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ABSTRACT: Passive oxide layers on metal substrates impose remarkable
interfacial resistance for electron and phonon transport. Here, a scalable surface
activation process is presented for the breakdown of the passive oxide layer and e 0 [l
the formation of nanowire/nanopyramid structured surfaces on metal substrates,
which enables high-efficiency catalysis of high-crystallinity carbon nanotubes -
(CNTs) and the direct integration of the CNT—metal hierarchical architectures = --
with flexible free-form configurations. The CNT—metal hierarchical architecture A
facilitates a dielectric free-energy-carrier transport pathway and blocks the
reformation of passive oxide layer, and thus demonstrates a S-fold decrease in
interfacial electrical resistance with 66% increase in specific surface area compared
with those without surface activation. Moreover, the CNT—metal hierarchical
architectures demonstrate omnidirectional blackbody photoabsorption with the
reflectance of 1 X 10™° over the range from ultraviolet to terahertz region, which is 1
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order of magnitude lower than that of any previously reported broadband absorber
material. The synergistically incorporated CNT—metal hierarchical architectures ofter record-high broadband optical absorption
with excellent electrical and structural properties as well as industrial-scale producibility.

KEYWORDS: surface activation, catalysis, carbon nanotube, broadband absorber, energy storage

B INTRODUCTION

Integration of carbon nanotubes (CNTs) with functional
substrates offers synergistic mechanical robustness and physical
properties, and thus is attractive for multipurpose applica-
tions," such as energy conversion’ " and storage devices,””
sensing, broadband abs.orbers,9 " flexible thermal interfaces,'”
electrical interconnects," llghtwelght and deicing structural
materials for aerovehicles,'™'> etc. A universal challenge lies at
the interface, where functional metallic substrates such as Al
and Fe alloys would be passwated by a dense oxide layer upon
exposure to the ambient,'® which adds a remarkable barrier for
electron and phonon transport. The drastic difference in terms
of thermal expansion and Young’s modulus between the
metallic and oxide phases also deteriorates the mechanical
integrity of the CNT-on-metal architecture. Lack of effective
integration methods has been one of the major challenges
limiting the large-scale applications of CNTs.

The conventional strategies for the integration of CNTs with
functional metallic substrates include the transfer/bonding
method and the direct synthesis method. For the transfer/
bonding method, CNTs are detached from their growth
substrates (e.g., Si/SiO,) through oxidation, etching, etc., and
are reassembled on the target substrates w1th 1ntermed1ate
layers, such as the transition metal carbide layer,"” the covalent
functionalization layer based on organic molecules,'® and the
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brazing layer formed under high temperatures.'” The transfer
and bonding processes produce remarkable defects on CNTs
and insert interfacial thermal/electrical barriers, both of which
degrade the physical and chemical properties of the integrated
CNT-on-substrate architecture. Moreover, high processing
temperatures and additional materials are required, which
increases the process complexity and cost significantly, and
obviates the applicability to low working temperature
substrates such as Al and Al alloys.

Enabling direct synthesis of CNTs on functional substrates
at low temperatures is a promising direction to realize in situ
device integration having compatibility and scalability for
industrial applications. Al and Al alloys are lightweight,
manufacturable, thermally and electrically conductive materials
with the highest earth abundancy among metals and extremely
low production cost, and thus are suitable substrate materials
to integrate with CN'Ts.”” The temperatures of direct synthesis
of CNTs have already been reduced to below the melting
temperature of Al (650—660 °C), yet the growth rate and yield
of CNTs as well as the quality and graphitization level are far
below those grown on Si wafers at temperatures over 750 °C,
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Figure 1. Solution-based surface activation (SA) process of Al substrate. (a) Process flow diagram. The Al substrate is submerged into NaCl aq.
solution with sonication for surface activation, which removes the oxide layer and creates a nanostructured surface (i). The surface-activated Al (sa-
Al) substrate is then rinsed in DI water (ii) and ethanol (iii). The Fe/Co catalysts for CNT synthesis are deposited on the rinsed sa-Al substrate by
dip-coating in Fe and Co acetate ethanol solution and dried in reactor under Ar flow (iv). (b) Schematics of the surface structural evolution of the
Al substrate. The surface activation is initiated by localized CI attack (i). The oxide removal and nanostructure formation are realized by chloride
accumulation and the associated fluctuations at the matrix/passive film interface (ii). After rinsing (iii), the sa-Al with superior wettability is coated
with an Fe/Co acetate ethanol thin film (iv). (c) SEM images of the as-received Al substrate (i) and surface-activated Al substrates for different
treatment duration of 1 (ii), 3 (iii), and 10 h (iv). The inset photo shows the color change of the corresponding Al substrates.

