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Abstract

Three-dimensional ZnO structures were prepared by both thermal atomic layer deposition
(ThALD) and plasma-enhanced atomic layer deposition (PEALD) on a sacrificial cellulose
template. The synthetic approach consisted of ALD of conformal ZnO nanofilms on the
fibrous cellulose template, followed by thermal removal of the polymer. The resulting
calcinated samples, consisting of a scaffold of fused polycrystalline ZnO nanoparticles,
showed a sevenfold and ninefold increase in photocatalytic activity against methyl orange
under ultraviolet-A light, for the ThALD and PEALD samples, respectively, compared to
the non-calcined samples prior to cellulose removal. In addition to the improved three-
dimensional surface exposure and accessible active sites, it was suggested that the amount
of hydroxyl groups on the surface and the density of nanoparticle packing in 3D ZnO
structures are critical parameters for improving the photoinduced degradation of the dye.

Keywords: zinc oxide (ZnO); atomic layer deposition; thin films; cellulose; template
synthesis; photocatalysis

1. Introduction

Three-dimensional (3D) nano- and microarchitectures based on metal oxides exhibit
unique physicochemical properties that make them suitable for a variety of technological
applications. Compared to planar structures, their functional advantages are directly related
to their large surface area and tunable porosity, which are particularly beneficial in catalysis,
adsorption, drug delivery, separation, and sensing [1-3]. Among various fabrication
strategies, the use of sacrificial polymers has proven to be a simple and effective bottom-
up method for producing 3D nanomaterials [4-6]. This approach typically involves the
initial deposition of the ceramic material on the polymer substrate, which is subsequently
removed either chemically [7,8] or thermally [9,10]. In this way, a variety of complex
ceramic materials can be produced, such as nanotubes, nanofibers, nanopillars, and hollow
nanostructured materials.

Different synthetic approaches have been used for the initial polymer template coating
of oxide-based materials, which can generally be categorized into solution-phase [11,12]
and gas-phase methods [13,14]. Although sol-gel synthesis is one of the most versatile
methods for modifying polymer surfaces, its drawbacks include limited control over
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coating conformality and homogeneity, as well as the use of solvents that can contam-
inate the metal oxide surface and/or cause swelling of the polymer template, altering
its conformational and structural stability for subsequent ceramic growth. On the other
hand, common high-temperature evaporation processes such as chemical vapor deposition
(CVD) [13] or physical vapor deposition (PVD) [14] can also pose challenges for uniform
and conformal deposition of metal oxides on complex substrates, especially on thermally
sensitive polymers.

Among vapor phase deposition techniques, atomic layer deposition (ALD) has proven
to be the technique of choice for controlled and automated deposition on thermally sensitive
substrates [15]. The ALD process is based on the sequential exposure of a substrate to
organometallic precursor molecules and then to a counter-precursor (e.g., HyO, O3, or O
in the case of metal oxides) from the gas phase. Self-limiting surface reactions occur during
each ALD cycle, allowing a maximum amount of precursor species to chemisorb onto
the surface, so the thickness of the growing layer can be controlled at the angstrom scale.
Because of the self-saturating nature of the surface reactions during ALD, homogeneous
and conformal film growth can be achieved even on complex 3D structures, including
fiber-like interwoven polymer structures [16].

In “classical” thermally driven ALD (ThALD), surface reactions occur between nucle-
ophilic surface-reactive functionalities or counter-precursors and electrophilic organometal-
lic species. In the plasma-enhanced ALD (PEALD) variation, plasma generates reactive
species (ions and radicals) that act as counter-precursors, enabling reactions at lower
temperatures than in ThALD [17].

Three-dimensional ZnO nanostructures have recently attracted significant attention
in photocatalysis, particularly for potential applications in environmental remediation of
water [18,19]. ZnO is a wide bandgap (3.37 eV) semiconductor whose photocatalytic effect
is based on the light-induced excitation of an electron from the ZnO valence band to the
conduction band. The photogenerated electrons and holes reach the surface and react
with surrounding H,O and O,, forming reactive oxygen species (ROS) responsible for the
rapid and effective oxidation and degradation of most organic and biological pollutants.
Compared to the mainly studied low-dimensional ZnO structures, such as nanoparticles,
nanotubes, and nanoplates, 3D ZnO offers additional advantages for photocatalytic water
treatment, including a porous structure, high surface-to-volume ratio, and large surface area
that allows easy access of reactants and light to the photocatalyst surface. Most protocols
reported in the literature for the deposition of 3D ZnO structures are based on solution-
phase synthesis, usually by hydrothermal processes combined with heat treatment [20-23].

