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The use of metal oxide catalysts to enhance plasma CO, reduction has seen significant recent development
towards processes to reduce greenhouse gas emissions and produce renewable chemical feedstocks.
While plasma reactors are effective at producing the intended chemical transformations, the conditions
can result in catalyst degradation. Atomic layer deposition (ALD) can be used to synthesize complex,
hierarchically structured metal oxide plasma catalysts that, while active for plasma CO, reduction, are
potentially vulnerable to degradation due to their high surface area and nanoscopic thickness. In this
work, we characterized the effects of extended non-thermal, glow discharge plasma exposure on ALD
synthesized, ultra-thin film (<30 nm) TiO, and ZnO catalysts. We used X-ray diffraction, reflectivity, and

spectroscopy to compare films exposed to a CO, plasma to ones exposed to an Ar plasma and to ones
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Introduction

The goal of limiting global warming to a 2 °C increase over pre-
industrial temperatures will require a substantial global
reduction in the release of greenhouse gases, primarily CO,."
The development of carbon dioxide removal (CDR) technolo-
gies, also referred to as negative emissions technologies (NET),
will be necessary to achieve a carbon-negative economy.' One
route to this is to use electrical power to drive chemical reac-
tions in a gas-phase plasma reactor. High local electric field
densities can result in electrons with high average kinetic
energies. These electrons can interact with gas phase species to
produce radicals. This can result in endergonic, fuel forming
reactions. By using a thermal or non-thermal plasma system,
captured CO, can be split into CO and 10,, for example. If the
plasma is driven by renewable electricity, the produced CO can
then be used as a carbon-neutral industrial feedstock,*” or
further reduced in the plasma to C and sequestered as a carbon-
negative technology.®'® Thermal and non-thermal glow
discharge plasmas have been shown to have single pass CO,
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exposure and are suitable as catalysts or catalyst supports in extended reactions.

conversion yields of upwards of 30% and energy efficiencies
exceeding 58%, with overall conversion and energy efficiency
depending heavily on the reactor and plasma conditions."***
In plasma CO, reactors, heterogeneous catalysts are often
included in the discharge region to increase overall CO,
conversion yield and energy efficiency.*>”** One important class
of heterogeneous catalysts are earth-abundant metal oxides,
commonly in the form of pellets, spheres, or a packed bed.*>*
These catalysts generally improve overall performance by
providing active sites for CO, reduction, typically in the form of
oxygen vacancies (V,). These oxygen vacancies are formed by
surface-plasma interactions such as direct ion bombardment
and reaction of the surface with atomic O produced in the gas
phase. The reduction of CO, to CO occurs at the under-
coordinated metal sites associated with the oxygen vacancies,
and the reaction replaces the missing lattice O.>*** The catalysts
also act as a dielectric, enhancing the electric field near the
interface and producing local regions of high electric field and
electron density, especially near surface asperities.”»** To be
useful in plasma reactors, catalyst surfaces need to be robust to
the high temperatures, fields, and ion bombardment generated
in the plasma-surface interface. While heterogeneous plasma
catalysts with large scale features provide stable CO, reduction
and CO, hydrogenation, little is known about degradation and
mass loss at the plasma-catalyst interface. Analysis of degra-
dation is particularly important for catalysts engineered with
nanoscale architectures to impart specific function or generate
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high active surface areas. For example, ultra-thin catalyst layers
on high surface area supports can be synthesized using atomic
layer deposition (ALD) to significantly increase catalytic activity
and yield. These layers were shown to have significant catalytic
activity in a dielectric breakdown (DBD) plasma CO, reactor,
though their longevity under extended CO, plasma exposure
was not investigated.** The robustness of these layered mate-
rials is necessary for prolonged activity. The deposition of
carbon (coking) across the surface of the catalyst can block
active catalytic sites. Coking has been shown to occur during
both CO, and CO reduction at high input powers over long time
periods on Fe-based catalysts. It is far more prevalent during CO
reduction, however.® Another failure mode is the removal of the
catalyst layer or its substrate by etching.?®?® Plasma etching of
thin films has been used extensively throughout the semi-
conductor industry, primarily as reactive ion etching (RIE) for
material processing.”*® In plasma CO, reduction, the products
of interest in the gas phase are the CO and atomic O produced
from direct CO, splitting. The produced CO contributes to
carbon deposition while the O contributes to etching of both
deposited carbon and the film.* The relative ratio of CO and O
in CO, or CO plasmas is dependent on input power and the
duration of the plasma reaction.**® This suggests that under
some conditions, the stability of catalysts that are only a few
hundred atoms thick could be compromised due to etching.
Sputtering, or etching via collision of high energy ions with the
film, is another potential degradation route and is less depen-
dent on the chemistry of the plasma than reactive etching.*-**
Given the harshness of the plasma reaction process, the long-
term stability of ultra-thin film metal oxide catalysts requires
further investigation.***

