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ABSTRACT: In this study, we present a systematic investigation
of the controlled fabrication of Au—Pd barcode nanowires within
nanoporous anodic aluminum oxide (NP-AAO) templates. By
using a combination of in situ X-ray diffraction (XRD), focused ion
beam scanning electron microscopy (FIB-SEM), and transmission
electron microscopy (TEM), we elucidate the influence of
template preparation methods on the resulting nanowire proper-
ties. The template treatment, involving either pore widening or
barrier layer thinning, significantly impacts nanowire growth.
Through the analysis of the XRD data, we observe sequential s (i

deposition of Au and Pd segments with lattice parameter variations ' ) ) A

and strain effects. Particularly, the lattice parameters of Au and Pd flow-cell

segments display intricate temporal dependencies, influenced by

interfacial effects and strain caused by growth under confinement. FIB-SEM imaging reveals uniform and reproducible nanowire
lengths in the template treated with pore widening. Furthermore, TEM analysis confirms the presence of distinct Au and Pd
segments, while scanning TEM—energy-dispersive X-ray spectroscopy revealed minor evidence of interdiffusion between the first
and the second electrodeposited segments. Our findings emphasize the potential of the electrodeposition process within nanoporous
templates for producing barcode nanowires with precise segmental properties. The combination of in situ XRD and electron
microscopy offers valuable insights into the growth dynamics and structural characteristics of the fabricated Au—Pd barcode
nanowires. This controlled fabrication strategy opens doors to tailoring nanowire properties for diverse applications, particularly in
catalysis.

KEYWORDS: gold, palladium, nanomaterials, multisegmented, barcode, synchrotron, X-ray diffraction, electrodeposition

B INTRODUCTION limitations, the hard template method can be used.”" Electro-
deposition of metals in hard templates such as nanoporous
anodic aluminum oxide (NP-AAQ) allows fabrication of
ordered arrays of nanostructures without surfactants or capping
agents.”””* Although the yield is lower compared to seeded
growth, there is no need for a decapping stage, and the number

Nanostructures incorporating multimetallic components have
been a subject of considerable interest due to their unique
properties and outstanding performance arising from the
synergistic interaction between the metal components.' ™ The

prominent examples of such nanostructures based on two or S .
. 67 of segments is limited only by the template thickness. The
more metals could include nanoalloys,™” heterostructures, such

. 9 nanowire aspect ratio and morpholo epend on the pore
as core—shell nanopartlcles,g') barcode nanorods, and nano- ) P P 8y d pend Pe
wires 10-13 radius, height, and template preparation method. Prior
. . « » investigations of Au—Fe barcode nanowires have shown that
Among the many synthetic routes to fabricate “barcode o o .
. . adjusting the electrodeposition duration for each metal
nanowires (often referred to as multisegmented or segmental . 24
. 3,1 component can effectively control the lengths of the segments.
nanowires), we find the seeded growth™ * and the hard template : ) . -
10 o , While Au—Fe or CoPtP nanowires find significant applications
method. " In seeded growth, achieving a specific morphology

and structure depends on various factors like growth kinetics, —

thermodynamics, capping agents, lattice mismatch, and seed Received: November 16, 2023

structure. > 718 Revised:  January 22, 2024
While seeded growth has a high yield, in some cases, it Accepted:  January 24, 2024

requires capping agents, necessitating a decapping stage.'’ Published: February 9, 2024

Moreover, nanostructures are restricted to three segments like

M-Au-M (M being Pd or Ag).l4’l7’20 To overcome these
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in magnetic storage media due to their high magnetic
coercivity,”> Au—Pd nanostructures are particularly well-
known for their synergical importance in catalysis and
electrocatalysis.”**’

Previous research indicates that nanostructures confined
within NP-AAO experience lattice compression in the radial
direction and elongation along the direction of growth. The
amount of strain depends on the size of the template pore with
smaller pores resulting in stronger stress. This effect could be put
in a basis of engineerin% the nanomaterials with controllable
strain characteristics.”* " The concept of artificially controlling
strain is appealing, especially in catalysis, as it allows tuning the
electronic structure and the chemisorption strength between
late transition metals (such as Au and Pd) and adsorbates.®' ~>°

While Au—Pd bimetallic nanostructures are promising
catalysts,**™*" there has been a lack of methods to monitor
the segment lengths and the lattice parameters of Au—Pd
nanocatalysts, while they are being fabricated. This important
evaluation has often relied on ex situ measurements.' 7>~
This study used NP-AAO templates for controlled Au—Pd
barcode nanowire fabrication through alternating Au and Pd
electrodepositions, as illustrated schematically in Figure 1.

