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ABSTRACT: State-of-the-art electrocatalysts for electrolyzer and fuel cell H
applications currently rely on platinum group metals, which are costly and H* 2 01
subject to supply risks. In recent years, a vast collection of research has \} o 51
explored the possibility of reducing the Pt content in such catalysts by £
alloying with earth-abundant and cheap metals, enabling co-optimization 2 10+
of cost and activity. Here, using nanoparticle beam deposition, we explore E
the electrocatalytic performance of PtCu alloy clusters in the hydrogen =19
evolution reaction (HER). Elemental compositions of the produced 204
bimetallic clusters were shown by X-ray photoelectron spectroscopy . . ’

25

(XPS) to range from 2 at. % to 38 at. % Pt, while high-angle annular dark 06 04 02 o0

. et q ®Pt oCu : - : :
field scanning transmission electron microscopy (HAADF-STEM) E/V vs. RHE
combined with energy dispersive X-ray (EDX) spectroscopy indicated
that the predominant cluster morphologies could be characterized as either a fully mixed alloy or as a mixed core with a Cu-rich
shell. In contrast with previous studies, a monotonic decrease in HER activity with increasing Cu content was observed over the
composition range studied, with the current density measured at -0.3 V (vs reversible hydrogen electrode) scaling approximately
linearly with Pt at. %. This trend opens up the possibility that PtCu could be used as a reference system for comparing the
composition-dependent activity of other bimetallic catalysts.

1. INTRODUCTION metals),"”’ while maintaining or even improving catalytic
activity and stability. This may be achieved by producing
core—shell nanoparticles in which the shell is rich in the active
Pt catalyst while the secondary metal is concentrated at the
core, replacing the redundant Pt.'* The alloying of Pt with
other transition metals may also induce beneficial strain effects,
due to lattice disruptions resulting from the inclusion of metal
atoms of different size.'> Also explored are ligand effects, in
which manipulation of the Pt d-electron orbitals allows
optimization of the bindinﬁg strength between the reactants/
products at the surface.'*"

Among the many binary Pt systems, PtCu has received
interest as an electrocatalyst for various reactions, including the
ORR, MOR and HER."*"'7~% For the HER, which is the focus
of the present study, alloying Pt with Cu has been

Platinum represents the material of choice for many electro-
catalytic reactions, including the oxygen reduction reaction
(ORR)," methanol oxidation reaction (MOR),” and the
hydrogen evolution reaction (HER),” which lie at the core
of energy conversion devices such as fuel cells and electro-
lyzers. However, the high cost and supply risks associated with
Pt have been an obstacle to the widespread adoption of such
green technologies and so substantial efforts have focused on
developing catalysts with reduced Pt-content.

A general strategy in this context is to optimize catalyst
nanoparticle size, the aim being to maximize surface area and
Pt utilization, while ensuring that any surface site specific
requirements for the catalytic reaction in question are met."
Typical nanoparticle sizes for the above applications are of the
order of a few nanometer,’ including size-selected clusters with

controlled numbers of atoms,’”® although recent work has Received: July 23, 2020
highlighted the potential virtues of single atom catalysts Revised:  October 3, 2020
(SACs).”™"?

An alternative and widely explored approach to decrease
reliance on Pt is to partially substitute some of the Pt-content
with other cheap and earth-abundant materials (e.g., transition
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demonstrated to have beneficial effects. Tymoczko et al
studied Pt(111) electrodes modified with monolayer amounts
of Cu and demonstrated a substantial enhancement in specific
HER activity, attributed primarily to a ligand effect."® Li and
co-workers synthesized alloyed PtCu nanospheres, approx-
imately 50 nm in diameter, and demonstrated improved HER
and ORR performance due to the addition of Cu.”” In another
example, a composite of randomly alloyed PtCu nanoparticles
in the 2 nm range deposited onto a 3D architecture of carbon
nanofibers was produced and shown to be an effective HER
catalyst.”® High activity has also been reported for PtCu
atomically dispersed with Pd nanorings, creating a trimetallic
ultrathin alloy.”’ In addition to the direct use of PtCu as a
catalyst, it has also been shown that selective dissolution of Cu
located on the alloy surface can be used to generate a Pt-rich
surface.””

