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Carbon-Assisted Stable Silver Nanostructures

S. Narjes Abdollahi, Efrain Ochoa Martinez, Cédric Kilchoer, Geoffroy Kremer, Thomas Jaouen,
Philipp Aebi, Tim Hellmann, Thomas Mayer, Yibei Gu, Ulrich B. Wiesner, Ullrich Steiner,

Bodo D. Wilts, and llja Gunkel*

Nanostructured silver stands out among other plasmonic materials because
its optical losses are the lowest of all metals. However, nanostructured silver
rapidly degrades under ambient conditions, preventing its direct use in most
plasmonic applications. Here, a facile and robust method for the prepara-
tion of highly stable nanostructured silver morphologies is introduced. 3D
nanostructured gyroid networks are fabricated through electrodeposition
into voided, self-assembled triblock terpolymer scaffolds. Exposure to an
argon plasma degraded the polymer and stabilized the silver nanostructure
for many weeks, even in high humidity and under high-dose UV irradiation.
This stabilization protocol enables the robust manufacture of low-loss silver

nanostructures for a wide range of plasmonic applications.

1. Introduction

Plasmonic nanostructures based on gold or silver are of great
interest as functional materials with applications in the fields of
health™ and energy,'? as catalysts?®l and metamaterials.” While
nanostructured gold is most commonly used in plasmonic
applications, its replacement with silver is highly desirable
because this reduces optical losses in the visible spectral range.!
The use of nanostructured silver is however limited by its low
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stability under ambient conditions, where
it rapidly degrades,®”) particularly in high
humidity® and under light illumination.?’

The degradation of silver nanostruc-
tures can in principle be reduced by con-
tacting silver with a sacrificial metal” or
by applying a protective inorganicl!'-13!
or organic™™! layer around the silver
nanostructure. Such a layer alters how-
ever the optical response of the uncoated
nanostructure by changing its dielectric
environment.'®]  Alternatively, silver
can be passivated without applying pro-
tective layers by using hydrogen plasma
processing,!® or under an argon atmos-
phere.®l These passivation methods are,
however, limited to only a few nanostructures or require the
control of the environment the nanostructures are exposed to.
The stabilization of complex silver nanostructures has not yet
been achieved and overcoming optical losses remains a chal-
lenge in the field of nanoplasmonics.l"!

The polymer template-assisted fabrication of 3D metallic
nanostructures is useful to generate metals with complex and
well-ordered morphologies.?!! This bottom-up manufacturing
route typically employs block copolymers, chemically dis-
tinct, covalently linked polymer blocks that can self-assemble
into intricate 3D nanostructured morphologies such as the
gyroid.[?2l Metal replica of these morphologies can be produced
by electrochemical and electroless plating of metals into a
voided polymer template, generated by selective etching.[?2324
To create a free-standing metal replica, the remaining polymer
template is typically removed by harsh etching or polymer deg-
radation procedures, which are not suitable for degradation-
sensitive materials such as nanostructured silver.

Here, we demonstrate the long-term stabilization of silver
nanostructures, grown inside a voided polymer template, by
using argon plasma etching at ambient temperatures. Following
a polymer template-assisted fabrication route that was previ-
ously developed for the manufacture of gold,*! nickel,?®l and
platinum gyroid nanostructures,’””! we demonstrate how similar
nanostructured silver morphologies can be rendered stable
against degradation, without the need for thick coating layers.

2. Results and Discussion

2.1. Fabrication and Structural Characterization

Here, we generalize the fabrication of 3D metal nanostruc-
tures via the templated deposition of metals into voided

© 2020 Wiley-VCH GmbH
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Figure 1. Schematic diagram of the sample fabrication.?’l a) Starting from a voided ISO triblock terpolymer template, b) Au (top) or Ag (bottom) are
electrodeposited into the voided network. c) The polymer template is then removed by plasma etching, resulting in a free-standing, metallic gyroid
replica. For Ag, only Ar plasma etching results in a stable nanostructure, while for gold any plasma (Ar, O,, or air) can be employed.