NP-AAO
sl Ll
Al substrate — bbbt  bbbbd  hebbbd
1]
Pd/:::: @!¥¥< ARA
bbb bbb

AuCl,” + 3e” — Au® + 4Cl
PA(NH5),2* + 2" — Pd® + 4NH;

Figure 1. Illustration of the electrodeposition steps and reactions
involved in the presented fabrication of barcoded Au—Pd nanowires.

Employing in situ X-ray diffraction (XRD), we observed two fcc
phases corresponding to Au and Pd and lattice parameter
variations due to confinement effects. The detection of the
information encoded in the nanosegments is a prime challenge
in this field, which has been addressed by multiple techniques
such as X-ray fluorescence, square-wave voltammetry,*' and
photoluminescence.42 In this work, we demonstrate that
subtracting XRD patterns from consecutive segments provides
structural insights into segments of the same type and their
respective lengths.

For our electrochemical synthesis, two template treatments
were employed: pore widening (PW) and barrier layer thinning
(BLT). Both methods aim to reduce the insulating barrier layer
at the pore bottom, enhancing the substrate conductivity for
electrodeposition.”” The preceding studies on Au and Pd
electrodeposition demonstrated that these methods result in
varied pore diameters and deposit morphologies.””** We
examine how template differences influence segment lengths
and lattice parameters, showcasing more uniform and
reproducible segment lengths in the pore-widened sample.

Some methods of templated multilayered nanowire fabrica-
tion** involve the detachment and the handling of the brittle and
thin (e.g, 10—50 ym) NP-AAO from its aluminum matrix, the
chemical removal of the barrier layer to achieve an open-pore
structure, and the sputtering or evaporation of a noble metal
(e.g., Au) to enable the electrochemical contact of the template
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with the solution. On the other hand, these steps are not
necessary when utilizing PW and BLT.

Using focused-ion beam scanning electron microscopy (FIB-
SEM), we determined the morphology of the nanomaterials and
evaluated the segment lengths of the created Au—Pd nanowires.
By selectively dissolving the NP-AAO, we could investigate the
nanowires using transmission electron microscopy (TEM),
scanning TEM—energy-dispersive X-ray spectroscopy (STEM-
EDS), and selected area electron diffraction (SAED). This
approach provided valuable insights into the local chemical
composition and structure of the electrodeposited metal. By
dissolving the NP-AAO template, the nanomaterials expose
their surface to the surrounding environment, enabling their
applications as catalysts.

B EXPERIMENTAL SECTION

Template Preparation. Two top-hat-shaped polycrystalline Al
substrates with 6 mm diameter, purity SN, and polished to an average
roughness smaller than 0.03 ym (Surface Preparation Laboratory, The
Netherlands) were cleaned by sonication consecutively in acetone,
ethanol, and ultrapure H,O. In this study, all electrolyte solutions were
prepared using reagent-grade chemicals (Sigma-Aldrich) and ultrapure
water (resistivity = 18.2 MQ cm). The aluminum top-hats served as
substrates for the NP-AAO template growth in a two-step anodization
procedure.”>~*" First, these underwent anodization in 0.3 M H,SO, at
25 V for 10 h while stirring, and the temperature was maintained at 0 °C
through a jacketed electrochemical cell equipped with a refrigerated oil
bath circulation. The anodization process was carried out using a
programmable bipolar power supply (Kikusui PBZ-20-20). Then, the
resulting NP-AAO was removed from the aluminum matrix by
dissolving it via immersion in a water solution of 0.185 M H,CrO,
and 0.5 M H;PO, for 14 h at room temperature. This step led to an
aluminum substrate patterned with nanoconcaves.

The second anodization was conducted under identical conditions of
electrolyte composition, applied potential, and temperature as the first
anodization, although for different durations of either 30 or 20 min. For
the samples subjected to a 20 min anodization, a technique known as
BLT was applied as a treatment, which consisted of the decrease of the
anodization potential from 25 to 1 V over 30 min. A PW step was
performed on the samples anodized for 30 min by immersing them in a
solution containing 0.5 M H,PO, at a temperature of 30 °C. This
immersion lasted for 6 min, with continuous stirring of the solution to
mitigate convection effects. Immediately after all the anodization stages
and after the PW, the samples were rinsed thoroughly in ultrapure H,O
to avoid corrosive damage of the template. NP-AAO templates that
underwent a BLT or PW treatment are referred to hereafter as BLT
templates and PW templates, respectively. The same BLT and PW
procedures described here have been used in previous research for the
electrodeposition of Au and lead to pore diameters, hence nanowire
diameters, of 25 and 46 nm, respectively.””

