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Abstract: A simple method is presented for the continuous generation of carbon nanotube forests stably
anchored on stainless-steel surfaces using a reactive-roll-to-roll (RR2R) configuration. No addition of catalyst
nanoparticles is required for the CNT-forest generation, the stainless-steel substrate itself being tuned to
generate the catalytic growth sites. The process enables very larges surfaces covered with CNT forests having
individual CNT roots anchored to the metallic ground through primary bonds. Fog water harvesting is
demonstrated and tested as one potential application using long CNT-covered wires. The RR2R is performed
in the gas phase, no solution processing of CNT suspensions is used contrary to usual R2R CNT-based
technologies. Full or partial CNT-forest coverage provides tuning of the ratio and shape of hydrophobic and
hydrophilic zones on the surface. This enables optimization of fog water harvesters for droplet capture through
the hydrophobic CNT forest, and water removal from the hydrophilic SS surface. Water recovery tests using
small harp-type harvesters with CNT-forest generate water capture of up to 2.2 g/cm?h under ultrasound-
generated fog flow. The strong CNT root anchoring on the stainless steel surfaces provides opportunities for
(i) robustness and easy transport of the composite structure, (ii) chemical functionalization and/or nanoparticle
decoration of the structures, and opens the road for a series of applications on large scale surfaces, including
fog harvesting.

Keywords: Carbon nanotubes; CNT; Continuous growth processing; Reactive-Roll-to-Roll synthesis (RR2R);
Fog water harvesting; Hydrophillic-Hydrophobic surfaces; Chemical vapor deposition (CVD)

1. Introduction

Water scarcity has now become a critical issue demanding urgent measures. Climate change
resulting in rainfall pattern anomalies have triggered prolonged droughts in certain regions [1] [2]
[3].

Traditional freshwater sources being rapidly depleted, the demand has increased for new
technologies that draw upon alternative water sources. Such sources are for example sea water, used
domestic and city water, rainwater, and atmospheric water including orographically induced fog and
air humidity harvesting [4,5]

The selection of a water harvesting method will strongly depend on the local weather conditions,
geography, and the population density of the arid region. This article focusses on areas with a
propensity for fog formation, mainly near coasts or mountains [6]. In arid regions located near the
sea, desalination is often positioned as the sole viable alternative [6—13]. Desalination also leads to a
significant production of ecologically damaging brine waste which must be manage [10]. However,
in their United Nations Food and Agricultural Org. report, Beltran and Koo-Oshima indicate that a
minimum community size, for example at least 5,000 people, is required for economic viability of
water desalination technologies [14,15]. Conversely, a large amount of water is available in the
atmosphere, even in the most arid locations, in the form of water vapor (i.e. humidity) and
atmospheric suspended liquid water droplets. It is estimated that up to 13,000 km? of water is stored
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in the atmosphere [16]. With climate change increasing the atmospheric temperature, this storage is
bound to increase. While refrigeration or sorbent technologies may be exploited to capture
atmospheric humidity [17-20], small communities in coastal areas, mountain environments, and even
arid regions adjacent to areas with a propensity for fog formation may consider fog harvesting as a
salient low-cost capital and operating alternative. Robert et al have identified 47 arid locations in 22
countries where fog-water harvesting by vegetation or artificial collectors provide possible
alternatives [1,2,6]. Various efforts in the literature focussed on wettability gradient architectures
inspired from nature through imitation of living organisms who survive in harsh environments
owing to wettability patterns [21]. These architectures are fascinating and yield high water collection
rates [21,22], with a recorded value of 5.3 g/cm?h obtained by Yu et al [23]. They however involve
complicated fabrication techniques, which are significantly difficult to scale up for practical outdoor
implementations [24-26]. Artificial fog-water harvesters are based on various materials and
geometries of grids or wires oriented perpendicular to the fog-containing air flow. The present paper
introduces a new concept based on carbon nanotubes (CNT) composite structures as another means
of atmospheric water extraction. Two specific characteristics are to be optimized for optimum water
recovery: the ability to capture the water micro-droplets and an efficient drainage of the water
captured by the collector [2,27-33]. This imposes three conditions to the collector: (1) very large
surfaces for water collection, (2) simultaneous hydrophilic properties for capture, and (3)
hydrophobic material properties for water removal. Carbon nanotubes (CNTs) provide an interesting
opportunity to generate an inherently hydrophobic surface that is not based on coatings or
surfactants. Also, this material can readily be chemically functionalized for example for providing
partial or complete hydrophilic properties or other specific chemical interactions [34]. The present
paper demonstrates that the “direct CNT forest growth” technique [35] applied to fine and very long
continuous wires of stainless steel (SS) provide the required hydrophilic/hydrophobic conditions for
fog water harvesting application. More importantly, in the context of enabling carbon nanotube-
based structures for providing the very large surface area required, this paper demonstrates a new
scheme of a continuous reactive-roll-to-roll (RR2R) CNT direct-growth process able to generate large
surface areas for water collection devices. The "reactive" terminology is introduced here as a means
of differentiating the metallurgical reaction and transformation (essentially a eutectic-like
transformation) occurring between the bare substrate and the reactive carbon containing gas. It
particularly highlights that no external catalyst and other fluid transport are involved. Hordy et al
demonstrated that such catalyst-free growth process is characterized by a strong anchoring of the
CNT structures to the stainless-steel (SS) support [34]. For example, ultrasonic harvesting of the CNT
forests showed the CNT "trees" being cut above the surface, leaving only CNT "trunks" remaining on
the surface. Such strong anchoring at the base of the CNTs in the forest is a strong advantage in the
context of fog harvesting devices, allowing to maintain the hydrophobicity over extended periods.
It is to be noted that a continuous CNT growth process was previously demonstrated by Arcila-Velez
et al [36] in a Roll-to-Roll (R2R) configuration. This process involved a ferrocene-xylene liquid
injection floating catalyst technique using a syringe pump, providing in this way the catalyst
nanoparticles deposited on the moving aluminum foil substrate. They were able to demonstrate
continuous synthesis of CNT by moving the aluminum foil substrate at a velocity of 0.5 cm/min.
However, such scheme involving a liquid injection floating catalyst cannot be applied to the present
fog harvesting application, and to a very large number of other potential applications. For example,
the external ferrocene-xylene floating catalyst may hinder further scale-up, increase costs and safety
issues, and limit access for chemical functionalization. However, the most important limitations are
(a) the very strong reduction of the CNT anchorage on the substrate surface, (b) a lack of control of
the orientation of the CNT structures and surface patterning ability, and (c) the surface contamination
induced by the floating catalyst injected which interacts with the ability to design the
hydrophobic/hydrophilic surface patterning. Defeating the requirement of a strong CNT root
anchorage to the surface is a key point for enabling durable atmospheric-based applications. Such
anchorage also provides the means of a general vertical growth of the CNT forest, a geometry which
is beneficial for fog harvesting as well as many other applications. The requirement of a simple
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passive cost-effective one-step process to generate very large surface areas for water capture systems
is also of prime importance. In this article, the Reactive-Roll-to-Roll (RR2R) direct growth process is
demonstrated without the requirement of adding an external catalyst and the accompanying fluid-
based distribution process. This RR2R process intrinsically provides strong primary metallic bonds
linking each individual CNT "tree" to its stainless-steel substrate "ground". Benefits of a RR2R
generation particularly for a fog harvesting application can be summarised as:

