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Structured Multilayer Thin Films for Catalytic Applications:
A Novel Approach on Catalyst Design Utilizing

Microfabrication Techniques

Shivam Shivam,* Mudassar Javed, Georg Brosigke, Jens-Uwe Repke, Lukas Thum,
Roel van de Krol, lver Lauermann, Rutger Schlatmann, Albert Gili, and Daniel Amkreutz

The metal/metal oxide interface is key to establishing catalytic performance,
selectivity, and stability in heterogeneous systems. In this proof-of-concept
study, a systematic methodology is introduced for the preparation of
multilayer catalysts that combines Radio Frequency (RF) magnetron
sputtering with laser microstructuring for the synthesis of high-density
Cu/ZnO interfaces. By means of a specifically designed split target,
alternating few-nanometer-thick layers of Cu and ZnO are deposited under
precise control and with high reproducibility. Laser scribing is then employed
to create defined microstructures that reveal buried interfaces, improving
access to catalytically active interfaces. As-deposited and laser-scribed
multilayer’s structural and chemical stability is confirmed through Atomic
Force Microscopy (AFM), X-Ray Fluorescence (XRF), X-Ray Diffraction (XRD),
X-Ray Photoelectron Spectroscopy (XPS), and Scanning Electron Microscope
(SEM) characterizations. Catalytic activity is evaluated under gradient-free,
continuous-stirring conditions for CO, hydrogenation to methanol where the
catalyst produces methanol and CO under laboratory-scale conditions. The
strategy addresses specific design bottlenecks such as limited control over
interfacial geometry and exposure while acknowledging the inherent
limitations of thin-film systems in terms of surface area and scalability. While
demonstrated for CO,-to-methanol conversion, the method is generally
applicable to other interface-dependent reactions. Building on this initial
demonstration, forthcoming efforts will focus on detailed mechanistic
analysis, long-duration testing, and performance benchmarking against
conventional powder-based catalysts.

1. Introduction

The design and optimization of hetero-
geneous catalysts play a pivotal role in
addressing global challenges such as
CO, mitigation, and sustainable chem-
ical production.!'! Among these, CO,
hydrogenation to methanol has garnered
significant attention due to its dual benefit
of reducing greenhouse gas emissions
and producing methanol—a key chemical
building block used for energy storage,
as a transport medium, and as a potential
fuel alternative.l**] However, this reaction
presents several challenges, including
balancing catalytic activity, selectivity,
and stability under industrially relevant
conditions.

Conventional methods for catalyst prepa-
ration, such as co-precipitation or impreg-
nation, often suffer from poor control over
the interface and composition, which are
critical for catalytic activity and selectivity.’!
Recent advances in metal/metal oxide in-
terface engineering have highlighted the
importance of interfacial design in tuning
catalytic activity and stability.’] A recent
study on Pd thin-film catalysts for acety-
lene hydrogenation illustrated how planar
2D catalyst architectures with engineered
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functional and reactive interfaces can deliver high productivity
and selectivity. These systems leverage subsurface and lateral in-
teractions, typically inaccessible in conventional catalysts to form
self-regenerating catalytic phases and mitigate deactivation, offer-
ing a new route for scalable and efficient catalyst design.!®) Sim-
ilarly, Zhang et al. demonstrated temperature-dependent active
site regulation in photothermocatalytic CO, hydrogenation, em-
phasizing the importance of interfacial design to achieve optimal
performance.l® These studies underline the potential of catalyti-
cally active interface, such as Cu-ZnO, to enhance methanol se-
lectivity and catalytic stability by leveraging synergistic effects at
the metal/metal-oxide interface.!'’]

For some reactions, the interaction between a metal and metal
oxide results in catalytic performance that far exceeds the capa-
bilities of either component alone.l'!l At these interfaces, elec-
tronic interactions modify the metal’s electronic structure, en-
abling efficient charge transfer and activation of reactants.['”) An-
other contributing factor is the spillover concept, in which the
oxide component stabilizes intermediates and favours specific
reaction pathways, while the metal dissociates and activates key
species like hydrogen or oxygen.['3] Moreover, as highlighted by
Zou et.al' these interfaces are not static but undergo dynamic
transformations under reaction conditions. These changes en-
able the catalyst to adapt to the chemical environment, poten-
tially enhancing reactant activation and intermediate stabiliza-
tion. However, such transformations do not always lead to op-
timal performance, as they may also contribute to catalyst deacti-
vation over time. This dynamic behavior highlights how interface
adaptability can simultaneously enhance activity and contribute
to deactivation, highlighting the importance of precise interface
engineering to balance these effects. Frei et al. demonstrated that
pure copper shows minimal activity in the hydrogenation of CO,
to methanol. This catalytic transformation is predominantly fa-
cilitated by the interface between Cu and ZnO, resulting in an
activity increase by a factor of 100 on a single interface thin film
system compared to either material in isolation, yet achieving
scalable and reproducible fabrication of such interfaces remains
a challenge.!*%]