In this work, we report the preparation of 3D ZnO structures consisting of fused
ZnO nanoparticles by both thermal and plasma ALD on a sacrificial cellulose template.
Cellulose, the most abundant biopolymer on earth, was chosen as a template due to its
cost-effectiveness and lack of toxicity. The abundance of reactive hydroxyl groups on the
cellulose surface improves the initiation of ALD chemistry by ensuring strong adhesion to
the polymer substrate and the formation of high-quality thin ceramic films.

Our synthetic approach consisted of two steps: (i) ALD of conformal ZnO nanofilms on
the cellulose template, and (ii) thermal removal of the sacrificial polymer. After calcination,
the resulting 3D ZnO arrays were tested as photocatalysts for the degradation of a model
pollutant, methyl orange (MO), under UVA light irradiation. For comparison, cellulose
coated with ZnO thin films deposited by ThALD and PEALD in step (i) was used as
reference material and subjected to analogous photocatalytic activity measurements.
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2. Results and Discussion

FE-SEM images of the cellulose surface before (cel) and after deposition of ZnO by
ThALD (cel/th-ZnO) and PEALD (cel/PEALD-ZnO) are shown in Figure 1.

cel . /th-ZnO cel/PEALD-ZnO

Figure 1. FE-SEM images of (a) cel, (b) cel/th-ZnO and (c) cel/PEALD-ZnO, taken at 1000 x magnifi-
cation. The insets show microscopic images of the samples at 50,000 x magnification.

The low magnification images in Figure 1b,c show that the morphology of pristine
cellulose (cel), which consists of dense fibrous structures with heterogeneous thicknesses
ranging from 1 pm to several tens of um (Figure 1a), is preserved after thermal and PEALD
of ZnO. A higher magnification SEM image shows increased surface roughness in the form
of conformally distributed, rice-like nanograins with an average length of about 70 nm in
the case of cel/th-ZnO (inset in Figure 1b) and round nanoparticles about 10 nm in size in
the case of cel/PEALD-ZnO (Figure 1c).

After thermal removal of the sacrificial cellulose in cel/th-ZnO (sample cel/th-
ZnO/calc) and cel/PEALD-ZnO (sample cel/PEALD-ZnO/calc) at 700 °C, the ZnO
nanoparticles sintered to form interconnected quasi-round ZnO particles (Figure 2a). Parti-
cle size histograms derived from FE-SEM images showed a narrower distribution of smaller
cel/th-ZnO/ calc nanoparticles, with an average size of approximately 77 nm, compared
to the larger, more polydisperse nanoparticles of cel/PEALD-ZnO/calc, which had an
average size of approximately 100 nm (Figure 3).

=100 nm

Figure 2. FE-SEM images of (a) cel/th-ZnO/calc and (b) cel/PEALD-ZnO/ calc, taken at 40,000 x
magnification. The insets show microscopic images of the samples at 50,000 x magnification.
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Figure 3. Particle size distribution of cel/th-ZnO/calc and cel/PEALD-ZnO/ calc.
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The overall architecture of the resulting ZnO retained the shape of the sacrificial
polymer, and solid agglomerates of tubular ZnO structures were formed. However, while
the tubular structure of the calcinated cel/th-ZnO is compact and dense, the particles of the
calcinated cel/PEALD-ZnO coalesce into a mesoporous, net-like microstructure (Figure 2b)
with the mean pore area of approximately 60 nm? (see Figure S1 in the Supplementary
Material). From FE-SEM image analysis, the interparticle contact area per unit volume (Sy)
was determined to be 0.047 + 0.003 nm~! for cel/th-ZnO/calc and 0.026 + 0.003 nm !
for cel/PEALD-ZnO/calc. This difference reflects the more extensive particle-particle
connectivity in cel/th-ZnO/calc.

