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Abstract:

A number of complementary, synergistic advances are reported herein. First, we describe
the ‘first-time’ synthesis of ultrathin Ru2Co: nanowires (NWs) possessing average diameters of
2.3 + 0.5 nm using a modified surfactant-mediated protocol. Second, we utilize a combination of
quantitative EDS, EDS mapping (along with accompanying line-scan profiles), and EXAFS
spectroscopy results to probe the local atomic structure of not only novel Ru2Coi1 NWs but also
‘control’ samples of analogous ultrathin RuiPti, AuiAgi, PdiPti, and PdiPto NWs. We
demonstrate that ultrathin NWs possess an atomic-level geometry that is fundamentally
dependent upon their intrinsic chemical composition. In the case of the PdPt NW series, EDS
mapping data are consistent with the formation of a homogeneous alloy, a finding further
corroborated by EXAFS analysis. By contrast, EXAFS analysis results for both RuiPti and
Ru2Co1 imply the generation of homophilic structures in which there is a strong tendency for the
clustering of ‘like’ atoms; associated EDS results for RuiPti convey the same conclusion, namely
the production of a heterogeneous structure. Conversely, EDS mapping data for Ru2Co: suggests
a uniform distribution of both elements. In the singular case of AuiAgi, EDS mapping results are
suggestive of a homogeneous alloy, whereas EXAFS analysis pointed to Ag segregation at the
surface and an Au-rich core, within the context of a core-shell structure. These cumulative
outcomes indicate that only a combined consideration of both EDS and EXAFS results can

provide for an accurate representation of the local atomic structure of ultrathin NW motifs.



1. Introduction

Recent literature has demonstrated how tunable parameters such as (i) size, (ii)
morphology, (iii) chemical composition, and (iv) atomic structure can impact upon the
performance of functional electrocatalysts.!" Specifically, nanoscale formulations of catalysts
allow for a higher surface area-to-volume ratio and reduce the overall metal loading, which can
thereby lower expected costs. Moreover, as compared with conventional zero-dimensional (0D)
nanoparticles (NPs), anisotropic one-dimensional (1D) nanowires (NWs) are less susceptible to
dissolution, Ostwald ripening, and aggregation, which promote enhanced stability and durability.
Furthermore, NWs not only evince enhanced electron and mass transport but also enable the
exposure of specific crystalline planes which can be beneficial for catalytic activity. In particular,
ultrathin NWs represent an advantageous architectural target in that they are expected to
maintain slightly contracted surfaces, which can weaken the interaction with surface passivating
Oz. Our previous studies*'? in this area also suggest that ultrathin NWs are generally chemically
homogeneous and structurally monodisperse, while maintaining fewer defect sites.

As implied earlier, the chemical composition of the electrocatalysts also plays a key role
in dictating performance. Whereas Pt is indeed the most active metal as a catalyst for a number
of small-molecule reactions such as the methanol oxidation reaction (MOR), Pt is also relatively
scarce and expensive. Significantly, Pt is prone to slow reaction kinetics due to its propensity to
adsorb CO, which poisons the surface by limiting the available active sites. The CO tolerance of
Pt-based catalysts can be improved upon by the introduction of additional metals to promote the
formation of OH species on the surface, which can subsequently react with and oxidize the
poisoning CO.'"* In particular, theory and experiment has shown that Ru is highly effective in

increasing CO tolerance and thereby improving reaction kinetics.!® In addition, the lattice



mismatch between Pt and Ru introduces strain which can decrease the binding energy of the
reaction intermediates, thereby further increasing CO tolerance.'® Similar types of behavior have
been observed upon the alloying of Pt with non-noble metals, such as Cu, Fe, Sn, Pb or Zn.!7-??
In the Supporting Information, we discuss in much greater detail the broader implications of
morphology and chemical composition upon electrocatalytic activity.

Nevertheless, relatively little work has been performed on RuCo alloys, which have been
reported to be useful in applications, such as but not limited to batteries** and Fischer-Tropsch

24.25 in addition to electrocatalysts for the hydrogen evolution reaction (HER),?* 26-3? the

catalysts
hydrogen oxygenation reaction (HOR),*! the oxygen reduction reaction (ORR),** ** and the
oxygen evolution reaction (OER).* Results for RuCo alloys used as electrocatalysts have been
especially promising, with the alloys frequently outperforming the Pt standards at lower overall
costs. Specifically, a study which compared RuM (M = Co, Ni, Fe) catalysts for the HOR, HER,
ORR, and OER reported that the RuM alloys achieved higher activities for HOR and HER versus
both pure Ru and Pt standards.?' In addition, it was determined that the RuCo catalysts yielded
the highest activity for HOR, HER, and OER, out of all of the RuM alloys tested.

Nonetheless, fewer studies have been carried out on the synthesis and characterization of
RuCo alloys, possessing different morphologies. In effect, the majority of prior literature on
RuCo has centered on 0D NPs with a smaller number of reports on the synthesis of discrete
morphologies, such as 1D NW arrays®® and two-dimensional (2D) nanosheets.?” As such, herein,
we have focused on developing a novel and potentially generalizable method for the production
of ultrathin RuCo N'Ws. Our customized protocol employs oleylamine (OAm) and oleic acid

(OAc) with the former in the role of a surfactant and reducing agent and the latter in the capacity

of an additional surfactant, with which to collectively guide the growth of 1D nanostructures.



We have characterized the composition, crystallinity, morphology, and local atomic
structure of our as synthesized Ru2Co1 NWs with a combination of various techniques, including
X-ray diffraction (XRD), transmission electron microscopy (TEM), high resolution TEM
(HRTEM), energy dispersive X-ray spectroscopy (EDS), and X-ray absorption spectroscopy
(XAS). Significantly herein, we probe the structural results provided by EDS versus XAS, the
latter of which arguably enables a more accurate determination of the local atomic structure
through an analysis of the extended X-ray absorption fine structure (EXAFS) region.

The EXAFS signal incorporates information about coordination numbers, interatomic
distances, and the nature of disorder within systems (due to both static and dynamic
displacements of all atoms from their average positions).*® In particular, the EXAFS spectra
yield information about the number, type of, and distance to the atoms surrounding the central,
X-ray absorbing atom. As such, the coordination numbers (N) of atomic pairs within bimetallic
alloyed NPs are often used to differentiate between different types of short-range order in these
NPs, and/or ascertain the degree of compositional monodispersity within the sample. Indeed,
EXAFS analysis can be used to confirm alloy formation and to distinguish between different
alloying motifs (e.g., random or core—shell-like non-random).>” *® For instance, by analyzing N
values associated with the bonds within Pd-Au NPs, it was concluded that Pd atoms
predominantly resided on the surface of these NPs, whereas Au atoms primarily localized in the
core.’” Nevertheless, one of the continuing challenges with respect to the precise, atomistic
characterization of the nanocatalyst geometry, especially anisotropic, 1D NW motifs, is the
relative difficulty in terms of ascertaining their nuanced geometric and compositional structure

with precise and useful spatial resolution.



