transforms from a better-ordered mor-
phology into more disordered structures having fewer and large
pores when increasing the concentration. In case of pure TTIP
(Figure 2d,h,l), the aggregated films with network structures be-

come more compact when increasing the concentration. In case
of TTIP and ZAD mixtures (Figure 2b,f,j), the films show rather
uniform surfaces with ordered structures irrespective of the con-
centration. For the TTIP to ZAD ratio of 3 to 7, the character-
istic surface structure size is approximately 20 nm, as depicted
in Figure 2b,f,j. This observation can be attributed to the influ-
ence of ZAD on the hydrolysis rate of TTIP, contributing to a
decrease in large aggregates and promoting their uniform dis-
persion around polymer templates. Changing the material con-
centrations (Figure 2c,g,k) affects the porosity but not the film
uniformity. Overall, the films (Figure 2c,g,k) at the ratio of 5:5
(TTIP: ZAD) show similar behavior as observed in the compos-
ite films (Figure 2b,f,j).

To investigate the inner structures of the hybrid thin films,
we perform GISAXS measurements. The two-dimensional (2D)
GISAXS data are shown in Figure S2 (Supporting Information).
At the ratio of 3:7 (TTIP: ZAD) (Figure S2b, f, j, Supporting In-
formation), the 2D GISAXS data exhibit clear Bragg rods, in-
dicating the existence of ordered structures with a well-defined
distance. With increasing concentration at a fixed precursor ra-
tio, the Bragg rods remain unchanged, which confirms that the
characteristic structures do not depend on the material concen-
trations in agreement with the SEM observations. To extract more
detailed in-plane structural information from the GISAXS data,
we perform horizontal line cuts at the Yoneda peak position and
model these line cuts. The details about the GISAXS modeling
are provided in the Supporting Information. Three characteristic-
cylindrically shaped objects are needed to explain the scattering
data.[35] The three cylindrical objects have the same height but dif-
ferent radii and center-to-center distances (dcc), which describe
the dispersing state of the objects. Concerning the “small” size
domains, in the hybrid thin film, the polymer or precursors can
form small aggregates. Thus, the small domains can be poly-
mer coils or polycondensation products of the precursors. The
“medium” size domains describe the micellar structures loading
precursors. Concerning the “large” size domains, before calcina-
tion, due to solvent evaporation, primary micelles have the trend
to combine. After calcination, collapsed structures can form large
structures. The horizontal line cuts are present in Figure 3a–c
and the extracted values for the object radii and their correspond-
ing center-to-center distances are presented in Figure 3d–f and
Figure S3a–c (Supporting Information), respectively. The scatter-
ing curves show pronounced differences indicative of the differ-
ent order degrees as seen in SEM.

The three cylinder-object radii (s, m, and l) of a film are dis-
tributed at 3.0 – 7.3, 7.3 – 16.3, and 36.0 – 53.0 nm (Figure 3d–f),
respectively. The related center-to-center distances (dcc) between
two neighboring objects ranges from 23.0 ± 3.0 to 330.0 ±
30.0 nm. In the case of the dilute solution-based films (Figure 3d),
with increasing ZAD content, the large-object radii are in the
range of 40.0 – 53.0 nm and the dcc values increase from 100.0
± 10.0 to 330.0 ± 30.0 nm. The small- (5.8 ± 0.3, 5.1 ± 0.2, 5.5
± 0.5, 7.0 ± 0.3 nm) and middle-object radii (10.0 ± 0.5, 10.5
± 0.5, 11.0 ± 0.5, 16.0 ± 0.3 nm) increase as well. The corre-
sponding dcc values are (23.0 ± 3.0, 33.0 ± 5.0, 26.0 ± 1.0, 35.0
± 10.0 nm) and (45.0±5.0, 40.0±10.0, 45.0±20.0, 60.0±20.0 nm),
respectively. In general, the small-, middle- and large-object radii
of the intermediate and concentrated samples (Figure 3e,f) show
similar values as the counterparts of the diluted (Figure 3d).