The crystallinity of cel, cel/th-ZnO, cel/PEALD-ZnO, cel/th-ZnO/ calc, and cel /PEALD-
Zn0O/calc was determined using the XRD patterns shown in Figure 4. All samples exhibit
diffraction peaks at 31.8°, 34.3°, and 36.2°, which correspond to the crystal planes (100),
(002), and (101), respectively, and are characteristic of the hexagonal wurtzite structure of
ZnO (reference data JCPDS-36-1451). The peak intensities match the powder reference,
indicating no preferred orientation of the crystals [24], and the lattice constants agree with
literature values [25]. The diffractogram of pristine cellulose (cel) shows an additional
crystalline peak at 34.5°, which corresponds to the crystallographic plane (004) of the If3
structure of natural semi-crystalline cellulose [26].
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Figure 4. X-ray diffraction patterns of cel, cel/th-ZnO, cel/PEALD-ZnO, cel/th-ZnO/calc, and
cel/PEALD-ZnO/ calc.

The calculated crystallite sizes (D, Table 1) indicate that the rice-like ZnO grains of
cel/th-ZnO observed by FE-SEM (see Figure 1b) are composed of smaller crystallites, while
the estimated grain size of cel/PEALD-ZnO from FE-SEM images (see Figure 1c) closely
matches the crystallite size in Table 1. After thermal treatment, both cel/th-ZnO/calc
and cel/PEALD-ZnO/ calc show an increase in crystallite size due to thermally induced
coalescence of smaller particles into larger ones. As a result, the crystallite sizes increase
from 13.4 and 16.6 nm to 25.2 and 24.6 nm after calcination for cel/th-ZnO/calc and
cel/PEALD-ZnO/ calc, respectively.

The surface composition of cel/th-ZnO, cel/PEALD-ZnO, cel/th-ZnO/calc and
cel/PEALD-ZnO/ calc was analyzed by XPS.

After calcination of cel/th-ZnO and cel/PEALD-ZnO, all cellulose-derived carbona-
ceous species are removed, and no corresponding signals are detected in the XPS survey
spectra. As shown in the Supplementary Material (Figure S2), both cel/PEALD-ZnO/ calc
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and cel/th-ZnO/calc exhibit only Zn and O photoemission peaks. The very weak C 1s
contribution observed is attributed to adventitious carbon, which is commonly present
on ceramic oxide surfaces exposed to ambient conditions and does not indicate resid-
ual cellulose-derived contamination. This confirms that the calcination process yields
chemically clean ZnO surfaces.

Table 1. Comparison of the calculated crystallite sizes (D) and lattice constants (a, c) with the
corresponding c¢/a ratio.

Sample D (nm) a(A) c(A) c/a
Cel/th-ZnO 134 3.25 5.22 1.61
Cel/th-ZnO/ calc 25.2 3.25 5.21 1.60
Cel/PEALD-ZnO 16.6 3.25 5.21 1.60
Cel/PEALD-ZnQO/calc 24.6 3.25 5.21 1.60

The photoemission around the Zn-2p core levels shows no significant changes before
and after calcination, with the symmetric Zn-2p3,, peak centered at 1022.4 eV correspond-
ing to Zn?* in the ZnO crystal lattice (see Figure S3 in the Supplementary Material).

The O 1s core-level spectra of all samples (Figure 5) can be consistently deconvoluted
into components corresponding to distinct oxygen environments. The dominant peak at
531.0 eV is assigned to lattice oxygen (O?~) in the crystalline ZnO structure and appears
in all samples, with no significant shift in binding energy after calcination, indicating
preservation of the Zn?*-0O%~ framework.
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Figure 5. O 1s XPS core-level spectra of (a) cel/th-ZnO, (b) cel/PEALD-ZnO, (c) cel/th-ZnO/calc
and (d) cel/PEALD-ZnO/ calc.

The higher binding energy component at approximately 532.6 eV is attributed to sur-
face hydroxyl groups and/or chemisorbed water [27,28]. In the cel/th-ZnO samples, syn-
thesized using H,O as the oxygen co-precursor, this contribution is especially pronounced
and increases after calcination (cel/th-ZnO/calc), indicating a higher concentration of
surface hydroxylated species (Figure 5a,c)

For cel/PEALD-ZnO and cel/PEALD-ZnO/calc, an additional intermediate O 1s
component at approximately 532.1 eV is observed. This peak is typically associated with
non-stoichiometric or chemisorbed oxygen species [28,29] and is attributed here to residual
reactive oxygen incorporated during the oxygen plasma step of the PEALD process [30-33].
The persistence of this feature after calcination, along with its presence in PEALD-ZnO films
deposited on silicon reference substrates (Figure 54, Supplementary Material), indicates that
these oxygen-related surface states originate from the plasma-assisted growth mechanism.
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Next, the photocatalytic performances of cel/PEALD-ZnO/ calc and cel/th-ZnO/calc
samples were measured for the degradation of methyl orange (MO) under UVA light
irradiation (Figure 6). The pre-calcination samples cel/th-ZnO and cel/PEALD-ZnO,
consisting of thin ZnO films conformally deposited on the fibrous cellulose template, were
measured under the same experimental conditions.