In the above examples, the catalysts were prepared by wet
chemical methods. These can sometimes suffer drawbacks such
as limited control over nanoparticle size, morphology, and
composition, as well as possible chemical contamination or
impurities resulting from the use of organic capping agents or
surfactants to control nanoparticle growth, as well as
generation of toxic by-products. An alternative approach to
nanoparticle synthesis that has emerged in recent years is
cluster (nanoparticle) beam deposition (CBD).'”**™* In the
most common approach, the cluster material is vaporized by
magnetron sputtering in a vacuum chamber, before atoms are
condensed in a noble gas to form a cluster beam, enabling
deposition onto suitable substrates. CBD offers a number of
potential advantages.”® First, production of nanostructured
materials can be achieved in a sustainable and environmentally
friendly fashion, as it is a solvent and toxic byproducts free
process. Second, the produced nanoparticles can be precisely
controlled, in favorable cases, in terms of cluster size (by mass-
filtration), composition (by regulating the corresponding
magnetron power), and structure. A severe limitation is the
low amount of material produced, but a number of efforts have
been recently devoted to scaling up the production rate in
order to meet industrial research requirements.’"***” This
method has proved to be successful for a number of
application studies from generating advanced model catalysts
for different chemical reactions to creating binding sites for
protein molecules on biochips.””*® PtCu catalysts produced by
CBD were the subject of a recent study by a number of the
current authors focusing on gas phase acetylene semi-
hydrogenation.” In the present work, we use CBD to explore
the effect of elemental composition on the electrocatalytic
performance of PtCu clusters, specifically with respect to the
hydrogen evolution reaction (HER).

2. METHODS

2.1. Cluster-Modified Electrode Preparation. Cluster-
modified electrodes were fabricated using a multiple ion cluster
source (MICS) working in a UHV system (base ?ressure S X
107" mbar), details of which are given elsewhere.” %31 Clusters
were deposited onto S mm diameter glassy carbon (GC) disc
electrodes which, prior to deposition, were polished to a mirror
finish with microfiber polishing pads loaded with alumina
suspension (0.05 ym, Buehler UK) and rinsed with ultrapure
water (18.2 MQ cm, Elga).

For the present work we used two of the three available
magnetrons in the aggregation chamber, which contained the
Pt (99.95%, PIKEM) and Cu (99.95%) targets for producing

PtCu alloy clusters as well as Pt and Cu reference clusters. The
sputtering power, Ar gas flux, and condensation length
(distance between the target and the exit nozzle) for each
magnetron were controlled separately.””*> The relative Pt
content of the PtCu clusters produced lay in the range 2—38
at. %. Cluster-modified GC electrodes with each PtCu
composition were produced in duplicate for electrochemical
tests, and clusters were also deposited onto transmission
electron microscopy (TEM) grids and clean Si/SiO, substrates
for high resolution imaging and X-ray photoelectron spectros-
copy (XPS) analysis, respectively. The latter samples were also
used for additional atomic force microscopy and scanning
electron microscopy measurements (Figure S1) to evaluate the
effect of the sputtering power on the obtained Pt and Cu
content for each deposition (the sputtering power was adjusted
accordingly to obtain the desired composition) and also obtain
the cluster-support sticking coefficient in order to achieve a
30% cluster coverage (projected surface area) on the GC
electrodes, thus avoiding significant cluster agglomeration.

2.2. Cluster Characterization. The average composition
of each cluster sample was evaluated using XPS, while the
cluster size, shape, structure, and composition were charac-
terized at the single particle level by scanning transmission
electron microscopy (STEM) and energy dispersive X-ray
spectroscopy (EDX).

2.2.1. X-ray Photoelectron Spectroscopy. XPS was carried
out in ultrahigh vacuum using a Kratos Axis Ultra instrument
(Kratos Analytical Ltd., Manchester, U.K.). For each cluster
sample, an area of approximately 700 uym X 300 um was
analyzed. High-resolution spectra were acquired over appro-
priate binding energy ranges for Pt 4f and Cu 2p and were used
to estimate the ratio of Pt to Cu in the clusters, assuming a
homogeneous distribution across the samples. The mono-
chromated aluminum X-ray source was operated at 15 kV, §
mA emission. Analysis conditions used were 40 eV pass energy,
0.1 eV steps, and 0.5 s dwell per step. Five scans were acquired
for the Cu 2p region and 10 scans for the Pt 4f region. The
peak areas were calculated using Tougaard backgrounds,
average matrix relative sensitivity factors, and the appropriate
transmission function calibration. Errors in determining the
Pt/Cu ratio occur because the Cu 3p peak overlaps the Pt 4f
region, such that higher concentrations of Cu cause larger
errors in the measured Pt amount. It is estimated that, as a
result of this, there is a ~ 20% relative error in the Pt/Cu ratio
due to backgrounds and the measurement of peak areas.

