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The inexpensive fabrication of large-area plasmonic nanostructures is essential for the timely
technological exploitation of plasmonic phenomena in diverse fields, from photocatalysis to sensitive
biological and chemical sensing. Self-assembled porous alumina templates offer such an inexpensive
and scalable route to the fabrication of metamaterials, with the ability to cover macroscale areas while
retaining nanometric control over the constituent dimensions. Traditionally employing gold and silver,
metamaterials have often overlooked less expensive but highly functional transition metal alternatives.
Copper presents an interesting metamaterial constituent due to its cost, abundance, intrinsic optical
properties and established use as a catalyst, with applications for both metallic copper and its main
oxidation states (Cu,O and CuO). In this work, we have fabricated plasmonic metamaterials comprised
of an array of copper nanorods with controllable dimensions with optical properties determined by the
geometry of the nanorod array and the formation of copper oxide shells on the nanorods. The high
refractive index sensitivity of these metamaterials enabled the complex electrochemistry of copper to be
monitored via in situ visible light spectroscopy during cyclic voltammetry in a sodium hydroxide solution
and the subsequent correlation of the optical spectra with the oxidation and reduction processes.
Anodising the metamaterial at a fixed potential enables the controllable and reversible growth of a
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nanometric shell of copper oxide, at growth rates of approximately 0.23 nm min~
optical spectroscopy and electromagnetic simulations. This not only introduces an additional
DOI: 10.1039/d3ma01129%a mechanism for broad spectral tuning of the epsilon-near-zero spectral range and the corresponding
extinction peak by >100 nm, but also provides a scalable method to fabricate designer core—shell

rsc.li/materials-advances metamaterials with new functionalities.

12715 gelf-cleaning®'® and plasmon-
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reduction,” ™" water splitting,
induced organic transformations.

1 Introduction

The recent drive to exploit plasmonic hot-carrier effects in
sensing and photocatalysis has caused an upsurge in the
development of new material approaches in plasmonics and a
drift away from the traditional plasmonic noble metals." In
the past few years, this has led to a wide search for alternative
plasmonic media that are either inexpensive or provide addi-
tional functionalities. Copper, as one such alternative plasmo-
nic constituent, benefits from both high natural abundance
and low cost, making it an intrinsically attractive material for
commercial exploitation. In particular, copper electrodes have
been used as efficient electrocatalysts for reactions such as CO,

Department of Physics and London Centre for Nanotechnology, King’s College
London, Strand, London WC2R 2LS, UK. E-mail: anastasiia.zaleska@kcl.ac.uk
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In this paper, for the first time, we introduce a new plas-
monic metamaterial based on an array of copper nanorods
with ultrabroad and reversible ENZ tunability, engineered by
taking advantage of nanoscale electrochemical oxidation and
reduction of the nanorod surface over the macroscale array
(1 ecm® and ~10"'" nanorods). Herein, we describe the fabri-
cation method as well as the structural and optical character-
isation of highly uniform large-area copper-based plasmonic
metamaterials. These metamaterials are fabricated using ano-
dic aluminium oxide (AAO) as a template.®?° This technique
has considerable advantages in terms of scalability, whilst
also providing both nanometric control of the constituents
and high uniformity, resulting in broad spectral tunability of
the resonant modes and plasmonic functionality.?*>*

Beyond the well-known application of copper as an efficient
catalyst, copper (as well as silver) nanomaterials are often
at a disadvantage for more traditional plasmonic applications
compared to those produced using noble metals due to the
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potential for oxidation. In more recent work, oxidation has
been addressed by coating the Cu nanomaterials with various
passivation layers deposited by atomic layer deposition (ALD).>*
However, the oxides of copper are also well-established photo-
and electrocatalysts,”>° and the results of our work have
resulted in the development of bespoke core-shell Cu/Cu,O
light harvesting metamaterials with nanometrically controllable
dimensions and designer optical properties. Here, we describe the
procedure for the controllable growth and reduction of copper
oxide layers of nanometric thickness via electrochemical oxidation
in an alkaline electrolyte. This process was monitored in real-time
using in situ visible light spectroscopy and the results were
validated using numerical modelling. Furthermore, optical spec-
tra were obtained in real-time during cyclic voltammetry and
correlated with the electrochemical processes. This methodology
presents the opportunity to combine the catalytic functionality of
copper and its oxides with plasmonic light harvesting and
catalytic enhancement in high surface area metamaterials.