What factors can complicate the analysis? First, it has been suggested*” that in a Pt-Ru
alloy, if there are two populations of Pt-Ru bonds at an interface as an example, the strongly
ordered and strongly disordered ones, the EXAFS signal will be dominated by the relatively
ordered pairs (i.e., ones with smaller disorder parameters), whereas the second population of
bonds, the strongly disordered ones, will give a much weaker contribution to EXAFS. Second,
even the relationship between the alloying tendency and chemical composition within
nanomaterials can be complex. For example, density functional theory (DFT) calculations have
shown that Pd evinces a strong surface segregation preference when acting as an atom impurity
within a Fe host, whereas a Fe impurity atom within a Pd host shows a greater propensity for
strong anti-segregation.*’ Third, the synthetic protocol makes a difference. With commercial Pd-
Pt bimetallic NPs, EXAFS results were consistent with a structure in which Pt atoms are
enriched in the core and Pd atoms are localized in the shell, with a greater extent of Pd atomic
dispersion in the NPs.*! By contrast, with PdPt catalysts dispersed in zeolites, XAS analysis
suggested that Pd and Pt were present mainly as the corresponding oxide NPs and aggregates.*?
Fourth, when the distribution of bonds is strongly asymmetric, emanating from factors, such as
but not limited to surface tension, which are particularly important in influencing the behavior of
nanoparticles with characteristic sizes of less than ca. 5 nm, the results of conventional EXAFS
fitting exhibited significant artifacts, such as an under-estimation of the coordination number and

4345 Fifth, the precise morphology itself is relevant. For example, the

bond length disorder.
average N value of Pt within so- called ‘excavated’ nanoframes (that had been subjected to an
extra processing step) was found to be higher than that of their hollow nanoframe counterparts.*®

All of these different parameters were clearly significant in interpreting a study*’ of the

structural evolution of mesostructured PtRu NPs generated within a lyotropic liquid-crystalline



template. The X-ray absorption near edge structure (XANES) data at the Ru L2,3 and Pt L3 edges
highlighted predominantly metallic states of Ru and Pt within the PtRu NPs upon
electroreduction. Nevertheless, a more rapid reduction of Pt precursors coupled with a release of
Ru atoms from Ru precursors in two steps upon electroreduction resulted in aggregation into
PtRu NPs, consisting of a Pt-rich core, a Ru-rich shell, and a greater extent of Ru segregation.

Therefore, our novel contribution to the literature herein has been to apply EXAFS to
investigate the structure and dispersion of elements within bimetallic ultrathin Ru2Coir NWs.
Moreover, as comparative systems, we have also synthesized and characterized not only various
other bimetallic alloyed NWs with distinctive compositions of RuiPti, AuiAgi, PdiPti1, and
PdiPto but also monometallic Ru, Pt, Pd, and Au NWs as controls. All of these samples serve as
a means of simultaneously systematically and quantitatively comparing and contrasting the
structures, determined by EXAFS analysis, with which to achieve insights into local atomic
structure, versus data obtained using more frequently utilized techniques such as standard EDS.
An important motivation for our current project has been in correlating TEM EDS mapping with
EXAFS analysis to analyze and correlate the findings of each measurement mode.

What makes our work even more impactful is that there are only a few reports exploring

236, 48

either the ‘short range order parameter or a conceptually analogous method developed by

Hwang et al. with which to investigate and quantitatively assess the structure of nanoscale

46,49 nanorods,>® and nanochains’! at the atomic level using

morphologies, such as nanoframes,
EXAFS. In this study, to probe the implications and applicability of these prior theoretical
studies, we have analyzed the structures of our range of bimetallic ultrathin NWs using the short

range order parameter, which is essentially a structure-dependent function of N. We have also

highlighted the limits of applicability of this parameter; specifically, while effective as a useful



indicator of either positive or negative tendency to clustering of ‘like’ atoms, it is fundamentally
limited to the analysis of relatively homogeneous alloys only.

Our combined results indicate that the Ru-based NWs (i.e., Ru2Co1 and RuiPt1) both
form as homophilic structures in which there is a strong tendency for clustering of ‘like’ atoms.
By comparison, the AuiAgi NWs likely are synthesized as a core-shell motif, incorporating an
Au-rich core with an Ag-rich shell. By contrast, the PdiPto NWs are generated as a homogeneous
alloy structure, whereas the PdiPt1 are produced as an alloy structure with a slight tendency
towards the clustering of ‘like’ atoms. Therefore, to highlight the key points of novelty, we not
only report herein for the first time on the synthesis of uniform, ultrathin Ru2Co1 NWs but also
for the first time, apply quantitative EXAFS analysis techniques towards the investigation of the

local atomic structure within various ultrathin bimetallic NW systems.

2. Results and Discussion: Synthesis and Characterization

Ru-based NWs: To emphasize a key contribution in our article, we have reported on the first

viable synthesis of ultrathin Ru2Coi1 NWs. The precise combination of composition and
morphology, to the best of our knowledge, had not been previously produced before by any
reported protocol. Our methodology was inspired by reports, which have utilized oleylamine as
both a surfactant and a reducing agent in the formation of not only PtM (M = Co, Ni, Zn, Cu, Fe)
but also Ru NPs. The key discovery was that using a combination of oleylamine and oleic acid
resulted in the formation of ultrathin NWs.

As initial work, experiments had been performed for producing pure Ru, wherein solely
oleylamine was employed in the simultaneous roles of reaction medium, surfactant, and reducing

agent, respectively. This procedure resulted in the formation of Ru NPs with average diameters



of 3.7+ 0.5 nm, as shown in Figure SIA. Upon the addition of oleic acid as an extra surfactant,
we isolated ultrathin NWs with average measured diameters of 2.6 + 0.5 nm, as shown in Figure
S1B. As such, herein, OAm acts as both a reducing agent and a surfactant, whereas OAc behaves
as a supplementary surfactant agent. In terms of a specific chemical role in the reaction, it has
been previously proposed that both OAm and OAc can behave as capping ligands to effectively
guide and enable the formation of NWs through a process of oriented attachment.®0-6*

This procedure was successful in synthesizing Ru and Ru2Coi1 NWs with average
diameters of 2.6 = 0.5 and 2.3 + 0.5 nm, respectively, as determined by TEM (Figures S2A, B).
Moreover, the d-spacings of the Ru and Ru2Co1 NWs were both measured to be 0.21 nm, as
derived from the associated HRTEM images (Figures 1A, B); these lattice parameter readings
could be assigned to the (101) plane of scp Ru.%

The chemical composition and crystallinity of the as-prepared NWs were further
characterized by XRD (Figure S3A); both systems exhibit XRD patterns associated with 4cp Ru.
Hence, the lack of any apparent impurity peaks was suggestive of the acceptable purity of our
samples. In terms of the actual isolated stoichiometry, it is worth noting that with the Ru2Co:
NWs, whereas an initial precursor Ru: Co molar feed ratio of 2:1 was used for their generation,
EDS measurements implied that the definitive amount of elemental incorporation was different.
Specifically, as-prepared samples integrated a measured Ru: Co content in the molar ratio of 82:
18, with elemental mapping (Figure 2B, C) data indicating that Ru and Co appear to be evenly
and uniformly distributed throughout the NWs. Moreover, the associated EDS line-scan profile
(Figure S4A) further supports the idea of a relatively homogeneous distribution of these elements
within the NWs. For experiments wherein the amount of Co precursor was increased to a Ru: Co

molar ratio of 1: 2 and beyond, the resulting XRD patterns were indicative of the formation of
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cobalt carbide (Figure S5). This finding suggested that the maximum amount of Co that could be
incorporated within the NWs to enable viable alloy formation was ~20%.