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (4 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

 21967350, 2024, 34, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

i.202400215 by D
E

SY
 - Z

entralbibliothek, W
iley O

nline L
ibrary on [21/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmatinterfaces.de


www.advancedsciencenews.com www.advmatinterfaces.de

Figure 3. a–c) Horizontal line cuts from 2D GISAXS data of hybrid thin films in series A before calcination. The measured data are represented as
solid circles and the modeling results are depicted as solid lines. To improve clarity, all curves have been shifted along the intensity axis. For the films
using (a) dilute, (b) intermediate, and (c) concentrated solutions, the ratios of mTTIP:mZAD is 10:0, 5:5, 3:7, and 0:10 from bottom to top, respectively.
Contributions from small (s), middle (m) and large (l) objects are indicated with the arrows. d–f) Extracted characteristic structure radii as a function
of the mass ratio of ZAD in a precursor mixture, mf (ZAD) for the films using (d) dilute, (e) intermediate and (f) concentrated solutions. With different
colors the small (blue, rs), middle (red, rm), and large (black, rl) objects are shown.

However, at high concentrations, the radii of the middle objects
decrease due to the formation of more compact structures, par-
ticularly in concentrated solution-based films (Figure 3f). Com-
pared with the films based on dilute solutions, the domain sizes
in films based on intermediate and concentrated solutions are
smaller for both small- and middle-sized domains, especially in
films containing precursor mixtures. Nevertheless, films based
on concentrated solutions containing either TTIP or ZAD exhibit
larger domain sizes than those based on intermediate solutions.
This issue might be addressed by increasing the HCl content to
better isolate the micelles. These results are consistent with the
SEM observations. Thus, the introduction of ZAD hinders the
condensation of TTIP to avoid aggregate formation. The more
random dcc values in films with pure TTIP or ZAD is attributed
to aggregation. With increasing material mass these dcc values
of the films with precursor mixtures decrease for the small and

middle cylindrical domains (Figure S3, Supporting Information),
meaning that the object distances decrease and the film area in-
creases.

Besides object radii and distances, the quantity of objects
present in the hybrid films is extracted from the GISAXS data
analysis (Figure S6d–f, Supporting Information).[36] For compar-
ison, the SEM images are statistically analyzed using Image J
(Figure S6a–c, Supporting Information). In this presentation in
Figure S6 (Supporting Information), we stick to the three cylin-
drical objects small, middle and large as shown in yellow, red
and green bars, respectively. At the surface of the hybrid films,
we see a dominance of small objects (yellow), while for the inner
structures the middle objects (red) are dominating in Figure S6
(Supporting Information). Accordingly, the inner structure ob-
ject radii are predominantly larger than the surface, which is
probably due to a solvent evaporation gradient from the film-air

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (5 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. SEM images of zinc titanate and reference oxide thin films in
series A after calcination. The ratios of the two precursors mTTIP:mZAD are
10:0, 5:5, 3:7, and 0:10 (from the bottom to the top row). The material
mass of the film (prepared using dilute, intermediate, and concentrated
solutions) increases from the left to the right column.

interface to the film-substrate interface. This notion is supported
by the findings of Rejek et al., who observed a lamellae surface
and cylindrical inner structures of a solution-based film contain-
ing PS-b-PEO and TiO2 nanoparticles.[32b]