2 Results and discussion

2.1 Fabrication and optical characterisation of copper
nanorod metamaterials

The fabrication process begins by magnetron sputtering 10 nm
of tantalum pentoxide (Ta,Os) onto a 0.7 mm thick glass (SiO,)
substrate to act as an adhesion layer. This is followed by the
sputter deposition of 8 nm of gold (Au) and finally 280 nm of
aluminium (Al) (Fig. 1a). The aluminium is then electrochemi-
cally anodised at 1 °C in a sulphuric acid (H,SO,) solution at an
applied constant voltage of 25 V, which results in formation
of a porous AAO matrix. The barrier layer formed at the bottom
of the pores was removed by etching in a 30 mM sodium
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hydroxide (NaOH) solution, which provides access to the under-
lying gold layer serving as an electrode for subsequent electro-
deposition. In addition to the removal of the barrier layer, the
duration of this etching step determines the final diameter
of the pores and provides geometrical control that translates
into spectral tunability of the optical properties of the final
metamaterial.”® For further fabrication details see the Methods
section.

In order to form the final plasmonic metamaterial, copper
was electrodeposited into the pores of the alumina template
from a 0.12 M copper sulfate (CuSO,) solution mixed with
0.49 M H;BO; under a constant voltage of —2.8 V. Electrode-
position was carried out at room temperature in a custom-made
electrochemical cell consisting of a three-electrode configu-
ration, with platinum (Pt) foil as a counter electrode and a
silver-silver chloride (Ag/AgCl) reference electrode. Fig. 1b and ¢
show SEM images of a uniform array of vertically-aligned copper
nanorods before and after the removal of the alumina template
via chemical etching in 0.3 M NaOH. The length of the metallic
nanorods comprising the metamaterial is determined by the
electrodeposition duration and can be varied from 30 nm to the
limiting value dictated by the thickness of the porous AAO
(typically 275-400 nm). Energy-dispersive X-ray spectroscopy ana-
lysis (EDX), confirmed an abundance of copper and the elemental
composition in the metamaterial architecture.

The optical properties of the fabricated metamaterials are
determined by polarisation-resolved visible light spectroscopy.
Experiments were performed in transmission using both TM-
and TE-polarised light at various angles of incidence. Fig. 2
shows the experimental extinction spectra of copper nanorods
embedded in the alumina matrix as a function of the angle of
incidence for both polarisations. The optical properties revealed
are those typical for such anisotropic uniaxial metamaterials,

(a) A schematic diagram of the fabrication steps to form arrays of copper hanorods using AAO templates. (I) The formation of thin multilayer films

by magnetron sputtering, () the anodisation of aluminium to create a porous AAO template and consequential removal of the barrier layer, (Ill) the
electrodeposition of copper into the alumina pores, (IV) the Cu nanorods exposed to air after the removal of the AAO. Top-view SEM images of the
resulting array of copper nanorods (b) before and (c) after complete removal of the alumina using 0.3 M NaOH.
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Fig. 2 Measured extinction spectra of Cu nanorod arrays embedded in an alumina matrix under (a) TM- and (b) TE-polarised light illumination at various
angles of incidence. The metamaterials are comprised of nanorods with 17 nm radius, 220 nm length, and a mean centre-to-centre separation of 85 nm.