Another critical issue is the structural and chemical stability of
catalysts under harsh reaction conditions. As deactivation can oc-
cur through mechanisms such as poisoning and sintering. Poi-
soning, where impurities bind strongly to active sites, inhibits
catalytic activity; a notable example is sulfur poisoning in nickel
catalysts during hydrocarbon hydrogenation.[*! Sintering, the
agglomeration of metal nanoparticles at high temperatures, re-
duces active surface area and catalytic performance, as observed
in iron catalysts used for ammonia synthesis!'”] or nickel cat-
alysts for the dry reforming of methane.['] These challenges
have prompted the exploration of more thermally and chemically
robust catalytic systems, including oxide-based materials such
as In,0,, which retain their crystallographic integrity under de-
manding reaction conditions.['! In parallel, recent advances in
catalyst design have focused on stabilizing the active sites by en-
gineering robust interfaces between metal and metal-oxide sup-
ports, such as Cu-ZnO, which is widely regarded as the active
site for methanol synthesis.[?% These sites play a pivotal role in
adsorbing reactant molecules, stabilizing transient reaction inter-
mediates, and guiding complex chemical transformations toward
the desired products.[?!]
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In this work, we introduce a proof-of-concept methodology to
construct and expose Cu-ZnO interfaces using a combination
of thin-film deposition and laser structuring. Although thin-film
systems are not inherently designed for large-scale catalytic de-
ployment due to their limited surface area, they offer unparalleled
precision in constructing and accessing interfacial regions. This
study focuses on the synthesis and structural validation of mul-
tilayer architectures and their interface exposure via laser scrib-
ing. Rather than replacing conventional high-surface-area pow-
der catalysts, our approach is intended to provide a controllable
and reproducible platform to probe interface effects, optimize de-
sign principles, and serve as a model system for future catalytic
studies. The concept is demonstrated for a chemical reaction of
high importance for the energy transition: CO, hydrogenation
to methanol on precisely engineered Cu-ZnO interface. Using
a conventional RF magnetron sputtering system with a custom
build split target, we are able to deposit hundreds of alternating
layers of Cu and ZnO on corning glass by placing the sample
off-center and rotating the substrate carrier after a defined time
period by 180°. Afterwards, a picosecond laser was employed to
create microstructures, exposing the interfaces for gas phase re-
action to take place. This approach offers a novel and effective
strategy to enhance the accessibility of catalytically active sites
in heterogeneous catalysts by leveraging the key advantages of
picosecond laser scribing over traditional photolithography. Un-
like photolithographic techniques that require cleanroom envi-
ronments, photomasks, chemical etchants, and multiple fabrica-
tion steps, laser scribing is a maskless, contactless, and direct-
write process. This significantly simplifies the fabrication work-
flow while offering high spatial precision and patterning flexibil-
ity. Importantly, laser scribing is fully compatible with scalable
thin-film deposition methods such as RF magnetron sputtering
and can be readily integrated with roll-to-roll manufacturing plat-
forms. Furthermore, while previous studies focused on single-
interface systems, our method enables the construction of mul-
tilayered architectures with up to 250 alternating Cu/ZnO lay-
ers. This stacking strategy results in a substantial increase in in-
terfacial density, achieving values comparable to those reported
using complex photolithographic processes. These features po-
sition our method as a scalable, rapid, and versatile alternative
for fabricating interface-rich model catalysts. While this study fo-
cuses on demonstrating the feasibility of the approach, future
work will aim to assess long-term stability, investigate mecha-
nistic aspects, and benchmark performance against conventional
powder-based catalyst systems.

2. Results and Discussion

The first step in our method design was to study the effect of
sample positioning in the sputtering chamber on the composi-
tion and thickness of the resulting single layers. This step was
critical because a split target with distinct Cu and ZnO segments
was used, which introduces inherent spatial variations in depo-
sition dynamics. Understanding how these variations influence
the film composition and thickness is essential for optimizing
the deposition process and achieving well-defined layers. (Figure
1a) shows a schema of the positioning of the samples in the de-
position chamber, below the target. XRF proves that the compo-
sition of films is dependent on the position of the samples on the
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Figure 1. a) Image of the target with added position of samples on sample holder for static deposition/single layer; b) Mass % of Cu and ZnO in static
deposited samples as a function of the position obtained from XRF; c) Cu 2p spectra of samples at various positions showing variation in oxidation
state of Cu obtained from XPS; d) ZnO 2p spectra of samples at various positions showing variation in oxidation state of ZnO obtained from XPS.