because of the low catalytic activity and severe subsurface
element diffusion terminating the growth of CNTs. To
mitigate these issues, oxide supporting layers, such as SiO,,”!
AlO,,** MgO,23 and MoO,,** are deposited in between the
catalyst layer and the substrate in previous studies to inhibit
subsurface element diffusion and to form uniform catalyst
nanoparticles to improve the yield and quality of CNTs.
However, these oxide buffer layers are high-« dielectrics which
would aggravate electrical and thermal interfacial resistance.
Moreover, the linear thermal expansion coefficient of the
passive oxide layer (e.g, 7.2 uK™' for Al,O;) and the Al
substrate (24 uK™') can cause delamination of CNTs from the
Al substrate during the synthesis process.””

Here we present a scalable and environmentally benign
surface activation (SA) process to break down the passive
oxide film and achieve direct synthesis and integration of high-
crystallinity CNTs/surface-activated Al (CNT/sa-Al) substrate
for omnidirectional, broadband absorber with excellent
structural and electrical properties. The SA process of the Al
substrate is inspired by the attack of chlorine anions on the
surface of metals in aqueous solutions which induces
modification of the surface on Al and Al alloys. Here, the SA
process plays two roles, (1) to remove the oxide layer and
expose metallic surface for direct contact between CNTs and
Al substrate, and (2) to create a nanostructured surface to
enable high catalyst loading and catalytic activity at low
temperatures. Moreover, the SA process can be implemented
by a scalable roll-to-roll setup for free-form flexible substrates
for industrial-scale production.

B EXPERIMENTAL SECTION

Surface Activation of Al and Catalyst Deposition. Two kinds
of materials are used. The Al alloy sheet with thickness of 500 um
(Alcoa 4 series) and Al metal foil with thickness of 2 gm (Reynolds).
The Al alloy contains 0.6 wt % Si, 1.2 wt % Mn, 0.6 wt % Zn, 0.3 wt %

Fe, and 0.26 wt % Cu. The Al alloy sheet and Al metal foil were
immersed in 10 wt % NaCl aqueous solution with bath sonication
until the desired structure was obtained. The activated Al substrate
were rinsed by DI water and ethanol (99.5%, Sigma-Aldrich) and
subsequently immersed into catalyst solution before drying. The
catalyst solution contains 0.1 M iron(II) acetate and 0.1 M cobalt(II)
acetate in ethanol.

Low-Temperature CNT Synthesis. The CNT structures were
synthesized by oxygen dehydrogenation reaction (ODR) using a
home-built setup, a.k.a. Mango Tango. Before synthesis, the activated
Al substrate loaded with catalyst solution was dried in a quartz tube
with 1000 sccm Ar flow to avoid the formation of oxide. The substrate
was then heated to a preset temperature (ranging from 400 to 600
°C) and kept for 10 min under 400 sccm H, (Airgas) and 100 sccm
Ar (Airgas). CNTs were grown using 167 sccm 10% C,H, diluted in
Ar and 17 scem CO, and 800 sccm Ar for typically 30 min. After
growth, the sample was cooled to room temperature under 1000 sccm
Ar flow.

Catalyst and CNT Characterization. The morphologies of Al
substrate and CNTs were observed by Zeiss Merlin SEM with Gemini
II column. Atomic structures of CNTs and catalysts were observed by
JEOL 2010 Advanced High Performance TEM operating at 200 kV
with a lanthanum hexaboride cathode. The surface chemical status of
activated Al and catalysts were carried out using Physical Electronics
Versaprobe II X-ray Photoelectron Spectrometer. Raman spectra of
CNTs were performed by Horiba Jobin Yvon model HR800, using
532 nm laser excitation.