block copolymer films, from stable nanostructured Au to
degradation-sensitive Ag nanostructures, schematically shown
in Figure 1. In brief,?! 3D nanostructured polymer templates
were prepared by spin coating gyroid-forming polyisoprene-
b-polystyrene-b-polyethylene oxide (ISO) triblock terpolymer
films onto fluorinated tin oxide (FTO)-coated glass substrates,
followed by selectively removing polyisoprene by a combination
of UV exposure and immersion in ethanol. The voided polymer
films were then backfilled with Ag (or Au) by electrodeposition,
thereby replicating the polymeric nanostructure into the metal.
Free-standing metal replica were manufactured by removing
the sacrificial polymer template through plasma etching, a
commonly used technique to remove organic residues from
surfaces at ambient temperature.’®) We show that plasma
etching using inert Ar gas allows the stabilization of nanostruc-
tured silver networks despite their strong tendency to degrade.
The scanning electron microscopy (SEM) images in Figure 2
confirm that Ar-etched Ag gyroids (Figure 2b) look structurally
identical to the Au reference samples etched with any plasma
(Figure 2a), while the gyroid structure in silver samples etched
with O, or air plasmas were substantially degraded (Figure 2c).
Reflectance and transmittance spectra of the resulting free-
standing replica (Figure 2, right column) are spectrally similar,
with prominent reflectance minima at 500 nm (Au) and 410 nm
(Ag). The blue-shifted optical response for Ag is expected due to
the different plasma wavelength of bulk Ag compared to that of
Au.? Etching the Ag network with air or O, results in a broad
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and essentially featureless reflectance, implying the loss of
structure, which likely results from the degradation of Ag upon
etching with reactive process gases.

2.2. Chemical Composition of Ag Gyroid Replica
2.2.1. Surface Analysis Using X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) was used to analyze
the chemical composition of the Ag gyroids manufactured
by Ag electrodeposition into voided ISO terpolymer films on
FTO-coated glass substrates, followed by Ar plasma etching
(Figure 3). The strongest peaks in the XPS survey spectra of the
manufactured Ag gyroids coincide with those of an Ag refer-
ence surface. These peaks are significantly stronger than addi-
tionally observed K 2p, C 1s, and O 1s peaks, indicating that
the gyroid replica mostly consists of Ag (Figure 3a). The small
Mo 3d peak in the Ag reference spectra indicates molybdenum
contamination. The K 2p peak in the Ag gyroid survey spectra
is most likely related to KOH, which is an ingredient in the Ag
plating solution used for electrodeposition. The compounds
associated with the C 1s and O 1s peaks in the survey spectra
of the Ag gyroid (Figure 3a) are discussed in more detail below.
The intensity of these peaks significantly reduces upon Ar sput-
tering of the Ag gyroid replica as shown in the corresponding
XPS survey spectrum (Figure 3a). This implies that there is

© 2020 Wiley-VCH GmbH
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Figure 2. Morphology and optical properties of free-standing metal gyroid networks after plasma etching using different gases. a) SEM image of an O,
plasma-etched Au gyroid and optical reflectance and transmittance spectra for Au gyroids plasma-etched with either Ar or O,. The Ar plasma-etched Ag
gyroid in (b) exhibits a very similar nanostructured morphology and optical spectra as the Au gyroid in (a). c) Upon O, or air plasma etching, however,
the nanostructured Ag morphology was substantially degraded and its optical reflection spectrum shows no resemblance to that of a structured Ag film.
The reflectance spectra in (a) and (b) have minima, at =410 nm (Ag) and =500 nm (Au), which can be attributed to the different plasma wavelengths

of these two metals. Scale bars: 500 nm.
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Figure 3. Chemical composition of Ag gyroids manufactured by metal deposition into a voided polymer template and subsequent Ar plasma etching.
a) XPS reference spectra of a Ag surface (gray) and a voided I1SO gyroid terpolymer template (black), compared to the spectra of an Ar plasma-etched
Ag gyroid (blue), and the same plasma-etched Ag gyroid after an additional Ar sputtering inside the XPS vacuum chamber (red). b) Fit (shaded region)
of the Ag 3d region to an Ar plasma-etched Ag gyroid high-resolution XPS spectrum. The sum of the individual fits coincides with the measured spectra
and is therefore not shown. c) High-resolution Ag 3d spectra of an Ar plasma-etched Ag gyroid (blue) and the same sample after additional Ar sput-
tering (red). The insets show magnifications of the plasmon loss (PL) regions corresponding to Ag 3ds;, and Ag 3dsj,. d) Summary of the binding
energy (BE) and full-width at half-maximum (FWHM) values of the silver peaks for the three metallic samples in (a).