Electrodeposition of Au—Pd Nanowires. The templates were
introduced in the PEEK electrochemical flow-cell shown in Figure S1
and functioned as the working electrode within a two-electrode system,
where a Pt rod was employed as the counter electrode. This
electrochemical flow-cell was specifically designed to combine
electrochemistry with X-ray measurements and was used in numerous
previous in situ investigations involving NP-AAQ.**?%*75! A remotely
controlled automated deposition apparatus, consisting of solution
reservoirs, solenoid valves, and distribution valve, was used to deliver
controlled amounts of electrolyte in the electrochemical cell. Such a
system, originally designed for electrochemical atomic layer deposi-
tion,”* was used in this work to exchange Au- and Pd-containing
electrolytes.

The deposition apparatus was connected to the two individual
reservoirs of Au(III) and Pd(II) electrolyte solutions and to a reservoir
of ultrapure H,O. The latter was used to rinse the flow-cell before
exchanging the electrolytes to avoid cross-contamination of the system.
The electrolyte solutions were freshly prepared before the experiment

https://doi.org/10.1021/acsanm.3c05487
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Figure 2. Representative stack of detector images acquired by the Excalibur area detector during a § scan (a). Representative detector image acquired
by the Pilatus 2 M area detector (b). Schematic depiction of the experimental setup: a beam of X-rays impinge the porous alumina template inserted in
the electrochemical flow-cell. Powder diffraction rings are detected by two area detectors, which arise from the Au and Pd segments electrodeposited in

the template (c).

using ultrapure H,O. The Au(III) electrolyte consisted in a phosphate
buffer of neutral pH prepared by gently mixing and stirring diluted
H;PO, and KOH to a final concentration of 1 and 2 M, respectively,
with the addition of 6 mM KAuCl, and 10 mM H,SO,. The Pd(II)
electrolyte was prepared by dissolving 6 mM PdCl, in 0.74 M HCL.
While stirring, diluted NH,OH was added in small aliquots to reach a
final concentration of 0.81 M. The pH was adjusted to 8.2 by small
additions of HCL

In this work, we employed the pulsed electrodeposition method
(PED). A single square-wave of potential with a peak-to-peak amplitude
of 20 V and a period of 4 ms, followed by a rest period of 196 ms, was
applied to the electrolyte. During the cathodic half-wave, the metal ions
are reduced, while during the anodic half-wave, the capacitance of the
barrier layer at the pore bottom is discharged. The rest period allowed
replenishment of the metal ions in the pores via ion diffusion.”****?
The electrodeposition of gold involves the electrochemical reaction
depicted below™

AuCl,” + 3e” — Au’ + 4CI

In contrast, when employing ammonia-based PdCl, electrolytes, the
electrodeposition takes place through the following reaction®®

Pd(NH,);* + 2¢” — Pd’ + 4NH,

To monitor the current passing through the electrochemical cell, the
potential across a 25 Q shunt resistor in series with the cell was
measured using a digital oscilloscope (PicoScope 3000), and the
current was derived using Ohm’s law. The oscilloscope captured
current waveforms with a resolution of 2 ns every 7.5 s. Uniform
electrodeposition conditions were maintained for both the PW and
BLT templates to enable a systematic comparison.