Electrical and Optical Properties Characterization. The
optical properties were measured by UV—vis—NIR transmission/
reflectance spectrophotometer (Varian/Cary-5000) using a commer-
cial reference aluminum coated mirror (Thorlabs). The angular
dependence of the optical properties was measured using a variable
angle spectral reflectance accessory (VASRA). The Brunauer—
Emmett—Teller surface area analysis was performed by Micromeritics
ASAP2020 using Kr as absorbate gas. The weight of the CNTs is
obtained by measuring the difference in weight of the substrate before
and after growth of multiple samples to achieve the required standard
error. The impedance and electrical properties of CNT-Al structure
were characterized by Solartron 1287A.
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Figure 2. Characteristics of crystalline high-yield CNTs synthesized directly on metallic sa-Al substrate. (a, b) SEM images of top surface (a) and
cross-section (b) of the CNTs. (c) Areal surface area of CNTs on sa-Al with different surface activation treatment times. (d) Photograph of the
freeform CNT-Al structure synthesized in a 1 in. furnace. (e) Raman spectroscopy of the CNTs synthesized on nontreated Al substrate and sa-Al
substrate with different surface activation times. (f) Representative TEM image of the synthesized CNTs.

B RESULTS AND DISCUSSION

Figure la shows the fully solution-based SA process that is
applicable to complex-shaped Al substrates and scalable for
large-area industrial production through implementation in an
automated continuous production system. The Al substrates
(applicable to both sheets and foils) are sonicated in 10 wt %
NaCl aq. solution for 10 min for in-depth penetration of CI
and the initiation of the breakdown of the native Al oxide layer.
Then the Al substrates are soaked in the same NaCl solution
until the native oxide layer is fully removed and the desired
nanostructured surface is formed. As shown in Figure 1b, the
SA process of the Al substrate in an aqueous solution with CI
follows three steps. (i) The chlorine ions incorporate in the
oxide layer and permeate through the inner metallic bulk. (ii)
The undulation of the accumulated chloride ions induces
localized attack on the oxide layer, resulting in the breakdown
of the oxide layer and dissolution of the metallic Al bulk in
contact with the aqueous solution, and later formation of
metastable pit structures.”® The breakdown of the passive
oxide layer and the metastable pits would accelerate the surface
activation process.”® (iii) The metastable pits later develop into
arrays of nanowire/nanopyramid hybrid structures with the
size of 20—50 nm. The morphological evolution of the surface-
activated Al substrates is shown by the SEM images in Figure
lc. With elongation of the surface treatment time, the
metastable pits are interconnected owing to the enlargement
of the pores, forming a random network of Al nanowires with
the average diameter of ca. 20 nm after 10 h surface activation
treatment. The change in the surface roughness is reflected by

the structural color change of the substrate, as shown by the
photographs in the inset of Figure 1c. The glossy metallic color
of the as-received Al substrate (i) gradually fades with the
into black (iv) owing to the plasmonic resonance of Al
nanostructures.”’

After the SA process, the sa-Al substrate is thoroughly rinsed
using DI water and ethanol. The nanoporous structures on sa-
Al substrates enable excellent wettability for both water and
ethanol, resulting in uniform liquid film coating during the
rinsing process which prevents the exposure of the sa-Al to the
ambient. The bimetallic Fe/Co catalysts are deposited on the
sa-Al substrate through dip-coating in 0.1 M ethanol solution
of iron(IT) and Co(II) acetates. The solution-covered sa-Al
substrate is immediately transferred into the CVD chamber
and dried under 1000 sccm He flow to prevent direct exposure
to air and thus avoids the near-instant formation of the native
oxide layer. The nanoporous structures on sa-Al could
significantly improve the catalyst loading and distribution
uniformity through capillary effect (Figure 1b (iv)).