a low concentration of oxygen- and carbon-containing com-
pounds located at the gyroid surface.

A detailed analysis of the Ag 3d peaks in high-resolution
XPS spectra (Figure 3b,c; Figure Sla, Supporting Information)
reveals that the binding energies and corresponding full-width
at half-maximum (FWHM) values of the Ag gyroid peaks match
those of a Ag reference surface (Figure 3d), as well as literature
values for metallic Ag’. The Ag 3ds, peak analysis also revealed
traces of an oxidized silver species in the Ag replica, the amount
of which is extremely low (<6 %, Figure S2, Supporting Infor-
mation) and stable even under harsh environmental conditions
(see below). These findings confirm the predominantly metallic
nature of the Ag gyroid replica.

The compounds associated with the carbon and oxygen con-
tributions in Ar plasma-etched Ag gyroids were investigated
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by analyzing high-resolution O 1s and C 1s XPS spectra of the
Ag gyroid and the polymer template used for its fabrication
(Figure 4). The O 1s spectra of the polymer template (Figure 4a)
and the Ag gyroid (Figure 4c) are evidently different, which
implies distinct chemical states. The O 1s peaks observed for
the polymer template (Figure 4a) correspond to C—O—C bonds
at 531.05 eV and C—O—H at 532.78 eV in a PEO-containing
sample (the polymer template consists of cross-linked PS and
PEO, see Figure 1).3%31 The peaks in the O 1s spectrum of the
Ag gyroid replica (Figure 4c) instead were assigned to Ag—O
bonds in oxidized silver at 530.55 eV and K—O—H bonds in
KOH at 531.10 eV. The additional O 1s peaks for the Ag gyroid
replica correspond to C—O bonds at 532.02 eV and C=O0 at
533.22 eV both associated with adventitious contamination,
resulting from either polymer degradation during Ar etching

© 2020 Wiley-VCH GmbH
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Figure 4. XPS analysis of carbon and oxygen contamination on Ag gyroid surfaces. High-resolution XPS spectra of the O 1s and C Ts regions of a,b) a
voided 1SO gyroid terpolymer film and c,d) an Ar plasma-cleaned Ag gyroid. The colored shading corresponds to fits assuming binding energies of

the indicated bonds.

at medium vacuum (0.2 mTorr) in the plasma chamber, or air
exposure once the samples are removed from the chamber.3
At lower binding energies, the potassium contamination
shows K 2p peaks at 293.09 and 295.99 eV. The dominant
carbon peak in the Ag gyroid C 1s spectrum (Figure 4d) was
assigned to C—C bonds of either adventitious or amorphous
carbonl®¥l at 284.67 eV. The additional C 1s peaks of the Ag
gyroid spectrum correspond to C—O bonds at 285.58 eV and
C=0 bonds at 28768 eV, both of which are associated with
adventitious contamination. This is consistent with the O 1s
spectrum of the same sample (Figure 4c). In contrast, the carbon
peaks observed in the high-resolution XPS C 1s spectra of the
voided polymer template (Figure 4b) were assigned to C=C
bonds of aromatic carbon in PS at 283.87 eV,3 C—C bonds at
284.88 eV of adventitious carbon or PS cross-links, C—C and
C—H bonds in both PS and PEO at 285.73 eV,*%3 C—O bonds
in PEO at 28744 eV,% and a 7n* satellite at 292.43 V.34
This confirms that the contaminations observed on the surface
of Ar plasma-etched Ag gyroids are chemically different from
the polymer template used for its fabrication. The dominant

Adv. Mater. Interfaces 2020, 2001227
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C—C peak at 284.67 eV is particularly notable and may pro-
vide an explanation for the Ag stabilization as discussed below
(see Discussion).