XRD Setup. The in situ XRD measurements were performed at
beamline 107 (Diamond Light Source, UK)*° using an X-ray beam with
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an energy of 19.9 keV and a size of 100 X 300 um (vertical X
horizontal). The flow-cell was mounted on a (2 + 3)-type surface
diffractometer and aligned against the X-ray beam so that the beam
would impinge on the template surface at a grazing-incidence angle of
0.5°. In order to study the anisotropy of the system, two detectors were
used. An Excalibur area detector composed of Medipix modules with 55
um pixel size’” and mounted on the diffractometer arm was scanned in
the vertical plane, rotating the detector arm by & (see Figure 2¢), in such
a way that the scattering vector would be nearly aligned with the
direction of growth. In order to capture XRD data with the scattering
vector lying on the horizontal plane (i.e., along the direction of pore
confinement), a Pilatus 2 M area detector was used (pixel size = 172
um).>® The stacks of images collected with the Excalibur detector scans
(such as those in Figure 2a) were processed using angle calculations
previously presented,’” while the Pilatus 2 M images were subject to
azimuthal integration using the Python module PyFAL® in the
azimuthal range of 0—5°, represented by the highlighted areas in Figure
2b. PyFAI enables the transformation of a detector image, or a fraction
of it, into a powder diffractogram based upon parameters obtained by
processing an XRD pattern of a standard reference material (NIST
LaBg). All the detector images were normalized by the intensity of the
incoming X-ray beam. In order to avoid radiation damage artifacts, the
sample was translated across the beam by +0.5 mm around the original
sample position between consecutive measurements. The schematic in
Figure Sla outlines the procedural framework of the in situ
measurements, while Figure S1b is a schematic of the electrochemical
flow-cell. To ensure the integrity of the measurements and prevent any
potential beam-induced deposition, the stages involving electrolyte flow
and metal electrodeposition were executed with the X-ray shutter
closed. Every nanowire segment was deposited in five electrodeposition
sequences of 2 min each. After every deposition sequence, the cell was
thoroughly rinsed by flowing ultrapure H,O and the X-ray shutter was
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Figure 3. X-ray powder diffraction curves obtained during the in situ electrodeposition into the PW template (a,b) and in the BLT template (c,d). The
curves in (a,c) were acquired with the scattering vector lying in the horizontal plane while those in (b,d) were acquired with the scattering vector nearly

aligned with the direction of growth.

opened to initiate the XRD measurement: the Excalibur detector
rotated in 20 s fly scans in the 26 range of 22—58° with an acquisition
step of 0.02°, while the Pilatus 2 M detector acquired images with an
exposure time of 3 s.

Electron Microscopy. The samples of Au—Pd nanowires
fabricated in the in situ experiments were analyzed by ex situ electron
microscopy. FIB-SEM analyses were carried out at the Lund Nano Lab
using a Nova NanoLab 600 Dual-beam system manufactured by the
FEI Company. The purpose of these observations was to visualize the
pores and nanowires present within the oxide. To achieve this, a trench
was milled into the alumina templates using a focused ion beam of Ga
ions. Subsequently, the pores were imaged laterally, at an angle of 52°,
capturing the embedded Au—Pd nanowires through the detection of
backscattered electrons.

TEM, STEM-EDS, and SAED measurements were carried out at the
National Center for High-Resolution Electron Microscopy in Lund
(Sweden). For these analyses, the Au—Pd nanowires deposited in the
PW template were released in solution by selective dissolution of the
NP-AAO template in 1 M KOH at room temperature. Following this,
the nanowires were allowed to precipitate by leaving the solution to
settle overnight. Subsequently, the mixture underwent repeated and
thorough rinsing steps. The first step involved removing the
supernatant and replacing it with ultrapure H,O several times. In the
final rinse, ethanol replaced the solvent. To disperse the nanostructures,
the solution underwent sonication for 30 min. A total volume of 20 L
of the solution was then carefully applied to a TEM grid with a holey
carbon film. While a significant portion of the ethanol permeated
through the TEM grid, a small volume of the solution, which adhered to
the TEM grid, was allowed to evaporate. This process leads to a
dispersion of nanowires on the holey carbon film. The analysis of the
liberated Au—Pd nanowires was conducted with a JEM3000F TEM
operating at 300 kV. The analysis of all electron microscopy images was
conducted using Image].*’
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B RESULTS AND DISCUSSION

The Au—Pd nanowires were characterized using XRD in steps
after the growth of each segment. The dual-area detector
configuration was used to study the anisotropy of the system.
The data were integrated to reduce the detector images to one-
dimensional curves of integral X-ray powder diffraction intensity
or simply X-ray powder diffraction curves, which are shown in
Figure 3. The data acquired during electrodeposition into the
PW template, for the two detector geometries employed
(horizontal and vertical, see the Experimental Section) are
shown in Figure 3a,b. Similarly, the integrated data obtained
from electrodepositing into the BLT template, is reported in
Figure 3¢,d for the horizontal and vertical direction, respectively.
Both experiments were conducted under same conditions of
electrodeposition potentials, duration, electrolyte composition,
and concentration and have the same time resolution of 2 min.
The yellow and the dark cyan lines correspond to electro-
deposition sequences of Au and Pd, respectively.