sample holder (Figure 1b). At Pos 1, the film is predominantly
ZnO (wt.% = 92%) due to its direct alignment with the ZnO seg-
ment of the split target, resulting in minimal Cu deposition. Con-
versely, at Pos 5, the film is nearly pure Cu (wt.% = 99%) because
of its proximity to the Cu segment, with negligible ZnO contri-
bution. At Pos 3, a central position between the two segments,
the composition is Cu-rich (Cu wt.% = 81%, ZnO wt.% = 19%):
this can be attributed to Cu’s higher sputtering yield and broader
angular distribution lead to a faster deposition rate compared to
Zn0.[22] The residual Cu content of ~8% in the ZnO layer at Pos
1 deserves attention, particularly in the context of its potential im-
pact on catalytic performance. This corresponds to a local Cu/Zn
molar ratio of ~0.08 within the ZnO phase, as detected by our
measurements. While this is significantly lower than the over-
all Cu/Zn ratios of 1:1 to 3:1 typically found in bulk composi-
tions of industrial Cu/ZnO-based methanol synthesis catalysts,
it highlights the minor but measurable intermixing of Cu into
the ZnO layer in our system. Industrial catalysts require higher
Cu wt% (33% to 75%) to provide sufficient active sites for CO,
hydrogenation, while ZnO primarily acts as a structural support
to enhance Cu dispersion and facilitate electronic interactions.
In the case of our multilayer system, the catalytic activity will
largely arise from the well-defined Cu-ZnO interfaces, where the
synergy between the two materials is most effective and can pro-
vide the necessary Cu/Zn molar ratio for effective interfacial cat-
alytic activity. The minor Cu content within the ZnO layer is un-
likely to contribute significantly to catalytic activity but does not
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compromise the structural or functional integrity of the mul-
tilayer system. Cu 2p and ZnO 2p spectra obtained from XPS
revealed the variation in oxidation states of these statically de-
posited samples (Figure 1c,d). The Cu 2p spectra indicates that
depositing with a split target containing ZnO as an oxygen source
leads to a gradual change in the oxidation state of Cu along the
deposition axis, transitioning from the ZnO to the Cu segment
of the target. Peak positions for the Zn 2p spectra of the samples
deposited directly beneath the Cu segment of the target show a
small shift but the relative difference between Zn 2p;, and Zn
2p, ), is the same, which is in line with the published literature.!’]
Based on these findings and to ensure minimal cross intermixing
between layers, samples placed in Pos 1 and Pos 5 were further
used in this work.

Surface roughness and its propagation in multilayered thin
films poses a critical challenge that must be addressed. This is
particularly important in other fields such as solar cells and op-
tical coatings.[?*] For catalytic systems, such as Cu-ZnO multi-
layers, roughness may affect the interaction between layers, ac-
tive site distribution, and overall catalytic performance-:a well-
defined and smooth interface is desirable and control over rough-
ness propagation is needed.

First, the surface roughness as a function of the layer thick-
ness of individual layers was studied using AFM and is shown in
Figure 2. Our observations indicate that in the case of the Cu film,
an increase in thickness from 20 to 50 nm leads to an increase
in the RMS roughness from 0.3 to 1.4 nm. This phenomenon
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Figure 2. Surface morphology and roughness evolution of Cu/ZnO thin films with increasing layer repetitions. a—f) 3D AFM images (10 x 10 um? scan
area) showing surface morphology of (a) 20 nm Cu, (b) 20 nm ZnO, (c) M10 (d) M20 (e) M40 (f) 250, (g) Evolution of RMS roughness and peak-to-valley
height with increasing number of Cu/ZnO layers (M10-M250). h) As deposited multilayer with Cu interlayer(marked in yellow for reference).

can be attributed to the uniform propagation of similarly sized
crystallites throughout the film. When the thickness is increased,
more crystallites are formed, contributing to a more uneven sur-
face topography.[?®! Similarly, for the ZnO layer, an increase in
thickness from 20 to 50 nm results in an increase of RMS rough-
ness from 0.6 to 1.5 nm. This effect is primarily driven by the
expansion of grain size within the layer. Fewer grain boundaries
and a more uniform surface emerge because of these enlarged
grains.[?28] But on comparing both samples for same thickness,
the ZnO film was rougher in comparison to Cu films, likely due
to the different crystallite growth mechanisms between the Fm3m
structure of Cu and the P6;mc structure of ZnO.**?%1 Scaling
up the study of surface roughness to multilayer samples, AFM
revealed that with increase in number of layers the roughness
also increases (Figure 2a—f, more details in Table S1, Supporting
Information).

A comprehensive analysis of the surface morphology and
roughness evolution in Cu/ZnO multilayer thin films as the
number of bilayers increases. AFM images (a—f) reveal a pro-
gressive increase in surface roughness. This trend is quan-
titatively captured in panel (g), where both RMS roughness
and peak-to-valley height increases with bilayer repetitions, in-
dicating roughness accumulation over successive depositions.
While a thick (100 nm) Cu interlayer was introduced after ev-
ery 50 layers in the M250 sample (visualized in the cross-
sectional SEM image, Figure 2h), it primarily serves as a vi-
sual marker to segment the multilayer structure. Despite the
pronounced waviness, the RMS roughness remains below the
individual layer thickness (20 nm), ensuring that the Cu and
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ZnO layers remain distinguishable and do not intermix. This
validates the feasibility of constructing 250-layer architectures
with preserved layer integrity, albeit with increased surface
topography.

Once multilayers are deposited, the interface of Cu and ZnO
needs to be exposed for gas phase reaction. This was achieved by
creating microstructures using a picosecond laser with a Gaus-
sian beam profile,’*3!] as schematically shown in Figure 3a.
For this, 2 approaches were pursued a) continuous scribing for
cuboidal structures b) pulsed scribing for circular holes also
termed as inverse structures as seen in Figure 3b,c. The ultra-
short pulse duration ensures an adiabatic laser-material inter-
action, leading to rapid vaporization of the material at the focal
point. This ensures minimal heat diffusion to the surrounding
regions, thereby preserving the structural integrity of the adja-
cent multilayers.