While adventitious contamination is inevitable for cleaned,
high-surface-energy, metallic samples once they are exposed to
ambient atmosphere,*?l such contamination can be removed,
for example, by Ar sputtering. The carbon and oxygen peaks
associated with adventitious contamination seen in the high-
resolution XPS C 1s and O 1s spectra of an Ar plasma-cleaned
Ag gyroid diminish upon Ar sputtering the sample inside the
XPS vacuum chamber (Figures Slb—e and S2, Supporting
Information). While the amount of amorphous carbon on the
Ag gyroid surface also reduces upon Ar sputtering, it remains
the dominant contribution in the corresponding C 1s spectra
(Figures Sle and S2, Supporting Information). Ar sput-
tering reduced the amount of oxidized Ag to less than 1%
(Figures Sla,d and S2, Supporting Information). The positions
of the K 2p peaks of the Ar plasma-cleaned Ag gyroid shift to
higher binding energies upon Ar sputtering while the FWHM
values of both potassium peaks slightly decrease upon cleaning

© 2020 Wiley-VCH GmbH



ADVANCED ADVANCED
MATERIALS
SCIENCE NEWS AATERIALS

www.advancedsciencenews.com
www.advmatinterfaces.de

Before Ar plasma

blc

[}
@
2

% m
[}
)

Au (0]

T T T T T T T T T T T
200 400 600 800 1000 1200
Time (sec)
After Ar plasma
C e d C

Pt layer %
- [}

Q WWW
2
[
¢ >
4, Q
Au layer O

T T T T T T T T T T T
200 400 600 800 1000 1200
Time (sec)

Figure 5. Volumetric composition of Ag gyroid replica. a) Focused-ion beam cross-sectional images of a Ag gyroid replica inside an ISO terpolymer
template and c) a free-standing Ag gyroid replica, where the polymer template was removed by Ar plasma etching. In both samples Au-coated Si wafers
were used as substrates. The samples were protected by sputtered-on Pt layers to avoid charging and degradation during SEM imaging. For the Ag
gyroid inside the voided ISO terpolymer template in (a), electrodeposition was stopped before filling the entire thickness of the template (thickness
of unfilled template ~200 nm). Scale bars are 500 nm. Secondary neutral mass spectrometry (SNMS) analysis of samples b) before and d) after Ar
plasma treatment corresponding to the samples shown in (a) and (c), respectively. Contributions of C, O, Ag, and Au are shown as a function of the
sputtering time, resulting from sputtering the samples in the vertical direction starting from the top surface.

the surface. This implies that potassium, unlike the organic Ar plasma-etched Ag gyroids were additionally characterized
contamination as well as most silver oxide traces, is incorpo- Dby energy-dispersive X-ray spectroscopy (EDS) and X-ray dif-
rated in the Ag gyroid network. fraction (XRD) to confirm their chemical nature and structure

(Figure S3, Supporting Information). The EDS analysis con-
firms that the gyroid sample contains Ag, C, and O. The XRD
2.2.2. Volumetric Analysis Using Secondary Neutral Mass pattern of a an Ar plasma-cleaned Ag gyroid corresponds to
Spectrometry that of metallic Ag’. This confirms the crystalline nature of the
metallic Ag® gyroid replica.
Secondary neutral mass spectrometry (SNMS) was employed to
obtain chemical information across the entire thickness of Ag
gyroid replica, thereby complementing XPS (Figures 3 and 4),  2.3. Long-Term Chemical and Photophysical Stability
which only probes the top surface of the sample. To this end,
SNMS and cross-sectional focused-ion beam-scanning elec-  Exposure of Ag nanostructures to humidity and UV irradiation
tron microscopy (FIB-SEM) imaging were used to characterize  eventually destroys the nanostructured morphology, restricting
both a Ag gyroid replica inside a voided ISO terpolymer film  their technological application. The surface of Ag nanostruc-
(Figure 5a,b) and a free-standing Ag gyroid, where the polymer  tures gradually reacts with atmospheric oxygen and sulfur,
template was removed by Ar plasma etching (Figure 5c¢,d). The  significantly changing the material’'s optical properties, often
SNMS depth profiles of both samples, that is, before and after ~ over the course of a single day.”*! To determine whether the
removal of the polymer template by plasma etching indicate =~ Ar plasma-etched Ag samples are stable against such external
that Ag as well as C are (homogeneously) present across the  factors and environmental effects, we exposed a series of sam-
entire thickness of the films. This is consistent with the XPS  ples to different degrees of humidity and light irradiation for
results, where adventitious contamination was observed on Ar  long periods of time, and measured their optical response and
plasma-etched Ag gyroids. No oxygen was detected by SNMS. morphology (Figure 6).