As ‘controls’, RuiPt1 and Ru ultrathin NWs were produced using a previously reported
hydrothermal synthesis method,*”->® so that we could compare these samples with the NWs
synthesized by our in-house protocol. In this prior procedure, RuCls and H2PtCls were reacted
with PVP, SDS, and NaBr in water under hydrothermal conditions. Whereas PVP behaved as a
mild reducing agent and surfactant, the role of SDS was that of an additional surfactant, while
NaBr functioned as a structure-directing agent. As such, the ultrathin NWs grew within as-
formed soft templates, mediated by the presence of SDS and PVP. The as-generated RuiPti and
Ru NWs yielded average diameters of 3.0 = 0.3 and 3.4 + 0.4 nm, respectively, as can be
observed in Figures S2C, D. The d-spacing values, measured from the HRTEM images in
Figures 1C, D, were determined to be 0.21 and 0.23 nm, which are within experimental error for
what would be expected for ~cp Ru and fec RuiPti, respectively.’? 37

XRD patterns of the RuiPti and Ru NWs shown in Figure S3A are indicative of the
formation of the expected fcc and hcp structure for RuiPti and Ru-H, respectively. In addition, in
accordance with Vegard’s Law, the shift to higher values of 20 in the XRD pattern for RuiPti, as
compared with the Pt reference standard, is consistent with alloy production, namely the
incorporation of Ru within the underlying fcc Pt lattice. Moreover, whereas equimolar amounts
of the two metal precursors with a Ru: Pt ratio of about 1: 1 were used to generate the RuiPt:
NWs, the actual chemical composition of our RuiPt1 sample was ascertained using quantitative
EDS, which was consistent with a Ru: Pt ratio of 26: 74. Elemental mapping results, shown in
Figure 2E, F, indicate that while there is some spatial overlap between the Ru and Pt signals, it is

imperfect and that there is likely some degree of elemental segregation, compatible with the idea
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of a heterogeneous alloy formation in this case. In fact, the corresponding EDS line-scan profile
(Figure S4B) of RuiPti NWs, characterized by the lack of any spatial coincidence between Ru
and Pt, corroborates the likelihood of the presence of a heterogeneous alloy, comprised of Pt-rich
regions with low Ru content.

Pt and Pd-based NWs: A previously reported and reliable ‘soft-template’ procedure was

utilized to generate not only the compositionally distinctive series of PdiPt; and PdiPtoy NWs but
also their mono-metallic Pd and Pt NW counterparts.” This method relies on the formation of
CTAB micelles, produced within a mixture of chloroform and water. The reduction of the metal
precursors within the micellar templates is initiated by the addition of the strong reducing agent,
NaBHa. In this synthesis, the chemical compositions of the NWs could be somewhat controlled
by adjusting the molar ratio between the two metal precursors. For all ultrathin NWs produced,
regardless of the synthetic procedure used, it was a challenge to directly correlate the incident
precursor concentrations with the resulting elemental stoichiometry in these systems.

TEM images (Figure S2E-H) are consistent with the formation of ultrathin NWs with
average diameters of 3.1 £ 0.4, 5.5+ 1.1,4.0 £ 1.0, and 3.0 £ 0.4 nm for Pt, Pd, PdiPty, and
PdiPti NWs, respectively. Moreover, the associated HRTEM images (Figure 1C-F) highlight not
only a d-spacing of 0.22 nm for the Pd NWs alone but also d-spacings of 0.23 nm that are
consistent with the production of Pt, PdiPti, and PdiPte NWs, respectively. XRD analysis of the
PdPt samples confirms the expected fcc structure. In terms of isolated stoichiometries generated,
a point which emphasizes the difficulty of precisely controlling ultrathin NW composition, the
actual Pd: Pt ratios within the predicted PdiPti1 and PdiPto samples were measured to be 65: 35
and 3: 97 by quantitative EDS, respectively. The complementary elemental mapping data set

indicates that there is an even and spatially uniform distribution of the elements, consistent with
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the formation of bimetallic alloys, as shown in Figures 2H-L. Indeed, this finding is further
confirmed by the EDS line scans for the PAPt NW data set (Figures S4C,D), especially PdiPti,
wherein, unlike what had been observed for the analogous RuiPti NWs, we noted a spatial
overlap of the elements, implying a relatively homogeneous distribution of Pt with Pd.

Au and Ag-based NWs: As mentioned, Au and AuiAgi NWs were produced using a method,>*

wherein the metal precursors are reduced by KBHa4 and in parallel, Triton X-114 is used as a
capping agent to direct the growth of ultrathin NWs. The average diameters of the as-prepared
Au and AuiAgi NWs were measured to be 5.3 +£ 1.2 and 5.5 + 0.9 nm, respectively, as
determined by TEM (Figure S21, J). The d-spacings, measured by HRTEM (Figure 11, J), were
determined to be 0.24 nm for both the Au and AuiAgi NWs, respectively, corresponding to the
expected value for the (111) plane of not only Au but also Ag. The chemical composition and
crystallinity of the two NWs were further probed by XRD (Figure S3C), and substantiate the
finding that fcc Au and AuiAgi were produced. With respect to chemical composition, despite
the use of a 1:1 molar precursor ratio of Au to Ag, quantitative EDS measurements of these
AuiAgi NWs elucidated an actual Au: Ag ratio of 72: 28. Nevertheless, complementary EDS
mapping data in Figures 2N, O also suggested that a homogeneous bimetallic alloy had in fact
formed. This assertion is substantiated by the associated EDS line-scan profile (Figure S4E)
EXAFS Analysis: Results and Discussion

Description of Models Analyzed: There are various different structural configurations that can

be found in a bimetallic system. One such architecture involves the formation of a segregated
structure, wherein there are particles consisting only of A atoms and particles containing solely
of B atoms, in which there is no alloying between the two metals. The opposite of a segregated

model is one in which there is interaction between two different metals to form an alloy.
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There are a number of interesting structural possibilities associated with alloy generation.
These include (i) the formation of a homogeneous alloy structure, (ii) a homophilic structure, and
(ii1) a core-shell configuration. Within a (i) homogeneous alloy structure, a given (A- or B-) atom
type maintains the same number of neighbors, on average, thereby indicating a homogeneous,
uniform distribution of atoms of different types within the alloy. (ii) A homophilic structure
gives rise to clustering of ‘like’ atoms, wherein there are A- or B-rich regions, but there is still
mixing of the two different atom types. In a (ii1) core-shell structure, one atom segregates at the
surface, whereas the other is localized within the center core. Surface atoms possess fewer
nearest neighbors, thereby reducing their average coordination number, as measured by
EXAFS.*- % The coordination numbers obtained from the EXAFS analysis for a given bimetallic
system can be used, along with the known concentrations of the constituent metals, in order to
determine which of the aforementioned structural configurations actually formed experimentally.