Prior to the electrodeposition start, at time 0, only one fcc
phase is observed in diffraction, corresponding to the Al
substrate. Note that not all the (h, k, I) Al reflections allowed by
fcc crystal symmetry may be present in the diffraction patterns,
hence XRPD curves. That is because not all the Al Bragg spots
fell under the image integration range due to the strong texturing
of the Al substrates (see Figure 2b). Furthermore, some Al
reflections observed in a few diffraction patterns may disappear
in others because the samples were translated by +0.5 mm
across the X-ray beam between two consecutive measurements
to avoid radiation damage. Therefore, some Al grains are in the
Bragg condition in one measurement and disappear in the
successive one or vice versa.

During our deposition sequence, which involved alternating
electrodeposition steps of Au and Pd, distinct phases were

https://doi.org/10.1021/acsanm.3c05487
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Figure 4. FIB-SEM micrographs captured in backscatter electron imaging mode of the two templates studied in this work after electrodeposition: PW
(a) and BLT (b). The images reveal the barcode nanowires embedded in the nanoporous template. The arrows point at two representative nanowires
whose line profiles are plotted in (c,d), respectively. The line profiles of the highlighted nanowires are reported in the Supporting Information

document.

discernible in the XRPD signal. Initially, following a 2 min Au
electrodeposition, a clearly identifiable fcc phase emerged,
linked to the presence of Au. This signal exhibited a gradual and
progressive increase over the following four deposition
sequences. After a duration of 10 min, a third distinguishable
fcc phase emerged, conclusively identified as Pd. This
observation aligns with the deposition history of Pd during
that specific time frame. The positions of Au, Al, and Pd Bragg
peaks are shown in Figure 3 and their positions, reported in
Table S1, were calculated from theoretical bulk values.

The FIB-SEM images in Figure 4 show a cross-sectional view
of the templates after the electrodeposition of focus-ion-beam-
milled areas in the two templates studied: PW (a) and BLT (b).
The backscatter electron imaging mode offered atomic number
contrast between Au and Pd that allowed us to identify
nanowires with five segments, coherently with the electro-
deposition sequences carried out alternating Au with Pd five
times. The nanowires that were more clearly imaged and
supposedly not damaged by the action of the focused ion beam
were highlighted in yellow and their line profiles are reported in
the Supporting Information. Two representative profiles,
indicated with the white arrow, are reported in Figure 4c,d.
The dashed red vertical lines represent the segmental
boundaries. The contrast of the Au and Pd segments in the
FIB-SEM images was high enough to distinguish segments, and
the subdivision of the nanowires was done systematically
according to the following steps: (i) a baseline (blue dashed
line) was drawn along segments of the same kind, (ii) the
difference between the baseline of adjacent segments was
calculated, and (iii) the position of half the difference was taken
as the boundary of the segment. The regions of higher intensity
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are attributed to Au, while the ones of lower intensity to Pd,
since the backscatter electron signal is proportional to the
atomic number.**

The template preparation method has an impact on the
morphology of the deposited nanowires: while the PW
treatment leads to the formation of nanowires with round
bottoms, the BLT results in a branched structure of the pores
and hence nanowires Figure 4a,b. Since the PW leads to an
isotropic etch, the pores have a round-bottom and larger pores
compared to the untreated template (46 vs 25 nm*”). On the
other hand, the BLT leads to branching of the pores since the
pore density is inversely proportional to the anodizing
potential,’>** which is slowly decreased immediately after the
second anodization (see the Experimental Section). Although
BLT was used in this work as a solution to enable electro-
deposition in the template, it is also an established method to
fabricate hierarchical nanoarchitectures.®®

Although each electrodeposition sequence was conducted
using the same conditions of applied potential, electrolyte
composition, and duration, we observed that segments of the
same element become progressively shorter. This observation is
based on Z-contrast measurements of segmental lengths
extracted from the line profiles of 23 nanowires (16 and 7 in
the PW and the BLT template, respectively), which are shown in
the Supporting Information. Two examples of such line profiles,
one for each template, are shown in Figure 4c,d. The shortening
of the segments could be due to an increase in the resistivity of
the system over time. In fact, Sauer et al.”> (2002) observed an
increase in the peak-to-peak potential during the current-limited
Ag electrodeposition in NP-AAO, revealing a similar overall
resistivity increase. The authors attributed this phenomenon to a
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Figure 6. Rietveld refinement results of the data acquired during in situ electrodeposition in the BLT template: scale factors (a,b), lattice parameters

(c,d), crystallite size (e,f), and microstrain (gh).

depletion of metal ions in the pores as the deposited metal
progressively replaces the electrolyte.