—®— cel/th-ZnO —V¥— cel/lPEALD-ZnO —A— MO (control)
—=&— cel/th-ZnO/calc —<— cel/PEALD-ZnO/calc —»— commercial ZnO

—=&— cel/th-ZnO —V¥— cel/PEALD-ZnO —A— MO (control)
—=&—cellth-ZnO/calc —<— cel/PEALD-ZnO/calc —»— commercial ZnO
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Figure 6. Photocatalytic degradation of methyl orange (MO) in the presence of cel/th-ZnO,

cel/PEALD-ZnO, cel/th-ZnO/ calc, cel/PEALD-ZnO/ calc, and commercial ZnO. (a) Logarithmic

plots of normalized concentration, log(C/Cy), versus time. (b) Normalized concentration, C/C,

versus time; data points represent the mean of three parallel experiments, and error bars indicate the

standard deviation. A pure MO solution without a catalyst was used as the control.

Because mineralization—i.e., the degradation of organic molecules to harmless in-
organic compounds such as water or CO,—is an important goal for the application of
photocatalysts in water treatment, the photocatalytic efficiency of the materials was evalu-
ated by observing the decrease in intensity of two peaks in the UV spectrum of MO: the
most intense peak at 462 nm, which represents the cleavage of the azo bond in MO, and
the peak centered at 270 nm, which reflects both the degradation of organic intermediates
and the desired mineralization [34]. The disappearance of the latter is an indicator of the
extensive breakdown of the MO dye.

Before irradiation with UVA light, the analyzed mixtures were kept in the dark for
40 min to establish adsorption-desorption equilibrium of the dye on the photocatalyst
surface, without measuring significant changes in dye concentration in the solution. The
UV-Vis absorption spectra (Figure S5 in Supplementary Material) show that within 240 min
of UV light irradiation, approximately 90% and 70% azo cleavage was achieved for cel/th-
Zn0O and cel/PEALD-ZnO, respectively, while no mineralization occurred. Additionally,
the peak at about 462 nm decreases with irradiation time, whereas the peak at about 270 nm
increases, which can be attributed to the increased number of oxidized intermediates
formed during the degradation process [34]. In contrast, cel/th-ZnO/calc and cel /PEALD-
ZnO/ calc exhibit strong photocatalytic properties, suggesting potentially near-complete
mineralization of MO within 60 min.

The photocatalytic efficiency of the samples was evaluated by monitoring the peak
at 462 nm. The photocatalytic degradation kinetics (Figure 6a) follows the first order
reaction, described by In(C/Cp) = —kt. A summary of the calculated rate constants (k) and
degradation half-lives (t; /,) can be found in Table 2.

The rate constants of cel/th-ZnO/calc and cel/PEALD-ZnO/ calc are seven and nine
times higher, respectively, than before calcination, highlighting a key advantage of the
3D materials over thin ZnO films; enhanced three-dimensional surface exposure and an
increased number of accessible active sites that promote dye degradation.

To further clarify the impact of particle organization, a direct comparison was made
between 3D fused ZnO networks and discrete nanoparticles. Commercial ZnO powder,
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consisting of discrete, separated particles with an average size of approximately 150 nm,
was used as a reference and tested under the same experimental conditions. The photocat-
alytical degradation curves (Figure 6) show that although commercial ZnO exhibits better
photocatalytic activity than cel/PEALD-ZnO/ calc, the highest performance is observed for
cel/th-ZnO/ calc, which is approximately 35% higher than cel /PEALD-ZnO/ calc.

Table 2. Summary of the calculated photodegradation rate constants (kpr) and half-life times (t; /)
for different samples.