The edge length/ diameter to pitch (edge to edge distance
between two structures) ratio was kept equal to 1 for both ap-
proaches. Figure 3b illustrates that decreasing the pitch between
circular holes in a hexagonal array substantially increases inter-
facial density. The shaded region in the figure highlights the de-
sign space relevant to this study, corresponding to microstruc-
tures with dimensions ~ 100 um: selected based on the resolution
limits of the current laser structuring setup. Although the total
geometric surface area is low, the edges of the laser-scribed holes
expose buried Cu-ZnO interfaces known to be catalytically active.
The focus here is not on maximizing surface area but on con-
trolled interface exposure. Furthermore, interfacial density can
be increased by reducing hole spacing, shrinking hole diameter,
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Figure 3. a) Schematic representation of the steps of the process. b) Theoretical interfacial density as function of structure dimension for single interface
system. ¢) SEM cross section of laser scribed multilayer. d) XRD diffractogram of the crystal structure before and after laser scribing on multilayer sample.
e) XPS spectra, Cu 2p region comparison of before and after laser scribing. f) XPS spectra, Zn 2p region comparison of before and after laser scribing.

or depositing additional bilayers, offering modular tunability for
future optimization.

While previous studies, such as those by Frei et al.,[**] focused
on single interfaces (i.e., bi-layer systems), our approach involves
depositing and structuring 250 layers, significantly enhancing
the interfacial density. Given the limitation of structure size in
2D (due to tool constraints), we extended our approach into 3D
by adding height to the system through these additional layers.
This strategy resulted in a substantial overall increase in interfa-
cial density. To benchmark our results, we compared the inter-
facial density achieved using our approach with that reported by
Frei et al.l"*! Table 1 provides the comparison:

As shown in Table 1, our approach yields an interfacial den-
sity of 27400 cm.cm™? (see Note S1, Supporting Information for
calculation steps) which is comparable to the highest value previ-
ously reported (27700 cm.cm™2) for a single-interface system by
Frei et al.[%! It is important to note that this comparison relates
specifically to interfacial density and accessibility, rather than
catalytic productivity, surface area, or cost where conventional

Table 1. Comparison of interfacial density with already published literature.

Our approach  Single Interface by Frei et al.l®]
Structure size (diameter, um) 100 pm 50 um 1.5 um
Interfacial density (cm.cm™2) 27400 800 27700

Adv. Funct. Mater. 2025, 35, e14003 e14003 (5 of 10)

powder catalysts maintain key advantages. Although the numer-
ical difference is small, this achievement is particularly notewor-
thy considering the complexity involved, Frei’s structures were
realized through photolithography, a highly precise but resource-
intensive method requiring cleanroom environments, multiple
lithographic and lift-off steps, and stringent control over feature
sizes down to 1.5 um, which is already approaching the reso-
lution limits of UV-based techniques. Moreover, while our cur-
rent structures are relatively large (e.g., 100 um), the demon-
strated interfacial density suggests substantial room for further
improvement. With ongoing optimization of structuring param-
eters, such as reducing scribed feature sizes, increasing layer
count, or altering stacking configurations, our approach holds
significant untapped potential for increasing interfacial density,
making it a promising platform for fundamental studies and for
the development of hybrid or modular catalytic systems that inte-
grate interface control with scalable architectures. X-ray diffrac-
tion (XRD) analysis was performed on multilayer samples com-
prising 20 alternating layers of Cu and ZnO to investigate the
impact of laser scribing on the crystal properties and is shown
in Figure 3d. Prominent peaks corresponding to ZnO (002), Cu
(111), Cu (200), ZnO (103), and Cu (220) were identified at 34.45°,
43.4°,50.5°, 62.8°, and 73.9°, respectively, in both as-deposited
and laser-scribed samples.32¢] The ZnO peaks were matched
to PDF 96-901-1663 (P6;mc), and the Cu peaks to PDF 96-901-
2955 (Fm3m). A comparison between the as-deposited and laser-
scribed samples revealed that the intensity profiles of the ZnO
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and Cu peaks remained largely unchanged. No additional peaks
were detected, and no significant peak shifts were observed for
any of the reflections. A quantitative comparison of crystallite size
and microstrain before and after laser scribing revealed minor
structural changes. The ZnO crystallite size decreased slightly
from 13.15 nm to 12.92 nm, while Cu decreased from 16.22 nm to
16.18 nm. Correspondingly, microstrain (¢) increased marginally
from 7.80 X 10~* to 7.94 x 10~* for ZnO, and from 7.90 x 10~*
to 7.92 X 107* for Cu (see Figure S2, Supporting Information
for W-H plot). These subtle changes imply minimal surface-level
disorder, likely resulting from localized thermal effects during
laser processing, while confirming that the overall multilayer
crystallinity remains preserved. In addition, XRD measurements
were performed on Cu/ZnO multilayers with varying numbers of
bilayers namely, M10, M20, M40, and M80 (Figure S3, Support-
ing Information) to investigate how increasing the layer count
influences the structural characteristics. Across all samples, the
peak positions remained consistent, signifying minimal stress
or strain accumulation within the multilayer stack. However, a
clear enhancement in peak intensity, particularly for the Cu (111)
and ZnO (002) reflections, was observed with increasing layer
number. Furthermore, a visible narrowing of the full width at
half maximum (FWHM) for these peaks was noted, indicating
improved crystallinity, larger grain sizes, and a lower density of
structural defects in samples with more layers. Together, these
findings demonstrate that laser scribing preserves the crystalline
structure of the multilayers, while increasing the number of bi-
layers enhances their overall structural order. This improved crys-
tallinity and stability with higher layer counts is particularly ad-
vantageous for catalytic applications, as it may support greater
thermal and mechanical robustness under prolonged reaction
conditions.