The presence of the two fcc phases due to Au and Pd observed
in the XRD data is confirmed by TEM investigations. Figure S4a
shows some nanowires which were released from the PW

template. The ones in the circled area gave rise to the SAED
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pattern in Figure S4b, where two sets of fcc phases were
identified as Au and Pd.

In order to extract quantitative information from the in situ
XRD data, the patterns from both detector geometries, shown
earlier in Figure 3, were fed to a Rietveld refinement algorithm
using the software GSAS-II®® to extract the intensity scale
factors, lattice parameters, crystallite size, and microstrain from

https://doi.org/10.1021/acsanm.3c05487
ACS Appl. Nano Mater. 2024, 7, 3861—3872


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05487/suppl_file/an3c05487_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c05487/suppl_file/an3c05487_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05487?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05487?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05487?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05487?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c05487?fig=fig6&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c05487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

each phase. The results of the Rietveld refinement are
summarized in Figures 5 and 6, where the plot background
colors yellow and cyan represent electrodeposition sequences of
Au or Pd, respectively. For both horizontal and vertical
orientations and for both samples, the intensity scale factors of
Au and Pd increase over time with the exception of the Pd signal
in the PW template (Figure Sb). Here, the Pd intensity decreases
in the stages where the Au is deposited due to the attenuation of
the diffracted X-rays by the overlying Au segment. Our
measurements demonstrate the absence of the preferred
crystallographic orientations for both Pd and Au segments.
This is reflected in the homogeneity of diffraction intensity along
the powder diffraction rings and leads to the similar increase in
the calculated scale factors.

The lattice parameters of Au and Pd in the PW sample are
shown in Figure S¢,d. The lattice parameter of Au is larger in the
vertical direction than in the horizontal one in the first stages of
electrodeposition; subsequently, both lattice parameters tend to
the same value of approximately 4.074 + 0.002 A. The Pd lattice
parameter shows the opposite behavior: it is nearly isotropic in
the very beginning of the first Pd deposition stage and quickly
becomes more anisotropic as the deposition progresses. The
divergence of Pd lattice parameter in nanowires along and
perpendicular to growth direction has been observed in previous
research,”® and it is attributed to the growth of the
nanostructures under confinement. In a simplified model
where a nanowire is described by cylinder, a hoop stress causes
a strain along the nanowire radius which in turn causes an
elongation along the height due to the Poisson effect.”*"’

In the BLT template, the evolution of the Pd lattice parameter
shows a similar trend as in the case of the PW template (Figure
6d), while the Au lattice parameter is nearly constant in the
vertical direction and oscillates in the horizontal direction in
phase with the exchange of electrodeposited metal. This shows
that the electrodeposition of a Pd segment strongly influences
the lattice parameter of the pre-existing Au segment and vice
versa. One possible reason for this variation is the alloying of Au
with Pd. In fact, bulk Au has a larger lattice parameter than Pd
(4.078 vs 3.890 A°**”) and the presence of Pd atoms in the Au
lattice would lead to a decrease of the lattice parameter, as
predicted by Vegard’s law.”” Our STEM-EDS analysis
conducted on a single barcode nanowire, displayed in Figure
7, showed traces of Pd in proximity of the nanowire bottom, i.e.,
the first Au segment deposited. This could be an evidence of
interdiffusion or formation of interfaces such as core—shell or Au
side-by-side with Pd. Similar evidence was not found among the
other segments of the nanowire. Nonetheless, interdiffusion of

(c)

(b)

100 nm 100 nm

Figure 7. Dark-field STEM image of a single nanowire (a) and STEM-
EDS maps of Au (b) and Pd (c).
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the two elements at the metal/metal interface on a
subnanometer scale cannot be excluded. Since segments of
different kinds are quite distinguishable on the only evidence of
possible alloying is limited to the first segment deposited, we can
attribute the lattice parameter variations observed in the in situ
XRD data to strain caused by nanoconfinement and interfacial
effects.