We employ a high-fidelity catalysis approach for low-
temperature CNT growth based on the oxidative dehydrogen-
ation reaction (ODR) of acetylene. Here extra CO, is used
with the molar stoichiometry of 1.03:1 to C,H, as a growth
enhancer which etches away the amorphous carbon formed at
lower temperatures for the alleviation of catalyst poisoning and
removal of amorphous carbon during growth. The representa-
tive SEM images in Figure 2a (top surface) and b (cross-
section) demonstrate that the morphology of CNTs produced
by the ODR at 500 °C is a dense and randomly networked
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Figure 3. Catalyst analysis of low-temperature CNT synthesis on Al substrate. (a, b) Al 2p XPS spectra of the Al substrates without (a) and with
(b) surface activation. (c, d) Co 2p1/2 and 2p3/2 XPS spectra of the annealed catalysts on Al substrate without (c) and with (d) surface activation.
The catalysts were annealed under the same condition of the oxygen dehydrogenation reaction (ODR) process without flowing of carbon
precursor. (e) Representative TEM image of catalyst nanoparticle inside a CNT. (f) Lattice distance and EDS-TEM analysis of FeCo alloy catalyst
scratched from the sa-Al substrate after ODR synthesis of CNTs. (g) Schematics of the ODR process for CNT synthesis on the sa-Al substrate.

mat, because of the nanostructured surface of the sa-Al
substrate. The thickness of the CNT forest achieves 500 ym
after a 30 min ODR growth process, with the growth rate an
order of magnitude faster than the previous reported
values.”®*” The CNT yield, as quantified by the areal surface
area (measured using Brunauer—Emmett—Teller (BET)
analysis) in Figure 2c increases monotonically with the
elongation of SA treatment time on the log—log scale, which
could be attributed to the fractal growth of metastable pits on
the Al substrates by the SA process.”**" The high-yield ODR
synthesis of CNTs is realized at low temperatures over a broad
window from 400 to 600 °C (Figure S1). As the catalytic
activity is proportional to the number of active sites, the SA
process presented in this research can be used as a universal
strategy to enhance catalysis processes.

The SA process can be exploited for flexible and free-form
configurations of CNT-metal architectures. Figure 2d shows
the uniform CNT synthesized on sa-Al substrates that are
bended for more than 90°. Utilizing the flexibility of Al
substrate and the wider-range growth temperature window, we
synthesize CNT's on an sa-Al foil substrate with 6-in. diameter
in a 1 in. tube furnace by rolling (Figure S2). For the Al foil
substrate without surface activation, the morphology of as-
synthesized CNTs is sparsely distributed spots after 10 min of

the ODR growth process (Figure S3). The thermal-expansion
mismatch induced delamination of CNTs from the Al
substrates after 2 h of the ODR process is also observed for
the nontreated substrate, which causes premature termination
of the growth (Figure S4). The SA process provides flexibility
in the design of continuous CNT-on-Al manufacturing system
and overcomes the extreme susceptibility to reaction temper-
ature that has been one of the major issues hindering the
scalable and uniform synthesis of CNT—metal architectures.
Raman spectra in Figure 2e (and Lorentzian-curve fitting in
Figure SS) show that the G/D ratio of the CNT grown on the
sa-Al substrate is improved by 4-fold compared with that of the
CNT grown on reference Al. Moreover, G" band of the CNT
grown on the sa-Al substrate is clearly defined, demonstrating a
low defect level and high crystallinity. The peaks located at
1150 and 1450 cm™' representing the amorphous sp’
carbon®"** are also quenched. Elongation of the SA treatment
time could further improve the graphitization level and purity
of the as-synthesized CNTs, as shown by the appearance of the
nondispersive G* band located at ~2450 cm™'. The TEM
images in Figure 2f shows the high-crystalline graphitic layers
of the CNTs synthesized on the sa-Al substrate, with average
wall number of 6—8 and diameter of 10 nm; while the CNTs
synthesized on the non SA-treated Al are highly defective with
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Figure 4. Physical properties of oxide-free CNT/sa-Al architecture. (a) Schematic of symmetric test setup for impedance measurement. (b)
Nyquist plot and (c) Bode plot of ref Al, VACNT/ref Al and CNT/sa-Al hierarchical structures. (d) SEM image of the cross-section of the tr-
VACNT /ref-Al sample with the inset showing the photograph of the sample. The dashed red circles denote the local gaps between the VACNT
and Al substrate. The schematics shows the interface of the tr-VACNT /ref-Al and its equivalent circuit of electron transport. (e) SEM image and
schematics of the cross-section of the CNT/sa-Al sample with the inset showing the photograph of the sample. (f) Pore distribution and (g) surface
area of the ref Al, VACNT/ref Al and CNT/sa-Al hierarchical structures using Brunauer—Emmett—Teller (BET) analysis.