1) The direct growth technique uses a material specific design for generating nanoscale surface
roughness patterns for CNT nucleation and growth, and providing a CNT base with primary
bonds with the host surface. In other words, the CNT forest is inherently linked with strong
anchorage to the SS surface;

2) No external catalyst, or dye solution, or slurry or other deposition technique being required, it
is the stainless-steel substrate itself that is acting as the CNT growth and anchoring site;

3) the simple catalyst-free RR2R technique continuously generates reliably very long CNT-
covered wires able to generate the very large collecting surfaces required, together with a CNT
forest oriented in a direction perpendicular to the surface;

4)  the CNT-covered wires intrinsically provide a much larger surface area for atmospheric
suspended micro-droplet collection compared to bare wires. More importantly, both of the
required local hydrophilic/hydrophobic properties needed for water capture and drainage are
generated.

5) Finally, in a view of possibly extending the RR2R technique to other applications requiring
large surfaces and various geometries, it is to be noted that the direct-growth technique based
on a relatively simple metallurgical surface transformation allows the possibility of various
surface shapes and sizes, as demonstrated by growth generated on particles, flat surfaces, and
grids.

Other R2R technologies for large CNT surfaces generation were also demonstrated by Rashid et
al [37] and Zhang et al [38] for various applications. These technologies are dye-based technologies
for making paper-like and surface aligned CNT deposition. Such technologies do not have the
characteristics enabling fog harvesting, for example the strength, strong anchorage, orientation and
hydrophillic/hydrophobic control necessary for fog harvesting applications and other potential
application discussed in the present paper.

This paper first provides the background information on the basic requirements necessary for
fog harvesters in order to justify the engineering choices being made. The methodology and results
for CNT forest generation on SS wires in a continuous RR2R configuration aiming for large and low-
cost surfaces for fog harvesting applications is then presented. Finally, preliminary tests of the

resulting fog harvesters generated using this new RR2R CNT-based technology are presented and
compared to literature results.

2. Fog harvester basics and requirements

A fog harvesting system typically uses a physical barrier for fog micro droplets impaction,
placed orthogonally to the trajectory of the incoming fog, and a water collector. The design of the fog
harvester needs to be optimized for two important steps: droplet capture and drainage. The
parameters controlling these two processes are affected by the geometry of the harvester and the
surface affinity with water. Although harvesters vary in geometries, the meshed or grid-type
architecture finds widespread utilization, primarily because of its ease of design and scalability. Shi
et al described some of the requirements for collection efficiency of fog collectors, illustrated in Figure
1 [33]. Two-droplet dynamics dictate the distance between the threads of the grid, the objective being
here to avoid local “clogging” where droplets do not drain away sufficiently quickly, thereby
hindering further capture. Fine meshed harvesters suffer from droplet plugging inside the pores
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(Figure 1a) inducing for example poor water removal and recovery efficiency, whereas coarse-
meshed systems are unable to efficiently capture micro-droplets, and result in important losses of the
water droplets made available in the fog (Figure 1b). The passive drainage of the grid being governed
by gravity, water recovery following droplet capture is reduced in the grid architecture by the
horizontal threads running perpendicular to the drainage pathway. One alternative architecture
employs an array of wires perpendicular to the air flow, referred to as Fog Harvester Harps (FHH),
as shown in Figures 1c and 1d. As indicated by Shi et al, such geometry very strongly reduces both
problems of droplet plugging and drainage [33].