3% Under normal incidence

exhibiting two extinction peaks.
illumination, the short-wavelength peak, present at a wave-
length of approximately 570 nm, is related to the excitation of
a transverse dipolar plasmonic resonance of the nanorod metal
core (T-mode). Increasing the angle of incidence and using TM
polarised light reveals a second extinction peak at 620 nm,
associated with the high attenuation of the TM mode inside
the metamaterial in the epsilon-near-zero (ENZ) regime when
the effective component of the permittivity perpendicular to the
substrate (parallel to the long axis of the nanorods) is close to
zero (see Methods for the description of metamaterial effective
optical properties). The spectral width of the ENZ peak
(and hence damping) does not differ significantly with respect
to that observed for gold nanorod-based metamaterials with a
similar nanoscale geometry.*® The position of the ENZ extinc-
tion peak (in particular) may be tuned throughout the visible
spectrum by varying the dimensions of the individual rods
(Fig. S1, ESIT). At the same time, the spectral position of the
ENZ peak, together with that of thickness-dependent reso-
nances appearing in the metamaterial slab is determined by
the electromagnetic coupling between the nanorods affected by
the surrounding refractive index, making such metamaterials
particularly suitable for sensing applications (Fig. S2, ESIT).”**"3?

2.2 The electrochemistry of Cu metamaterials

2.2.1 Cyclic voltammetry and in situ optical spectroscopy.
The sensitivity of the metamaterial’s spectral response to
changes in the refractive index can provide a route to efficient
engineering of the optical properties. An attractive route to
accomplish this is the electrochemical anodisation of copper
using NaOH. This method facilitates the creation of either
a Cu,O or a CuO shell, providing nanometric control over
the thickness of the oxide layer. It is also inexpensive and
in keeping with the scalable nature of the overall fabrication
process.

Prior to all electrochemical studies, the alumina matrix
surrounding the nanorods was removed using a NaOH solution
(0.3 M NaOH for approximately 5 minutes) revealing arrays of
free-standing nanorods, conductively connected via the remaining
gold underlayer. A custom-made three-electrode electrochemical

© 2024 The Author(s). Published by the Royal Society of Chemistry

cell was used, comprising a platinum counter electrode, a satu-
rated Ag/AgCl reference electrode and a 0.15 M NaOH electrolyte
with the copper nanorod metamaterial serving as the working
electrode. The optical properties of the metamaterials were
continuously monitored using in situ transmission spectroscopy
(200 ms per spectrum) with TM polarised light at an incident
angle of 40°, allowing both extinction peaks to be observed. First,
cyclic voltammetry (CV) was performed for five cycles in the
potential range of Cu,O and CuO formation at a sweep rate of
0.01 V s~ " in order to confirm the presence and position of the
oxidation and reduction peaks and the stability of the nano-
structures over cycling (Fig. S3, ESIt). The material was initially
precycled to obtain a stable CV scan.

Fig. 3a shows the corresponding cyclic voltammogram after
one cycle, verifying the potential for the formation of Cu,O at
—0.38 V (designated A,) and a broad anodic peak at a maximum
of +0.06 V (designated A,) corresponding to further Cu() to
Cu(n) oxidation. Both the oxidation and reduction peaks can be
clearly identified as expected from the literature®** and the
results obtained for a previously anodised copper thin film
(Fig. S4, ESIY).

The optical properties of the metamaterial during the CV
sweep are summarised in Fig. 3b-e. The colours overlayed
on the cyclic voltammogram (yellow, green, blue and pink)
correspond to the four oxidation/reduction reactions occurring
at the surface of the copper nanorods. The experimental
extinction spectra measured during one cycle of the CV sweep
are thus divided into four plots (Fig. 3(b)-(e)) to illustrate how
the optical properties of the sample evolve through each stage
of the process. The border of each set of extinction spectra is
coloured to match the highlighted regions in the CV sweep.
Additionally, the colour of the curves in each plot corresponds
to the coloured circular markers at specific points in that
section of the CV sweep, showing the direction of transition
of the optical properties (also indicated by arrows). These
markers are located at the starting potential (0 V) and each
key oxidation/reduction peak.

The extinction spectrum of the metamaterial is initially
characterised by a single peak (Fig. 3b, red curve), as the
transverse resonance and ENZ extinction regions overlap in

Mater. Adv,, 2024, 5, 5845-5854 | 5847
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Fig. 3 The study of the optical response of a copper nanorod electrode in
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a 0.15 M NaOH within a (a) CV sweep at a scan rate of 0.01V s~%. Colour points

are positioned on the reduction/oxidation peaks (b)-(e). Each set of extinction spectra transition from one coloured point on the CV chart to another,
with the beginning and end points are designated by bold lines of the same colour. Each spectrum is labelled with its respective concluding reaction.

