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The surface composition of nanoparticles is critical in
defining their chemical and electrochemical properties.
However, there are a limited number of tools that can rapidly
and reliably establish these important characteristics at this
small scale. In the present work, a series of Ru .y @Ptgen
nanoparticles (2 or 3 nm diameter Ru core, 0 to 2 monolayers
of Pt in the shell layer) were synthesized and several novel
electrochemical fingerprinting methods were developed to
determine the Pt shell characteristics. These involved
tracking the charge associated with the reduction of the oxide
film formed on the exposed Ru,,., as well as the potential and
charge associated with CO,q, stripping, giving the precise
coverage of the first and second Pt monolayer, respectively.

The catalytic properties of nanoparticles (NPs) depend on their
size and composition, as well as on the population and
distribution of surface sites at the atomic level'™. Therefore, the
ultimate goal in catalyst design is to have full synthetic control of
both the bulk and surface characteristics of the catalytic material
and hence on its subsequent reactivity®.

Pt-Ru NPs, in either alloy or core@shell form, have attracted
significant interest due to their many important catalytic
applications, including in the electro-oxidation of methanol in
direct methanol fuel cells (DMFCs)* 3, the preferential oxidation
of CO in hydrogen feeds (PROX)’, and the electro-oxidation of
CO-contaminated hydrogen in proton exchange membrane fuel
cells (PEMFCs)®. As a subset of Pt-Ru, Ru-Pt core-shell NPs
(Rugore@Ptge) have been reported to exhibit significantly
different catalytic properties than Pt-Ru alloy NPs or mixtures of
monometallic Pt and Ru NPs, due to their unique electronic
characteristics”.

Previous efforts to establish the surface composition of Pt-Ru
NPs have involved the use of underpotential deposition/stripping
of Cu”® and oxalic acid oxidation’. However, this prior work did
not take into consideration the effect of NP size, Pt-Ru
interactions at the surface, or the degree of Ru oxidation, on the
electrochemical behavior of PtRu, thus making the conclusions
drawn questionable. Also, CO stripping-voltammetry was used
for the determination of the stability of PtRu NPs, including
monometallic Pt and Ru, Pt-Ru alloy, and Rum,e@PtshenlO. The
change in the characteristics of the CO stripping CV peaks was
used as indication for the surface composition change, and hence
the stability of the different PtRu NPs'®. In the present work,
several simple, but robust, electrochemical fingerprinting
methods were developed to precisely determine the coverage of
both the first and second monolayer (ML) of the Pty on the
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Ru,,. particles. Specifically, the exact coverage of up to one full
ML of the Pty on the Ru,,, was determined by monitoring the
decrease in the Ru oxide (RuOy) reduction peak in 0.5 M H,SO,
as the Ru core was gradually covered with the first Pt ML. To
determine the coverage of the second Pty monolayer, the
difference in the electronic properties of the first Pt ML vs. the
expanding second Pt ML was carefully probed by tracking the
CO adsorption/stripping electrochemistry. This vital atomic level
surface information would normally only be obtainable using
sophisticated and costly techniques, such as synchrotron radiation
based X-ray absorption spectroscopy (SR-XAS)"* .

The Rugye NPs, ca. 2 or 3 nm in diameter (Figs. Sla and S1b),
were synthesized (SI 1.1) using a simple polyol colloidal
synthesis method™ ' in which ethylene glycol (EG) or
pentamethylene glycol (PMG), respectively, were used as both
the solvent and the reducing agent. The Pty,y, up to two MLs in
coverage, was then controllably deposited on the surface of Ru
core NPs (for details, see SI 1.2). In order to obtain the desired
coverage, the Ru:Pt atomic ratio in the synthesis solution was
calculated using equation 1 (SI 1.2) and Fig. S2. The molar % Pt
in the synthesis solution was found to match the Pt at%
(determined using wavelength dispersive X-ray spectroscopy
(WDY)) in the Ru,@Ptg,;; NPs, as shown in Fig. S3. Based on
the WDS results, the Ruo@Ptg,;; NPs are coded as Ru,@Pt,(z),
where x and y represent the Ru and Pt at %, respectively, and z
represents the coverage in number of Pt shell MLs (based on
equation 1 in ST 1.2).

Ru o o@Pty,e formation was confirmed using transmission
electron microscopy (TEM), coupled with energy dispersive X-
ray analysis (EDX) (Fig. S4), while the Ru . @Ptg,y NP crystal
structure was determined using powder X-ray diffraction (PXRD)
methods. In fact, the XRD patterns of the Ru@Pt NPs (Fig. S5)
are very similar to what has been reported previously for
core@shell structures'>. Also, the gradual change in the Ru
crystal structure as the Pt shell coverage of the Ru core increases
(Fig. S5) and the associated quantitative analysis of the XRD data
(Fig. S6) are further strong evidence for Ru . @Ptge; NP
formation'?.