Here, we characterize the stability of ALD-derived, ultra-thin
film (<30 nm) TiO, and ZnO catalyst layers in a low-pressure
CO, and Ar glow discharge non-thermal plasma reactor. TiO,
has been used extensively as a component of catalysts for
plasma CO, reduction and can be etched by both RIE and ion
bombardment.'****** ZnO has been primarily used as a support
for catalysts in plasma CO, methanation due to the strong
metal-support interaction exhibited.*®****® ZnO is also capable
of being etched by ion-bombardment and RIE.*>*™** We exam-
ined the effects of extended plasma exposure on the ALD film
structure to understand how the surface and morphology of
films change. Plasma exposure can alter the chemistry of the
surface via reduction, particularly in the case of TiO,. However,
we observed no significant crystallization and only a small
degree of surface roughening for either of these materials. No
mass losses were observed for the as-deposited TiO, and ZnO
films even after several hours of exposure to a 25 W input power
CO, glow discharge. This suggests that nanoscopic films
deposited by ALD can be used as robust plasma catalysts in
systems designed to operate for extended time periods.

Materials and methods

Acetone (HPLC, BDH), methanol (HPLC, BHD), isopropanol
(HPLC, Macron), and water (HPLC, BDH) were used as received.
Si wafers (n-type, As-doped, 2 SEMI polished, <0.5 nm
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roughness, 0.001-0.004 Q cm, (100) orientation; Purewafer)
were cleaved to the noted size and used as substrates for ALD
film deposition as received. Pyrex glass tubes (Corning) were cut
to 85 cm in length and used as the reactor chamber. Glass
microscope slides (United Scientific) were cut to the noted size
and used to hold the ALD-coated substrates in the plasma
chamber. CO, (99.999%, Airgas) and Ar (99.999%, Airgas) were
used as the reactive atmosphere as received.

ALD of metal oxide films onto Si substrates

Sections of the as-received Si wafers were scribed and cleaved to
1 x 4 cm” in size and cleaned using a successive solvent wash of
acetone, isopropanol, methanol, and water. The samples were
then dried under a stream of dry N, and placed in a UV-Ozone
cleaner (Novascan PSD) for 30 minutes. Once exposed, the
substrates were then used as prepared for ALD of metal oxide
films. The ALD films were grown using a commercial ALD
reactor (GEMstar XT-Dj; Arradiance, Inc.) by sequential exposure
of an organometallic precursor and water (HPLC grade; BDH) as
an oxygen source. The precursors were contained in a metal-
gasket sealed bellows and pulsed into the reaction chamber
under continuous dry N, flow at 20 sccm at reduced pressure.
The precursor tetrakis(dimethylamido)titanium (abbreviated
TDMAT, 99%; Strem) was used for depositing TiO, and was
heated to 75 °C to increase its vapor pressure. The precursor
diethylzinc (DEZ, 95%; Strem) was used for depositing ZnO. The
specifics of the ALD cycle for each precursor are provided in the
ESL+