To gain further understanding of the effect of the laser scribing
process on the surface of the multilayer system, XPS measure-
ments of the Cu 2p and Zn 2p core-levels were also done.

In the Cu 2p region (Figure 3e), the characteristic Cu 2p; , and
Cu 2p;, peaks appear at binding energies of 931.9 and 951.8 eV,
respectively, and remain consistent across the as-deposited (black
curve) and laser-scribed (red curve) samples, indicating that the
laser scribing process does not significantly alter the chemical
state of Cu.’7%%) In contrast, the Zn 2p region (Figure 3f) shows
a noticeable shift in the Zn 2p;, and Zn 2p, , peaks, observed at
1020.8 and 1043.9 eV, respectively, indicating a modified chem-
ical environment for Zn induced by laser scribing.**-*! This
shift in the Zn 2p peaks can be attributed to modifications in
the Zn—O bonding environment, potentially caused by the laser
scribing process. The localized heating during scribing may lead
to bond redistribution or minor structural rearrangements, al-
tering Zn—0O bond lengths or coordination states near the sur-
face. Additionally, the laser-induced process could modify inter-
layer interfaces, causing slight diffusion of elements between
the Cu and ZnO layers, which may affect the chemical poten-
tial of Zn near the interfaces and contribute to the observed
shift.*0] Despite the 0.6 eV shift in the Zn 2p region, the con-
sistent binding energies in the Cu 2p region and the absence of
significant peak distortions suggest that the laser scribing pro-
cess preserves the overall chemical and structural integrity of
the multilayer system. These results highlight the suitability of
laser scribing as a post-deposition technique for multilayer thin
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films, with only localized surface effects on the Zn-containing
layers.

Interestingly, a similar shift in the Zn 2p peaks (~0.6 eV) is also
observed after thermal treatment of bilayer system at 300 °C (See
Note S2; Figure S4b, Supporting Information). This suggests that
both laser ablation and thermal annealing induce modifications
in the ZnO’s chemical environment. In the case of laser ablation,
the shift may result from localized heating and bond redistribu-
tion at the surface, whereas annealing at 300 °C likely causes a
more uniform thermal effect, potentially accompanied by interfa-
cial diffusion or oxygen migration. These similarities point to the
sensitivity of ZnO to thermal and laser-induced processes, which
primarily affect the Zn—O bonds and the chemical environment
of Zn near the surface.

Overall, the consistent positions of the Cu 2p peaks in both ex-
periments indicate that the Cu layer remains chemically stable
under laser ablation and annealing conditions. In contrast, the
Zn 2p shifts in both cases highlight that ZnO is more susceptible
to chemical modifications during these processes. Further inves-
tigations using depth profiling would provide greater insight into
the extent and nature of these modifications.

Once optimized and characterized along the deposition and
laser scribing steps, the multilayer concept was demonstrated for
CO, hydrogenation to methanol in a gradient-free Berty reactor,
and the results are shown in Figure 4a

Catalytic measurements were conducted for a total Time on
Stream (TOS) of ~20 h, allowing for a preliminary evaluation of
short-term structural stability and catalytic activity. While these
conditions provide initial insight into performance, extended
testing will be required to assess long-term durability and po-
tential deactivation behavior. The results reveal a clear inverse
relationship between CO, conversion and methanol (MeOH) se-
lectivity, as widely reported for this reaction. No measurable cat-
alytic activity was observed at 503 K, and thus this temperature
point has been excluded from the reported temperature trend.
As the reaction temperature increased from 533 to 563 K, so
did the CO, conversion, reaching a maximum of 0.45% at 563
K. Correspondingly, the rate of methanol formation was mea-
sured at 4.7 x 10712 moly;. o -min~l.em™, . .. Which represents
a substantial enhancement compared to the rate reported by Frei
et al.’®! for a single-interface system of 100 nmol.h~lcm=2,.
For the sake of direct comparison their rate was converted
to 2.08 X 107" molyoy-min~t.em™ .p.. This improvement
stems from the higher interfacial density enabled by our fabri-
cation method, which increased from 0.08 ym.um=2 in the ref-
erence system to 2.74 um.um=2) in our structured multilayer
system. Despite the modest CO, conversion observed, the re-
sulting Space-Time Yield (STY) of the structured multilayer cat-
alyst was approximately 0.078 gy.o;; g_cat™".h™', based on the
methanol formation rate and a total catalyst loading of 39 mg.
This value reflects the proof-of-concept nature of the current sys-
tem, which was designed to emphasize interfacial architecture
and controlled exposure over total active surface area. In com-
parison, conventional Cu/ZnO/Al, O, powder catalysts typically
exhibit STY values in the range of 0.2 to 1 gy;.op;-g_cat™.h™! un-
der optimized high-pressure conditions.*>*}] The lower STY in
our multilayer system can be attributed to several factors, in-
cluding limited interface accessibility per unit reactor volume,
absence of traditional promoters (e.g., Al,O; or Ga,0,), and
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Figure 4. a) CO, conversion and MeOH selectivity as a function of temperature at P = 30 bar, flow = 25 mL min~!, CO,:H,:N, = 1:3:1, b) XRD
diffractogram of the Cu/ZnO multilayer catalyst before and after CO, hydrogenation.

