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Abstract

The development of highly efficient membranes represents a great opportunity to significantly reduce
the environmental impacts of human activities through gas separation and water filtration, and are also
very attractive for process intensification when coupled to existing industrial processes. Tubular
membranes have higher modularity, better pressure resistance, and they offer easier sealing than their flat
counterparts. The ability to deposit thin films on their surface is crucial to optimize their chemical and
physical properties. However, the deposition of thin films on tubular membrane supports with
conventional vacuum-based deposition techniques is relatively complex, slow and costly. In this work the
versatility of spatial atomic layer deposition (SALD) and 3D printing technologies has been combined to
design and fabricate a custom SALD manifold for coating tubular substrates. SALD is a scalable
deposition technique, offering high-throughput at atmospheric pressure and thus can be advantageously
employed to coat tubular membranes, enabling high quality thin films to be deposited at the nanoscale
considerably faster than with other conventional techniques. Computational fluid dynamics (CFD)
calculations by means of COMSOL Multiphysics have been used to optimize this innovative SALD gas
manifold. The proof-of-concept of the new SALD manifold has been validated through successful ZnO
thin film depositions performed on tubular Cu foils and porous Al203 tubular membrane supports,

demonstrating the capability of SALD to achieve high-throughput depositions on non-planar, complex
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substrates. These results open prospects for the interface engineering of membranes or electrolyzers,
where precise coatings of tubular surfaces are needed.
Keywords

Inorganic membrane, Spatial Atomic Layer Deposition, 3D printing, tubular substrates, interface

engineering

1. Introduction

The development of highly efficient membranes has become of central interest for the energy sector
and the chemical industry, as the efficient separation of species represents a valuable strategy to reduce
cost, energy, and environmental impact of many processes!-> or to reduce the impact of human activities
by eliminaton of pollutants in wastewater and contaminated air. One example of current membrane energy
application is the membrane-assisted separation of hydrogen for its use as energy carrier 3-8, which is
expected to be fundamental for the forthcoming shift to carbon-neutral societies. Coupling membranes to
chemical industry is a key strategy for intensification of processes such as Fischer-Tropsch, aromatization,
de/hydrogenation, reforming °-!>2 and membrane reactors in general !3.

The separation processes are achieved by enabling species/molecules to pass through the membrane
as a result of a driving force. Most transport processes take place because of a difference in chemical
potential (pressure and concentration contribute to the chemical potential). Depending on their
architecture, membranes achieve fluid separation through either 1) solution-diffusion, if a dense film of
the appropriate material is used, or ii) molecular sieving, for appropriate porous films. In particular,
tubular-shaped membranes are appealing to industry since they offer strong adaptability, easier sealing,
high-pressure resistance and higher modularity than their planar counterparts. Such membranes can be
prepared by dip-coating or spray-coating of tubular supports by sol-gel routes (plus spin coating or screen
printing for planar membranes), but the precise control of chemical and physical properties of both dense
and porous membranes (i.e., thickness, surface composition, pore size, etc.) is still a key challenge for

membrane producers !>. Thus, thin films are highly attractive for the coating of dense membranes, as it
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decreases the amount of material required (especially for expensive or scarce elements) while improving
the permeability. In addition, thin film techniques can enable a precise control of the pore size for porous
membranes.

Among thin film deposition techniques enabling tubular coatings, physical vapor deposition (PVD)
techniques have a low energy-efficiency and spinning systems are required (including heating elements)
which increase the complexity and/or cost. Electrodeposition and solvothermal approaches can be used
for the deposition of metals and simpler oxides with lower use of consumables and at lower cost. However,
these approaches require more steps, yield thicker layers and there are also several concerns from the
health, safety and environmental points of view '>. As recently reviewed, chemical vapor deposition
(CVD) techniques such as atomic layer deposition (ALD) are extremely valuable for membrane science
and have been tested for many applications, including gas separation and water filtration, biosensing and
catalysis 1>-17. ALD is based on the sequential use of surface-limited, self-terminating chemical reactions
that take place in a cycle-wise fashion, thus allowing to prepare conformal and high quality films at the
nanoscale on complex substrates and at low temperatures 820, ALD has traditionally been a vacuum-
based technique requiring the use of relatively costly reactors and pumping systems. Spatial atomic layer
deposition (SALD) is a branch of conventional ALD, in which the precursors are continuously injected
in different locations of the reactor, being separated by a flow of inert gas. This technique is able to reach
faster growth rates than conventional ALD and can be performed at atmospheric pressure and in the open
air (i.e. without deposition chamber) 2!*2. This does not compromise the deposition of high quality
materials, even on high-aspect -ratio substrates, with precise thickness control, high uniformity and
excellent conformality 23-25.