low-graphitization turbostratic fishbone structures and a larger
diameter of 20 nm (Figure S6). The TEM images corroborate
the Raman spectra, demonstrating the crystallinity of CNTs
synthesized on the sa-Al substrate at 500 °C are comparable to
that of the wafer-grown CNTSs at temperatures over 750 °C.
The chemical status of the activated surface was probed by
X-ray photoelectron spectroscopy (XPS) to investigate the
mechanism of the simultaneously enhanced yield and
crystallinity of CNTs at low synthesis temperatures. As
shown by the Al 2p XPS curves in Figure 3a, b, the as-
received Al substrate has strong oxide peak (75.9 eV) because
of the dense native oxide, whereas this oxide peak almost

disappears for the sa-Al substrate, demonstrating the efficacy of
the SA process for the breakdown of the native oxide layer.
The exposed metallic Al surface allows sufficient element
diffusion, and thus results in the formation of the Al-rich
intermetallic compounds (73.6 eV for ALL,CoO, and 74.3 eV
for Al,FeO,) that are reported to be effective catalytic-active
centers for dehydrogenation.”>™*° Moreover, the exposed
metallic Al surface serves as a solid-state reducing agent®* for
the catalyst during the annealing process. As shown by the XPS
spectra in Figure 3¢, d, the 2p 1/2 (793.3 eV) and 2p 3/2
(777.8 eV) XPS peaks of the metallic Co phase emerge after
annealing for the sa-Al substrate, while the Co phase for the
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nontreated sample is completely oxide. Moreover, the
nanostructured Al with large surface area and high wettability
enables trapping of catalyst atoms and uniform dispersion of
catalyst particles,””” and enhances hydrogen adsorption and
spillover onto catalysts,?’&39 both of which contribute to the
enhanced catalytic activity at lower CVD temperatures.

The exemplary TEM image in Figure 3e shows that the
average diameter of the catalyst nanoparticle is ca. 6 nm, which
matches that of the CNTs, demonstrating a characteristic
tangential growth mode.** The catalyst nanoparticle is mainly
composed of Fe and Co, as shown by the EDS-TEM analysis
in Figure 3f. The exemplary high-resolution TEM image in the
inset of Figure 3f shows the lattice distance of the catalyst
nanoparticle is 0.20 nm, matching those of the Fe—Co
intermetallic compounds (FeCo and Fe,,,Coy,s). For the Fe—
Co bimetallic catalyst, the subsurface elemental diffusion is
significantly alleviated, with a large amount of Fe—Co retained
on the surface after annealing at 500 °C for 30 min; whereas
monometallic Co and Fe peaks completely disappear after
annealing (XPS survey spectra in Figure S7). This is attributed
to the anchoring effect of the Fe—Co intermetallic com-
pounds.*"*” The schematic of the high-quality direct synthesis
of CNTs on the surface-activated Al substrate is shown in
Figure 3g. The bimetallic catalyst substantially lowers the
activation energy for CNT synthesis*>~** and maintains high
catalytic activity at relatively low temperatures.