potential mass transfer limitations associated with the mi-
crostructured geometry. Nonetheless, the ability to systematically
engineer and expose buried metal-metal oxide interfaces pro-
vides a valuable platform for mechanistic studies and rational
catalyst design. Future work will focus on optimizing the interfa-
cial density, introducing secondary oxide modifiers, and enhanc-
ing gas—solid contact to improve catalytic productivity. However,
methanol selectivity decreased sharply with rising temperature,
dropping from nearly 100% at 533 K to & 20% at 563 K. This
trend is explained by the thermodynamics of methanol synthe-
sis, where higher temperatures favour side reactions, such as the
reverse water-gas shift reaction, leading to CO formation instead
of methanol.l*>**] These findings align with theoretical studies
highlighting temperature-sensitive regulation of active sites and
the competition between methanol synthesis and Reverse Water
Gas Shift pathways.[°) Moreover, catalyst support and structure,
such as the interaction of silica or ZnO with Cu, have also been
shown to influence methanol selectivity under varying reaction
temperatures.[*! These results highlight the inherent challenge
of balancing conversion and selectivity, emphasizing the need for
optimizing reaction conditions, such as intermediate tempera-
tures and pressures, to achieve better performance.[**!

To assess the structural evolution of the Cu/ZnO multilayer
catalyst under reaction conditions, we performed post-catalysis
XRD analysis and compared the results to the as-deposited state
(Figure 4b). Crystallite sizes were estimated using the Scherrer
equation based on the (002) reflection of ZnO and the (111) re-
flection of Cu. Following catalysis, the ZnO crystallite size in-
creased from 12.16 nm to 13.63 nm, and the Cu crystallite size
increased from 15.17 to 16.58 nm, corresponding to moderate
growth of ~12% and 9%, respectively. This trend is consistent
with thermally induced recrystallization of ZnO and the onset of
Cu grain coalescence under high-pressure, high-temperature hy-
drogenation conditions, as also reported for ZnO-based and Cu—
ZnO systems under thermal treatments.[233] In addition to crys-
tallite growth, the post-catalysis XRD pattern exhibited a slight
increase in the intensity of both ZnO (002) and Cu (111) peaks,
accompanied by narrowing of the full width at half maximum
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(FWHM). This peak sharpening suggests improved crystallinity
and reduced microstructural disorder, rather than amorphiza-
tion, defect formation, or surface reconstruction. Furthermore,
two additional reflections at 72.53° and 74.29° were observed in
the samples tested for catalysis, corresponding to the ZnO (201)
and Cu (220) planes, respectively. These peaks were not present
in the XRD data from samples used to study laser ablation effects,
which contained only 20 layers, indicating that the emergence of
these higher-order reflections is enabled by the increased layer
count and improved long-range order in the 250-layer architec-
ture. The absence of new phases and the consistent peak posi-
tions further support that no phase transformation occurred dur-
ing the reaction. These findings confirm that the multilayer archi-
tecture retains its crystallographic integrity and resists structural
degradation under catalytic conditions, which is particularly im-
portant for maintaining performance in slow interfacial reactions
such as CO, hydrogenation to methanol.[1>19]

The methodology presented here, while demonstrated for CO,
hydrogenation, offers a versatile platform that can be extended
to a wide range of chemical reactions occurring at metal/metal-
oxide interfaces. Unlike previous approaches such as the one by
Frei et al.,['*! which were limited to static single-interface geome-
tries, our multilayer architecture enables unprecedented flexi-
bility in tailoring the interface properties. For example, by in-
corporating intermediate layers such as Al,O, or ZrO, between
Cu and ZnO films, one can modulate interfacial chemistry, elec-
tronic interactions, and defect structures in a controlled and sys-
tematic manner. In fact, defect-engineered oxide systems such
as Fe-doped CeO, have recently demonstrated promising activity
in tandem CO, hydrogenation reactions, attributed to controlled
oxygen vacancy formation.[*®! This opens new opportunities not
only for optimizing catalytic performance but also for probing
fundamental mechanistic questions such as validating or refut-
ing hydrogen spillover hypotheses by strategically introducing
insulating spacers that disrupt direct metal-metal oxide contact.
Moreover, the individual thin-film parameters such as thickness,
crystallinity, dopant concentration, and layer sequence can be
precisely controlled using established protocols from PV and
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microelectronics thin-film technologies. The scalability of this ap-
proach is also promising: RF magnetron sputtering is already
widely used in industry, and its adaptation to roll-to-roll plat-
forms would allow cost-effective deposition of multilayer films
over large areas with high reproducibility.l*’] Complementarily,
automated laser scribing systems, with processing speeds reach-
ing up to 1000 mm s~!, enable rapid and localized interface ex-
posure, aligning with industrial-scale throughput requirements.
Thus, this multilayer strategy serves not only as a powerful re-
search tool for fundamental catalysis studies but also as a scal-
able and tunable approach for designing next-generation catalytic
systems for energy conversion, sustainable chemical production,
and environmental applications.