Adv. Mater. Interfaces 2020, 2001227 2001227 (6 of 10) © 2020 Wiley-VCH GmbH
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Figure 6. Stability of Ar plasma-etched Ag gyroids against a—d) humidity and e-h) UV irradiation. a,c,e,g) SEM micrographs of the Ag gyroid network
before and after extended exposure to different environments. Samples were stored in a laboratory environment with a,b) a relative humidity of ~40%
and c,d) a relative humidity of =99% for up to 30 days. A second sample series was exposed to light e,f) without and g,h) with UVA/UVB components
for up to 120 h. b,d,f,h) Time-dependent reflectance spectra. Scale bars: 500 nm.

We investigated the stability of Ar plasma-etched Ag replica
under standard laboratory conditions (RH 35-40%) and in a
water vapor-saturated atmosphere (RH = 99%) for up to 30 days
(Figure 6a—d). The morphology and the spectral response
were monitored every few days. Figure 6a,c shows the stability
of the nanostructured morphology with no discernible dete-
rioration over 30 days. Furthermore, the spectral reflectance
changed only very slightly over time (Figure 6b,d). The con-
tinued storage of samples under ambient laboratory conditions
for over 2 months did not induce any changes in morphology
or spectral response (not shown). In contrast, the appear-
ance and morphology of air plasma-etched Ag gyroid replica
changed rapidly (Figure S4, Supporting Information). These
results clearly demonstrate that the Ar plasma-etched Ag
nanostructured networks are stable in humid environments,
even under RH as high as 99%, much higher than previously
reported.[®38]

Further, previous studies found that the use of Ag nanostruc-
tures for applications is severely limited due to photodegrada-
tion.’%* To investigate the light stability of Ar plasma-etched
Ag nanostructures, additional samples were exposed to white
light that included the UVA/UVB spectral range. In a further
sample series, illumination was carried out employing a UV-
absorbing spectral filter that removed the UV spectral range.
The optical response and sample morphology were monitored
over 5 days of continuous illumination. Figure 6e,f shows that
long-term illumination with visible light (no UV) influenced
neither the nanostructured Ag gyroid morphology nor the
spectral response. More surprisingly, the Ag gyroid was also
resilient to long-term illumination that included a strong UV
component (Figure 6gh). This is in strong contrast to pre-
vious studies that showed immediate changes in Ag nanostruc-
tures upon exposure to even low intensities of white light,[*

Adv. Mater. Interfaces 2020, 2001227
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demonstrating the effectiveness of Ar plasma etching on the
stability of nanostructured Ag.

2.4. Discussion

Our results show that Ag nanostructures can be stabilized
against degradation through Ar plasma etching, which keeps
the metallic nature of Ag intact even under harsh environ-
mental conditions such as high humidity and UV illumination.