2.1.2. Zinc Titanate Films Prepared with Low HCl Content

Via calcination, the hybrid films are transformed into the zinc
titanate films and into oxide films for the reference samples
(Figure 4). The calcined thin films prepared from dilute solu-
tions do not fully cover the substrate (Figure 4a–d). In partic-
ular, the reference ZnO film exhibits large bare substrate areas
due to the removal of the large polymer aggregates formed dur-
ing the preparation (Figure 4a). In contrast, the zinc titanate
films are uniformly covering the surface with small objects
(Figure 4b,c,f,g) due to the initially uniform polymer template
coverage. To achieve a better coverage of the thin films on the
substrates, higher concentrations are used successfully. With in-
creasing material mass of the film from the left column to the
right column (Figure 4), the bare areas decrease in the TiO2 or
ZnO films. The zinc titanate films show uniform film surfaces
and condensed structures with increasing material mass when
(mTTIP:mZAD = 5:5), while with concentration increase, the films
(mTTIP:mZAD = 3:7) show two-layer structures consisting of a con-

densed small structure layer and a layer with rod-like nanopar-
ticles (200–600 nm) (Figure 4j). The overall surface morphol-
ogy of the film (Figure 4j) is shown in Figure S4 (Supporting
Information). Compared to the single-layer porous structures,
the two-layer structures offer the advantage of having additional
nanoparticle-based structures with interconnected channels,[11]

extending their potential optoelectronic applications.
Compared to the TiO2 and ZnO films, generally, the zinc ti-

tanate films have smaller domain sizes on the film surfaces
(Figure 4). Since the calcination process may collapse the formed
structures inside the films. Again, GISAXS measurements were
performed to obtain statistically significant morphology informa-
tion and the 2D GISAXS data of the calcined films are shown
in Figure S5 (Supporting Information). Figure S5b (Support-
ing Information) clearly shows the typical Bragg rods indicat-
ing the presence of ordered structures within this film when
mTTIP:mZAD = 3:7. With increasing material mass, the Bragg
rods become blurred due to a wide structure distribution in
thicker films. The horizontal line cuts of the 2D GISAXS data
are shown in Figure 5. For a detailed analysis, these line cuts
are modeled with the same model as used for the hybrid films.
Figure 5d–f and Figure S6a–c (Supporting Information) display
these modeling results. The large cylindrical object radii of the
zinc titanate films (Figure 5d,e) are smaller than that of the bare
TiO2 and ZnO films, in agreement with the SEM results seen
in Figure 4. For the dilute solution-based films (Figure 5d), the
middle-object radii increase from 8.0 ± 0.5 nm to 12 ± 0.3 nm
with increasing the ZAD content, the small domains are un-
changed in the 3.1 – 4.1 nm range. For the dilute solution-based
films (Figure 5e), we can observe the same trend for the large,
middle, and small objects having a radii range of 3.3 – 4.2 nm.
However, for the concentrated solution-based films (Figure 5f),
with increasing the ZAD content, large-object radii (from 13.5
± 0.5 nm to 47.0 ± 0.3 nm) increase, and middle and small do-
mains unchanged (8.3 – 8.7 nm and 3.5 – 3.8 nm). Overall, the
dcc values of the large object in the TiO2 or ZnO films are larger
than that of zinc titanate films (Figure S6, Supporting Informa-
tion) due to the formed aggregates with a disordered distribution
within the films since the added ZAD may break the network-
ing of TTIP to form small structures. With increasing material
mass in the film, the dcc values of three different object types de-
crease (Figure S6, Supporting Information) indicating that the
structures are packed and condensed to form a dense film. There-
fore, the calcined films are denser when increasing the concen-
tration, and using the precursor mixture can prevent the forma-
tion of large aggregates at a certain degree during the calcination
process.

Again, the quantity of domains present in the calcined films
is extracted from the GISAXS data analysis (Figure S7j–l, Sup-
porting Information)[36] and compared with the SEM results
(Figure S7g–i, Supporting Information). Changes are seen be-
tween the inner and surface structures for the three used classes
of objects in the modeling (small, middle, and large). Compared
to the surface morphologies (Figure S7g–i, Supporting Informa-
tion), which are dominated by small domains, the inner struc-
tures of the films (Figure S7j–l, Supporting Information) mainly
contain middle-sized objects. With increasing material mass, the
middle-sized domains also appear on the film surface. The in-
ner structure of the calcined films (Figure S7j, k, Supporting