3. Conclusion

In this study, we aimed to develop a high interfacial density Cu—
ZnO multilayer catalyst for CO, hydrogenation to methanol by
integrating thin-film deposition with laser-based microstructur-
ing. To the best of our knowledge, this represents the first demon-
stration of a multilayer catalyst system fabricated using scalable
RF magnetron sputtering and picosecond laser scribing to cre-
ate accessible Cu-ZnO interfaces for gas-phase catalysis. Using
a custom-designed split target, alternating nanometer-thick lay-
ers of Cu and ZnO were deposited by RF sputtering, followed by
laser scribing under optimized power and velocity conditions to
generate well-defined microstructures that expose buried inter-
faces. Comprehensive characterization by AFM, XRF, XRD, XPS,
and SEM confirmed excellent layer definition, minimal interdif-
fusion, and both thermal and chemical stability. Through con-
trolled roughness management and stacking strategies, we real-
ized a multilayer architecture with substantially enhanced inter-
facial density. When tested in a Berty reactor, the catalyst achieved
a CO, conversion of 0.45% at 563 K and nearly 100% methanol se-
lectivity at 533 K. While demonstrated here for methanol synthe-
sis, this methodology can be readily extended to other interface-
driven catalytic reactions. The use of industry relevant, scalable
techniques underscores the practical potential of this approach as
a model platform for studying interface driven reactions, and po-
tentially integrating with larger scale catalyst architectures in fu-
ture designs. Future studies will focus on benchmarking against
powder-based systems, long-duration testing, and operando stud-
ies to validate the durability and mechanistic uniqueness of the
structured multilayer catalyst platform.

4. Experimental Section

Catalyst Preparation: Catalysts were prepared on Corning Eagle XG
(boro-aluminosilicate) glass substrates of 0.7 mm thickness from Siegert
wafer GmbH (Germany). First, the factory cleaned glasses were manually
scribed to the required dimensions i.e 15 mm X 10 mm and then cut to the
desired pieces. A Nitrogen blow was used to remove the dust and small
glass pieces on the surface. The deposition of the catalytic layers was per-
formed using a combined Physical Vapour Deposition (PVD)/ Chemical
Vapour Deposition (CVD) cluster tool CS400PS from Von-Ardenne GmbH
(Germany). Radio Frequency magnetron sputtering was utilized from a
10-inch magnetron source, which was equipped with a split target con-
sisting of semicircular Cu and ZnO plates on a single copper backplate
with a diameter of 24 c¢m. This approach significantly reduced fabrica-
tion time from days to just a few hours, an improvement over conven-
tional methods using separate targets, which are more complex and time-
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consuming. The samples were deposited at room temperature utilizing
an RF power of 400 W or power density of 1.76 W.cm™2. The argon flow
rate was maintained at 50 sccm, with a working pressure of 2 Pa, and the
substrate-to-target distance was set at a minimum distance of 5 cm to re-
duce the cross talk between the materials. After multilayer deposition a
SiO, layer was deposited by Plasma Enhanced Chemical Vapour Deposi-
tion (PECVD) at 300 °C using SiH, and N, O as precursors, this was done
to eliminate any potential catalytic activity from the top surface. In order to
expose the interfacial regions essential for catalytic activity, laser ablation
process based on a diode-pumped solid-state (DPSS) Nd:YVO, picosec-
ond laser with a wavelength of 1064 nm was employed. The laser scribing
process was conducted under two distinct parameter regimes to achieve
different structural morphologies. For the creation of cuboidal pillar-like
structures, the laser was operated at 10% of its maximum power with en-
ergy of 15.9 yJ (Table S2, Supporting Information), with a pulse repetition
rate of 25 kHz. The scribing velocity was maintained at 50 mms~'. The
formation of inverse structures (circular holes) was achieved by increas-
ing the laser power to 100% of its maximum value with energy of 146.3
) (Table S2, Supporting Information), and lowering the repetition rate to
2 kHz, while increasing the scribing velocity to 500 mms~" to get single,
spatially separated shots of laser.

Characterizations: The thickness of the deposited films was deter-
mined with Contact Profilometry using a DektakXT Profilometer from
Bruker. A stylus force of 3 mg was applied, and a scan length of 2000 um
was used, covering both the film and the substrate to accurately measure
the step height. Surface roughness and 3D topographic profiles were ob-
tained via Atomic Force Microscopy (AFM) on a Park XE-70 system in
non-contact mode, with a scan size of 10 um X 10 um and a scan rate
of 0.2 Hz. The acquired data were processed using Gwyddion softwarel*!
which was also used to find the Root mean square (RMS) roughness (Rq)
and peak to valley height (Sz). The elemental composition of the films was
analyzed using X-ray Fluorescence (XRF) on a Rigaku ZSX Primus Il sys-
tem, employing the quantitative analysis method. The measurements were
performed using a sample holder with a diameter of 10 mm, ensuring pre-
cise alignment and accurate determination of the elemental composition.
The surface composition and element oxidation states were examined us-
ing X-ray Photoelectron Spectroscopy (XPS) with a CLAM 4 spectrometer,
employing Mg Ka radiation (1253.6 eV) generated by a Specs XR50 X-ray
gun and calibrated with Au 4f. The peaks were calibrated using the C 1s
peak at 284.8 eV as a reference. The peaks were deconvoluted using Fityk
softwarel®l with a Voigt function, which incorporates both Gaussian and
Lorentzian components, and later was further processed and plotted us-
ing Origin Pro software.l’®] The surface morphology and cross-sectional
interface were studied using a Keyence VK-X250 Confocal Laser Micro-
scope and a Zeiss Merlin Gemini 2 Scanning Electron Microscope (SEM).
The crystal structure was assessed using X-ray Diffraction (XRD) in Bragg-
Brentano geometry with a 26 range of 20°-80° and step size of 0.07 on a
PANalytical system equipped with a Cu Ka radiation source (4 = 1.5406 A).
Crystallite sizes of Cu and ZnO were estimated using the Scherrer Equa-
tion (1):