The parameters of the copper nanorod metamaterial are 180 nm length,

wavelength, which is typical for this architecture of nanorod
metamaterial with these dimensions (a 23 nm diameter, an
80 nm spacing) in an aqueous solution (n ~ 1.33). In addition,
the broad width of the extinction peak is the result of a mixed
oxide/hydroxide surface following previous CV sweeps.

Our analysis of the in situ spectroscopy begins at a potential
of 0 V vs. Ag/AgCl at the beginning of the reductive cathodic
sweep. As the potential decreases towards cathodic peak C,
(Fig. 3a) located at a potential of —0.31 V vs. Ag/AgCl, a non-
monotonous change in the extinction maximum is observed
(Fig. 3b). At low negative potentials, this is characterised by

5848 | Mater. Adv., 2024, 5, 5845-5854

23 nm radius and 80 nm period.

both a blue-shift of the extinction peak and a decrease in its
magnitude. This may be explained by the decomposition of
dissolved Cu(OH),> to Cu0O,*® increasing the losses due to
the large imaginary component of the dielectric constant of
CuO (Fig. S5, ESIt). However, as the potential reaches C,, this
behaviour is reversed, and Fig. 3b shows a red-shift of the peak
and an increase in its magnitude. This region of the sweep and
peak C, in particular is assigned to the partial reduction of CuO
to Cu,0,”” while the red-shift of the extinction peak and
increase in its magnitude are characteristics of the change in
the dielectric permittivity of Cu,O having a larger real and a

© 2024 The Author(s). Published by the Royal Society of Chemistry
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lower imaginary components in this spectral range, compared
to CuO (Fig. S5, ESI{). At more negative potentials towards peak
C; a series of concurrent reduction processes, consisting of the
reduction of Cu®>" species and Cu,O to metallic Cu, take place.
This is readily observed in the extinction spectra shown in
Fig. 3c, where there is a dramatic increase of the magnitude of
the extinction peak together with a blue-shift in its spectral
position. The increase in extinction is a result of the reduction
of any remaining (lossy) CuO/Cu,O and an increase in the
metallic content of the nanorods. In this scenario, the trans-
verse resonance would experience a blue-shift due to the lower
effective dielectric constant surrounding the metal core. For the
ENZ extinction peak, the blue-shift is a result of the increase in
the metal filling factor (f in eqn (3)) with a commensurate
decrease in the dielectric constant surrounding the nanorods.
From the perspective of the nanorods in the array, each
nanorod experiences a decrease in the surrounding dielectric
constant, their aspect ratio decreases and the dipolar coupling
increases between adjacent rods - all contributing to the
observed blue-shift.

As the anodic sweep begins, the nanorods are comprised
entirely of metallic copper. As the potential is increased from
—1.2 Vvs. Ag/AgCl, the surface first becomes hydroxylated, with
the formation of Cu(OH),, before reaching anodic peak A;
located at a potential of —0.35 V vs. Ag/AgCl where the for-
mation of Cu,O takes place (Fig. 3d).*® Examination of Fig. 3d
shows that as the potential increases and the formation of
Cu,0 begins, creating Cu/Cu,O core-shell nanorods, there is a
distinct red-shift and broadening of the main extinction peaks.
The explanation is precisely the reverse of that described for
peak C; above: an increase in the effective dielectric constant
surrounding the nanorods via the growth of Cu,O and a
decrease in the diameter of the metallic nanorods (and hence
the metal filling fraction inside the nanorod ). Despite the red-
shift primarily affecting the ENZ extinction peak as we shall see
later in the manuscript, two distinct peaks are not observed,
mainly due to the small magnitude of the red-shift (~30 nm)
and the optical loss intrinsic to Cu,O at this wavelength
compared with the aqueous electrolyte. Further increasing the
potential towards peak A, results in a dramatic transformation
of the extinction spectrum (Fig. 3e), as first the formation of
Cu(OH),>~ and Cu(OH), takes place (up-slope) followed by
potential oxidation to CuO.