High-resolution (HR) TEM and STEM-EDS images of an
interface between Au and Pd segments are shown in Figure 8.
The STEM-EDS revealed that the bottom half of the nanowire
in (d) is Pd, while the upper half is Au. The line profile of the two
elements shown in (a) suggests a graded interface, rather than an
abrupt junction. We observe that in most cases, the interface
between Pd and Au segments is of irregular shape and not well-
defined. Therefore, it is not possible to determine accurately
whether or not there is a significant interdiffusion of elements
between the adjacent segments. An important observation stems
from the analysis of the fast Fourier transforms (FFTs) of the
HR-TEM micrographs of Au and Pd segments, shown in Figure
8e,f and highlighted in Figure 8d, with yellow squares. The
measured polar coordinates (r, 8) of the vectors are (2.72 + 0.07
A1, 107 + 0.1°) for Au and (2.87 + 0.07 A™', 107 + 0.1°) for
Pd. The rvalues acquired are consistent with the 2.31 and 2.19 A
planar spacings found in Au(111) and Pd(111), respectively.
The lattice parameters for these two materials can be determined
from the following spacings: 4.00 + 0.1 A for Auand 3.79 + 0.09
A for Pd. The fact that the orientation of both vectors is 107°
evidences that, despite the graded segment interface and the
large lattice mismatch, the two segments have same crystallo-
graphic orientation as if the growth was epitaxial.

With GSAS-II, the crystallite size and the microstrain were
derived from the Lorentzian and the Gaussian components of
the XRD peak broadening, respectively. The crystallite size of
the nanowires in the PW sample is greater in the direction of
confinement than in the direction of growth Figure Sef. This
anisotropy has been observed in previous studies,””*° and it is
ascribed to the growth confinement inside the long narrow
pores. Interestingly, such behavior is not as evident in the case of
the BLT template Figure 6e,f.

The microstrain of the nanowires in the PW sample is
constant throughout the electrodeposition for both Au and Pd
Figure Sg,h, while it shows some variations in the BLT sample
Figure 6g,h. Here, the Au microstrain is high at the beginning of
the electrodeposition, and it decreases after 8 min. This could be
attributed to the filling of the branches at the pore bottom and to
the nucleation of nanoparticles with high density of defects and
dislocations, which cause a significant strain. In fact, by relating
the Gaussian XRD peak widths to the dislocation density with
the model presented by Dunn and Kogh,”' we found a
dislocation density of ~1.27 X 107 cm™. A second increase
in the Au microstrain is observed during the electrodeposition of
Pd. We attribute this effect to the large lattice mismatch between
the two metals (~4.6%), as codeposition of Au and Pd is known
to cause stress build-up and formation of defects in Au—Pd
films.”””> We did not observe this effect during the electro-
deposition of the second Pd segment (1800 s < t < 2400 s),
probably due to the averaging of the Pd signal between the newly
formed Pd and the already deposited Pd segments (600 s < ¢ <
1200 s).

This reasoning can be extended to all the results shown in
Figures 5 and 6 for t > 1200 s. For instance, the lattice parameter
of the second Au segment is averaged with the first one and this
trend continues across subsequent segments of the same metal.
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Therefore, in order to obtain the structural information from a yiD =y(t) — y(t_)) )
single ensemble of segments, we calculated the differential XRD
patterns taken at the end of a deposition sequence for adjacent where )’P is the calculated differential XRD patterns and y(t,)
segments. This operation can be summarized by the following represents an XRD pattern at the time £, with £, =i X 600 s and i
equation ranging from 1 to 5.
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The results of this differential approach for patterns acquired
in the vertical direction are shown in Figure 9 for the PW (a) and
BLT (b) templates. The Au(220) and Pd(220) peaks were fitted
with Voigt functions using the Python Imfit module.”* Lmfit is a
curve-fitting tool that uses nonlinear least-square minimization.
The peak positions from the fits were used to calculate the lattice
parameters, reported in Figure 9,c as a function of the segment
number. The Au lattice parameter is constant for the BLT
sample, and it increases for the PW sample, evidence of the
Poisson-effect-induced elongation described earlier. Remark-
ably, the Pd lattice parameter decreases for both templates.