_ Ka
fcosf

M

where D is the average crystallite size, K is the shape factor (0.9), 4 is the
X-ray wavelength (0.15406 nm for Cu Ka radiation), f is the Full Width
at Half Maximum (FWHM) in radians, and 6 is the Bragg angle. FWHM
values were extracted by Gaussian fitting of the ZnO (002) and Cu (111)
peaks. Instrumental broadening was assumed negligible.

Microstrain (€) was calculated using the relation:

€= b
4tanf

@)

This relation accounts for lattice distortions contributing to peak broad-
ening. Background-subtracted FWHM values were used to evaluate the
influence of laser scribing. A Williamson—Hall plot is also included in
the Supplementary Information (Figure S2, Supporting Information) to
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support the size-strain analysis. The diffraction peaks were identified us-
ing Match! softwarel®'] by comparing the experimental data with refer-
ence patterns from the International Centre for Diffraction Data (ICDD)
database.

Catalytic Measurements: The catalytic performance of the multilayer
Cu-ZnO system for CO, hydrogenation to methanol reaction was evalu-
ated using a lab-scale, gradient-free Berty reactorl>?] (1-inch I.D. Micro
Catalytic Fixed-basket Reactor, Autoclave Engineers, USA) with a total reac-
tor volume of 50 mL. The reactor was equipped with a fixed sample basket
and an internal stirrer rotating at 2500 RPM. Eight samples, each mea-
suring 15 X 10 mm and consisting of 250 layers, were mounted in a spe-
cially designed sample holder (inner diameter: 15.85 mm, see Figure S5,
Supporting Information) made of AISI 316Ti stainless steel. The experi-
ments were conducted at a total pressure of 30 bar, with a continuous gas
flow rate of 25 mL.min~" (Figure S6, Supporting Information). The total
measured weight of the material deposited on glass was ~39 mg (Table
S3, Supporting Information), corresponding to a Weight Hourly Space Ve-
locity (WHSV) of 38.5 h™1. The catalyst mass was determined by weigh-
ing the glass substrates before and after film deposition using a Sartorius
CPA224S microbalance with a resolution of 0.01 mg. The reactants mix-
ture of CO,:H,:N, = 1:3:1 (Linde GmbH, Germany) is supplied with the
flow rates precisely regulated using mass flow controller (MFC) EL-FLOW
Prestige (Bronkhorst Deutschland Nord GmbH). The product stream was
analyzed using an online Micro Gas chromatograph (uGC 490, Agilent,
US), equipped with CP-Molsieve 5A and PoraPLOT Q columns, along with
heated sample lines and injectors to ensure accurate analysis.[>3] The gas
composition at the reactor inlet and outlet was analyzed to determine the
mole fractions of CO, and reaction products (e.g., MeOH, CO, H,0). CO,
conversion was calculated based on the inlet and outlet molar flow rates
using Equation (3):

Feop: — F
CO, conv. (%) = —2&n_COBout 400 )

FCOZ,in

where Feoy i, and Feop o, are the molar flow rates of CO, at the inlet
and outlet, respectively. These were obtained by multiplying the total flow
rate by the respective mole fractions of CO,. Methanol and CO selectiv-
ity were calculated as the fraction of converted CO, that was transformed
into methanol or CO, respectively, using:

Moles of desired product
Moles of CO, converted

Selectivity (%) = X 100 (4)

Data Reconciliation: In the CO, hydrogenation to methanol experi-
ments, the raw concentration data obtained from the micro gas chromato-
graph (uGC) is subject to measurement errors. These errors often lead
to inconsistencies such as mole or mass fractions not summing to one,
which violates fundamental physical constraints. To address this, a data
reconciliation approach is used, leveraging the fact that the system is gov-
erned by a single. The reconciliation process ensures that the final dataset
adheres to elemental balances for carbon (C), hydrogen (H), oxygen (O),
and nitrogen (N), as well as summation constraints that require the to-
tal mole or mass fractions at both the reactor inlet and outlet to be equal
to one. This optimization is performed using the fmincon solver in Mat-
lab, which minimizes the deviation between the measured and reconciled
values while satisfying the constraints.

The objective function is defined as:

minf (X) = Z (Xmeas - Xcalc)z (5)

are the raw measurements and x

where x, calc

meas
ciled) values.

The solution is subject to a set of nonlinear equality constraints g:

are the adjusted (recon-

gk) =0 (6)
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