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (6 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a–c) Horizontal line cuts from 2D GISAXS data of zinc titanate and reference oxide thin films in series A after calcination. The measured data
are represented as solid circles and the modeling results are depicted as solid lines. To improve clarity, all curves have been shifted along the intensity
axis. For the films using (a) dilute, (b) intermediate, and (c) concentrated solutions, the ratios of mTTIP:mZAD are 10:0, 5:5, 3:7, and 0:10 from bottom to
top, respectively. Contributions from small (s), middle (m), and large (l) objects are indicated with the arrows. d–f) Extracted characteristic structure radii
as a function of the mass ratio of ZAD in a precursor mixture, mf (ZAD) for the films using (d) dilute, (e) intermediate, and (f) concentrated solutions.
With different colors the small (blue, rs), middle (red, rm), and large (black, rl) objects are shown.

Information) is dominated by larger objects for the ZnO film.
These results are well consistent with the above discussion.

2.1.3. Hybrid Films Prepared with High HCl Content

In series B with high HCl content, the precursor condensation
delays so the material mass and precursor ratio effect will dif-
fer. Again, before calcination, due to the presence of the PS-b-
PEO template, we obtain hybrid films. The variation ratios of
mTTIP:mZAD are the same as in series A 10:0, 5:5, 3:7, and 0:10.
When comparing the SEM images of series B (Figure 6), the in-
fluence of the concentration and precursor ratio is not as pro-
nounced as in the series A. Thus, when increasing the HCl con-
tent, the hybrid film preparation becomes more robust against
changing these parameters. The pure ZnO films exhibit the best-

ordered morphologies in series B (Figure 6a,e,i), whereas the
pure TiO2 films have perhaps the worst-ordered morphologies
(Figure 6d,h,l). With mixed precursors, rather closely packed
globular structures are seen. Figure S7 (Supporting Information)
presents the respective 2D GISAXS data of the calcined films.
The presence of Bragg rods in the 2D GISAXS data, indicative
of ordered and periodic structures within the films, aligns with
the ordered surface morphologies depicted in Figure 6a,e,i. No-
tably, as the ZAD contents within the films increase, a transition
from disorder to order in the structural arrangement becomes
evident. Moreover, it is observed in Figure S8b, f, j (Supporting
Information) that the Bragg rods become less distinct with in-
creasing concentration.

We perform horizontal line cuts in the 2D GISAXS data at the
Yoneda peak position for further analysis. In Figure 7a–c these
line cuts are shown alongside their corresponding model fits and

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (7 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 6. SEM images of hybrid thin films in series B before calcination.
The ratios of the two precursors mTTIP:mZAD are 10:0, 5:5, 3:7, and 0:10
(from the bottom to the top row). The material mass of the film (prepared
using dilute, intermediate, and concentrated solutions) increases from the
left to the right column.

Figure 7d–f depicts the object sizes extracted from the model re-
sults. Compared to the dilute solution-based films, the interme-
diate and concentrated solution-based films have smaller object
radii than the dilute solution-based films. Notably, in the dilute
solution-based films, which are characterized by the presence of
large aggregates, the object-size variations do not follow a con-
sistent pattern with increasing ZAD content (Figure 7d). In con-
trast, for the intermediate and concentrated solution-based films
the increase in the ZAD content causes an increase in the size of
all the large, middle, and small objects (Figure 7e,f). When look-
ing to the dcc values (Figure S9, Supporting Information), it is
found that an increase in concentration within the film leads to
the formation of a denser stacking of self-assembled structures
consisting of PS core and PEO shell with precursors. Overall, for
the intermediate and concentrated solution-based films, the dis-
tances between these objects (large, medium, small) show a sim-
ilar tendency as in the counterpart of the object size with the in-
troduction of additional ZAD content within the film. Therefore,
with increasing concentration, we fabricate more dense films on
the substrate and the object sizes decrease due to the compact
structures. As the quantity of ZAD increases, the object size con-
sistently increases due to polymer aggregation caused by a de-
creasing quantity of ions. ZAD displays greater sensitivity to HCl
than TTIP, resulting in an aggregate formation delay.