SALD can indeed be implemented in different ways 2>. This work is based on the close-proximity
manifold approach 2728, where the reactants are distributed along adjacent channels and separated by inert
gas and exhausts channels 2°. The close proximity of the substrate to the head then ensures the efficient
separation of the reactants. The movement of the substrate exposes the surface to the different reactants,

therefore reproducing the layer-by-layer growth of conventional ALD. This SALD approach is
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particularly versatile since it can be easily tuned by simply modifying the manifold injector. For instance,
we have shown that 3D printing can be used to customize close-proximity SALD manifolds in different
materials, opening up a large span of possibilities 3031,

However, SALD has been only used to coat planar substrates such as wafers, glasses, or flat
polymeric substrates so far. Porous materials or high-aspect-ratio features have also been coated, but the
macroscopic nature of these samples is a flat substrate. A notable exception has been reported van
Ommen’s group where the coating of nanoparticles was enabled by implementing a SALD system in a
fluidized reactor 32. In this work, we take advantage of 3D printing to design a gas manifold specifically
tailored for tubular supports. To demonstrate the feasibility to perform SALD on such tubular surfaces,
ZnO layers have been deposited on Cu foils wrapped around tubular supports and on Al,Os tubular porous
membrane substrates. This work is a new versatile way of printing functional devices to extend the current
potential of SALD?3-35 to membrane applications, opening a new avenue in the field for coating complex

substrates with functional materials.

2. Materials and Methods

2.1. SALD of ZnO on tubular supports

The gas manifold was elaborated through computer-aided design (CAD) in Solid Edge and 3D printed
by stereolithography (FORM2, Formlabs) with Clear V4 (Formlabs). Supports and resin leftovers were
carefully removed and the 3D-piece was cleaned with isopropanol (<99.8% purity, Honeywell) and
cautiously dried prior to SALD deposition. Simulations of the gas pressure distribution among the
prechambers and gas outlet channels within the SALD gas manifolds were performed in COMSOL
Multiphysics software using the CFD module.

ZnO was deposited at room temperature using a custom-made atmospheric pressure SALD system
3>, Two substrates were considered : i) Cu foils (3M) wrapped around 3D printed polymer tubes of 1 cm
diameter, and ii1) commercial Al,O3; porous tubular membranes (50 nm pore size diameter, Atech

Innovations GmbH) of 1 cm outer diameter. Diethylzinc (DEZ, Zn(C2Hs)>, Sigma Aldrich) and water
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(H20) were used as metal precursor and coreactant respectively. Nitrogen (99.995%, AirLiquide) was
used both as a carrying gas in precursor lines and as barrier gas in dedicated lines separating DEZ and
water flows. The precursors were carried from the bubblers to the gas manifold by flowing 15 and 90
sccm of nitrogen through the DEZ and water bubblers, and were subsequently diluted with 135 and 210
sccm of additional nitrogen, respectively. The total nitrogen flowrate used as barrier gas was 600 sccm.

2.2. Characterization Techniques

The morphology of the deposited ZnO thin films was investigated by field-emission scanning electron
microscopy (FESEM) using a Zeiss Gemini 300 field-emission-gun scanning electron microscope.
FESEM energy-dispersive X-ray spectroscopy (EDS) spectra were recorded using a Bruker X-ray
detector incorporated in the Zeiss Gemini 300 field-emission-gun scanning electron microscope operating
at 15 kV. X-ray diffraction (XRD) patterns were collected with a Rigaku SmartLab diffractometer
equipped with a rotating Cu anode operating at 9 kW (45 kV and 200 mA) from which the Cu Ko,
radiation was used. The 6-28 scans were performed in the standard Bragg—Brentano configuration with a
step of 0.1° and a speed of 0.3° s using parallel beams (divergence less than 0.05°). The ZnO and o-
Al>Os; diffraction peaks were indexed according to the ICDD 00-036-145 and 00-046-1212 files,

respectively.