Sample kpr (min—1) t1» (min)
Cel/th-ZnO 0.0093 + 0.0004 74.5
Cel/PEALD-ZnO 0.0047 + 0.0002 147.5
Cel/th-ZnO/ calc 0.0644 + 0.0030 10.8
Cel/PEALD-ZnO/ calc 0.0415 + 0.0018 16.7
Commercial ZnO 0.0494 + 0.0011 14.0
MO (control) 0.0020 + 0.0001 346.6

These observations are consistent with the structural characteristics of cel/th-
ZnO/ calc, whose densely packed nanoparticles are interconnected through fused junctions,
forming an extensive network of internal interface regions. In contrast, cel/PEALD-
ZnO/calc and commercial ZnO consist of more loosely organized or larger, well-
separated particles, resulting in fewer internal interfaces and comparatively lower
photocatalytic activity.

This comparison highlights that particle connectivity, rather than surface area alone,
are some of the key factors in determining photocatalytic efficiency.

Furthermore, the stability of the photocatalysts cel/th-ZnO/calc and cel/PEALD-
ZnO/calc was tested by reusing them in three consecutive catalytic cycles under the same
conditions described for photocatalysis. Between each cycle, the catalysts were separated
by centrifugation, washed with demineralized water and ethanol, and left to dry overnight
under ambient conditions. As shown in Figure 7, both photocatalysts are very stable, losing
only 2-3% of their degradation efficiency after three recycling cycles.

cel/th-ZnO/calc cel/PEALD-ZnO/calc

100 4 95.6 937 92.2

90 882 874 g2
80 A
70 A
60 A
50 4
40
30 A
20 A
10 A

% Degradation efficiency

1st 2nd  3rd 1st 2nd  3rd
cycle cycle cycle cycle cycle cycle

Figure 7. Recycling tests of photocatalysts cel/th-ZnO/calc and cel/PEALD-ZnO/calc. The per-
centage degradation efficiency against MO was calculated as (1 — Ct/Cp) x 100% after 45 min of
UVA irradiation.

Photoluminescence (PL) spectroscopy provides complementary insight into the photo-
catalytic behavior of cel/th-ZnO/calc and cel /PEALD-ZnO/ calc (Figure 8). Both samples
exhibit two main emission features at approximately 391 nm and 508 nm, corresponding
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to near-band-edge (NBE) recombination and defect-related radiative transitions within
the ZnO bandgap, respectively [35,36]. In cel/th-ZnO/ calc, the intensity of both PL peaks
decreased compared to cel/PEALD-ZnO/calc, indicating more efficient charge-carrier
separation and suppressed electron-hole recombination. This behavior is consistent with
previous reports showing that simultaneous reduction in both UV and visible PL emissions
in ZnO-based materials correlates with enhanced photocatalytic activity [35-37]. Improved
charge separation increases the number of electrons and holes available for surface re-
dox reactions, facilitating the formation of reactive oxygen species (ROS) that drive the
degradation of organic compounds [38—41].

—— cel/th-ZnOlcalc
—— cel/PEALD-ZnO/calc

Intensity (arb. units)

T T T T
400 500 600 700 800
Wavelength (nm)

Figure 8. Photoluminescence (PL) spectra of cel/th-ZnO/calc and cel/PEALD-ZnO/ calc.

The improved charge-carrier separation in cel/th-ZnO/calc can be attributed to its
surface chemistry and nanoparticle organization. XPS in Figure 5 shows that cel/th-
ZnO/ calc contains more surface -OH groups than cel/PEALD-ZnO/ calc; these hydroxyls
can adsorb water and oxygen and act as hole traps, thereby promoting ROS formation
and suppressing electron-hole recombination [37,39,41-43]. FE-SEM images indicate that
cel/th-ZnO/ calc consists of densely fused nanoparticles (inset Figure 2a) with interparticle
contact area per volume (Sy) almost twice as large as that of cel/PEALD-ZnO/calc, which
exhibits a looser, net-like mesoporous morphology (inset Figure 2b). The higher area of
interparticle junctions in cel/th-ZnO/ calc is expected to enhance electronic connectivity
and facilitate charge migration, also consistent with reports linking improved grain fusion
to higher photocatalytic activity [38—40].