Figure 1. Droplet dynamic through (a) fine meshed grid, (b) coarse meshed grid, (c) fine harp and (d)
coarse harp [33].. {Reprinted with permission from: Shi W., Anderson M.]., Tulkoff ].B., Kennedy
B.S., Boreyko J.B., Fog Harvesting with Harps, ACS Applied Materials & Interfaces, vol. 10, no. 14, pp.
11979-11986, 11 04 2018. Copyright 2018 American Chemical Society.}

Besides morphology, the hydrophilic/hydrophobic character of the threads forming the fog
harvester is of primary importance for the efficiency of water capture. While a hydrophilic surface is
optimal for droplet capture as it maintains the water on the surface [23,29], it will however not readily
release the water towards the drain. On the contrary, drainage is facilitated by hydrophobic surfaces.
Bio-mimicking surfaces [25] with gradient wettability have been extensively studied [26,27], although
complex fabrication methods and complicated geometries limit their scale-up potential for practical
applications.

While hydrophobic or superhydrophobic conformal coatings could provide solutions to fog
droplet capture and drainage, the durability of these coatings over prolonged periods in atmospheric
and solar radiation conditions is a key problem [28,30]. The challenge also remains of enabling a
combined hydrophilic water capture together with hydrophobic drainage pathways on the harvester
wires in order to optimize these two opposite physical processes. The 1-dimensional nanostructures
of CNTs are hydrophobic, Li et al measured a contact angle of (158.5 +1.5)° between CNT and water
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[39]. Aufoujal et al, using the direct growth method on SS, indicated the CNT forest surface also
exhibits a hydrophobic character with contact angles of 125°+2 with water [40]. In opposition, the SS
surface is intrinsically hydrophilic. A combined structure of CNT forest patches supported by SS has
thus a potential for mixing hydrophilic and hydrophobic regions. Water droplets first meet the CNT
forest upon arriving on the water harvester, but the presence of well dispersed hydrophilic regions
may be helpful for optimizing both water microdroplet capture together with enabling some drainage
pathways for optimal water harvesting.

3. Generation of a CNT-0n-SS wire structure in a continuous RR2R process

The proposed solution scheme enables durability of the coating and allows the generation of
very large surfaces for fog droplets capture. This last point is a key requirement for fog harvesters,
and also forms a new proposal for enabling very large surface areas of CNT-based forests structures
for other applications. Our solution scheme follows the direct synthesis of CNT forests on SS wires
using thermal chemical vapor deposition (th-CVD) as developed by Baddour et al in 2009 [35],
thereafter called the direct-synthesis process shortly discussed below. The specificity of this particular
technique largely simplifies the synthesis process for scale-up and is compatible with large surface
area requirements. More importantly, it enables the necessary strong anchoring of the CNTs on the
SS support to maintain hydrophobicity over time. In order to help optimizing both the capture and
the removal of water droplets, the structure to be generated would also benefit from the inclusion of
both hydrophilic and hydrophobic regions. This can readily be obtained in the direct-growth process
through a control of the scale of the forest patches.

Chemical vapor deposition (CVD) techniques are often used to generate forests of CNT on a
surface. These technologies are generally based on the use of a metal catalyst nanoparticle acting
essentially as a template for extracting the dissolved carbon in a eutectic-like transformation. The size
of the nanoparticle is important, with diameters roughly below the 50-60 nm range being necessary
to generate multi-wall nanotubes (MWNT). The th-CVD method based on a tube furnace is chosen
in this work for its simplicity particularly for applications requiring important scale up. As discussed
in the Introduction, this procedure typically involves the addition of catalyst nanoparticles in the
synthesis process, the most common materials being Fe, Ni and Co. However the “direct synthesis”
method developed by Baddour et al [35] eliminates the requirement for this external catalyst by
generating surface topography defects which are equal or smaller to the 50-60 nm size range (Figure
2). These defects are intrinsically part of the material surface, and in particular are not nano-particles
added onto the surface. Such defects are achieved via mild acid etching of the surface, and/or surface
material recrystallization. The etching and/or material recrystallization processes are used for
generating the nanoscale topography and are adjusted to the specific surfaces of the stainless steel
(SS) substrate. It is important to note that every SS substrate geometry chosen, for example fine wires
in the present application, have gone through various thermal and forming operations during the
original bulk and final material fabrication processes. These operations, and particularly the drawing
operation used to fabricate the wires to be used in the present process, modify the grain structure and
surface topography of the material. This results in a necessity of adjusting the mild acid pre-treatment
recipe and recrystallization stage for generating nanoscale defects when changing the SS material
geometry such as wire diameter or flat planar structures. A cleaning step followed by mild acid
etching typically form the very simple preparation steps for growing CNT forests on SS wires through
the direct synthesis approach, i.e. no catalyst nanoparticles are to be added for generating the dense
CNT structures. Well-anchored forests of nanotubes are readily grown with a strong adherence to the
SS surface. Such forests were shown to be available for example for chemical or plasma
functionalization, and possibly ultrasonic dispersion if required for nanofluid generation [41,42]. As
stated in the Introduction, ultrasonic harvesting of the forests shows CNT trunks still present on the
surface after the harvesting step, indicating the strong anchorage effect of using nanoscale surface
defects instead of deposited catalyst nanoparticles [41].


https://doi.org/10.20944/preprints202311.1709.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 28 November 2023