Each sample consisted of an approximately 20 nm thick
layer of material deposited onto a Si wafer substrate with
a native SiO, layer. The chosen cycle numbers were calculated
from rough growth rates calculated from scanning electron
microscopy cross-sectional imaging.*® This consisted of 404
ALD cycles of TDMAT/H,0 to prepare TiO,, and 123 cycles of
DEZ/H,0 for each sample. These thicknesses were chosen to
ensure that the metal oxide layer was sufficiently thick that
changes in film thickness or roughness could be evaluated by
determining the amount of metal oxide remaining, even in
the case of excessive etching by CO, plasma. After the ALD
reaction, the samples were removed and used as-prepared in
the low-pressure glow discharge reactor. Each sample of ALD
TiO, and ALD ZnO measured here were synthesized under the
same respective deposition conditions. This ensured that
samples of as prepared films were identical in terms of film
thickness, roughness and density as to be expected from the
ALD process.

Thermal annealing of ALD metal oxide films

For comparison to the transformations occurring in the CO,
plasma reactor, samples of TiO, and ZnO were prepared iden-
tically by ALD, then annealed in air at 500 °C for three hours
(ramp 3 °C min~' from room temperature). Once cooled to
room temperature, these samples were removed from the
reactor and stored in air for at least 24 hours before being
examined.

Nanoscale Adv., 2025, 7, 876-885 | 877
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(a) A rendered schematic of the reactor consisting of the modified electrodes and vacuum ports, Pyrex glass exterior tube, and the sample

stage and sample in the discharge region. (b) An image of the sample region during operation, shielding omitted for clarity.

Low pressure plasma exposure of ALD metal oxide films

A custom reactor was constructed to expose the TiO, and ZnO
films to low pressure CO, plasma (Fig. 1). The reactor consisted
of a Pyrex glass tube (50 cm long, 25 mm OD, 21.65 mm ID)
fitted with vacuum flanges modified to accommodate gas and
electrical passthroughs. The reactor was evacuated to 1000
mTorr (Trivac E2) while under continuous CO, or Ar flow from
a pressure calibrated mass flow controller (SmartTrak Sierra-
50). An AC transformer (20 kv, 19 kHz, Allanson SS12350X)
was used to generate the plasma in the discharge region (38 mm
wide) located within the tube between the inlet vacuum flange
and the outlet vacuum flange. The power provided to the input
side of the transformer, denoted input power, was controlled
using a variable autotransformer. The power output of the
autotransformer was monitored by an inline power meter and
was maintained at a single set point throughout the experiment.
The sample was placed on the microscope slide glass sample
stage in the middle of the discharge region, which elevated the
sample 7 mm into the column to ensure homogenous plasma
exposure across the entire sample. The reactor was not cooled
during testing. The exterior temperature of the reactor was
monitored using a thermal camera (Shot-Pro, SEEK Thermal)
during the plasma exposure. The exterior temperature tube
maintained a relatively low temperature (<72 °C) during each
experiment (Fig. S17).

The as-prepared samples were placed onto the sample stage
in the middle of the discharge region. The reactor was then
evacuated by a vacuum pump while being purged with the input
gas of interest at 500 sccm for 30 min. Once purged, the flow
rate of gas was reduced to 50 sccm and the system was left to
stabilize for another 20 min. The plasma was initiated after the
pressure stabilized and the input power was set to 25 W. The
sample was exposed to this continuous plasma for three hours,
after which the reactor was turned off and allowed to cool to
room temperature under continuous gas flow at reduced pres-
sure. The reactor was then restored to atmospheric pressure
under the same gas flow. The sample was then removed and
stored in air. While the details of the glow discharge plasma in
the reactor were not characterized directly, each sample was
exposed to a plasma generated using the same apparatus, under
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identical reactor pressure, mass flow controller, and AC trans-
former settings.