One methodology for enabling the determination of the local structure within a
bimetallic structure involves the use of Cowley’s short range order parameter, a,** %% which
can be used to assess the homogeneity of a given bimetallic system. It is expressed, as follows

(Equation 1):

NAB/NA (1)

O =1—
AB o

In the above equation, N4p represents the first nearest neighboring A-B coordination
number; N4 is the total coordination number for A-metal neighbors; and xs denotes the
concentration of the atomic species B. The coordination numbers can be used to determine the

relationship of xa/x4 of a bimetallic system by taking the ratio of Nz and Nz4:>®

Nap _ xB
—_— = 2
Npa  xa ( )
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It should be noted that the same ratio, as shown in the right side of Eq. (1), was also used
in the analogous procedure reported by Hwang and co-workers. Not surprisingly, the conclusions
that are presented here on the basis of the a parameter are identical to what one would have
obtained using the conceptually identical methodology described by Hwang et al..”’

Using 2D alloys as an illustration,*® if a4z = 1, then there exists perfect long-range order,
wherein both atom types maintain equivalent surroundings by the opposite atoms only. If -1 <
o4 < 0,then the atoms of type A are preferentially surrounded by atoms of type B and vice
versa, suggestive of a negative tendency towards the clustering of ‘like” atoms. If a4 = 0, then a
random alloy is formed, meaning that for either atom type, the probabilities for the neighboring
atoms to consist of either A- or B-type atoms are partitioned, according to their relative
concentrations in the alloy. If 0 < a4z < 1, then there is a positive tendency for the clustering of
‘like’ atoms. In the specific case of a4z = 1, a completely segregated structure is predicted,
implying that there is no mixing between the two atom types (Nyz = 0). It should be noted that
in all of the above cases, values for a4z and as4 should be precisely equal to each other under the
condition that N4 = N3, a result that follows from Equations 1 and 2. Therefore, prior to
determining the o parameter, one should first investigate the relationship between the total
coordination numbers N4 and Np of the two different elements.

If N4 and N5 are equal, then no element has a preference to surface (or core) segregation.
However, if N4 is greater than N, then the A atoms are more likely to be located in the core,
whereas the B atoms are likely to segregate to the surface. If one were to calculate the a4z for
this case, then the values for a4z and azs would not be identical to each other, indicative of a
scenario in which there is not good mixing between the two atom types. In other terms, when the

distribution of different atomic types is not homogeneous, wherein the degree of homogeneity
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can be verified by comparing the N4 and Np values, as discussed above, the o parameter cannot
be dependably used to quantify the short range order (degree of mixing) of the elements.

General comments: XAS measurements were collected of the various NWs in order to

investigate the local atomic and electronic structures. Figure 3 highlights the XANES spectra of
the various NW systems, along with the reference foils, associated with the different edges.

The Au Ls-edge absorption edge for AuiAg; is shifted to higher energies as compared
with that of the monometallic Au NWs, thereby indicating that Au likely donates electrons to Ag
(Figure 3A). The similarity of features at the Au and Ag edges within the alloy NWs by
comparison with their respective foils (Figures 3A, B) signifies that both constituent components
of the nanowire alloy likely exist in the metallic state. In addition, the absorption features for the
Pd, Pt, PdiPti, and PdiPto NWs at both the Pd K- and Pt L3-edges are consistent with the metallic
characteristics of all of the elements.

By comparison, XANES spectra collected at the Ru K- and Pt L3-edges for RuiPti, Ru-H,
and Ru-S NWs also point to the metallic state of all of these materials. For Ru2Co1, the spectrum
at the Ru K-edge closely resembles that of the Ru-S NWs, again suggesting that Ru exists in its
metallic state. However, the XANES spectrum at the Co K-edge for the Ru2Co1 NWs differs
from the corresponding spectrum of either the Co foil or even a CoO reference, denoting unusual
behavior with respect to the other elements we have analyzed. In fact, the XANES spectrum for
our Ru2Co1 NWs is much more similar to that which has been previously reported for Co-
substituted Ru nanosheets possessing a similar composition.?” It is unlikely that the NWs exist
within an oxidized state, since the absorption onset is close to that observed for the Co foil.
Indeed, the broadening of features and the concomitant decrease in the magnitude of such

features at higher energies, thereby resulting in the spectral differences observed, can likely be



16

collectively attributed to a high degree of disorder in the local atomic structure, especially as
compared with the corresponding metallic foil.”>”! In order to further investigate the local
atomic structure of our various systems, we have analyzed their EXAFS spectra (Figures 4 and
5).

Au and Au-Ag: Table S1 and Figure S6 present the fitting results for the Au and AuiAgi NWs.

The EXAFS analysis for both the Au Ls- and Ag K-edges confirms that there is no apparent
oxidation of either of these elements within the NWs. For the monometallic Au NWs, the smaller
Nau-au value, as compared with that for the Au foil, provides evidence of the NW nanoscale size.
The total N4, for the AuiAgi NWs was constrained to be equal to the N4u-4« for the Au NWs, so
as to prevent the fit from yielding a Nau larger than 12, which is not physically possible. Making
this assumption about the equivalence of the total coordination number of Au between the Au
and AuiAg1 NWs is reasonable, because the sizes of these two NWs are similar in magnitude, as
demonstrated by TEM analysis

While it is well known that Au and Ag satisfy the Hume-Rothery rules and thus are
expected to form completely miscible alloys in the solid phase at the bulk scale,’ this is not what
we have observed herein with our bimetallic system. Specifically, by comparing the N4, and Nag
values for AuiAgi, wherein N4, (10.3) is notably larger than that of N4g (8.8), while taking into
account of the experimental error bars, it is proposed that there is segregation of the two
elements within the NWs. In this picture, Au tends to be confined to the center, whereas Ag
segregates at the external surface. Indeed, since these results indicate that there is segregation of
Au and Ag within the NWs, the calculation of the short-range order o parameters cannot be
reliably used to characterize the short-range order of the samples. In fact, calculating a.4u-4¢ and

o4g-4u yields dissimilar values of 0.26 and 0.14, respectively. This finding is fully consistent with
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the conclusion of elemental segregation, discussed earlier, which had been made on the basis of a
comparison of the corresponding N4. and Nag values. However, it should be noted that the
EXAFS analysis does not imply either full, complete elemental segregation or the creation of a
perfectly generated core-shell configuration. At most, we can postulate the formation of a motif,
comprised of an Ag-enriched ‘shell’ coupled with an Au-enriched ‘core’. A similar observation
regarding the possibility of some degree of elemental mixing (i.e. partial alloying), occurring
within the context of a core-shell bimetallic NP system consisting of Au and Ag, has been
previously reported.” By contrast, the EDS mapping and associated EDS line-scan results,
shown in Figures 2M-O and S4E, collectively suggest the presence of a reasonably even
distribution of the constituent elements, with no clear evidence for core-shell formation. As such,
this apparent discrepancy between EXAFS and EDS findings in accounting for elemental
distribution highlights issues with reconciling the localized composition within ultrathin NWs
with data ‘averaged’ across the entire sample..