The difference in nanoparticle fusion and defect chemistry likely arises from the
respective ALD processes. Thermal ALD yields uniform ZnO films that calcine into
well-connected nanoparticles, whereas the more reactive PE ALD process can introduce
non-stoichiometric oxygen species and less uniform particle fusion [39-41]. Such defects
may create mid-gap states that act as recombination centers, diminishing the pool of charge
carriers available for surface redox reactions [44,45]. Together with broader particle-size
distributions and reduced interparticle connectivity, these factors limit charge migration
and ROS generation in PE-ALD ZnO. Overall, the dense nanoparticle packing, high inter-
particle connectivity, and surface -OH coverage of cel/th-ZnO/calc collectively provide
efficient charge transport and suppress recombination, explaining its superior photocat-
alytic performance relative to the mesoporous cel/PEALD-ZnO/ calc.
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3. Materials and Methods
3.1. ALD Processing

Cellulose samples (cel) used as substrates for ALD of ZnO thin films, were prepared
by cutting dry cellulose paper (Sodra Green T, Sodra, Sweden) into small discs with a
diameter of 6 mm and thickness of 2 mm.

The ZnO thin films were synthesized using a Beneq TFS 200 ALD instrument (Beneq,
Espoo, Finland). The processing parameters for ZnO deposition were adapted from ex-
periments on a silica wafer substrate, where analogous film thicknesses were obtained by
thermal and PEALD synthesis.

ThALD deposition of ZnO films on cellulose substrate (cel/th-ZnO) was performed
in 250 cycles using diethylzinc (DEZ, <95%, STREM Chemicals, Inc., Bischheim, France)
as the precursor and deionized water as the counter-precursor. Nitrogen (purity 6.0) was
used as the carrier and purge gas.

Each cycle consisted of 180 ms DEZ pulsing, 1 s N, purge, 180 ms H,O pulsing and
1 s N, purge. The processing temperature was maintained at 120 °C.

PEALD of ZnO films on cellulose substrate (cel/PEALD-ZnO) was carried out in
150 cycles using diethylzinc (DEZ, 99.9%, Sigma-Aldrich, St. Louis, MO, USA) and oxygen
plasma generated by a capacitively coupled plasma source operated at 13.56 MHz and
150 W and the processing temperature of 120 °C. Each cycle consisted of 250 ms DEZ pulses,
1.25 s N, purging, 3 s oxygen plasma pulses and 6 s N, purging.

3.2. Post-Deposition Calcination

Thermal annealing of the cel/th-ZnO and cel/PEALD-ZnO samples was performed
in air to prevent carbon contamination from degradation of the sacrificial cellulose tem-
plate. The samples were placed in a ceramic boat for pyrolysis and heated to 700 °C in
a programmable Carbolite Gero tube furnace at a heating rate of 10 °C/min for 1 h. The
samples were then cooled slowly to room temperature overnight in the oven and stored in
a desiccator.

3.3. Characterization

The chemical composition of the surface was analyzed using a SPECS X-ray photoe-
mission spectrometer (XPS) equipped with a Phoibos MCD 100 electron analyzer (Berlin,
Germany) and a monochromated Al Ko X-ray source at 1486.74 eV. The typical pressure
in the ultra-high vacuum chamber was in the range of 107 Pa, and the pass energy of
the spectrometer was set to 10 eV, providing an energy resolution of about 0.8 eV. The
experimental photoemission curves were deconvoluted with the mixture of Gaussian and
Lorentzian functions, using commercial UNIFIT 2018 software.

Surface morphology was investigated using a Jeol JSM-7800F field emission scanning
electron microscope (FE-SEM, Tokyo, Japan) with an electron beam accelerating voltage of
10 kV.

The particle size distribution was determined using Smile View software (version 2.1),
based on measurements of 200 individual particles. The maximum Feret diameter, defined
as the longest distance across each particle, was used as the representative particle size in
the analysis.

Interparticle contact area per unit volume (Sy) was quantified from plan-view SEM
micrographs using standard stereological principles. For each sample, four SEM images
were analyzed. Interparticle contacts were identified and traced manually in Image]
(version Image].JS) using the Freehand Line tool. Only true particle—particle interfaces
were included in the measurement, while contacts adjacent to pores, voids, or particle-
free regions were excluded, as these do not represent actual interparticle contacts. To
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avoid double counting, each contact segment was traced only once, following a systematic
left-to-right and top-to-bottom procedure across the image.

The total interparticle contact length in each image (L, in nm) was obtained using the
Measure function after calibration. The analyzed image area (A, in nm?) was identical for
all images. The interparticle contact area per unit volume was then calculated using the

stereological relation:

L

which relates the contact length per unit area in 2D to the contact surface area per unit
volume in 3D. For each sample, the final Sy value is reported as the mean + standard
deviation from the four independent micrographs.