Fe-rich
4« defects

Figure 2. (a): SS surface after 5 min etching in HCl acid, detailed surface structure, scale bar lum. (b):
Detailed SS surface structure after 5 min etching in HCI acid followed by 30 min recrystallization heat
treatment at 850°C, scale bar 500 nm. {Reprinted with permission from [35]: C.E. Baddour, F.
Fadlallah, D. Nasuhoglu, R. Mitra, L. Vandsburger, J.-L. Meunier, A simple thermal CVD
method for carbon nanotube synthesis on stainless steel 304 without the addition of an external
catalyst, CARBON 47 (2008) 313 — 347, d0i:10.1016/j.carbon.2008.10.038}

Herein, we adapt the Baddour protocol, a batch process, to operate under continuous RR2R
processing, demonstrating a simple method for catalyst-free continuous CNT-forest growth. This
method maintains CNT anchoring to the surface for forming a forest-like structure providing good
physical and chemical access to the CNT structures, with the inter-tree distance essentially controlled
by the nanoscale surface topography generated. The resulting structure forms a CNT-forest-on-SS
that can be manipulated for various applications and physical/chemical surface modifications.

3.1. Methodology for dynamic RR2ZR MWCNT growth

The substrates employed are stainless steel wires (S5 304; D = 0.18mm, McMaster-Carr). The
wires are first cleaned with acetone (Fisher Chemical, Certified ACS) for 10 min in an ultrasonic bath
(Branson 2510 Ultrasonic Cleaner, 40 kHz). Etching allowed for surface roughness generation,
through immersion in HCl for 2 min (Sigma-Aldrich, 37%, ACS reagent). This is followed by
ultrasonic cleaning in a deionized water bath during 10 min. The preparation steps based on acid
etching and thermal recrystallization aim to generate nanoscale surface defects, i.e. bumps that are
inherently part of the SS structure and not added nanoparticles. Hence etching times tend to vary
with wire diameter, as their initial fabrication process results in different grain sizes and
morphologies. Following the etching and cleaning steps, the wire samples go through a last
preparation step consisting in recrystallization of the material for 30 minutes at 800 C under an Ar
atmosphere (furnace details provided below). This last step provides the nanoscale bumpy surface
morphology necessary to trigger CNT growth from the bulk surface.

The thermal treatment for CNT forest generation is conducted in a tubular furnace (Figure 3)
having a RR2R configuration with wire spools located outside and on each side of the furnace
(Lindberg/Blue M, HTF 55322A series) in manipulation chambers (MDC Vacuum). The reactor used
was a quartz tube (OD =58 mm; ID = 52 mm; L = 1.2 m) mounted in the tubular furnace, and the SS
wire is suspended and fed along the central axis of the quartz tube. Argon and acetylene are
introduced to the reactor at 68.9 kPa via a 6.35 mm ceramic tube, and are exhausted via a larger 63.5
mm tube in order to prevent gas recirculation at the outlet and the possible generation of
contaminants. An oxygen analyzer (Series 2000, Alpha Omega Instruments) is installed at the exit of
the system for monitoring and safety purpose. Modeling of the oxygen concentration was also
accomplished using COMSOL, this indicated that an initial Argon purging during a period of 40 min
provided safe conditions of operation.
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Figure 3. (a) Schematic of the tube furnace showing the RR2R configuration with both spools and gas
supply located outside of the hot zone of the furnace. The wire velocity over various tests varies from
0 (static) to a maximum speed of 9.32x10“# m/s. (b) General view of the experimental setup used for
the continuous RR2R CNT-forest generation. 1. C2Hz cylinder, 2. Argon cylinder, 3. Gas flowmeter, 4.
Gas inlet. 5. Manipulation chambers, 6. Tubular furnace, 7. Temperature controller, 8. Quartz tube, 9.
Stepping motor, 10. Oz analyzer, 11. Motor controller, 12. Gas exit.

The velocity of the wire used in the RR2R configuration ranged from 0 m/s (simulating
static/batch conditions) to 9.32x10 m/s (or 5.6 cm/min). A stepper motor (Pololu Tic T834, 3V, 1.7A,
400 step, Arduino controller) was used with a rotary movement feedthrough (MDC Vacuum) in the
downstream chamber to drive the wire.

For control purposes, the same wire pre-treatment steps and CNT growth protocol were also
repeated in batch static experiments with the entire wire being loosely rolled-up and supported in a
ceramic boat in the center of the furnace rather than suspended and fed along the furnace central axis.
These static experiments provided the bottom line for evaluating preliminary synthesis temperatures
and duration of the growth steps for the SS wires. Figure 4 presents a summary of the various
treatment steps in the oven during these static experiments.
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Figure 4. Summary of the various processing steps for the growth of CNT forest structures on the S5
wire in a typical static mode, with indication of the time scales and temperatures involved (see color
code). These steps follow the initial material preparation steps based on acid etching and ultrasonic
cleaning.

Another substrate geometry was also carried out in static mode using stainless steel grids of 400
mesh size following the methodology developed by Baddour et al [35] and Hordy et al [34]. The
interest in such geometry is that it mimics the grid pattern of many fog harvesters, and extrapolates
the RR2R process to other geometries.