To characterize the interface resistance between CNTs and
Al substrates, we fabricate symmetric cells using two identical
samples synthesized by the same condition as shown in Figure
4a, and use electrochemical impedance spectroscopy (EIS) to
analyze the interface resistance between CNTs and the Al
substrate. We transfer a reference VACNT forest onto the Al
without SA process (tr-VACNT/ref-Al) as a baseline to
compare with as grown CNT/sa-Al and CNTs grown directly
on reference Al (labeled as CNT/ref-Al). The detailed process
for the synthesis of reference VACNTSs can be found in our
previous publications.”> To prepare the tr-VACNT/ref-Al
sample, we first delalminated VACNTs grown on SiO,/Si
substrate at 750 °C from the growth substrate by annealing in
hydrogen (S0 sccm) and helium (200 sccm) environment.
Hydrogen could react with the amorphous carbon and carbon
chains attached around the catalysts, which was generated
during the CVD process. The delaminated free-standing
VACNTS are carefully transferred onto reference Al substrate.
The stacked tr-VACNT/ref-Al structure is annealed under a
minor pressure at 500 °C in helium environment to enhance
the contact at the interface. The SEM image of the tr-
VACNT/ref-Al (Figure S8a) illustrates that the vertical
alignment was well maintained from the as-synthesized
VACNTSs. However, even though the applied pressure during
the annealing process partially breaks the vertical alignment
near the bottom (Figure S8b), local gaps between the tr-
VACNT and ref-Al are still inevitable, because of the inherent
submicron roughness of both the as-synthesized VACNTs and
the Al substrate and their distinct mechanical properties.

Figures 4b, c respectively present the corresponding Nyquist
and Bode plots of symmetric cells based on CNT/sa-Al, tr-
VACNTS/ref-Al, and CNT/ref-Al. Through curve fitting using
the equivalent circuit shown in Figure 4a, the charge transfer
resistance of the CNT/sa-Al interface is calculated as ca. 0.5
Q/cm?, which is 5-fold lower than that of the tr-VACNT /ref-
Al, and an order of magnitude lower than that of the CNT /ref-
Al samples. The frequency shift in the Bode plot demonstrates

faster electron transfer at the interface between CNTSs and the
conductive substrate because of the oxide removal by the SA
process. The conductive paths of the charge carriers for tr-
VACNT/ref-Al and CNT/sa-Al samples are compared in
Figure 4d, e. The zoom-in cross-sectional SEM images clearly
show that local gaps on the order of 100 nm are distributed
across the interface between tr-VACNT and ref-Al; while for
the CNT/sa-Al sample, each CNT are in direct contact with
the sa-Al substrate, even though the surface roughness of sa-Al
is much greater than that of the ref-Al substrate. The air gap in
the tr-VACNT /ref-Al sample adds substantial ohmic and
interface resistance in the equivalent circuit for both electrons
and phonons. Filler materials, such as conductive polymers'®
or metals,” could be used to mitigate the ohmic resistance of
the air gap, however, the interface resistance still remains with
increased fabrication cost and process complexity. Moreover,
the direct contact between metallic Al substrate and as-
synthesized CNTs potentially block the reformation of the
dense and continuous passive oxide layer, of which the growth
occurs instantly in the ambient and cannot be removed. The
high-quality CNTs, the catalyst diffusion layer and metallic
bulk Al substrate form conductive pathway for electrons and
phonons which bypasses the high-«x dielectric layers of air gaps
and native oxide with minimum interfaces. The CNT /ref-Al
sample does not have air-gap but the resistance in the low-
quality turbostratic CNT is dominant (Figure S9).

The surface area of the CNT-Al samples was characterized
by the Brunauer—Emmett—Teller (BET) analysis. Figure 4f
presents the N, sorption/desorption isotherms of the CNT-Al
samples, with the pore size and cumulative sorption volume
data. The type IV isotherms have negligible hysteresis, which
is evidence of the porous structure predominantly formed by
mesopores. The CNT/sa-Al hierarchical architecture possesses
a surface area of 245.7 m?/ g, which is 65.8% larger than that of
the tr-VACNT /ref-Al sample. The broad knee in the low P/P,
range and well-defined plateaus of adsorbed volume further
indicate the existence of numerous mesopores and micropores
for the CNT/sa-Al sample. Figure 4g indicates a bimodal pore
size distribution, with the majority as small pores ranging from
2—5 nm and a small portion as medium pores ranging from
30—50 nm for the CNT/sa-Al hierarchical architecture. The
bimodal pore size distribution may facilitate the rapid and
complete adsorption/desorption, and prevent the Hj hysteresis
loop in the reference CNT forest transferred on the Al
substrate. The extremely low interface electrical resistance
combined with the excellent pore structure makes the oxide-
free CNT-Al structure an ideal candidate hierarchical func-
tional structure for energy-storage applications such as
batteries™ and supercapacitors.