When looking to the quantity of domains present in the hy-
brid films of series B (Figure S13a–f, Supporting Information),
the surface morphologies of the films before calcination are
dominated by the small-sized objects (Figure S13a–c, Support-
ing Information), whereas the inner structures again tend to be
larger and predominantly are formed by middle-sized objects
(Figure S13d–f, Supporting Information). In the case of dilute
and intermediate solution-based films (Figure S13d, e, Support-
ing Information), the precursor ratios do not significantly affect
the volume fractions of objects. However, at high concentrations,
the volume fraction of small-sized objects becomes dominant.

Compared to the films of series A, in which precursor ratio and
concentration do not offer obvious trends on the film morphology
evolutions, the films of series B with high HCl content show rela-
tively clear trends. In series B, with increasing ZAD content, the
object sizes increase for the intermediate solution and concen-
trated solution-based films; with increasing concentration, the
domain sizes decrease, and the quantity of small domains in-
creases. In addition, the increasing HCl content increases the
quantity of small domain sizes since more ions surround poly-
mer structures hindering aggregation. Thus, increasing the HCl
content is beneficial for systematically controlling the domain
sizes and observing the effects of precursor ratio and material
mass on the film morphologies.

2.1.4. Zinc Titanate Films Prepared with High HCl Content

Figure 8 illustrates the surface morphologies of the correspond-
ing films presented in Figure 6, after the calcination process. Dif-
ferent from series A, some samples undergo strong morphology
changes due to a high temperature-induced pattern collapse. In
the case of pure ZAD, the obtained ZnO films (Figure 8a,e,i)
show sheet-like or rod-like structures dispersed across the sub-
strate instead of the initially ordered nanostructure. With increas-
ing TTIP content, the initial mesoporous nanostructure is better
preserved as seen in the pure TiO2 films (Figure 8d,h,l). The two-
layer structure films (Figure 8b,f,j) are formed in series B, which
is similar to the film structure (Figure 4j). The cross-section im-
age of the dilute-solution based film (Figure 8b) is shown in
Figure S10 (Supporting Information). In the case of the zinc ti-
tanate films, the resilience of the mesoporous nanostructure im-
proves with concentration and TTIP content. Notably, the various
resulting structures not only rely on the template but also empha-
size the significance of the calcination process, which may alter
the morphology through a structure collapse and crystallite for-
mation.

2D GISAXS data (Figure S11, Supporting Information) pro-
vide information about the inner film structures. The presence
of discernible Bragg rods in Figure S11b, f, j (Supporting Infor-
mation) signifies the existence of well-ordered structures within
these films. Conversely, a broad dispersion of domains is present
in patterns without such clear Bragg rods. To further corroborate
this observation, we conduct horizontal line cuts at the Yoneda
peak position and model them as explained (Figure 9a–c). The
corresponding radii and dcc results are presented in Figure 9d–f
and Figure S12a–c (Supporting Information). Notably, the small-
and middle-object radii are almost content, covering a range of
3.4 – 4.5 nm and of 8.5 – 15.0 nm with increasing ZAD content.

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (8 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. a–c) Horizontal line cuts from 2D GISAXS data of hybrid thin films in series B before calcination. The measured data are represented as solid
circles and the modeling results are depicted as solid lines. To improve clarity, all curves have been shifted along the intensity axis. For the films prepared
using (a) dilute, (b) intermediate, and (c) concentrated solutions the ratios of mTTIP:mZAD is 10:0, 5:5, 3:7, and 0:10 from bottom to top, respectively.
Contributions from small (s), middle (m), and large (l) objects are indicated with the arrows. d–f) Extracted characteristic structure radii as a function
of the mass ratio of ZAD in a precursor mixture, mf (ZAD) for the films using (d) dilute, (e) intermediate, and (f) concentrated solutions. With different
colors the small (blue, rs), middle (red, rm), and large (black, rl) objects are shown.