3. Results and Discussion

3.1. Design and fabrication of the tubular gas manifold

The possibility to 3D print gas manifolds enable the integration of gas distribution and separation
circuits into the body as shown in our group previously 3*>. In this work, we take further advantage of
these capabilities to design a gas manifold for deposition on tubular substrates based in the same close-
proximity technology. More specifically, a cylindric gas manifold dedicated to the SALD of tubular
surfaces was fabricated through CAD and 3D printing, as illustrated in Fig. 1. The gas manifold contains
four external connections, as revealed by Fig. 1a, being the inlets for metal precursor, coreactant, inert

gas, and the exhaust outlet. In this configuration, the tubular substrate is introduced in the central
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cyclindrical hole of the gas manifold and moves back and forth during deposition to ensure the exposition
of its surface to the different gases. The hole diameter can be easily adjusted to the substrate diameter in
order to have a controlled gap in the range of 50-200 um between the substrate surface and the gas outlets.
Furthermore, both inlet and outlet channels connect to individual concentric prechambers located within
the the bulk of the gas manifold as detailed in the cross-section view shown in Fig. 1b. These prechambers
have a concentric outlet channel facing the substrate to ensure the exposure of the substrate to the gases

or to extract them.

a)

Fig. 1. (a) Scheme of the cylindrical SALD manifold designed to coat tubular substrates, (b) detailed
cross-section view of the design, (c) printed version of the gas manifold, and (d) integration into the

custom-made SALD system.

The concentric prechambers are required to ensure a good homogeneization of the gas pressure and
its proper distribution through the outlet channel. An inappropriate design would lead to inhomogeneous
deposition with unexposed areas on the tubular substrate 3°. Prior to the design, COMSOL Multiphysics
simulations using the CFD module were performed to find adequate ratios between the prechamber and
the channel outlet volumes offering optimal gas pressure distributions, whose results are summarized in

Fig. 2. The study was performed on an individual 3D channel of a standard SALD gas manifold 3° for the
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sake of time and hardware requirements. There are two inlets in each side of the prechamber, and one
outlet at the bottom of the channel where the substrate is located. As stated before, the flow and pressure
through the prechamber and channel oulet are evaluated to check the size of prechamber yielding a good
homogeneity of the gas, i.e. a constant flow front reaching the substrate surface. Otherwise, prefential
pathways, extended regions with different gas speeds, or dead zones where no gas flow occur can be
generated, leading to an innacurate gas distribution and a lack of homogeneity in the deposition. To do
so, the channel outlet volume was kept constant (with channel dimensions fixed at 50 x 15 x 0.5 mm?)
and the radius of the prechamber was varied from 1 to 2 mm. Moreover, a constant flowrate of 100 mL/min
was applied to both prechamber inlets. The results reveal that a small prechamber volume (i.e. with a
radius of 1 mm, Fig. 2a) should be avoided as it produces very inhomogeneous gas flow distribution along
the outlet channel. The homogeneity of the gas is drastically improved when increasing the prechamber
volume (i.e. when increasing its radius above 1 mm, Fig. 2b-d), a minimum radii between 1.4 and 2 mm
is required to ensure good homogeneization (Fig. 2¢,d). Therefore, as a general rule, a prechamber/channel

outlet volume ratio of at least 0.8 should be respected for the design of the cylindrical SALD manifold.

a) b) d)
Prechamber radius = 1 mm 1.48  prechamber radius = 1.2 mm 1.23  prechamber radius = 1.4 mm 1.10 prechamber radius = 2.0 mm 0.96
Volume ratio = 0.42 Volume ratio = 0.60 Volume ratio = 0.82 Volume ratio = 1.68

——— T ——
______ _—_

Fig. 2. CFD calculations made with COMSOL Multiphysics, where the fluid distribution is assessed along
an outlet channel for varying prechamber radii of (a) 1 mm, (b) 1.2 mm, (¢) 1.4 mm, and (d) 2.0 mm. The

corresponding prechamber/chanel outlet volume ratios are also indicated.