VACNT forests have long been considered as a promising
candidate for broadband omnidirectional absorber for
astronomic telescope, sensing, and solar energy conversion
because of the intrinsic properties of graphitic material as well
as the morphology (density, thickness, disorder). Based on
effective media approximations, the perfect VACNT-based
absorber is supposed to have very low density (denote as f)
and high alignment (denote as x). However, in practice, the
vertical alignment is realized through a self-assembly process
depending on the density, and thus low f and high x values
cannot be achieved simultaneously as f and x are positively
correlated with each other. Previous strategies to decrease the
reflectance of VACNTSs include CF, plasma etching on the top
surface™ or adding carbon soot,'® which forms hierarchical
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Figure S. (a) Reflectance of CN'T/sa-Al hierarchical structures over visible, near-IR and mid-IR wavelength range, compared with the reflectance of
VACNT forest grown on Si/SiO, wafer (data taken from ref 45), NIST VANTA CNT structures (data taken from ref 48), supergrowth SWNT
forest (data taken from ref 50), carbon aerogel (data taken from ref S1), Au nanoparticle arrays (data taken from ref 52), Si nanocylinder arrays
(data taken from ref 53) and VANTABLACK (data taken from ref 54). (b) Angular dependence of average emissivity of CN'T/sa-Al hierarchical

structure over visible and NIR wavelength range.

structures for light trapping. These strategies, although
effective, create large number of defects which would cause
overheating (hot spot effect) and even ignition of the
VACNTSs. Moreover, the fragility of CNT forest requires
effective integration with mechanically robust substrates.
Therefore, VACNTSs are not used in modern gravitational-
wave detectors under development like LIGO, Virgo, and
KAGRA."

The CNT/sa-Al structure composed of the upper CNT
layer with bimodal pore size distribution and the bottom layer
of Al nanowire network is an ideal hierarchical structure of
light trapping for broadband absorber. Figure Sa shows the
surface spectral reflectance of the CNT/sa-Al structure,
compared with that of our reference CNT forest grown on a
Si wafer," NIST VANTA,* supergrowth SWNT forest,™
carbon aerogel,”" gold nanopartlcles, silicon nanocylinder
array-based Mie resonator,”® and VANTABLACK®* over the
wavelength range from ultraviolet to terahertz using UV—vis—
NIR spectroscopy and Fourier-transform infrared spectrosco-
py. The CNT/sa-Al shows record-low reflectance of 1 X 107
over the UV, visible, infrared and terahertz range, which is 2
orders of magnitude lower than the reference VACNTs grown
on Si substrate, and 1 order of magnitude lower than the state-
of-the-art superblack material NIST VANTA (CF,-etched
VACNTs). More importantly, the CNT/sa-Al structure shows
omnidirectional blackbody optical absorption in the visible and
NIR range as shown in Figure Sb. The extremely low spectrum
and angular reflectance of the CNT/sa-Al substrate could be
beneficial for apphcatlons in solar steam generation, *" near-
infrared sensing,” and various space science applications
including astronomy detectors®® and straylight shades.’”