In contrast, the large-object radii in the calcined films increase
in response to an increasing ZAD content, to very large values,
which is caused by the pattern collapse and crystallite formation
(Figure 8). Accordingly, the structures are larger in series B than
those in series A. In Figure S12a (Supporting Information), it be-
comes apparent that also the center-to-center distances between
large domain sizes increase in response to an increase in the
ZAD content. No clear trends are seen in the cross-over from pat-
tern collapse to the preservation of the templated morphology for
the small and middle-size objects.

When evaluating the volume fractions of the calcined films
(Figure S13g–l, Supporting Information) only a few trends from
series A are seen as well. For the calcined films, in the case of the
surface morphologies as seen by SEM, the small domain sizes
continue to dominate the film surface. Regarding the inner struc-
tures of the films, an increase in material mass leads to a signifi-

cant reduction in domain sizes within films (mTTIP:mZAD = 10:0
and 5:5). In contrast, films with mTTIP:mZAD ratios of 3:7 or 0:10
exhibit stable domain sizes predominantly in the middle range.
Therefore, ZAD content displays an important role in the object
size growth and the film density increase.

2.2. Crystal Structure

Besides the film morphology, its crystal structure is also of im-
portance. Here, we restrict to the calcined films as the hybrid
films are amorphous. Figure 10 shows the GIXD results for
the films prepared with different ratios of TTIP and ZAD us-
ing a low and high HCl content together with a high solution
concentration. Characteristic Bragg peaks are marked. Irrespec-
tive of the HCl content, for pure ZAD as expected zincite ZnO

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (9 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 8. SEM images of zinc titanate and reference oxide thin films in
series B after calcination. The ratios of the two precursors mTTIP:mZAD are
10:0, 5:5, 3:7, and 0:10 (from the bottom to the top row). The material
mass of the film (prepared using dilute, intermediate, and concentrated
solutions) increases from the left to the right column.

(JCPDS 36–1451) is seen in its wurtzite phase, and for pure
TTIP anatase TiO2 (JCPDS 21–1272) is found. With the mixed
precursors zinc titanate films formed. In case of a low HCl
content (series A, Figure 10a), with increasing the ZAD con-
tents (mTTIP:mZAD = 5:5 and 3:7), ZnTiO3 (JCPDS 39–0190) and
ZnTiOx(mixture) are formed, respectively. The detected signals
for the A’33 sample are indeed broad and weak, indicating that it
is a mixture. The peak positions are close to those of ZnTiO3 and
Zn2TiO4, suggesting that the sample contains a mixture of these
phases, which we abbreviate as “ZnTiOx”. In case of a high HCl
content (series B, Figure 10b), with increasing the ZAD contents
(mTTIP:mZAD = 5:5 and 3:7), ZnTiO3 and Zn2TiO4 (JCPDS 25–
1164) are obtained, respectively. Thus, the precursor composition
and HCl can be used to control the type of zinc titanate formed by
the BCP-templated sol-gel chemistry approach presented here.

3. Conclusion

We synthesize thin hybrid and zinc titanate films using a PS-
b-PEO templated sol-gel synthesis approach. For reference, also
pure precursors ZAD and TTIP are used to synthesize ZnO and
TiO2 films. The HCl content (low and high), TTIP to ZAD ra-
tios, and material mass (solution concentrations) affect the ob-

tained film morphologies. These parameters also influence the
morphology transitions of the calcined films.

At low HCl content (series A), the surface morphologies of the
dilute solution-based films transform from disordered to ordered
structures with an increasing ZAD content. Higher solution con-
centrations led to smaller domain sizes due to nanoscale struc-
ture compaction. In a high-concentration case, the impact of the
ZAD content is diminished, likely due to polymer aggregation
making BCP templating challenging.