It is very well established that Ru has the tendency to form an
ad-layer of oxygenated species when exposed to potentials of 0.2-
0.9 V vs. RHE in 0.5 M H,SO,4", while Pt tends to form a similar
ad-layer only at > 0.8 V vs. RHE'*. Therefore, as the Pt coverage
increases on the Ru,,, surface, the number of sites available for
the formation of Ru oxide (RuO,) should decrease, as shown in
Scheme 1. This phenomenon was used here as the foundation for
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determining the relative surface occupation of Pt vs. Ru at the
Ruore@Ptgen NPs in the first Pt ML.

Fig. 1 shows the electrochemical response of a range of
Rugoe@Ptgen NPs with an increasing Pty coverage up to 1.1
MLs during cyclic voltammetry (CV) scans between 0.05 and 0.9
V vs. RHE in de-aerated 0.5 M H,SO,. In this study, the current
was normalized to the total number of moles of Ru and Pt within
the NPs rather than to the NP mass, because the Pt molar mass is
almost twice that of Ru. Fig. 1 shows that the RuO, reduction
peak is centred at 0.25-0.35 V' and that it decreases in size as the
Ru surface sites are blocked by the Pt shell. Further, Fig. S7
confirms that the electrochemical response depends only on the
coverage of the first Pt ML, and not on the CV cycle number,
thus also demonstrating the stability of the sub-monolayer Pt
shell. Notably, the difference between the CV response reported
here for the Ru@Pt NPs (Fig. 1) and that published for PtRu
alloys'® is further evidence of core@shell structure formation in
this work. Thus, based on the reliability of the prior literature in
this field> %, as well as our XRD (Fig. S5 and S6) and CV (Fig.
1) results, we are certain that we have produced core@shell
structures without any alloying.

The inset in Fig. 1 shows that the RuO, reduction peak current
(iruox), Which is directly proportional to the peak charge, is
linearly related to the extent of coverage of Ru by the first Pt
shell, calculated from the Ru NP size and the WDS-determined
Pt:Ru atomic ratios. This confirms the validity of this simple
electrochemical fingerprinting method to determine the coverage
of the first Pt shell ML on the underlying Ru core. Importantly,
once one Pt ML fully covers the Rug,, NPs, a RuO, reduction
peak is no longer visible (Fig. S8), as predicted.

To establish the precise coverage of the second Pt ML in the
shell layer (with the Ru core now fully covered by Pt), the
electrochemical oxidation of pre-adsorbed CO on Pt was tracked.
It is known that the coupling between adsorbate valence states
and transition metal substrate d-states defines the value of the
adsorption energy'®. Also, altering the composition and the
arrangement of atoms within a NP is known to affect the
electronic properties of the surface atoms and hence the
characteristics of adsorption processes, such as for CO.
Therefore, changes in the adsorption behaviour can be used to
determine the surface composition. This concept has been used
by others to monitor the stability and activity of Pt-Ru catalysts,
such as alloyed Pt-Ru'®, non-alloyed Pt-Ru ', Ru-incorporated Pt
18 Pt surface modified Ru'®, and Rugy@Pty.y structures'® .
However, the CO adsorption characteristics have not been
monitored previously to serve as an indicator of the coverage of
the second metal ML in a shell layer around the core of another
metallic NP.

Therefore, the novel concept employed here is that, when
between one and two Pt MLs are present on the Rugy, there
should be two distinguishable types of Pt atoms present, as shown
in Scheme 2. The first (Type A) involves the full inner Pt ML,
which is in direct contact with the underlying Ru,,. atoms, while
the second (Type B) is in the outer ML that is in contact with
Type A Pt atoms. It is therefore expected that these two types of
Pt surface atoms will have quite different electronic properties
and hence should produce two types of adsorbed CO. Thus, the
electrochemical fingerprint of each type of CO (and thus each
type of Pt) during CO adsorption/oxidation should be easily
distinguishable.

CO stripping experiments were carried out first on
monometallic Ru and Pt NPs, supported on Vulcan carbon (VC)
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powder, with the stripping peaks seen at 0.62 and 0.83 V vs.
RHE, respectively (Fig. S9). Further, when Pt and Ru NPs, on
VC, were physically mixed together, a CO stripping peak is seen
at each of these potentials (Fig. S9), indicating the absence of any
interactions between the Ru and Pt NPs in terms of their catalytic
activity towards CO adsorption or oxidation.

However, Fig. 2 clearly shows that, in the case of the
Ru oo @Ptgenn NPs, when the Pt coverage ranges from 0 to 1 ML,
CO stripping appears as a single peak (Peak A) at a potential very
close to that seen for CO stripping from pure Ru. This is
consistent with the presence of only Type A Pt sites and thus only
Type A adsorbed CO (Scheme 2). Under these conditions, CO
oxidation is controlled entirely by strong electronic interactions
between the first Pt ML in the Ptg,; and the Ru,,. atoms. More
importantly, this also indicates the absence of any effect of the
exposed Ru surface atoms on CO oxidation, i.e., no bi-functional
effect” 2 is observed. It should be noted that the absolute
magnitude of the CO stripping peaks was not the main focus of
this work, as this depends strongly on the real surface area of the
NPs. This, in turn, depends on the final size and distribution of
the Rug@Ptgen NPs. Therefore, the CO peak currents were
normalized to the magnitude of the larger of the two CV peaks
(Type A and Type B CO) for easier comparison.