B CONCLUSION

In this work, a surface activation process is demonstrated for
the removal of native oxide on metallic substrate which
significantly improves the catalytic activity for direct synthesis
of high-yield and high-quality CNTs on Al and Al alloy
substrates. The surface activation process introduces nanoscale
roughness that enhances catalytic activity and removes the
native oxide layer to realize direct contact between CNTs and
the metallic Al substrate. The surface treatment improved both
the growth yield and quality of the CNTs because of three
reasons: (a) the Al nanostructures formed by surface activation

are mesoporous which significantly increases the catalyst
loading; (b) the surface-activated Al nanostructures not only
serve as active sites, but also enhance hydrogen adsorption and
spillover onto catalysts; and (c) the removal of the oxide allows
sufficient element diffusion and thus results in the formation of
the Al-rich intermetallic compounds that are reported to be
effective catalytic-active centers for dehydrogenation. More-
over, the exposed metallic Al surface serves as a solid-state
reducing agent for the catalyst during the annealing process.

The surface activation process introduced herein is intrinsi-
cally scalable, as both the surface activation process and the
direct synthesis of CNTs can be deployed in a roll-to-roll
fashion using solution baths. The oxide-free CNT-Al structure
features with high surface area, enhanced charge transfer and
record-low optical and IR wavelength surface reflection, which
enables multifunctionality for applications in energy storage
devices, solar cells, thermal/electrical interconnects, solar
desalination, and space science instruments. Moreover, the
surface activation process can be used to create nanostructured
surface for various catalysis applications, such as CO, and
oxygen reduction reaction,® fuel cells,*® etc
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Figure S1. CNT/sa-Al growth over a wide temperature window. (a) Top and cross-sectional
views of CNTs grown on Al substrate at 400 °C. (b) Top and cross-sectional views of CNTs
grown on Al substrate at 500 °C. (c) Top and cross-sectional views of CNTs grown on Al
substrate at 600 °C.

Figure S2. Photograph of a 6-inch CNT-Al structure synthesized in a 1-inch furnace.
Figure S3. SEM of CNTs from non-treated Al substrate for 10 min growth.

Figure S4. Growth of CNTs on Al substrate for 2 hours without surface activation. The CNT mat
is delaminated from the Al substrate owing to the large thermal-expansion mismatch.

Figure S5. Raman spectra of CNT-Al samples with and without surface activation for the
evaluation of ID/IG ratio.

Figure S6. Carbon nanofibers (CNFs) synthesized with surface activation. (a) TEM images of
CNFs grown on Al substrates without surface treatment. The average diameter of the CNFs is ca.
26 nm. (b) Zoom-in high resolution TEM images showing the turbostratic nature of the CNFs.

Figure S7. XPS survey spectra of (a) Fe, (b) Co and (c) FeCo catalysts on Al substrate before and
after annealing at 500 °C for 30 min.

Figure S8. Cross-sectional SEM image of the tr-VACNT/ref-Al sample.

Figure S9. Equilavent circuits for turbostratic CNTs directly grown on ref-Al.



Figure S1. CNT/sa-Al growth results. (a) Top and cross-sectional views of CNTs grown on Al
substrate at 400 °C. (b) Top and cross-sectional views of CNTs grown on Al substrate at 500 °C.
(c) Top and cross-sectional views of CNTs grown on Al substrate at 600 °C.

Figure S2. Photograph of a 6-inch CNT-Al structure synthesized in a 1-inch furnace.



Figure S3. SEM of CNTs from non-treated Al substrate for 10 min growth.

separation

Al

Figure S4. Delamination of CNTs from non-treated Al growth substrate for 2 hours, owing to the
large thermal-expansion mismatch between native aluminum oxide and aluminum.
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Figure S5. Raman spectra of CNT-Al samples with and without surface activation for the
evaluation of /p/I¢ ratio.

Figure S6. Carbon nanofibers (CNFs) synthesized with surface activation. (a) TEM images of
CNFs grown on Al substrates without surface treatment. The average diameter of the CNFs is ca.
26 nm. (b) Zoom-in high resolution TEM images showing the turbostratic nature of the CNFs.
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Figure S7. XPS survey spectra of (a) Fe, (b) Co and (c) FeCo catalysts on Al substrate before and
after annealing at 500 °C for 30 min.
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Figure S8. Cross-sectional SEM image of the tr-VACNT/ref-Al sample.
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Figure S9. Equilavent circuits for turbostratic CNTs directly grown on ref-Al.