The concentric nature of the gas manifold also adds some complexity to the 3D printing process.
Indeed, to guarantee its feasibility, temporary supports must be printed in the central hole where the
substrate is to be placed. However, the smoothness of this internal surface is capital for the deposition
process ensuring an even distribution of the flow. The supports were thus removed carefully and the
internal cylindrical surface was polished with fine polishing paper (1200) to smooth the surface.

Additionnally, a thorough cleaning of the inner channels with isopropanol followed by a drying process
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must be done to avoid any loss of shape or blockage of the outer channels due to resin or liquid
accumulation. A Dino-Lite RK-10 holder with integrated z-axis controller is used as a sample holder to
accurately control the height of the tubular sample, providing precise alignment with the gas manifold.
The sample holder is secured by a 3D printed home-made piece to the SALD moving plate, tightening the
tubular sample at its position at the center of the gas manifold and ensuring an appropriate gap with gas
outlets (Fig. 1d).

3.2. SALD of ZnO on tubular substrates

A first validation of the gas manifold design and integration into the SALD system was performed
using 3D printed tubes of 1 cm diameter wrapped with Cu foils as tubular substrates. Cu foils permit the
visual identification of the deposition through their change of contrast, and they can be easily unwrapped
from the 3D printed tubes for later characterization in SEM. ZnO was choosen because it is a school-case
ALD material and because the group has extensive expertise in its deposition 363>, Additionally,
amorphous ZnO can be grown at room temperature facilitating the operational validation of the gas
manifold. Standard SALD conditions previously reported for ZnO deposition (3¢3? on planar substrates)
were tested successfully as depicted in Fig. 3a. The deposition distance (i.e. the amplitude of the substrate
displacement) was varied and the related changes of contrast observed confirm that the deposition is
taking place in the desired region, which can thus be typically controlled in the range of a few centimeters.
Moreover, FESEM observations of the Cu foils (Fig. 3b,c) confirm the growth of a ZnO thin film in the
region exposed to precursors, while no ZnO is observed in the pristine region. The ZnO layer covers the
whole surface exposed, with no apparent change between regions. The deposition of ZnO is further
confirmed by FESEM-EDS analyses (Fig. 3d), where a significant signal associated to the Znkq energy
transition is observed at around 8.6 keV in the region exposed to precursors, while this signal is absent on

the pristine Cu foil.
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Fig. 3. (a) Cu foils with ZnO depositions along variable lengths. Top-view FESEM images of (b) a bare
Cu foil and of (¢) a Cu foil with ZnO deposition. (d) Corresponding FESEM-EDS spectra.

In a second step, we aimed to confirm the potential of this new approach for the surface engineering
of membrane supports by using the 3D printed gas manifold to perform SALD on porous a-Al>O; tubular
ceramic supports (50 nm pore size), such as the one presented in Fig. 4a. The equivalent to 1000
conventional ALD cycles were used for deposition of ZnO. FESEM observations revealed the deposition
of a ZnO thin layer with an estimated thickness of 400 nm, corresponding to a growth rate of 4 A/cycle
(Fig. 4b,c). It can be noted that the growth rate is higher than what is typically expected for an ALD
process, implying a major CVD contribution during the ZnO deposition. Indeed, the possibility to grow
both in CVD and ALD mode is one of the advantages offered by close-proximity SALD based on
manifold heads. Deposition in SCVD mode has been used in the past and, for surfaces with no complex
or high-aspect-ratio features, homogenoeus films can be obtained with GPC values larger than for the
equivalen ALD process. The optimization of the tubular head presented here is possible for the cases
when ALD conditions are required. These optimizations will involve the adjustment of parameters such
as the flow rates, the gap between the gas manifold and the sample surface, the channel width and