The reduction in the overall extinction and dramatic broad-
ening of the peak may be explained once again by comparing
the relative permittivity of Cu,O and CuO, the latter charac-
terised by a significantly lower real part of epsilon and an order
of magnitude higher imaginary component at a wavelength of
600 nm (Fig. S5, ESIt). Despite the paucity of data on the
refractive index of copper hydroxides, the general behaviour of
the extinction spectra is qualitatively reproduced by numerical
modelling of a Cu/CuO core-shell system with various
CuO shell thicknesses (Fig. S6, ESIt). The situation is further
complicated as the voltage increases following peak A,, as the
slow hydroxylation of CuO to soluble Cu(OH),>" is expected to
occur.*® However, recent work by Topali et al.*® claims there is

© 2024 The Author(s). Published by the Royal Society of Chemistry
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little evidence of CuO formed in situ, and instead of the often
stated CuO/Cu(OH,) duplex layer formed following anodic peak
A,*® a complex mixed oxide/hydroxide layer containing meta-
stable Cu,0; is formed, with the latter becoming CuO following
removal from the electrolyte. The precise composition of the
film cannot be determined from the measurements here, as the
dielectric permittivity of Cu,O; at a wavelength around 600 nm
while significantly different to that of CuO, also has a larger
imaginary component than Cu,O (Fig. S7, ESIt), which could
result in a similar spectral shape, depending on the exact layer
thicknesses and hierarchical distribution of the different
oxides. Further detailed analysis of the composition in this
complex region is beyond the aim and scope of this work.

2.3 Oxidation and reduction

2.3.1 Anodisation of Cu nanorods. With an aim to electro-
chemically form core-shell nanorods comprised of a metallic
Cu core and a Cu(1) oxide shell (Fig. 4a), anodisation was carried
out at —0.39 V vs. Ag/AgCl in a custom-made electrochemical
cell filled with a 0.15 M NaOH electrolyte solution. During the
anodisation process, the copper metamaterial was illuminated
at an incident angle of 40° with TM-polarised light for trans-
mission measurements. The colour plot in Fig. 4a is obtained
from the experimentally acquired in situ extinction spectra at
various anodisation times and therefore increasing thickness of
the Cu,O shell. The transverse resonance and ENZ extinction
peaks can be clearly observed and are initially located at
wavelengths of 600 nm and 700 nm respectively. As the anodi-
sation proceeds, there is a significant red-shift of the ENZ peak.
This behaviour is as expected for similar reasons as discussed
previously: a small shift of the T-mode due to the higher
refractive index of the Cu,O shell, while a much larger red-
shift of the ENZ peak is observed due to the corresponding shift
of the ENZ point.

To confirm the observations in Fig. 4a, further aid under-
standing the optical behaviour of the core-shell Cu/Cu,O
metamaterials, and gain an insight into the thicknesses of
the created oxide layers, the extinction spectra were calculated
as a function of the Cu,O shell thickness using full-vectorial
simulations of a square nanorod array (for details see Methods).
Fig. 4b shows the resulting extinction calculated as a function of
the Cu,O shell thickness on a copper nanorod surface under
plane-wave illumination with TM-polarised light at 40° incidence.
The dimensions used in the simulations matched the fabricated
nanomaterials, with the initial and final geometrical parameters
(diameter, length) obtained from SEM and AFM images. The
anodisation process was simulated to include the consumption
of the metallic Cu and formation of Cu,O as well as the volume
expansion caused by the oxidation. The volume expansion was
estimated to be approximately 30% which is in agreement with
previous measurements performed on a freshly formed Cu(i)
oxide layer of a similar thickness on a copper film. As observed
experimentally, the calculations in Fig. 4b show the ENZ extinc-
tion peak undergoing a red-shift as the thickness of the Cu,O is
increased. Due to the lack of material inhomogeneity in the
simulation, the linewidth of the peaks is appreciably narrower,