ALD metal oxide film characterization

Film thickness, surface roughness, and density were derived
from X-ray reflectance (XRR) measurements taken using
a PANalytical X'Pert PRO X-ray diffractometer equipped with
a MRD Cradle system for sample positioning, utilizing the Ko,
line from a Cu rotating anode with a pre-sample mono-
chromator (A = 1.5406 A). To characterize changes in ALD film
thickness and roughness due to plasma exposure, model
structures were produced using the X'Pert Reflectivity software
package. X-ray diffraction measurements (XRD) of the plasma
catalysts were taken using a Rigaku Mini-Flex II X-ray diffrac-
tometer using the Ko, line from a Cu anode (1 = 1.54 A). X-ray
photoelectron spectroscopy (XPS) measurements performed on
a PHI Versaprobe spectrometer equipped with a mono-
chromatic Al source (incident energy = 1486.6 eV). Measure-
ments were taken with a spot size of 100 um x 100 pm. XPS data
was calibrated to the adventitious C 1s feature (binding energy
= 284.8 eV) and analyzed using the CasaXPS software package.
Details on the analysis and fitting procedures used here can be
found in the ESL¥

Results and discussion

Structural and surface characterization of plasma-exposed
ALD-metal oxide films

The bulk structure of the ALD films was analyzed using XRD
before and after plasma exposure to determine if long-term
plasma exposure caused any chemical changes in the crystal
structure that could result in, for example, a volume change.
The effects of plasma exposure on as-prepared TiO, were
compared to those of thermal annealing as-prepared TiO, in air.
The as-prepared sample was found to be amorphous, lacking
any Bragg reflections that would indicate any crystalline phase
even outside of the region of interest in Fig. 2. This small range
was investigated with an extremely slow scan (rate =
0.02° min~") due to the low intensity of any Bragg reflections
that may originate from the roughly 20 nm films investigated
here. The observation of amorphous TiO, films is consistent

© 2025 The Author(s). Published by the Royal Society of Chemistry
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observed at 26 = 34.3° corresponding to the (0002) Bragg reflection in the standard, room temperature wurtzite phase of ZnO. Offset from
indexes were due to small sample positioning variations.
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with other reports of films synthesized by thermal ALD under
the same conditions.”*> A prominent Bragg reflection at 26 =
25.4° was observed for the TiO, film that had only been
annealed, indicating that it had crystallized into the anatase
phase. No new peaks were observed in the films exposed to
either CO, or Ar plasma, indicating that they remained amor-
phous for the duration of the experiment. We analyzed the peak
shape on the annealed film to assess the microstructure that
had formed. The details of the analysis and calibration of the
instrumental broadening can be found in the ESI.{ The Debye-
Scherrer (DS) crystallite size of the annealed TiO, film was
found to be 18.7 nm (eqn (S1)t).** While we could be certain that
the films had crystallized under thermal annealing conditions,
the lack of any emergent Bragg scattering in extended XRD
measurements implied that the as-prepared TiO, films did not
undergo any phase change due to the thermal effects of plasma
exposure. The film did not undergo any volume changes which
could contribute to crack formation which would compromise
the integrity of the catalyst layer.**** This is supported by
temperature measurements of the reactor during operation, in
which the reactor walls adjacent to the sample region did not
exceed 70 °C (Fig. S17).

The structure of ZnO films before and after CO, or Ar plasma
exposure were also examined by XRD, as shown in Fig. 3. In
contrast to the as-prepared TiO, films, some crystallinity was
observed in the as-prepared ZnO films after the ALD synthesis.*
The intense peak at 26 = 34.3° was indexed to the (0002) Bragg
reflection of wurtzite ZnO. We used this Bragg reflection to
determine the DS crystallite size of the as prepared and post-
plasma exposed films. The as-prepared ZnO had an average
DS crystallite size of 15.6 nm, which showed a negligible
difference after CO2 and Ar plasma exposure (15.7 nm and
15.9 nm after exposure, respectively). In contrast, thermal
annealing caused an observed increase in average crystallite
size, to 24.61 nm. This again suggests that the thermal and
chemical effects associated with the plasma exposure studied
here resulted in minimal changes to the bulk crystallinity of the
films. It also suggests that any changes in film thickness or
roughness over time are likely due to plasma effects rather than
bulk crystallization.