Similar to previous results, in which the Ag surface was
covered by a polymer shell to avoid degradation due to tar-
nishing,™ our Ag nanostructures were created by electrodepos-
iting Ag into a polymer template (Figure 1) that surrounded and
probably protected Ag from degradation before the Ar plasma
treatment takes place. While plasma etching is a common
technique to remove organic materials through interactions
with a reactive process gas,?®l our results show that the choice
of process gas is essential to maintain the Ag nanostructure
(Figure 2). The reactive plasma of O, or air destroys the nano-
structured morphology (Figure 2), while an inert Ar plasma
ablates organic residues in a nonreactive manner.?#43] This
not only maintains the Ag nanostructure during the etching
process but also makes it highly resistant against exposure to
environments that typically require additional surface passiva-
tion. The amount of silver oxide that is detected by XPS is neg-
ligible and probably localized in individual patches rather than
a conformal layer.

The analyses in Figures 3-5 demonstrate that the polymer
template is entirely degraded by the plasma etching step and
the pure metallic nature of the Ag gyroid is confirmed, with
additional low concentrations of amorphous carbon and
adventitious contamination.

© 2020 Wiley-VCH GmbH
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To arrive at a hypothesis for the robust stabilization of the
silver gyroids, we summarize the following observations: 1)
Stable nanostructured Ag morphologies are achieved by the
combination of Ar plasma etching and the presence of a polymer
template surrounding the Ag gyroid that is etched by the
plasma; 2) the presence of C—C bonds in amorphous carbon at
284.67 eV,B33 which is different from the peaks observed for the
voided polymer matrix; 3) carbonaceous layers such as graphite
or graphene are known to stabilize Ag and other metal surfaces
against degradation!>**l: and 4) polystyrene is known to gra-
phitize when degraded by an Ar plasma.l¥—

Based on these four statements, we formulate a possible
stabilization mechanism of the nanostructured Ag gyroid
morphology. During the removal of the polymer matrix by Ar
plasma etching, amorphous C—C skeletons are formed pre-
dominantly from the degradation of polystyrene. Since the
plasma etching process takes place in medium vacuum, it is
likely that these carbonaceous fragments strongly physisorb
onto the Ag surface. Based on earlier studies,[>*#46.50 e
speculate that such a physisorbed carbonaceous layer (which
may be molecularly thin) is responsible for the resilience of our
nanostructured silver gyroid against degradation (Figures 6 and
Figure S3, Supporting Information).

This hypothesis is motivated by earlier work that shows an
adsorbed graphene layer not only protects an underlying Ag
surface, but even reduces already formed Ag oxides.[*l Because
of the high surface energy of bare metals, such a physisorbed
layer can be very strongly attached to the Ag surface, thereby
accounting for the extraordinary stability of the underlying Ag.
Such a layer further impedes photodegradation by limiting
photo-induced Ag* ion formation, increased light absorption, and
improved heat conduction.>1 A proof of the presence of such
a layer and its detailed chemical composition requires however
a careful surface physics study of equivalent Ag model surfaces,
which is beyond the scope of the present work. The observation
of a stabilizing carbonaceous layer is further related to the CASH
method®? for the block copolymer directed formation of highly
crystalline oxide materials. In CASH, sp?-hybridized carbon-con-
taining polymers (such as polystyrene) form carbonaceous mate-
rials under heating in non-oxidizing environments (e.g., Ar gas).

Our approach to create stable nanostructured Ag morpholo-
gies is particularly valuable for Ag-based nanoplasmonics and
metamaterials. This is demonstrated in a separate publica-
tion, where we have investigated the metamaterial properties
of large-domain, nanostructured Ag gyroid samples that were
stabilized by Ar plasma etching as introduced in the present
study,®3 revealing significantly enhanced metamaterial proper-
ties (i.e., circular dichroism), due to lower losses compared to
metamaterials made of Au.

3. Conclusion

We have discovered a process for manufacturing nanostruc-
tured Ag that is stable in harsh environments that otherwise
lead to its rapid degradation and structural loss. The com-
bination of XPS results and stability measurements point
toward the formation of a very thin graphitic layer covering
the Ag surface upon Ar etching, which resulted from etching
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the (predominantly polystyrene-containing) polymer template
surrounding the Ag with an Ar plasma. We hypothesize that,
similar to graphene, this very thin graphitic layer stabilizes Ag
against degradation.