Comparing the volume fractions of the internal and surface
structures of the films, it turns out that the domain sizes of the
internal structures are larger, which is attributed to the gradient
installed by solvent evaporation and the competitive crystalliza-
tion and microphase separation of the PEO blocks. At high HCl
content (series B), an obvious increase in the domain sizes of
the intermediate and concentrated solution films is seen with in-
creasing ZAD content. We see a noticeable increase in the num-
ber of smaller domains because an increase in ions surrounding
the polymer structure with increasing HCl content prevents ag-
gregation, which is beneficial for BCP templating of the precur-
sors to tailor the film morphology.

After calcination, we fabricate metal oxide films consisting of
one-layer mesoporous films or two-layer films (top particle layer
and bottom mesoporous structure layer). Small- and medium-
sized domains remain stable before and after calcination, indi-
cating a successful polymer template control. However, the large
domains of the calcined films exceed template sizes due to the
crystallite formation and structure collapse at high temperatures.

High HCl content decreases the hydrolysis rate of the pre-
cursor mixture, preventing large aggregate formation. Thus, the
BCP template approach is successfully used to prepare stable and
universal structures in zinc titanate thin films. Additionally, a
broader range of parameters can be utilized to achieve template-
controlled morphologies in the hybrid films. Crystallite forma-
tion and structural collapse during the calcination process are
pathways to changing the initial template. While our study fo-
cuses on the influence of the relative composition of ZAD and
TTIP on the film morphology, the effects of their absolute con-
centrations also merit investigation. Future studies could aim to
explore how varying the specific concentrations of these precur-
sors impacts the morphological characteristics of the resulting
films. These issues can be mitigated by optimizing the calcina-
tion temperature and time. Our approach presents a promising
one-step route for creating zinc titanate and other metal oxide
films with controlled nanoscale mesoporous morphologies, of-
fering substantial potential applications in sensors, supercapaci-
tors, and biodevices.

4. Experimental Section
Materials: The amphiphilic diblock copolymer template, polystyrene-

block-polyethylene oxide, (PS-b-PEO) was obtained from Polymer Source.
Inc., Canada, and used as received. The number average molecular weight,
Mn, for the PS and PEO blocks, were 20.5 and 8.0 kg mol−1 respectively,
with a polydispersity index of 1.02. The titania precursor, namely titanium
(IV) isopropoxide (TTIP; 97%), was a transparent liquid with a relative
density of 0.96 g mL−1; the zinc precursor was zinc acetate dehydrate
(ZAD; 99.999% trace metal basis, a density of 1.84 g mL−1). The above
two precursors, N,N-dimethylformamide (DMF; analytical reagent grade

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (10 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. a–c) Horizontal line cuts from 2D GISAXS data of zinc titanate and reference oxide thin films in series B after calcination. The measured data
are represented as solid circles and the modeling results are depicted as solid lines. To improve clarity, all curves have been shifted along the intensity
axis. For the films using (a) dilute, (b) intermediate, and (c) concentrated solutions the ratios of mTTIP:mZAD is 10:0, 5:5, 3:7, and 0:10 from bottom to
top, respectively. Contributions from small (s), middle (m), and large (l) objects are indicated with the arrows. d–f) Extracted characteristic structure
radii as a function of the mass ratio of ZAD in a precursor mixture, mf (ZAD) for the (d) dilute, (e) intermediate and (f) concentrated solutions. With
different colors the small (blue, rs), middle (red, rm), and large (black, rl) objects are shown.

99.99%) and concentrated hydrochloric acid (HCl; 37%) were purchased
from Sigma-Aldrich and used without further treatment.