4. Experimental results

4.1 CNT static growth on SS wires

Static growth of CNTs was first carried out on long (up to 6 m) stainless steel wires using the
described th-CVD method. Other samples without HCI pre-treatment were also produced for CNT
growth. The various samples were placed on a quartz boat in the middle of the furnace and a heat
pre-treatment was conducted at 850°C for 30 min. As indicated in Section 3, this high temperature
sequence corresponds to the recrystallization stage of SS for generating nano-scale defects at the
surface of the metal. After this initial heat treatment, the furnace temperature was set to 775°C and
purged for 5 minutes under a 2500 sccm Ar flow to remove oxygen (Oz) from the quartz tube. Once
the Oz level reaches a value below 0.5% on the O:analyzer, C2Hz is introduced at a flow rate of 45
sccm for 5 minutes, during which time Ar flow was reduced to 600 sccm. After 5 minutes of C2Hz
injection, the sample remained inside the reactor for an additional 5 minutes under 600 sccm Ar. This
corresponds to the growth phase of the CNTs. The reactor was subsequently purged with Ar at 2500
sccm for 45 minutes to remove C2Hz remnants and the furnace was shut down. Upon the furnace
reaching room temperature, these Static-growth samples covered with CNT are removed.

4.2. CNT static growth on SS grids

To enable a comparison of the harp fog harvesting geometry (constructed using very long CNT-
covered wires), to the traditional meshed fog harvesting geometry, a series of CNT-covered SS 316
grids with 400 mesh size were also produced. The same cleaning step was used based on sonication
in acetone for 10 minutes. Following the Hordy et al protocol, acid pre-treatment is not required for
growth of CNTs on the SS 316 grids [42]. This follows from mesh wires of 30 um in diameter being
formed through an extensive extrusion process generating nanoscale grain defects. In comparison,
the wires used for generating the fog harvester harps have a much larger diameter of 180 um and are
subjected to much less deformation in the extrusion process, generating a need for the acid etching
creating nanoscale defects. The cleaned and air-dried SS grids were subsequently introduced inside
the furnace set at 725°C, and the same procedure previously described was carried out. The SS grids,
before and after the CNT-forest growth are shown in Figure 5.
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Figure 5. SEM images of the two meshes surfaces employed for constructing the mesh fog harvester:
(a) bare SS mesh, (b) CNT forest on the SS base mesh, (c) high resolution image of the CNT forest on
the SS+CNT forest mesh observed in (b).

4.3. Transition from static to moving wire

A series of tests were required to enable tuning of the CNT growth when changing from static
conditions in the furnace as described in sections 4.1 and 4.2, to a moving wire located all along the
furnace tube axis. Both the thermal history of a given section of the wire, and the time scales of contact
with the carbon precursor gas are inherently modified from the original CNT growth protocol. In the
original Baddour et al protocol (see Figure 4), the samples are located in the central zone of the furnace
having the highest temperature, and first go through an initial period of heating in Ar for nanodefects
generation. This is followed by the acetylene/argon “carbon loading sequence” of the surface, and
typically a 5 minute “growth period” of the CNT in argon. In a continuous RR2R mode, both of the
initial and final Ar steps need to be eliminated, leaving only a uniform C:H:/Ar flow during the
process. The axial temperature profile is crucial for achieving good growth conditions in RR2R mode
asitis a combination of temperature profile and wire velocity that enables proper carbon loading and

CNT growth. Figure 6 shows typical temperature profiles in the furnace when using two different
temperature set points.
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Figure 6. Temperature profile on the axis of the tubular reactor for two different temperature set
points of the furnace. The dotted lines (a) and (d) represent the two extremities of the tube furnace,
while dotted lines (b) and (c) correspond to the ends of the heating elements of the oven.

Axial temperature profiles were measured in the furnace, together with modeled estimations of
the convective and conductive heat fluxes to and within the wire. Static tests (i.e. wire velocity = 0) in
the RR2R wire geometry (i.e. wire in the central axis of the furnace) for CNT growth were also made
to adjust the CNT growth temperature. These thermal calculations and tests resulted in a requirement
for increasing by 25°C (i.e. to 725°C) the temperature set point for generating a good CNT forest
growth in these static tests, such temperature increase essentially compensating for the axial heat
losses within the metallic wire. Figure 7 shows the typical CNT-forest growth obtained on the wire
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in RR2R static conditions for two C2H: flow durations and Ar growth periods. Figure 7 shows that
two different growth time scales could achieve good CNT-forest growth in static conditions. In the
case of Figure 7b, eliminating the isothermal waiting period with Ar flow from the original protocol
(see Figure 4) did not affect the possibility of growing CNT forests. This agrees with the original
Baddour et al tests indicating the "growth period" is in fact very fast and does not require an extensive
waiting time under Ar.

Figure 7. SEM images of the CNT growth in static (Vwire=0 m/s) RR2R geometry for two gas conditions:
(a) 5 min C2Hz and 10 min Ar, (b) 10 min C2:H2 and 0 min Ar.

Temperature measurements along the tube axis indicate the reacting area (T>650°C) is roughly
equivalent to the length of the heating element of the furnace. Two wire speeds are chosen for
demonstrating CNT generation in dynamic RR2R configuration, these being 5.6 cm/min representing
a residence time of 5 min in the reactive nucleation/growth zone (NGZ) as used in the static Baddour-
based protocol, and 2.8 cm/min representing a residence time of 10 min in the same NGZ. The NGZ
here essentially correspond to space between the (b) and (c) boundaries indicated in Figure 6. Figure
8 provides a series of SEM results for these RR2R dynamic CNT growth.
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Figure 8. SEM micrographs examples of static and dynamic RR2R experiments. Wire speed in
dynamic experiments indicated in both cm/min and in time (min) within the CNT nucleation/growth
zone (NGZ). A,B,C sequence: (A): Bare SS wire before RR2R treatment, (B) Static experiment: No HCl
pre-treatment, with recrystallization step, growth using 5 min C2Hz at 700°C and 5 min in Argon;
Partial growth leaving large zones of uncovered SS wire surface when using no acid surface treatment,
(C) Static experiment: 2 min HCI pre-treatment, other conditions same as in (B); Well dispersed and
high density islands of CNT coverage on the SS wire; D,E,F dynamic growth sequences at 700°C: (D,
E): Wire speed of 5.59cm/min, (5 min in NGZ). Figure D is an enlargement of the circle in Figure (E);
(F): Wire speed of 2.8 cm/min (10 min in NGZ). G,H dynamic growth sequences at 725°C: Wire speed
of again 5.59 cm/min (5 min in NGZ).