This approach allows generating stable Ag nanostructures of
various morphologies and sizes by adjusting the composition
and molar mass of the block copolymer template used for fab-
rication. Alternatively, existing Ag nanostructures of arbitrary
shape can be stabilized against degradation by surrounding
them with a suitable polymer that is subsequently degraded
and partially graphitized by Ar plasma etching. Tunable Ag
nanostructures that are stable in ambient conditions under illu-
mination are particularly valuable in the field of plasmonics,
where its low plasmonic losses make it preferred over Au,
which is currently predominantly used because of its superior
stability. This study not only paves the way for the wide-spread
use of nanostructured Ag as plasmonic metal, it lends itself to
the extension to further corrosion-sensitive metallic nanostruc-
tures, such as Cu, Ni, or Pt, with the goal to enable their long-
term stability for a range of applications.

4. Experimental Section

Sample  Fabrication: Polyisoprene-b-polystyrene-b-polyethylene oxide
(PI-b-PS-b-PEO, ISO) triblock terpolymer with a molar mass of 80 kg mol™
and volume fractions of fpeo =17 %, fp =30 %, and fps =53 % was prepared
by anionic polymerization as described elsewhere.’*>3] FTO-coated
glass (Sigma) and Au-coated Si wafers (100 nm thick Au layer grown by
physical vapor deposition) were used as substrates for ISO terpolymer
films, and cleaned by immersion in acetone (Sigma) and isopropanol
(Sigma) prior to coating. FTO-coated glass substrates were additionally
cleaned with Piranha (3:1% v/v mixture of H,SO, and 30% H,0,) solution,
and subsequently silanized by immersion in a 0.2% v/v solution of
trichloro(octadecyl)silane (Sigma) in cyclohexane (Sigma) for about 10 s.

ISO terpolymer films atop FTO-coated glass or Au-coated Si
substrates were prepared by placing a 25 pL drop of a 10 wt% solution
of ISO terpolymer in anhydrous anisole (Sigma) onto the substrate,
followed by spin coating for 60 s at 1200 rpm with an acceleration of
500 rpm using a WS-650Mz-23NPPB (Laurell Technologies) spin coater.
The films were not annealed, which is known to limit the size of gyroid
grains in 1SO terpolymer films.1®l To create polymer templates for metal
electrodeposition, the Pl phase in as-spun ISO terpolymer films was
degraded by UV irradiation for 15 min (15 W, peak emission at 254 nm,
sample-to-light source distance 11 cm (Analytik Jena, UV bench lamp
GZ-97605-05)) and subsequently removed by immersion of the film in
ethanol (Sigma) for 30 min.

To create metal gyroid replica, the voided network in the polymer
template was backfilled with metal by electrodeposition using a
Metrohm AutolLab PGSTAT302N potentiostat and either Ag plating
solution (MetSil 500CNF, Metalor) or Au plating solution (ECF 60,
Metalor) with 0.5% v/v brightener (a 66.7 mM As,O; (Sigma) solution in
DI H,0O with KOH added to adjust the pH to about 14). A three-electrode
cell was employed with FTO-coated glass as the working electrode,
a Pt electrode tip (Metrohm) as the counter electrode, and a Ag/AgCl
with KCl reference electrode (Metrohm). Metal was electrodeposited by
cyclic voltammetry within a potential range of —0.4 to —1.15 V at a scan
rate of 0.05 V s7' (for both Au and Ag), followed by applying a constant
potential of —0.756 V (Au) or —0.656 V (Ag).

After electrodeposition, the remaining PEO and PS phases
surrounding the metal gyroid replica were degraded by plasma etching
using a PE-100-RIE Plasma Etch Inc. system equipped with a process
temperature controller. The samples were etched in either Ar, O,, Ny, or
air for 20 min, at 50 W power and 40 sccm flow rate, while maintaining
the sample temperature at 5 °C.
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Structural Characterization: Scanning electron micrographs were
obtained using a Tescan Mira3 LM field-emission scanning electron
microscope (Tescan, Brno, Czech Republic) operating at 5.0 kV. Cross-
sectional images were obtained using an FEI Scios 2 (FEI, Eindhoven,
The Netherlands) dual-beam field-emission electron microscope
equipped with a gallium-ion ion beam (operated at 30 kV, 0.5 nA).