Solution Preparation: In series A (low HCl content), the four solu-
tions of c3 group were prepared with the following steps: Firstly PS-b-
PEO (60 mg) was dissolved in DMF (200 uL) under continuous stirring
for 0.5 h, then a mixture of HCl (88 uL) and DMF (800 uL) was slowly
dropped in it under continuous stirring for 0.5 h, and then it was di-
vided into two vials. After that, precursor solutions were prepared: 60 mg
TTIP and 60 mg ZAD were dissolved into two 500 uL DMF vials to ob-
tain the pure TTIP and ZAD solutions. Next, the precursor solutions were
dropped into both polymer solutions to obtain the two stock solutions.
Then, the two stock solutions were mixed with different mass fractions
to obtain the final four solutions containing the four different precursor
ratios (mTTIP:mZAD = 10:0, 5:5, 3:7, 0:10) for the thin film preparation.
These four samples from the concentrated solution system were diluted
using 1 mL and 2 mL DMF to obtain the solution used for the interme-
diate and dilute solution systems, respectively. The prepared 12 samples
were under continuous stirring overnight at room temperature for the next

film preparation steps. In series B (high HCl content), the same solution-
preparation process was used as series A, but a different amount of HCl
of 176 uL was used. The solutions were transparent without precipitation,
which was the general condition for the solution before the spin-coating
step. The hybrid thin films composed of polymers and precursors were
obtained by spin-coating (2000 rpm; 60 s) these different solutions on sil-
icon substrates (2 × 2) cm2 pre-cleaned in an acid bath.[34] To obtain the
zinc titanate films and reference samples, the hybrid films were calcined
at 600 °C in the air for 30 min in a tube furnace, RETTH 230/3, GERO
Hochtemperaturöfen GmbH, with a heating rate of 5 °C min−1 from 25
to 600 °C.

Thin Film Characterization: The surface morphology of hybrid and zinc
titanate thin films was characterized by high-resolution field emission SEM
(Zeiss Gemini NVision 40) at a working distance of 5 mm and an acceler-
ation voltage of 3 kV. GISAXS measurements were carried out on the P03
beamline of the PETRA III storage ring at DESY.[37] The following parame-
ters were used: Wavelength was 1.048 Å, the sample-to-detector distance
was 3901 mm, and X-ray photon energy was 11.83 keV. The scattering

Adv. Mater. Interfaces 2024, 11, 2400215 2400215 (11 of 13) © 2024 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 10. GIXD pattern of calcined films prepared with a) low and b) high HCl content for the different precursor ratios using the high concentration
solutions. Characteristic peaks of the involved oxides and zinc titanate are labeled.

signal was detected using a Pilatus 300K detector (pixel size = 172 mm
×172 mm).[37] An incident angle of 0.4° was set to probe the inner struc-
tures of the thin film. A Python program named Directly Programmable
Data Analysis Kit (DPDAK) was used for calibration and data analysis.[38]

Horizontal line cuts of the 2D GISAXS data were performed at the Yoneda
peak position. Details of the beamline were reported elsewhere.[39]

Grazing-incidence X-ray diffraction (GIXD) was performed with a D8
ADVANCE X-ray diffractometer using an X-ray wavelength of 1.54 Å at
2𝜃(Cu-K𝛼) = 20–50°. GIXD measurements were performed with X’Pert
PRO PANalytical instrument (Bragg–Brentano geometry with fixed diver-
gence slits, continuous mode, position sensitive detector, Cu-K𝛼 radiation,
Ni filter).

For the thermogravimetric analysis (TGA), a Mettler Toledo TGA 2 in-
strument was used to record the sample’s mass versus time for two prede-
fined temperature profiles. The first profile consisted of three main steps:
The heating step from 25 °C to 600 °C; the isothermal step at a fixed tem-
perature of 600 °C for 30 min, and the cooling step from 800 °C to 25 °C.
For the heating/cooling steps, a rate of 5 °C min−1 was used. The O2 gas
flow was set to 20 mL min−1 for all steps.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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