Figure 8a shows the bare SS wire following the pre-treatment sequence (etching and
recrystallization) before insertion in the RR2R furnace. Figure 8b shows a CNT growth pattern in
static conditions when no acid etching is made, while Figure 8c is under similar conditions but with
acid pre-treatment. Two patterns can readily be observed on the SS wire. Figure 8b first shows large
CNT growth sections aligned with the wire-forming extrusion lines (see Figure 8a), and important
no-growth zones with the same alighnment. The pattern of Figure 8c is different by showing well
mixed small islands of CNT growth that tend to be isolated from each other. Figure 8d,e,f are dynamic
growth sequences under 2 different wire speed, respectively 5 min (Figure 8d,e) and 10 min (Figure
8f) in the NGZ. Figure 8d is a close-up of the local CNT forest pattern seen in Figure 8e where similar
CNT islands indicate CNT structures in the order of one to a few micrometers in length, and the
presence of some amorphous carbon structures (Figure 8f). All the above Figures A to F, i.e. including
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the dynamic growth samples d, e, f, are generated using the standard furnace temperature protocol
of 700°C. Figure 8g,h follow a similar time sequence of 5 min in the GZ as used for samples d and
e, however with a furnace temperature increased to 725°C to compensate for the heat losses along the
wire. Figure 8g clearly show a cleaner growth pattern with longer CNT structures, less defects and
less amorphous carbon compared to Figures 8d,f. This clearly indicates that a moving SS surface in
a RR2R protocol can readily be tuned for continuous CNT-forest growth using similar sample
preparation processes. The pattern in Figure 8h also shows dense growth zones adjacent to low
density growth, both of which being aligned with the surface defects generated by the extrusion
forming of the wire, as observed in the static case of Figure 8b. In other words, dynamic RR2R CNT-
forest growth can readily replicate static CNT-forest generation structures.

It is important to note that growth patterns as seen in Figure 8 are extremely interesting in the
context of fog harvesting. Remembering that the micro-physics of fog harvesting requires a hybrid
structure showing both hydrophilic and hydrophobic regions in order to enable the capture
(hydrophilic regions, SS surface) and the efficient removal (hydrophobic regions, CNT forest) of the
water droplets. In this context, a full CNT coverage of the SS wire seems a priori not to be desired. The
RR2R results of Figure 8 provide a basic template for enabling the testing of SS/CNT gradient
wettability harp fog harvesters.

5. Fog harvesting experiments

In our experiments, the samples of Figures 8b,c,e,h are examples providing wire surfaces where
hydrophobic CNT forests and hydrophilic SS are present in unison, these being used for the harp-
based fog harvesting tests. Wires with complete CNT-forest coverage were also utilized to fabricate
purely hydrophobic harps, as well as bare SS wires with no CNT present such as in Figure 8a.

5.1. Fog harvesting setup

A small and simple harp-type fog harvester was assembled to enable a proof of concept of the
continuous SS/CNT wire for fog harvesting. No detailed parametric study or optimization process is
made here, the objective being to verify a potential for water collection on such structure. The
structure is made using two SS screws of 10-32 thread type, supported by two SS metal plates (60x20
mm) all together forming the framework for the harp harvester (Figure 9). Long SS wires of 180 um
diameter and having around 3 m in length, with or without CNT-forest coverage from the RR2R
process, were wired vertically and parallel to one another using the top and bottom SS screw threads
as a guide, and held under tension. The pitch of 800 um, in other words the distance between two
adjacent wire surfaces, was optimized in a previous study by Alessio et al in which harps were
assembled with pitches ranging from 400 to 1400 pm [40]. This harp configuration, as well as bare SS
grids and SS-CNT grids were installed on a supporting frame and used for the various fog harvesting
tests.
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Figure 9. (a) Experimental harp-type fog harvester made of a SS wire (1) having ~3 m in length, with
and without CNT-forest coverage, and two SS bolts (2) of type 10-32 pitch. (b) Fog harvester setup.

The fog harvesting experiments were conducted in a closed compartment constructed of clear
acrylic glass (Figure 9b). An exhaust line was attached to the top surface of the overall container to
minimize water droplet condensation that may interfere with the measurements. Fog was generated
by an ultrasonic humidifier (Crane, model no. 5301BB, 45W) and transported using a transparent
flexible tube directing the fog towards the harp assembly. The ultrasonic humidifier consists of
piezoelectric ceramic discs which oscillate at ultrasonic frequencies of around 1-2 MHz [43], and
generates water micro droplets of 1-5 um in size [44,45], corresponding to the size range of natural
fog micro droplets [46—48]. The grids or harp samples were held in position at a distance of 6 cm from
the fog transport tube outlet, and held perpendicular to the fog stream [31].