It has been reported that segregation within nanostructures can be caused by factors,
related to surface energy, size, strain effects, and charge transfer between atoms.’*’> There are
likely no strain effects, which lead to the apparent segregation within AuiAgi, because the lattice
constants for Ag and Au are very similar. Moreover, charge transfer between Au and Ag would
favor mixing between the two elements, a scenario which would have reduced the tendency of
Ag to selectively segregate at the surface. In effect, the XANES spectrum for the Au absorption
edge (Figure 3A) suggests that there is in fact charge transfer occurring between Au and Ag,
which therefore ought to promote mixing.

As such, we hypothesize that there must be another factor that accounts for the observed

segregation. One such parameter is the greater surface energy of Au versus that of Ag, a variable
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which is conducive to the surface segregation of Ag.”” In addition, it has been reported that the
reaction temperature can have a significant influence upon the segregation of Au and Ag,
wherein the surface enrichment of Ag tends to be favored at lower temperatures.’® ” As such,
the evident formation of Au-Ag core-shell motifs herein is likely promoted by our synthetic
protocol, because our ultrathin NWs were generated at relatively reduced temperatures of ~0°C.
Pt and Pt-Pd: The EXAFS fitting analysis results for the series of as-prepared PAPt NW
samples are summarized and displayed in Table S2 and Figure S7. The lack of either Pt-O or Pd-
O peaks within the r-space of all of NW samples implies that there are no oxidative species
present in the XANES spectra. However, for the monometallic Pt samples, we noted
contributions ascribable to Pt-Cl species, which are likely due to the presence of some unreacted
H2PtCl¢ precursor. For both PdPt alloy NW samples, the values of Nps and Np: are within the
standard deviation of each other, which suggests that there is no significant segregation, unlike
what had been observed for AuAg. In this case, the XANES data, which validate the notion of
alloy formation, are consistent with the elemental mapping and corresponding EDS line-scan
data, presented in Figures 2H-L and S4C,D, respectively. Indeed, with PdiPti, the likely presence
of alloying is substantiated by the nearly identical bond lengths associated with Pt-Pt, Pd-Pt, and
Pd-Pd pairs. Therefore, the short-range order parameter can be calculated for these NW samples
in order to determine the randomness factor in these alloys.

The o values for both PdPt samples are presented in Table 1. For both PdiPt; and PdiPto,
the values for arr-rsand ara-pr are approximately equal to each other, as expected, but not
identical. In fact, o = 0.07 for PdiPto; because this number is close to 0, it would be associated
with the generation of a random alloy. With PdiPti, the slightly larger values for ar-rq(0.25) and

ord-rt (0.27) are indicative of a slight tendency towards clustering. However, conversely, these
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positive values may be caused by compositional polydispersity, a consequence of which is that a
random, homogeneous alloy may be mistaken for a heterogeneous system.*® These findings
suggest that it is not necessarily possible to conclusively differentiate between either intra-
particle or inter-particle segregation using EXAFS alone.

Nonetheless, the case for proposing that our PdAPt NWs exhibited a broad compositional
distribution is supported by the difference in chemical compositions, as measured by quantitative
EDS and EXAFS, with the data summarized in Table 1. For example, PdiPti NWs were
measured to have a xpa/xp: value of 1.8 by quantitative EDS analysis, which is much larger than
the corresponding value of 0.7, as determined by EXAFS. We would expect the measurement
determined by EXAFS to be a better representative of the ensemble average of the entire sample,
whereas EDS is a superior indicator of local behavior associated with a smaller region within the
sample. To further reinforce this idea, we compared the o parameters, calculated by using the
chemical compositions determined by EXAFS and EDS, respectively, as shown in Table 1.

As previously mentioned, the values for arr.riand ard-r:, as determined by using the
EXAFS composition, are approximately equal to each other for both PdAPt NW samples.
However, this is not the case for ari-rsand ara-p: calculated using the analogous EDS data,
thereby hinting at the presence of significant segregation. Moreover, the value for arr.ra
associated with PdiPto, as determined by EDS data, was found to be approximately -2, which is
not a physically meaningful quantity. Hence, a logical inference would be that the EDS results,
collected on a small, localized region, do not accurately convey the compositional picture and
associated nuances of the entire area of the overall sample.

Specifically, we should emphasize that the values calculated for xpa/xpr, as derived from

EXAFS, namely 0.7 for PdiPti and 0.10 for PdiPto, are much closer to their nominal, expected
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compositions. By contrast, the analogous compositional figures, calculated using the chemical
composition determined by EDS, are 1.8 for PdiPt: and 0.03 for PdiPto. This apparent
discrepancy between the data emanating from these two compositional analysis techniques
suggests that there is likely a broader, more polydisperse distribution of chemical compositions
within the NWs themselves, which can thereby impact the ostensible calculated a values. These
results highlight the apparent shortcomings of exclusively relying upon EDS data, collected from
a small region of the sample, as an accurate means for providing definitive conclusions about the
overall sample composition. Nonetheless, in this case, the notion of visualizing our as-prepared
PdPt NWs as homogeneous alloys is corroborated by the combination of data from our EXAFS
analysis coupled with EDS mapping measurements.

Ru, Ru-Pt, and Ru-Co: Table S3 and Figure S8 present the EXAFS fitting results for the Ru-H

and RuiPti NWs generated by the hydrothermal method. Again, the absence of any oxide peaks
within the FT-EXAFS signal suggests that the metals occur within a metallic state. By noting the
similarity of the Nr, and Np: values, we can reasonably conclude that there is no surface
segregation of either element. Hence, we can use the short-range order parameter to determine if
the NWs are either homogeneous or heterogeneous in nature, as shown in Table 1.

Both the aru-r:(0.75) and or-re (0.77) values, obtained from the EXAFS results, are
largely positive, which indicates that there is a tendency for clustering of ‘like’ atoms; this
finding corresponds well with the elemental mapping data, shown in Figure 2. Moreover, the
EDS-derived values of aru-r:(0.74) and arr-r. (0.61), while still largely positive, also suggest an
inclination towards some degree of aggregation of ‘like’ atoms. Nevertheless, as with the PdPt
NWs, it should be noted that there may be a broad compositional distribution, as indicated by the

difference in the apparent chemical compositions extrapolated from EDS and EXAFS data,
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respectively. By analogy to what was observed with the PdPt samples, the compositions
determined by EXAFS for xp/xru 0f 1.2 is closer to the nominal composition than what was
determined by EDS (xr«/xru of 2.8). Nonetheless, as mentioned previously, the a values herein
are close to 1. Coupled with the elemental mapping and associated EDS line-scan data, overall,
some heterogeneity is likely present; one manifestation would be the spatial aggregation of ‘like’
atoms within RuiPt;.