Mater. Adv., 2024, 5, 5845-5854 | 5849
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(a) The measured extinction spectra during the surface oxidation of the copper nanorod material in a 0.15 M NaOH electrolyte solution at —0.39 V

vs. Ag/AgCL. (b) The calculated extinction spectra as a function of the shell thickness of Cu,O with the increase of the aspect ratio. All extinction spectra
were acquired at an incident angle of 40° using TM polarised light. The initial parameters of the copper nanorods: a 13.2 nm radius, a 188.6 nm length, and

an 80 nm period.

despite the simulations using a mean-free restricted path model
for the permittivity of Cu. Comparing these results with the
experimental spectra shown in Fig. 4a, both the red-shift of the
ENZ peak and the reduction of its magnitude are reproduced.
Moreover, this analysis allows us to estimate the growth rate of the
oxide shell during the anodisation to be 0.23 nm min ', matching
the experimentally measured spectral position of the ENZ peak
changing approximately linearly with the anodisation time to the
simulated one changing linearly with the oxide Cu,O thickness
(Fig. S8, ESIt). The oxide shell thickness is estimated to exceed
7 nm, dramatically shifting the ENZ extinction peak into the near-
IR range. For clarification of the mechanisms underpinning the
dramatic wavelength shift, calculations were also performed vary-
ing the oxide shell thickness, but maintaining a constant copper
nanorod diameter ie. ignoring the reduction in radius due to
oxidation. The results are shown in Fig. S9 (ESIT) and, as expected,
demonstrate a significantly reduced tunability, highlighting the
combination of optical processes contributing to the rapid red-
shift observed in the experiment. Additionally, after detaching the
core-shell Cu/Cu,O nanostructures from a glass substrate, the
formation of copper oxide shell around the copper nanorod-based
metamaterial was revealed using transmission electron micro-
scopy (TEM) and energy dispersive spectroscopy (EDS) mapping,
as shown in Fig. S10 (ESIf). This also allowed us to estimate the

shell thickness of the formed oxide layer, which was found to be
in agreement with the calculated prediction based on the optical
response of the metamaterial. The oxidation state of Cu in the
fabricated core-shell Cu/Cu,O nanostructures was analysed by
X-ray photoelectron spectroscopy (XPS) confirming their composi-
tion (Fig. S11, ESIY).

The extinction spectra of a Cu/CuO core-shell nanorod
metamaterial were calculated for comparison and to fully
explore the optical properties of these core-shell geometries
(Fig. S6, ESIf). Compared to copper oxide, the dielectric per-
mittivity of copper(u) oxide is characterised by a significantly
larger imaginary component and a smaller real component at
wavelengths above 525 nm. The large imaginary component is
responsible for additional broadening of the ENZ extinction
peak as the thickness of the copper(u) oxide shell is increased,
and indeed it is not discernible in the calculated spectra until
the shell reaches 5 nm in thickness at which point the ENZ
peak is red-shifted to a wavelength greater than approximately
800 nm where the imaginary component of the permittivity of
CuO begins to decrease significantly (Fig. S5, ESIT).

2.3.2 Reversibility. The oxidation process shown in Fig. 4
illustrates the ability to create core-shell (Cu/Cu,O) hetero-
structured nanorods via electrochemical oxidation, which pro-
vides nanometric control of the Cu,O shell thickness. Another
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(a) The schematics of electrochemical formation of copper oxide on the Cu nanorod surface. The measured extinction spectra during (b) the