The water was collected in a graduated beaker placed directly beneath the sample and weighed
to evaluate the total amount of water collected. For any given test, the exact volume of water that
contributed to the fog generation from the humidifier was measured, together with the water lost by
condensation in the delivery tube. Values of the water removed from the fog generator and
condensation before reaching the harvester are then used to measure the exact amount of fog that is
transported on the sample surface. The volumetric flow rate at the fog outlet was 3.26 + 0.09(std)
cc/min, and the volumetric flow rate at the surface of the fog harvester was evaluated to be 1.44 + 0.26
cc/min. Water collection was assessed after a pre-specified volume of water was emptied from the
ultrasonic humidifier, and collection efficiency was evaluated based on both the collection time and
surface area of the fog harvesters, as shown in Equation 1.

g ) Weight of water after experiment

(1)

Meollected (

cm? x b/ (Active surface area) (Experiment duration)
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The ambient temperature and the relative humidity were monitored at all times during the fog
harvesting experiments and the data collection. The ambient temperature in the fog setup was
maintained in the range between 19.5°C and 21°C, and the relative humidity ranged between 32 and
46% for all experiments. No substantial differences were observed in tests made under these varying
ambient conditions of temperature and humidity. In particular, the change of ambient humidity
outside of the fog harvester unit is believed to have little influence on the large amount of fog water
mass delivered to the harp/grid harvester.

5.2. Fog harvesting results

Fog capture tests were first made on individual isolated vertical wires with a goal of measuring
the respective time needed for droplet coalescence and fall on bare SS wires and CNT-covered SS
wires, respectively. For the same fog laden air flux, coalesced droplets on bare SS wires dropped
along the wire after 340 seconds, while CNT-covered SS wires showed coalescence and drop after
only 151 seconds. Rapid coalescence and droplet fall is advantageous for fog-based water capture.
The droplet size distribution observed on the SS harp is provided in Figure 11. A droplet diameter
reaching typically 1250+250 um is observed upon sliding down the harp wire.
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Figure 11. Water droplet size distribution observed on the bare SS wires (left) and on SS wires with
partial CNT coverage (right).

When subjected to the fog, the bare SS harp without a CNT-forest coverage recorded water
collection rates of typically around 1.3 g/cm?h, while covered and partly-covered CNT-forest coated
harp registered rates going up to 2.2 g/cm?h (Figure 12). This increase in water collection rate is
expected to be generated by the rapid shedding of water microdroplets in the CNT-covered harp. On
hydrophobic CNT-covered wires, the water microdroplets coalesce to form large clamshell like
shapes [49] and owing to the vertical harp design, the gravitational forces assist the droplets to
overcome the adhesive forces retaining it to the wire, and hence get easily collected. Moreover, the
CNT forest-like structure provided a larger surface area, presenting additional sites for water droplets
to adhere. Although still at a preliminary study level, it is interesting to see in Figure 12 the gradual
improvement in water collection when going from (i) pure SS wires, to (ii) CNT with gradient
wettability wires, and to (iii) fully CNT covered wires. There is also a striking difference in water
collection efficiency when comparing the above results to both the SS and CNT-covered grid systems.
This follows very well the concept elaborated by Shi and co-workers [24] who introduced the harp
configuration by eliminating the transverse wires in the grids. Various harp designs with multiple
stages have been suggested following their research. However, the majority of the water harvesting
investigations focussed on SS and aluminium wires [1,24,29], with the highest reported water
collection rates close to 3 g/cm?h.

As indicated above, the scope of our work was not to optimize water harvesting through a multi-
parameter study, but to shed light on the impact of CNT forest-like structures and surface wettability
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on water capture, and to provide a demonstration that gradient wettability surfaces can readily be
generated using known carbon nanotube generation protocols. Surprisingly and contrary to our
initial expectations on the benefits of gradient wettability for water removal, the highest collection
rate of 2.2 g/cm?h corresponds to a case where a full coverage of CNT forest is observed on the wire.

The value of 2.2 g/em?h is slightly lower than the highest achieved results of Shi et al [33] who
reached 3 g/cm?h on harp-based systems, and still further away from natured-inspired architectures
reaching up to 5.3 g/cm?h as stated in the Introduction. The present approach however enables the
production and control for generating wettability gradients on a surface at the microscopic level, this
being made in a relatively simple way and yet easily scalable through the RR2R process. It is an
approach where the inherent hydrophilicity of the SS substrate has been exploited, while th-CVD
grown CNT forests has been utilized for their hydrophobicity and seem to strongly enhance water
collection [50].

25

2.0 + ==

Water collection rate (g/cm’h)

SS CNT CNT SSgrid CNT grid
(Graddient  (full coverage)
wettability)

Figure 12. Water collection rates for various harp-based fog harvesters and for harvesters based on a
grid configuration.

From a geometric configuration point of view, harp-based harvesters exhibited clear superiority
to grid-based systems, with the SS grid collection rate limited to 0.14 g/cm?h (Figure 12 for grid
systems). While this can be improved to ~0.26 g/cm?h by coating the grids with CNTs, the CNT-
covered harp-based harvester performed ~8 times better than the CNT-covered grid harvester, and
~15 times better than the bare SS grid harvester. The primary reason for the superior performance of
harp-based harvesters is the absence of orthogonal wires that are present in grids, allowing the water
droplets to slide down the wires effortlessly. Furthermore, clogging and pinning of water droplets
inside the grids hinders fog flow by blocking the preferential pathway of fog [1].

As indicated by Schemenauer et al [51], it is also important to note that size and geometry of the
fog harvester has a strong effect on the water recovery yields. For example, Schemenauer ef al indicate
that the yields of the harvester vary between the center and the sides of large fog harvesters because
of its influence on the air flow pattern. Small lab-scale experiments as made in the present study
mainly provide standardized values for comparative studies on the structure and properties of the
collecting device material. By no means such studies can be extrapolated to very large fog collection
devices.