The amplitudes of the XRD peaks in Figure 9ab were
reported in the bar plot in (d), alongside with the FIB-SEM-
derived segmental lengths, calculated averaging all the lengths
measured, as shown in Figures S2 and S3. In the case of the PW
template, there is a good agreement between the XRD peak
amplitude and the segmental lengths. While the statistical
population of FIB-SEM-derived lengths is based on the
observation of 16 nanowires, the XRD intensities are averaged
over 49 X 10° nanowires (this number was calculated by
multiplying the pore density by the area of the beam footprint on
the template). The fact that a randomly selected area for the FIB
milling contains nanowires that can represent such a highly
statistical information shows how well-reproducible and uni-
form the nanowires are in each pore. On the other hand, there is
no such agreement between the FIB-SEM lengths and all the
XRD amplitudes for the BLT template, meaning that the
statistical population of lengths measured with electron
microscopy is not representative of the entire sample. Similar
length heterogeneity was observed in the case of the Au
nanorods synthesized in previous research in BLT templates,
where unhomogeneous barrier layer thicknesses lead to a high
standard deviation of rod length.”

The average length of the nanowires in the PW template is
106 + 15 nm, and the nanowires in the BLT template have an
average length of 493 + 63 nm. Their respective segmental
lengths are reported numerically in Table S2 and as histograms
in Figure 9d.

Despite the heterogeneous lengths, the analysis of FIBSEM-
derived segment lengths and XRD peak areas shown in Figure 9d
revealed that in both templates, segment 4 is smaller than
segment 2. This evidence can explain the decrease of the Pd
lattice parameter discussed earlier Figure 9¢ as the bond-order-
length-strength model predicts a contraction of the crystal lattice
inversely proportional to the nanoparticle size.”>”®

In the case of the PW template, the agreement between the
FIBSEM-derived segment lengths and the XRD peak areas
suggests that the electrode position of Au—Pd nanowires,
combined with the differential in situ XRD approach that we
presented, is an ideal tool to grow barcode nanowires with
controlled length and lattice parameters of the segments. In
principle, the length of segments could be controlled by
integrating the electrochemical currents over time, in order to
obtain how much charge has passed through the working
electrode and relating it to the amount of mass deposited.
However, the current data shown in Figure S5 shows that this is
not the case. This plot reports the current averaged between 1
and 2 ms after the beginning of each measured current pulse, as
shown in the Figure inset, in a similar way to how normal pulse
voltammetry data is processed.”” Although it has been shown
earlier that the segments become shorter with deposition time
(see Figure 4), in Figure SS, we see a current increase. In the
assumption that the electrodeposition efficiency is 100%, this
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would mean that the barcode segments would become longer
with time. Such conflictual information can be explained by the
fact that both Au and Pd are efficient catalysts for the hydrogen
evolution reaction. As the nanowires grow, part of the cathodic
current density increasingly contributes to the production of
hydrogen, leading to a progressive decrease in the electro-
deposition efficiency.

B CONCLUSIONS

In this study, we successfully demonstrated a controlled
fabrication approach for producing Au—Pd barcode nanowires
with tunable segments and lattice parameters. Through a
comprehensive investigation using in situ XRD, FIB-SEM, and
TEM, we have gained valuable insights into the influence of
template preparation methods on the growth and structural
characteristics of these nanostructures.

Our results highlight the significance of template treatments,
such as PW and BLT, in tailoring nanowire growth. The
sequential deposition of Au and Pd segments with observed
lattice parameter variations underscores the complexity of
alloying effects and strain modulation within confined nanoscale
architecture.

The uniform lengths of nanowires achieved in the pore-
widened templates signify a controlled growth process, opening
avenues for reproducible fabrication. The TEM analysis not only
confirms the distinct yet contiguous nature of Au and Pd
segments but also highlights the preservation of the crystallo-
graphic orientation at the boundaries. While we provide valuable
insights into our successful fabrication method, the direct
consequences on interdiffusion require further investigation.

The combination of advanced characterization techniques has
allowed us to comprehend the intricate dynamics involved in the
electrodeposition process and the resulting nanostructure
formation. This work not only contributes to the fundamental
understanding of multimetallic nanostructure synthesis but also
holds promise for various practical applications, particularly in
the realm of catalysis.

Looking forward, the insights gained from this study could
serve as a foundation for further explorations into designing and
fabricating intricate nanoarchitecture with tailored properties.
The ability to control and manipulate nanowire segments at the
atomic scale offers exciting possibilities for engineering novel
materials with enhanced functionalities, advancing both the
scientific understanding and technological innovation.
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