oxidation and (c) the reduction of the copper electrode for 20 minutes in an electrochemical cell with a 0.15 M NaOH solution.
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major benefit of creating such heterostructures electrochemi-
cally is that this oxide may be subsequently reduced. The
reversibility of the oxidation process is demonstrated in
Fig. 5a. Fig. 5b shows extinction spectra during the formation
of the Cu,O shell, which as expected, rapidly induces a red-shift
of the ENZ wavelength, with approximately a 20 nm shift
occurring within the first 10 s. As the anodisation process
continues, the rate of red-shift reduces due to restricted diffu-
sion through the Cu,O layer (Fig. 5b). At the end-point of
anodisation, the ENZ point reaches a wavelength of approxi-
mately 680 nm. As the reduction step proceeds (Fig. 5c¢), the
reversibility is confirmed and the extinction peak rapidly blue-
shifts, recovering its initial spectral position and magnitude
in less than 60 s. The difference between the initial and final
peak positions amounts to approximately 3 nm and may be
explained by an initial (thin) oxide coating on the copper
nanorods prior to electrochemical oxidation. To confirm the
stability of the oxidation and reduction processes, we ran a
switching loop over multiple cycles, —0.39 V and —0.87 V vs.
Ag/AgCl for 6 seconds and 10 seconds, respectively, and
observed no appreciable deterioration in the optical properties
(Fig. S12, ESI¥). In applications of these materials, it would be
trivial to remove the native oxide from a copper surface by
initially applying the high negative voltage at —0.87 V vs. Ag/
AgCl. The ability to refresh the copper surface is of considerable
benefit for electrocatalytic applications.

3 Conclusions

In this work, we have presented an inexpensive fabrication
process for plasmonic metamaterials based on subwavelength
arrays of copper nanorods. The method described has consid-
erable advantages in terms of scalability whilst retaining nano-
metric control of the constituent nanorods which provides
broad plasmonic tunability throughout the visible spectrum.
The complex electrochemistry of copper in alkaline electrolytes
has been studied using the cyclic voltammetry combined with
in situ optical spectroscopy to interrogate the optical properties
of the metamaterial. The extraordinary refractive index sensi-
tivity displayed by metamaterials of this architecture provides a
unique method to monitor the surface composition in real-
time, which together with other techniques, can help to provide
new insights into the complex electrochemical processes. The
anodisation of copper in alkaline solutions offers a route to the
scalable synthesis of core-shell Cu-Cu,O nanorod metamater-
ials. The anodisation of the copper is highly controllable and
reversible, with the oxidation rate estimated to be approxi-
mately 0.23 nm min~', enabling the fabrication of ultrathin
shells of copper oxides with sub-nanometer precision. Using
this process, a reversible spectral shift of >100 nm has been
demonstrated for the ENZ extinction peak. This spectral shift is
only constrained by the initial dimensions of the nanorods
comprising the metamaterial. The implemented fabrication
process provides a novel route to both tune the optical pro-
perties of the metamaterial and more importantly, create
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functional oxide surfaces of controllable thickness for the
development of highly efficient plasmonic photocatalysts and
sensitive sensors.

Specifically, with regard to the photo and photo-electro-
catalytic reduction of CO,, the copper-based metamaterials
developed here have the properties to be considered excellent
candidates as they provide the high surface area, excellent light
absorption, refractive index-based monitoring of the catalytic
surface, the potential for SERS monitoring of adsorbed surface
species®’ while the ability to electrically address the copper
constituents also enables electrocatalytic surface modification
and restructuring for enhanced efficiency and designer
specificity.*> We expect that Cu/Cu,O core-shell nanomaterials
may be more durable, with their stability depending on the
thickness of the anodised oxide layer.

4 Methods

4.1 Fabrication details

Magnetron sputtering (The Kurt J. Lesker Company PVD75
Sputter System) was used as the deposition method for the
production of the multilayer thin films on transparent glass
substrates (Corning Eagle XG, uncoated) composed of tantalum
pentoxide (Ta,Os, 99.95% purity), gold (Au, 99.99%) and alu-
minium (Al, 99.99%). Previous ellipsometry measurements
confirmed the presence of stoichiometric Ta,Os, which had
been detected by low absorption in the visible spectrum.** The
anodisation process was performed at 2 °C in a specifically
designed electrochemical cell filled with a 0.3 M H,SO, electro-
Iyte solution. A constant voltage of 25 V was applied between
the sample (anode) and the Pt foil as a counter electrode
(cathode). The anodised samples were subsequently etched in
30 mM NaOH to achieve pore widening and to remove the
barrier layer. Copper electrodeposition was performed with a
three-electrode system at an applied voltage of —2.8 V using a
0.12 M copper sulphate (CuSO,) solution mixed with 0.49 M
H;BO;. The length of the nanorods was controlled with the
electrodeposition time. The sample was etched in 30 mM NaOH
to remove the AAO matrix and expose the metamaterial to air.