In addition to achieving good water collection rates in harp-based fog harvesters, long-term
durability is also a critical issue which needs to be addressed. Preliminary durability tests were
carried out on the CNT-based harp over a relatively short period of 12 days. The results indicated no
statistically significant change in efficiency was observed over this time scale for the CNT-covered
harp fog harvester. The durability measurements were carried out under laboratory conditions, and
the stability of the CNT-based harps in an outdoor climatic conditions needs to be further evaluated.
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As a reminder, the direct growth technique of CNT-forest on SS provides a strong anchorage of the
CNT roots onto the metal substrate. Hordy et al demonstrated a preparation technique of nanofluids
using 3 hours of sonication of the CNT forest on SS grids in water [42]. As indicated earlier, such
harsh harvesting of the CNT-forest results in leaving the SS surface covered with CNT "trunks". Their
observation from surface morphological characterizations indicated that the CNTs were only
harvested from slightly above the SS surface and not extracted from the CNT-SS interface. This
observation provides a good insight of the excellent anchorage and durability of the SS-CNT
structures based on the primary bonds at the CNT-metal carbide interface.

6. Discussion

Besides the present fog harvester application, other technologies may also find of interest the
ability for growing forests of CNT on very large surfaces, particularly considering the strong root
anchoring of this forest on its ground. A series of potential applications already exist and are limited
in our capacity to produce large surfaces with well anchored CNT forests. To name a few, the RR2R
process developed here on wires can easily be transferred to grid ribbons for enhanced nanofluid
volumes preparation [42]. CNT-based stable nanofluids require oxygen functionalization which is
very easily achieved when using a plasma treatment on well anchored CNT forest, followed by
ultrasonic sonication for dispersion in the fluid [42]. Other applications of anchored CNT forest
surfaces could be (i) for enhancing heat transfer to the surface in fluid-based systems, (ii) for
enhancing catalytic reactions with added catalyst nanoparticles on the CNT forest [52], (iii) for
providing better radiation capture for example in heat recovery/transport of high power solar-based
power plants [41,53], (iv) for enhanced heat absorption and recovery from hot surfaces, or better heat
dissipation through radiative cooling, (v) for enhanced separation processes for example in the
capture of nanoparticles in gaseous or fluidic systems [54], and (vi) for improved super-capacitor
electrodes [55]. All the above examples require both the strong anchorage of the CNT forests and the
possibility of generating large CNT-covered surfaces for enhanced efficiency of the specific
application. The RR2R process presented here provides a solution for many technological challenges.

7. Conclusion

We present here a continuous in-line CNT-forest growth process using a Reactive-Roll-to-Roll
(RR2R) technique based on the direct growth method providing a strong anchoring of the CNT
structures on the substrate. A simple thermal-CVD method is used in the RR2R geometry, strongly
minimizing the cost of such anchored forest-like structures. The etching and recrystallization pre-
treatments enable a nanoscale topography on the surface which is acting as CNT growth sites that
are inherently part of the substrate. This eliminates the requirement of catalytic nanoparticles, and
ensures the CNT roots to be very strongly attached to the stainless-steel “ground”. This process
provides important scaling to very long CNT-covered wires produced in a continuous RR2R
configuration. It also opens the road to the fabrication of very large CNT-covered surfaces. Scale-up
of well-anchored CNT forests generation and functionalized CNT-forests should strongly reduce the
cost of these structures, as well as enabling a series of new applications.

A practical demonstration of the new process and material structure developed is also applied
here to an environmental problem linked to atmospheric water harvesting. Long wires covered with
a CNT forest are made using the RR2R process, and evaluated as potential fog water harvesting
devices for specific regions of the world. Interestingly, the RR2R process also brings the possibility to
tune regions of the wire into hydrophobic CNT-forest regions, and hydrophyllic stainless steel
surfaces regions of various geometry. Such tuning capability is believed to help the process of
optimizing fog water recovery. In an objective of verifying the potential of water collection for such
structure, long CNT-covered stainless-steel wires was arranged in a vertical parallel “harp-type”
array for fog droplets collection. A systematic investigation is carried out on different fog harvesters
made using the RR2R process, these having different CNT coverage and two different geometries,
namely the harp-type arrangement and grid-type structures. Although no optimization process was
made, the water collection efficiency of the CNT-forest harp system exhibited a near two-fold increase
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in comparison to the bare SS harp fog harvesters. Such preliminary tests indicated water recovery
yields of 2.2 g/cm?h. The enhanced water capture of the CNT-covered harps is attributed to their
increased surface area and hydrophobicity, enabling a faster removal of the water droplets. It is
believed however that fine tuning of the size and geometry of the hydrophilic, respectively
hydrophobic regions, could enable optimization for increasing the water capture efficiency. As
indicated by Schemenauer [51], it is important to note that size and geometry of the fog harvester has
a strong effect on the water recovery yields. For example, Schemenauer indicates that the yields of
the harvester vary between the center and the sides of large fog harvesters because of its influence on
the air flow pattern. Small lab-scale experiments as made in the present study mainly provide
standardized values for comparative studies on structure and properties of the collecting device.
Durability tests carried out over 12 days indicated that MWCNT harp fog harvesters retained their
initial water collection efficiency. The results establish the fog harvesters based on wires covered by
CNTs in a harp configuration as promising and stable solution for future fog harvesting systems.
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