Table S4 and Figure S8 reveal the EXAFS fitting results for both Ru-S and Ru2Coi1 NWs.
In parallel with the results associated with the other NW systems, the FT-EXAFS signal does not
show the presence of any oxidative species, thereby implying that the individual metals exist
within their metallic state. The decrease in Rru-ru and concomitant increase in Rco-ru as compared
with Ru NWs and reference foils collectively signify that there is some degree of alloying
between the two elements. The comparable values of Nr. and Nco within Ru2Co1 suggests that
there is no surface segregation. Hence, we used the short-range order parameter to investigate the
distribution of elements, as shown in Table 1.

By analogy to what had been observed for RuiPti, the o values are largely positive, which
would imply that there is some degree of agglomeration of ‘like’ atoms. However, unlike what
had been observed for PdPt and RuiPti, the chemical compositions derived from the quantitative
EDS and EXAFS measurements are in agreement with one another. Both data sets advocate for a
high degree of heterogeneity within these Ru2Co1 NWs. Interestingly, the sum of elemental
mapping and EDS line-scan results, shown in Figures 3 and S4A, respectively, reveals the
opposite scenario, namely a relatively even and uniform distribution of Ru and Co, which is

clearly different from what had been found for RuiPt:.
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As we have seen, with Ru1Pti, the presence of heterogeneity was consistent with the
findings of both EDS and EXAFS analyses. Hence, the key difference between RuiPti and
Ruz2Coi can likely be ascribed to their divergent chemical compositions. Specifically, the area
occupied by Co clusters within Ru2Cou is likely to be smaller in size by comparison with
analogous Pt clusters within RuiPti, because of the lower concentration of Co in the former.
Overall, these results would signify that whereas EDS mapping can be used to detect
heterogeneity within bimetallic alloys possessing nearly equal concentrations of the two
constituent elements, as observed with RuiPti, it is less effective at detecting heterogeneity
within comparable alloys, characterized by a relatively lower concentration of one of the
component metals. Hence, as with the PAPt NW series, we show that for the Ru-based systems,
the intrinsic advantage of EDS mapping in providing detailed chemical compositional
information about a spatially localized area can actually be detrimental to achieving accurate and
meaningful insights into the compositional traits of the entire sample, for which it is therefore

necessary to acquire complementary EXAFS data.

3. Context and Conclusions

In this work, we have reported on a unique, facile, and readily generalizable synthesis of
ultrathin Ru2Co1 NWs, possessing average diameters of 2.3 + 0.5 nm, obtained through the
mediation of the simultaneous use of both OAm and OAc as surfactants with which to guide the
growth of the NWs. Furthermore, we have investigated the local atomic structure of these novel
Ru2Coi1 NWs, in conjunction with analogous ultrathin RuiPti, AuiAgi, PdiPti, and PdiPty NWs
which were generated as ‘controls’. Specifically, we have calculated structure-dependent a

parameters for each sample as a means of characterizing the distribution of elements throughout
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the alloyed nanowires. In so doing, we have determined that both Ru-based NWs maintain a
strong tendency for clustering of ‘like’ atoms, as indicated by their largely positive a parameters.
By contrast, the o parameter calculated for PdiPtois close to 0, suggesting that a random alloy
likely formed, whereas the corresponding value calculated for PdiPt: is slightly positive,
implying a small degree of aggregation of ‘like’ atoms. With AuiAgi NWs, the EXAFS results
are consistent with the creation of a core-shell structure, consisting of an Au-rich core and an
Ag-rich shell; indeed, N is significantly larger than N4g, and equivalently, auu-4¢ and o.4g-4u are
sufficiently dissimilar, such that either of these data corroborate the presence of segregation.

A key motivation for our study is that we have been fundamentally interested in the
question of the interplay between quantitative EDS, EDS mapping (with associated line scans),
and EXAFS in yielding valuable and reliable structural insights into the formation of ultrathin
NWs. We have found that basing conclusions using either TEM-based EDS or EXAFS in and of
itself is insufficient, because each compositionally distinctive NW system is unique.

For example, the spatially localized EDS mapping of both PdPt samples, regardless of
stoichiometric composition, was consistent with the formation of a homogeneous PdPt alloy, a
picture which was further backed up by EXAFS analysis. By contrast, the results for our as-
prepared AuiAgi, RuiPti, and Ru2Co1r NWs suggest inherent limitations, due to apparent
sensitivity issues, associated with relying on EDS mapping alone for establishing the presence of
surface segregation or heterogeneity within bimetallic systems. In the case of AuiAgi, localized,
spatially confined elemental mapping was not sufficient in determining if there was any surface
segregation, the evidence of which was actually provided by EXAFS analysis. Elemental
mapping can indicate heterogeneity and yield results which agree with those from EXAFS

analysis in bimetallic samples possessing equal concentrations of both elements, as observed in
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the case of RuiPti NWs. However, the use of EDS mapping alone is inadequate in assessing the
heterogeneity within a bimetallic alloy incorporating a low concentration of either one of the
elements involved, as noted in the example of Ru2Co1 NWs, for which EXAFS analysis coupled
with quantitative EDS implied the presence of a significant degree of clustering of ‘like’ atoms.

Moreover, we have observed that relative to TEM-based EDS, EXAFS is more accurate
and effective in determining the chemical composition of a whole sample. These findings were
especially evident when analyzing not only RuiPt:1 but also our series of compositionally
distinctive PdPt NWs. In these examples, EXAFS analysis yielded measured values for the
chemical composition, that were closer to the nominal composition expected for these material
systems based on the precursor quantities used in their syntheses. As a salient demonstration,
with PdiPto, calculating arr-rs using the composition measured by EDS generated a largely
negative value of approximately -2, which means nothing because it has no physical basis in
reality. Similarly, for both PdiPti and RuiPt1, the EDS-derived a4z and as4 parameters were
significantly different from one another; by contrast, the analogous values determined from
EXAFS results were more consistent with each other, did not imply any significant elemental
segregation, and likely reflected the composition of the sample taken in its entirety. This
apparent discrepancy between EDS and EXAFS is likely due to the fact that EDS samples a
relatively small region, whereas EXAFS with its higher flux of irradiation enables a more
accurate, ‘averaged’ assessment over a larger sample area.