4.2 Characterisation techniques

All scanning electron microscopy images were taken with a
Zeiss EVO LS15 Scanning Electron Microscope with Oxford
Instruments Energy-Dispersive X-Ray Spectroscopy systems.
The images were processed with Image]. TEM images were
obtained with a JEOL JEM F200 transmission electron microscope.

Optical spectroscopy was performed in a custom-built sys-
tem using plane-polarised, collimated white light from a
tungsten-halogen lamp. After passing through the sample, the
light was collected by an objective lens and coupled to a
spectrometer (Ocean Optics QE Pro) via a multimode optical
fibre. To investigate the linear optical properties of nanostruc-
tures, transmission spectra in various surrounding media
were acquired as functions of the angle and polarisation of
the incident light. The electrochemical oxidation process was
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continuously monitored in real-time in transmission using
in situ visible light spectroscopy spectroscopy (200 ms per
spectrum) with TM polarised light at an incident angle of 40°.

4.3 Effective medium theory of a nanorod-based metamaterial

As the nanorod diameter is much smaller than the wavelength,
the effective optical properties of square or randomly distrib-
uted 2D arrays of oriented nanorods are calculated using
effective medium theories in the long-wavelength (quasi-
static) limit within the Maxwell Garnett approximation.***’
Each nanorod is considered to be in a field produced by the
illuminating wave and the averaged field generated by all other
nanorods. The effective dielectric permittivity of a metamater-
ials in this case is calculated by averaging the overall electric

and electric displacement fields.
(D) = € (E). 1)

Due to its symmetry, the nanorod array behaves as a highly
anisotropic uniaxial medium with the permittivity in the major
axes given by a diagonal tensor € = (ecfr, L, €efr, 1, €err,| ), With
effective permittivity components perpendicular (L) and par-
allel (]|) to the optical axis directed along the nanorods. Using
eqn (1) and carefully averaging E and D along the major axes
one obtains the following expressions for the permittivity
components:*>

€m "'f[‘xc"lfc +os(1 —n)es — fm]

B I A (e |
where
v — 4emes
© (éc + 65)(65 + Em) + 7](€c - 63)(65 - 6m)’
e 2€m(€c + €) )
P (e €5) (6 +em) + (e — €)(€s — €m)’
and
eerr,| = fInec + (1 = n)es] + [1 — flem, 3)

where €., ¢ and ¢, are the permittivities of the core, shell and
the dielectric matrix, respectively, fis the nanorod filling factor
inside the unit cell (in the case of a square nanorod arrange-
ment equal to ni(r. + t;)*/a*) and n = r.*/(r. + t,) is the core filling
factor inside the nanorod, with r. being the radius of the core,
t; the thickness of the shell and a the array spacing. With an
absence of artificial magnetic response in the nanorods and
zero material magnetism at optical frequencies pegs = 1.

4.4 Modelling of the optical response of Cu-based
metamaterials

Numerical modelling was performed using 3D finite-element-
method simulations in a frequency domain using the commer-
cial software package (CST Microwave Studio). The plasmonic
system was represented as an idealised square array. Taking
advantage of the symmetry of the structure, a unit cell of the
array was modelled, with periodic boundary conditions having
the proper phase shift defined by the incident angle set on its
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side boundaries. The incident plane electromagnetic wave was
generated using a top port boundary condition, which also
ensures the absence of back-reflection from this face. A similar
port, but without plane-wave excitation was set at the bottom.
The optical constants (n and k) for copper oxides, CuO and
Cu,0, were taken from ref. 46 (Fig. S5, ESIt), the refractive
index of the surrounding electrolyte solution is practically
equal to that of water and was taken to be 1.33. The optical
properties of copper presented in Fig. S13 (ESIt) were taken
from tabulated experimental data®” and corrected by setting the
electron mean free path to 3.3 nm,’**® which takes into
account the highly polycrystalline nature of copper due to the
employed electrodeposition fabrication process. The optical
properties of Au, Al,O3;, Ta,Os and SiO, were taken from
ref. 47 and 49-51 respectively.
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