Fig. 2 shows that, in the case of the Ruys@Pts, (1.1) NPs,
where 10% of a second ML of Pt coats the Ru core, the main CO
stripping peak (peak A) is still at 0.62 V vs. RHE (Type A CO),
but a small shoulder is also now seen at 0.75 V vs. RHE (peak B).
In the case of Russ@Ptg, (1.45) NPs, with 0.45 of a second Pt ML
in the shell, both peaks A and B are very well-defined, consistent
with the exposure of two different Pt sites to the solution
(Scheme 2). These CV peaks are still better resolved at lower
sweep rates (Fig. S10). When the Pty coverage is close to 2
MLs (Fig. 2), peak B is by far the dominant feature, with only a
small shoulder seen at 0.65 V vs. RHE, fully consistent with
Scheme 2.

It is thus clear that, as Type A Pt atoms (Scheme 2) are in
direct contact with the Rug,,., the CO molecules at these sites are
only weakly adsorbed and thus require less energy (a lower
potential) to be oxidized (Peak A in Fig. 2). However, at Type B
Pt sites, where the electronic effect of Ru on the surface Pt atoms
is buffered by the presence of an under-layer of Pt *', CO
stripping should be energetically more difficult, consistent with
the higher CO stripping potential observed (Peak B, Fig. 2).

In the case of Rus3@Pts, (1.45), the surface fraction of Type A
and Type B Pt should be 0.55 and 0.45, respectively, and hence
the ratio of Peak A to Peak B is expected to be 1:0.82, assuming
that the peak current is directly related to the CO coverage at each
Pt type. The experimental ratio of Peak A:Peak B was found to be
very similar to this, i.e., 1:0.88 (Fig. 2), indicating the excellent
precision of this electrochemical fingerprinting method for the
determination of the coverage of the second Pt ML in the Pty
Also, in the case of the Ruy@Pts, (1.1) and Rusz;@Ptgo (1.9) NPs,
the fraction of Type B and Type A Pt atoms should be ca. 0.1,
respectively. The appearance of small shoulders (arrows, Fig. 2)
in the Peak B and A regions in Fig. 2 for the 1.1 and 1.9 ML
cases, respectively, demonstrates the excellent sensitivity of the
CO adsorption/stripping method for the determination of the
Ru@Pt surface composition.

Since CO oxidation at Pt NPs is known to depend on the
particle size (2-5 nm)*, it is important to prove that the CO
stripping method proposed here is independent of the Rugye
(Rucore@Ptyenr) size. Pentamethylene glycol (PMG), which has a
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higher boiling point than ethylene glycol (EG), was thus used to
synthesize larger Ru NPs. Fig. S11 shows that a single CO
stripping peak is seen at 0.62 V vs. RHE in both cases when one
Pt ML is present on the Rugy,. When the Pty thickness was
increased to ca. 1.5 MLs (RU38@Pt(,2 (1.45, EG) and Ru51@Pt49
(1.5, PMQG)), two CO stripping peaks are seen (Fig. S11),
independent of the Ru,,, size. This demonstrates the reliability of
the CO stripping fingerprinting method as a surface composition
characterization tool for Ru@Pt NPs of all sizes.

A theoretical calculation of the binding energy of CO on Pt
showed that it should increase dramatically when the number of
Pt MLs on Ru increases from 1 to 2 MLs?!, consistent with Fig. 2.
Importantly, when the number of Pt MLs on Ru is increased from
2 to 3 MLs or more, the CO/Pt binding energy should hardly
change? and thus the CO stripping method is expected to be
invalid under these conditions.

In conclusion, we have developed two simple but robust
electrochemical fingerprinting methods to precisely determine the
surface composition of catalytic Rug,@Ptg,.;; NPs, formed using
a simple polyol colloidal synthesis method. The coverage of the
Pty layer on top of the Rug,,. (2-3 nm dia) can now be reliably
determined. Specifically, the signal obtained from the reduction
of Ru oxide, present on the uncovered Ru atoms, was used to
determine the precise coverage of a first Pt shell layer, while the
current and potential of the CO stripping peaks are highly reliable
predictors of the coverage of the second Pty layer.

The two electrochemical fingerprinting methods developed
here should be relatively easy to extend to other core/shell N@M
(N = Ru, Ni, and Co, and M = Pt, Pd and Au) structures. To
determine the coverage up to 1 ML, the core material should have
the ability to form a reversible oxide in a potential range different
from that of the shell material, while to determine the shell
coverage for >1 ML, the core material should exert a strong
electronic effect on the shell, hence altering the strength of CO
adsorption.
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