Optical Characterization: The reflection spectra of samples were
measured using a ZEISS Axio Scope.Al optical microscope (Germany),
with a 100 W halogen lamp and a 5x Zeiss Neofluar objective (NA = 0.1).
The microscope features an optical fiber (QP230-2-XSR-BX, Ocean
Optics) that was positioned in a confocal plane with respect to the
image plane. Spectra were then measured using an Ocean Optics QEPro
spectrometer (Ocean Optics, Dunedin, FL).

For continuous reflection measurements, a bifurcated optical
probe (Ocean Optics QR400-7-UV-BX) was employed and connected
to an Avalight-DH-S-BAL Deuterium-Halogen (Avantes, Eerbeck, The
Netherlands) light source and an Ocean Optics Flame-T spectrometer.
To filter out UV light, an absorptive gray-filter (ND = 2, NE20B; Thorlabs,
Ely, UK) was placed between the light source and optical fiber.

Energy-Dispersive X-Ray Spectroscopy: EDS spectra were measured
using an Oxford Aztec Advanced system (United Kingdom) equipped
with an XMAX 150 mm? silicon drift detector at an acceleration voltage
of 20 kV.

X-Ray Diffraction: XRD patterns were collected on a Rigaku Ultima IV
diffractometer (Japan) using CuK, radiation (A = 1.5418 A). FTO-coated
glass was used as the substrate for the measurement.

X-Ray Photoelectron Spectroscopy: XPS measurements were carried
out at the Physics Department of the University of Fribourg and the
Integrated System for Solar Cell Research (DAISY-SOL) at the University
of Darmstadt. The XPS measurements at the University of Fribourg
were performed using a monochromatized Al K, (1486.6 eV) X-ray
source (SPECS u—FOCUS, resolution = 300 meV) and a Scienta DA30
photoelectron analyzer. Survey spectra were acquired with a pass energy
of 200 eV, an energy step of 0.5 eV, and a dwell time of 500 ms. For
high-resolution spectra, the measurements were carried out with a pass
energy of 100 eV, an energy step of 0.04 eV, and a dwell time of 500 ms.
The XPS measurements at DAISY-SOL were performed using a Thermo
Fisher Escalab 250 system equipped with an X-ray source providing
monochromatic Al K, radiation. All spectra were acquired with a pass
energy of 10 eV, a step size of 0.05 eV, and a dwell time of 50 ms per
measurement point. For the calibration, the Fermi edge of Ag (0 eV)
as well as the Au 4f;/, (84.0 eV), Ag 3ds), (368.26 eV), and the Cu 2p;,,
emission lines (932.67 eV) of sputter-cleaned metal surfaces were used.
Prior to the measurements, the sample surface was cleaned by 5 min of
Ar sputtering inside the XPS chamber at an acceleration voltage of 3 kV
and a 45° incident angle with respect to the sample surface. Peaks were
fitted using the CasaXPS software assuming a convolution of a Gauss
and a Lorentz peak after applying a Shirley background subtraction.
Peaks were assigned using to binding energy values from standard
databases!®”*® unless otherwise noted.

Secondary Neutral Mass Spectrometry: Depth profiles of the samples
were obtained by SNMS (INA-X, SPECS GmbH, Berlin) in high-
frequency mode by sputtering with Ar* ions of 200 eV. The RF plasma
was coupled inductively by a Dressler Cesar 600. The effective power was
125 W (150 W forward power and 25 W reflected power). Two Helmholtz
coils provided a magnetic field of 10 G A™" with 3 A current in parallel
connection to achieve cyclotron resonance conditions for efficient
post ionization of the sputtered neutrals. Samples were mounted on a
Cu sample holder with a Ta mask pressing the sample to the support.
The Ta mask further ensured confining the erosion area to a circle of
2 mm diameter. All experiments were run with a 7.5 mm Mo aperture as
entrance to the plasma chamber.
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Supporting Information is available from the Wiley Online Library or
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