XPS is sensitive to the composition and oxidation state of
a surface. We used XPS to characterize chemical changes to the
surface of the of the as-prepared, plasma-exposed, and
annealed samples. The surface composition and oxidation state
of the samples were examined after the noted treatment, and
samples were left in air for one day prior to XPS characteriza-
tion. The as-prepared TiO, catalyst showed intense features at
458.1 eV and 464.0 eV, which correspond to the Ti 2p3/,, and Ti
2py/, features respectively (Fig. 4a) and are consistent with
standard measurements of TiO, (Ti*").*® After thermal anneal-
ing, these same features corresponding to the Ti 2p3, and Ti
2p4,, features were found at 458.1 eV and 464.0 eV respectively
(Fig. 4b). In contrast to the as-prepared TiO, sample, additional
features were observed in the XPS spectra of the CO, plasma-
exposed sample (Fig. 4c). New features in the Ti 2p;/, and Ti
2p12 Spectra were observed at 457.3 €V and 462.9 eV, respec-
tively, indicating the formation of reduced Ti*" species at the
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the sum of fitted features. Dots indicate the measured data, and the
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surface.”” The formation of Ti*" species after plasma exposure
has been previously reported. It is considered to indicate the
formation of an undercoordinated metal site which serves as an
active site for catalytic plasma CO, reduction.” In air, this may
indicate the formation of Ti,O3, though no indication of this
was observed in XRD measurements.”® The total integrated
intensity of the Ti 2pz, and Ti 2p,, features was roughly
conserved between the CO, plasma-exposed film and the as-
prepared one, which suggests that the surface is not obscured
by carbon deposition at 25 W input power.

The as-prepared ZnO sample, Fig. 5a, showed a significant
feature at 1023 eV in the Zn 2p;/, spectrum, corresponding to
ZnO (Zn>*).** After thermal annealing, we observed a slight
broadening of the Zn 2p;, feature, though the central position
of the peak was unchanged (Fig. 5b). This spectrum provides no

© 2025 The Author(s). Published by the Royal Society of Chemistry
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indication of reduced Zn species in the ZnO film, which is
supported by examination of the Zn LMM Auger region. Zn
LMM Auger spectroscopy is more sensitive to Zn reduction than
Zn 2p XPS (Fig. S27).*° While the reduction of ZnO to Zn has
been observed at high temperatures both in air and in the
presence of carbon, we did not find evidence of reduced Zn
species in the annealed sample or in the CO, plasma-exposed
samples (Fig. 5¢).°"*> Measurements of the of the Zn LMM Auger
region also found the plasma-exposed samples were indistin-
guishable from the other samples (Fig. S27). If reduced Zn"'" or
Zn° atoms are produced during the plasma exposure, observing
them likely requires more sophisticated, air-free transfer of the
sample to the analysis chamber. We did not observe intensity
from the substrate in the Si 2s XPS spectra that would indicate
the thinning of the ALD layers in any of the samples measured
here. The presence of the Zn 2p and Ti 2p XPS signals in the
plasma-exposed samples, as well as the intense Bragg peak in
the XRD of the plasma exposed ZnO, suggests that at these
scales, both ultra-thin film layers are robust to extended CO,
plasma exposure over the duration of these experiments.

A more sensitive probe was necessary to characterize nano-
scale morphological changes in each film. We used XRR to
characterize the film thickness, average surface roughness and
density of the ALD films to sub-nanometer resolution. Fig. 6
shows the resulting XRR measurements for the TiO, films,
along with model structures overlaying the relevant data. The
parameters for the corresponding XRR models for average film
thickness, roughness, and density are found in Table 1. After
exposure to CO, plasma, the roughness of the TiO, film
increased from 0.53 nm to 1.03 nm. This increase in roughness
was associated with a slight increase in film thickness to
21.09 nm to 21.53 nm and decrease in film density. A similar
increase in film roughness and corresponding small increase in
average thickness was found for the sample exposed to the Ar
plasma. The annealed sample exhibited a lower average film
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Table 1 The model structures of corresponding to XRR spectrum for
each sample

Thickness Roughness Density
Sample (nm) (nm) (gem™)
TiO,- As prepared 21.09 0.53 3.83
Thermal 20.64 0.60 3.85
anneal
Ar plasma 21.20 1.17 4.00
CO, plasma 21.53 1.03 3.72
ZnO- As prepared 27.50 1.30 5.61
Thermal 27.67 1.88 5.75
anneal
Ar plasma 27.90 2.39 5.48
CO, plasma 28.87 2.28 5.69

roughness, 0.60 nm, than the plasma-exposed samples. This
corresponded to a small decrease in film thickness and increase
in film density, which is consistent with the observed crystalli-
zation of the film and a slight change in volume.