Photoluminescence (PL) measurements were performed at room temperature using a
spectrofluorophotometer (RF-6000, Shimadzu, Kyoto, Japan) with a Xe lamp at an excitation
energy of 3.87 eV (wavelength 320 nm).

Structural analysis was conducted using grazing incidence X-ray diffraction (GIXRD).
Measurements were performed with a diffractometer equipped with a Cu X-ray tube
(A =1.5406 A) and a W/C multilayer for monochromatization and beam shaping (D5000,
Siemens, Karlsruhe, Germany). A curved position-sensitive detector (RADICON) collected
the diffracted spectra in the angular range 20 = 30-85°. A fixed grazing incidence angle
of ai = 1.5° was used for all measurements. The JCPDS 36-1451 card was used for the
crystallographic analysis of ZnO. The average crystallite size (D) was calculated using the
Debye-Scherrer formula.

3.4. Measurements of the Photocatalytic Activity

An aqueous solution (2.5 mL, 8.0 x 107% M) of methyl orange (MO) in deionized water
and 2 mg of ZnO photocatalyst were added to a quartz Suprasil cuvette (the same series of
cuvettes was used for parallel measurements) sealed with quartz windows. The cuvette
was kept in the dark for 40 min to achieve adsorption-desorption equilibrium and then
irradiated with UVA light (glass filter for wavelengths < 315 nm) in a Unitron International
Intelli-Ray 600 curing system (light intensity 35%, estimated irradiance ~20 mW /cm?). In
parallel, control experiments were carried out using the MO solution in the absence of
catalyst, and with 2 mg of commercial ZnO powder (Fluka, average particle size ~ 150 nm).
Additionally, the photocatalytic activity of the ZnO thin films on cellulose was measured
using one disk taken from the same ALD batch. The average masses for a set of three disks
were 19.7 mg for cel/th-ZnO and 19.9 mg for cel/PEALD-Zn0O. The absorption spectra of
the upper solution were measured at specific intervals using a Thermo Scientific Evolution
201 UV /Vis spectrophotometer. The peak maximum at about 460 nm was used to monitor
the MO concentration. All photocatalytic degradation experiments were performed in
three parallels, and the results are reported as the mean + standard deviation.

4. Conclusions

In summary, we used both thermal ALD (ThALD) and plasma-enhanced ALD
(PEALD) to conformally coat bulk cellulose fibers with ZnO thin films. Using differ-
ent precursor chemistries affected the morphology of the crystal grains, as well as surface
composition. Subsequent removal of cellulose by thermal treatment of the hybrid materials
at 700 °C produced 3D ZnO structures with high stability and enhanced photocatalytic
properties against methyl orange under UVA irradiation. Both structures consist of fused
wurtzite nanoparticles; however, differences in morphology, surface composition, and
photoluminescence result from differences in the samples before calcination. Accordingly,
a noticeable difference in photocatalytic performance between the calcinated samples was
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observed. Since there are only a limited number of reports directly comparing ThALD and
PEALD, careful studies are needed to understand the correlation between processing con-
ditions, the chemical mechanisms of the film growth reactions, and the material properties.
Nevertheless, this study highlights the potential of using an inexpensive template such as
cellulose in combination with ALD technology to prepare 3D ZnO materials with enhanced
photodegradative properties.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/catal16010017 /s1, Figure S1. FE-SEM images of cel/PEALD-
ZnO/calc (a) before and (b) after Image]J-based pore analysis. Image processing included pixel-
size calibration, image segmentation, morphological filtering, and visual verification of segmenta-
tion accuracy. (c) Corresponding pore-size distribution histogram with the calculated mean pore
area and porosity.; Figure S2. XPS survey spectra of cel/PEALD-ZnO/calc and cel/th-ZnO/ calc;
Figure S3. Photoemission spectra recorded around the Zn 2p3,, core-level of (a) cel/th-ZnO/ calc
and (b) cel/PEALD-ZnO/ calc Figure S4. XPS spectrum measured around the O 1s core-level of
a PEALD-deposited ZnO film on a silicon wafer; Figure S5. Time-dependent UV-Vis absorption
spectra of MO upon UV irradiation in the presence of (a) cel/th-ZnO and cel/th-ZnO/calc, and
(b) cel/PEALD-ZnO and cel/PEALD-ZnO/ calc.
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