separation, and the sample movement speed. A strong associated signal of the Zni, energy transition at
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around 1.0 eV is further measured from FESEM-EDS characterizations in areas exposed to the chemical
precurors (otherwise absent on the bare membrane), confirming the ZnO chemical nature of the thin layer
(Fig. 4d). Moreover, different membrane pieces were characterized by XRD to gain more insights on their
structural properties. To ensure good crystallization of the ZnO thin film, the samples were annealed at
500 °C during 1 h. The obtained XRD patterns in the deposited region, shown in Fig. 4e, clearly reveal
the presence of several diffraction peaks associated to wurtzite ZnO, while only diffraction peaks
associated to a-Al>O3 are present on the bare membrane. These results demonstrate the great potential of
SALD for the deposition of high quality thin films on complex substrates such as tubular membrane
supports. Additionnally, the repeatability of the depositions and reuse of the gas manifold can be typically
achieved through a proper alignment of the sample using the level adjuster described previously and a
thorough gas manifold maintenance (cleaning with 5% nitric acid solution, rinsing with isopropanol and

drying), respectively.

a)

ZnO region

N =
* B AL PP

Counts (arb. unit)
(2]
z
Intensity (arb. unit)

Sl

0.0 0.5 1.0 15 2.0
Energy (keV) 20-scale (°)

60

Fig. 4. (a) Tubular membrane support after ZnO deposition. (b,c) Top-view FESEM images of the
membrane (b) without and (¢) with ZnO deposition. (d) High-magnification cross-section view of the
ZnO0 thin film. (e) Corresponding FESEM-EDS spectra, and (f) XRD patterns of membrane pieces without
and with ZnO deposition after annealing at 500 °C.
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3.3 Perspectives

The present work shows a proof of concept reporting the coating of tubular membranes by an an
open-air technique (SALD) which is attractive for interface enginering because of both conformal coating
and excellent thickness control. For example, some ALD-prepared materials such as palladium or metal-
organic frameworks (MOFs) are particularly relevant for the fabrication of separation membranes 4041, It
is worth noting that thin films such as ZnO can be subsequently converted to a MOF by hydrothermal
techniques. Heating elements can also be easily incorporated to the system to enable the deposition of
materials not available at room temperature.

Capability to deposit dense thin layers over porous tubular supports enables the use of SALD for the
coating of dense membranes as well as other electrochemical devices such as fuel cells/electrolyzers or
electrochemical membrane reactors with tailored electrodes 4?-3!, where the gas separation occurs by
adsorption and diffusion through the thin layer. Different ionic and protonic materials comprising more
complex oxides or metals have already been deposited by ALD 32790, and their addition to the SALD
palette for both planar and tubular depositions would be appealing for various industrial applications.
Moreover, the gas manifold design could be adapted for the coating of other types of non-planar
substrates, which could be used in various applications such as free-form electronics ®' or for curved
lenses and mirrors fabrication 263,

SALD gas manifolds can be also modular (coupling several manifolds in series) enlarging the
deposition area. This can be also used to tailor deposition i.e. different modules with alternating materials

can be used to have multimaterial and multifunctional devices.

4. Conclusions

In this work, we successfully performed thin film deposition on tubular substrates using the
atmospheric pressure SALD technique in the open-air close-proximity approach. Using computational
fluid dynamics calculations, an innovative SALD gas manifold has been designed and fabricated thanks
to the versatility offered by 3D printing. The custom gas manfiold has been designed to deliver a

concentric homogeneous precursor gas outflow covering the whole surface of tubular substrates. The
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relations between the different volumes within the gas manifols has been evaluated by means of COMSOL
Multiphysics. Using DEZ and water as precursors, the design of the gas manifold has been validated by
depositing ZnO onto Cu foils and porous alumina tubular supports. The successful depositions show the
high potential of SALD for the engineering of membrane interfaces. Further optimization will result in
heads in which the ALD and CVD mode can be precisely controlled by adjusting the different flows.
These results open the door to the high-throughput fabrication of both dense and porous tubular
membranes of various materials by SALD. This approach can be further adapted to the preparation of
other nanomaterials as well as to other substrate geometries, widening the field of applications of SALD

on complex surfaces.
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