Hence, overall, it is clear that only a systematic comparison and favorable convergence of
EDS and EXAFS results can provide for a true and valid representation of the chemical and
structural nuances associated with various bimetallic ultrathin NW systems. Specifically, to

overcome limitations in interpretation, there is a need to reconcile the localized EDS information
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with the ensemble averaged picture provided by EXAFS of the distribution of atoms within a
bimetallic system. Moreover, while the quantitative EXAFS models themselves that we studied
herein tend to be mutually consistent in their overall conclusions, they still need to be improved
upon and optimized in order to properly acquire a thorough and accurate understanding of local
atomic structure, especially for predicting and correlating electrocatalytic performance within

relatively complex systems, such as ultrathin bimetallic NW alloys.

2. Experimental Section

Materials. All chemicals were used without further purification. These included ethanol
(denatured, BeanTown Chemical), gold chloride (AuCls, Au 64.4% min, Alfa Aesar), silver
nitrate (AgNO3, 99.9%, J.T. Baker Chemical Company), Triton X-114 (reagent grade, VWR),
hexadecyltrimethylammonium bromide (CTAB, >98%, Sigma Aldrich), chloroform (99.8+%,
Alfa Aesar), sodium tetrachloropalladate (Na2PdCls, 99.9%, Alfa Aesar), sodium borohydride
(NaBHa4, 99.99%, Sigma Aldrich), potassium borohydride (KBHa4, 98%, Alfa Aesar),
polyvinylpyrrolidone (PVP, MW: 40k, Alfa Aesar), sodium dodecyl sulfate (SDS,
Biotechnology Grade, VWR), sodium bromide (NaBr, 99.4%, J.T. Baker Chemical Co.),
dihydrogen hexachloroplatinate(IV) hydrate (H2PtCle, 99.9%, Alfa Aesar), ruthenium chloride
(RuCl3 99.9%, BeanTown Chemical), cobalt acetate tetrahydrate (Co(OOCCH3)2, 98%, Alfa
Aesar), oleic acid (OAc, 90%, Alfa Aesar), and oleylamine (OAm, 70%, Sigma Aldrich).
Synthesis Protocols

Synthesis of PdPt, Pd, and Pt NWs. Monometallic Pd and Pt NWs, along with the associated

bimetallic NWs, were synthesized using a previously reported, dependable soft-template

method.>? 33 With respect to the synthesis of Pt NWs, an aqueous solution of H2PtCls (5 mL, 20
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mM) was combined together with 5 mL of a 40 mM CTAB surfactant solution in chloroform.
Next, 40 mL of water was added, and the mixture was stirred for 30 min. Separately, 0.2 g of
NaBH4 was dissolved in 5 mL of water, which was then inserted to the reaction mixture, with
stirring; this mixture was allowed to react for 20 min. The NWs were collected by centrifugation,
and subsequently washed with water and ethanol. The analogous Pd NW synthesis was identical
to that of the Pt NWs, except for the substitution of a Na2PdCls solution in lieu of H2PtCle.

The bimetallic NW series, prepared with nominal compositions of PdiPt; and PdiPt,
were also synthesized using the identical methodology, but with the use of rationally chosen
precursor molar ratios so as to generate the desired products with the projected stoichiometries.
Specifically, for the synthesis of PdiPti, aqueous solutions of H2PtCle (2.5 mL, 20 mM) and
Na2PdCls (2.5 mL, 20 mM) were used. Similarly, in the corresponding synthesis of PdiPto,
aqueous solutions of H2PtCle (4.5 mL, 20 mM) and Na;PdCls (0.5 mL, 20 mM) were used.

Synthesis of Au and AuAg NWs. Au and AuiAgi NWs were generated using a different but

nonetheless reliable protocol.>* In particular, in the synthesis of AuiAgi NWs, generated with an
expected nominal concentration of 1: 1, a 47 mL ice cold aqueous solution, containing 0.05
mmol AuCls, 0.05 mmol AgNOs3, and 25 mg Triton X-114 surfactant, was prepared within a 100
mL round bottom flask. The solution was stirred vigorously to which 3 mL of an ice-cold
aqueous 0.1 M KBHa4 reducing solution was rapidly injected. After 10 s, another 25 mg of Triton
X-114 was added in. The solution was allowed to stir for 1 min, while kept at 0°C. The NWs
were collected by centrifugation and were washed three times with ethanol. The same procedure
was utilized for the synthesis of monometallic Au NWs, wherein a total amount of 0.1 mmol

AuCls was used as the sole metal-based precursor.
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Synthesis of RuCo and Ru NWs by a surfactant-mediated method. We have developed a novel,

‘in-house’ procedure to produce RuCo and Ru NWs, which builds upon prior studies associated
with the oleylamine-mediated synthesis of both pure Ru NPs* and PtM (M = Co, Ni, Zn, Cu, Fe)
NPs.>° Specifically, this synthesis was conducted under an inert atmosphere using typical, air-
sensitive Schlenk line techniques.

First, a total of 0.25 mmol of metal precursors was added to 7.5 mL of OAm and 7.5 mL
of OAc. RuCl3; and Co(OOCCH3)2 were used as the metal precursors with a Ru: Co molar ratio
of 2: 1; as such, this alloy is referred to herein as Ru2Co1 so as to reflect the predicted nominal
composition. The solution was kept under argon gas, heated to 350°C, and allowed to react for 1
h. The reaction was subsequently allowed to cool to room temperature and washed with mixtures
of hexane, methanol, and ethanol, for several times. This identical procedure is utilized for the
synthesis of Ru NWs by using 0.25 mmol of RuCls as the only metal precursor. Herein, the Ru
NWs generated by this solution-based protocol are denoted as Ru-S NWs.

Synthesis of RuPt and Ru NWs by the hydrothermal method. RuPt NWs were fabricated by a

previously reported hydrothermal method.>”- 38 Typically, 160 mg of PVP, 544 mg of SDS, 206
mg of NaBr, and a total of 0.2 mmol of H2PtCls and RuCls were dissolved in 15 mL of water and
stirred for 30 min. The amounts of metal precursors initially used were determined by the desired
chemical composition of the projected product. Herein, we used equimolar amounts of the two
metal precursors to obtain NWs with a Ru: Pt ratio of about 1: 1; hence, these NWs are described
as RuiPti to indicate their anticipated chemical make-up. The solution was then transferred to a
20 ml Teflon lined autoclave and heated at 210°C for 24 h. NWs were collected by
centrifugation and washed with water and ethanol for several times. This same protocol was also

used to generate monometallic Ru NWs by using the Ru precursor alone during the reaction
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process. Therefore, the Ru NWs synthesized using this hydrothermal procedure are referred to as
Ru-H NWs.

Structural Characterization Methods

X-ray Diffraction (XRD). Diffraction data were obtained using a Rigaku diffractometer,
operating in the Bragg-Brentano configuration with Cu Kal irradiation (A = 1.54 A). All
diffraction patterns were collected within the range from 10 to 90 degrees (2theta), using a
scanning rate of 10 degrees per minute. In particular, powder samples were dispersed in ethanol
and drop-cast onto a zero-background holder (MTI Corporation, zero diffraction plate for XRD,
B -doped, p-type Si, 23.6 mm in diameter and 2 mm in thickness), followed by drying in air.
Transmission electron microscopy (TEM). The morphology and size of all as-prepared ultrathin
nanowire systems were probed using a JEOL 1400 TEM instrument. Low resolution TEM
images were acquired using an accelerating voltage of 120 kV. High resolution transmission
electron microscopy (HRTEM) images were taken with a JEOL 2100F instrument, which was
operated with an accelerating voltage of 200 kV. Samples were prepared by drop casting onto 3
mm lacey carbon-coated copper grids, prior to analysis.