The XRR measurements and corresponding model struc-
tures for the ZnO films are shown in Fig. 7. In the case of CO,
and Ar plasma exposure, the film average roughness increased
from 1.30 nm to 2.28 nm and 2.39 nm respectively. Both films
also exhibited a small (<1 nm) increase in film thickness which
is consistent with the observed increase in film roughness.
Overall, the films that were exposed to the plasma indicated no
loss of material, suggesting that the as-prepared ALD films were
not significantly etched by intermediates produced from gas—
plasma interactions. The plasma-exposed films also exhibited
an increase in average surface roughness. This is possibly
caused by energetic ion bombardment at the plasma-film
interface, which has been shown to be capable of roughening
film surfaces on a nanoscale and producing surface asperities,

1015 ~
105 Js
10 4
109 4
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105 4 Thermal Anneal

Counts (s~1)

103 4

As Prepared

01 .
! Zn0O

00 02 04 06 08 10 12 14 16
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Fig. 7 XRR spectra (from bottom to top) of as deposited (blue),
thermally-annealed (magenta), Ar plasma-exposed (green), and CO,
plasma-exposed (red) ALD-deposited ZnO on a polished Si wafer
(substrate roughness <0.5 nm). The dashed line with each spectrum
indicates the XRR spectra of the corresponding model structure. Each
spectrum was offset by roughly 10° on the logarithmic scale in the plot
to provide visual separation. The intensity for each measurement was
consistent for each sample.
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and can redistribute etched material across the film.****** The
roughening effects were also independent of the chemical
nature of the plasma (Ar versus CO,). This also supports the
conclusion that the material is not being etched, which would
likely result in a smoothing of the surface rather than in
increase in rougness.**® This was not the case in these
experiments.

Conclusions

We examined the crystal structure and morphology of ALD-
synthesized ultra-thin TiO, and ZnO films before and after
extended exposure to a CO, glow discharge plasma. The use of
ALD is significant as it allows precise control over the thickness
of the deposited catalyst and can produce surfaces of sub-
nanometer average roughness over large surface areas. This
provided an understanding of how the surface profile and film
thickness of metal oxide plasma catalysts can be expected to
change because of exposure to the ionized species present in
a CO, plasma. By measuring changes in the structure of ALD
plasma catalysts materials prepared for XRR measurement, we
can characterize the robustness of the extraordinarily thin films
under these conditions. Any observed changes to the properties
of these films under plasma exposure can be extrapolated to
changes on large scale ALD-prepared catalysts on support
materials that can lead to degraded performance which could
be indicated by reduced CO, conversion over time. We
compared CO, plasma-exposed samples to equivalent Ar
plasma-exposed samples and thermally annealed samples.
These studies showed, via XRR measurements, that there was
negligible loss of the TiO, and ZnO material at the input power
(25 W), gas flow (1000 mTorr pressure CO, or Ar plasma) and
duration (three hours) of experiments here. A small increase in
surface roughness was observed under the plasma conditions,
which was attributed to small amounts of physical film redis-
tribution due to ion bombardment. XPS showed the formation
of reduced species in the CO, plasma-exposed TiO, film, indi-
cating the formation of oxygen vacancies under these condi-
tions. Additionally, the plasma conditions did not cause any
crystallization as was observed in the thermal annealing
experiments. Overall, this work shows that ALD-derived metal
oxide films can withstand CO, glow discharge plasmas for
extended periods without significant mass loss or changes to
the surface morphology. The conditions studied in this work are
relevant to non-thermal plasma catalysis, but some reactors
may operate at higher powers, resulting in higher temperatures
and more rapid transformations of the interface. Further work
is necessary to characterize similar film fidelity under those
conditions. Regardless, these results motivate further research
into more complex catalyst structures or compositions afforded
by the precision of ALD synthesis.
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