Scanning transmission electron microscopy (STEM), quantitative energy dispersive X-ray
spectroscopy (EDS), and EDS mapping. High angle annular dark field scanning transmission
electron microscopy (HAADF-STEM), along with associated EDS spectra and mapping data
coupled with corroborating line scans, were acquired using a FEI Talos F200X instrument.
Images were obtained using an acceleration voltage of 200 kV. Samples were prepared by
initially dispersing in ethanol, followed by drop casting onto 3 mm lacey carbon-coated Cu grids.
XAS Measurements. All XAS experiments were performed at the QAS (7-BM) beamline at the

National Synchrotron Light Source II (NSLS-II) located in Brookhaven National Laboratory
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(BNL). All data were collected in the transmission mode. A double-crystal Si(111)
monochromator was used to collect measurements at the Au Ls-edge (11919 eV), Ag K-edge
(25514 eV), Pt Ls-edge (11564 eV), Pd K-edge (24350 eV), Ru K-edge (22117 eV), and Co K-
edge (7709 eV). Reference spectra for the corresponding metal foils were taken during each
measurement to be used for energy calibration and data alignment. Data were processed and
analyzed using the Athena and Artemis software packages.’® The Athena software was used to
assign the photoelectron energy origin, Eo, and to perform edge-step normalization and
background subtraction of the measured X-ray absorption coefficient data. The background-
subtracted and edge step-normalized absorption coefficient data were then transformed to &
space. The k’-weighted data were subjected to Fourier transform (FT) to r-space, and EXAFS
fitting was performed in r-space using Artemis.

Fitting was first performed on the EXAFS data of elemental metal foils, wherein the
coordination number (N) of the first shell was set to be equal to 12, which is the expected value
for all of the metals used herein. The passive electron reduction factors (So?) were varied in the
fit. For the bimetallic systems, multiple-edge analysis was done to fit the signals, measured from
each of the alloying constituent component’s absorption edge, simultaneously. Data for the
monometallic samples were simulated using FEFF calculations performed using fcc structures
for Pd, Pt, Ag, Au, and the Acp structure for Ru and Co. In order to calculate FEFF theory for the
heterometallic samples incorporating elements A and B, the atoms of the type B were put into a
first nearest neighbor position within the coordinate list with respect to the atoms of the type A.
The So? parameters for the NWs were fixed to be equal to those obtained for the bulk foils.

For the bimetallic NWs, the fittings were performed for both edges concurrently, and the

following constraints were applied.*® The heterometallic bond lengths were set to be equal (Ra-B
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= Rg-a) along with the mean squared bond length disorders (6%a-8 =68-a), whereas the
homometallic bond lengths (i.e., Ra-a and Rs-8) and mean squared bond length disorders (i.e.,
o’a-a and 6°s.8) were varied independently. The coordination numbers were also modified
independently for all samples, except for the AuiAgi NWs. For this latter sample, due to the
relatively strong correlation of fitting parameters contributing to the amplitude of the EXAFS

oscillations, the total coordination number for Au (Nau = Naw-au + Nau-1g) Was set to be equal to

10.3, which was the coordination number calculated for the Au NWs.
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Figure 1. HRTEM images with the measured d-spacing values for (A) Ru-S, (B) Ru2Coi, (C)
Ru-H, (D) RuiPti, (E) Pd, (F) Pt, (G) PdiPt1, (H) PdiPto, (I) Au, and (J) AuiAgi NWs,
respectively.
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Figure 2. (A, D, G, J, M) HAADF-STEM images and (B, C, E, F, H, [, K, L, N, O) the
corresponding EDS mapping data associated with (A-C) Ru2Coi, (D-F) RuiPti, (G-I) PdiPt1, (J-
L) PdiPty, and (M-O) AuiAgi NWs, respectively.
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Figure 3. XANES spectra associated with the (A) Au Ls-edge, (B) Ag K-edge, (C) Pd K-edge,
(D) Pt L3-edge, (E) Ru K-edge, and (F) Co K-edge, respectively.
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Figure 4. Fourier transforms of k?y(k) spectra associated with the (A) Au Ls-edge, (B) Ag K-
edge, (C) Pd K-edge, (D) Pt L3-edge, (E) Ru K-edge, and (F) Co K-edge, respectively.
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Figure 5. k’>-weighted EXAFS data for the (A) Au Ls-edge, (B) Ag K-edge, (C) Pd K-edge, (D)
Pt L3-edge, (E) Ru K-edge, and (F) Co K-edge, respectively.
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Table 1. Bimetallic compositions as obtained by EDS and EXAFS, comparison of the total
coordination numbers, and short-range order parameters, a. Uncertainties in the last digits are
displayed in parentheses.

AuAg NWs
X /x a a a a
Sample Ag " Au NAu VS, NAg Au-Ag Ag-Au
EDS’ EXAFS¢ EDSY EXAFS° EDS? EXAFS®

AuiAg 04 0.6(2) 10.3(1.3)>8.8(1.0) nla n/a n/a n/a

PdPt NWs
X, /X a “ a 4
Sample P/ Pt N, vs. N, Pt-Pd Pd-Pt
EDS? EXAFS¢ EDSY EXAFS¢ EDS? EXAFS®
Pd,Pt, 1.8 0.7(1) 9.4(7)=9.2(7) 0.51 0.25 -0.19 0.27

PdPt, 003  0.104)  9.022)=9.04)  -205 007 013  0.07

Ru-based NWs

X, /X a 4 a 4
Sample 1\/ Ru NM Vs, NRu Ru-M M-Ru
EDS? EXAFS¢ EDSY EXAFS¢ EDS? EXAFS®
Ruz2Cos 0.2 0.2(2) 9.5(2.0) = 8.9(8) 0.73 0.75 0.77 0.77
RuiPti 2.8 1.2(8) 8.7(6) = 7.9(7) 0.81 0.75 0.61 0.77

¢ Calculated using Equation 1. If -1 < a <0 then there is a tendency for alloying, whereas if 0 < a
<1 then there is a tendency for clustering of ‘like’ atoms. It should be noted that if a computed
value were to fall outside of this range, then it is likely that the underlying data used do not
accurately reflect the nature of the entirety of the sample.

b Determined on the basis of quantitative EDS measurements.

¢ Calculated using Equation 2.

4 Calculated with Equation 1 using the concentrations which had been determined with
quantitative EDS measurements.

¢ Calculated using Equation 1 with the concentrations derived from both EXAFS analysis and
Equation 2.
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