2.2.2. Scanning Transmission Electron Microscopy and
Related Spectroscopy. The cluster size, shape, structure, and
composition were characterized by high angle annular dark
field (HAADF) STEM and EDX using a spherical aberration
probe corrected Thermo Fisher Titan microscope equipped
with a ChemiSTEM Super-X Energy Dispersive X-ray detector
operating at 200 kV. The incident electron beam convergence
angle was 21 mrad and HAADF images were collected with an
inner angle of 55 mrad. All the images were acquired using
Gatan’s Digital Micrograph and analyzed using Fiji software.
3D atomic models in Figure 1 were realized using
STEM_CELL***® and Rhodius software.””

2.3. Electrochemical HER Performance Testing.
Electrochemical experiments were performed using a rotating
disk electrode (RDE) apparatus (MSR Rotator, Pine Research
Instrumentation) and an Ivium CompactStat potentiostat. A
three-electrode configuration was used, comprised of the
cluster-modified GC disc as a working electrode, a saturated
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(a) PtCu alloy NPs (b) Pt@Cu NPs

Figure 1. High resolution HAADF-STEM images of PtCu clusters
(top) together with the corresponding idealized 3D atomic models
qualitatively reflecting the atomic distribution observed (bottom: Pt,
green, and Cu, red). The models depict the entire particle together
with a corresponding section to demonstrate composition variation
from the center of the cluster to the surface. (a) Mixed alloy and (b)
Cu-rich shell morphology. Scale bars correspond to 1 nm.

mercury/mercurous sulfate (MSE) reference electrode, and a
GC rod as the counter electrode. Potentials were converted to
the reversible hydrogen electrode (RHE) scale and all
potentials quoted herein are against this reference potential
unless otherwise stated. All measurements were performed at
room temperature.

Electrochemical HER performance testing was undertaken
in 0.5 M H,SO, solution (Fisher, prepared using ultrapure
water), which was deaerated by purging with hydrogen gas
before and during measurements. Working in solutions of
saturated hydrogen ensured that the thermodynamic potential
for hydrogen evolution could be well-defined. Alternative
electrolytes were considered due to the possible interference of
sulfate anion adsorption on the HER process, but such effects
were considered to have a minimal impact and so H,SO, was
selected to facilitate comparison with previous work on PtCu
electrocatalysts. Samples were activated initially by cycling the
potential between +0.2 and —0.5 V at 100 mV s™. In order to
avoid dissolution of Cu prior to or during electrochemical
measurements, the upper potential limit was not allowed to

exceed +0.2 V. Above this potential, anodic currents clearly
attributable to the electrochemical oxidation of Cu were
observed. Linear sweep voltammograms (LSVs) were recorded
from +0.2 to —0.7 V at S mV s~ and a rotation rate of 1600
rpm.

To account for variations in cluster surface area across the
cluster-modified samples, recorded currents were normalized
to the total deposited cluster surface area, as estimated from
the known mass deposited and the average cluster size
determined by TEM. All current densities (j, reported in mA
cm™?) hence refer to current measured per unit of cluster
surface area. The more conventional approach of determining
the electrochemical surface area using hydrogen adsorption/
desorption or double layer capacitance were not considered
reliable due to the large uncertainty associated with the low
total metal loadings used.

3. RESULTS AND DISCUSSION

3.1. STEM Characterization of PtCu Clusters. To
investigate the shape and atomic structure of PtCu clusters,
HAADEF-STEM imaging was performed and representative
micrographs are shown in Figure 1 (top) along with the
corresponding 3D atomic models. Here, the distinction
between the two elements is simplified by the STEM image
contrast at high collection angles, of which Rutherford
scattering is the limit.*" The intensity depends on the atomic
numbers*' of the different elements, Z, to a power N, where N
lies between 1 and 2. Therefore, Pt appears substantially
brighter than Cu. Two predominant cluster morphologies were
observed: (i) well-alloyed clusters with differing amounts of Pt
present and (ii) core—shell clusters in which the core is Pt-rich
and the shell is Cu-rich. 3D atomic models qualitatively
depicting these two morphologies for the idealized case of a
spherical NP are shown for illustration at the bottom of Figure
1. Figure la shows typical PtCu alloy structures, which we
classified as either a Pt-rich alloy (as evaluated from atomic
plane distancing analysis) or a PtCu alloy with Cu-rich surface
(here the Cu content is higher and therefore Cu atoms migrate
more easily to the surface), shown on the left and right of
Figure la, respectively. Figure 1b shows a typical Pt-core@Cu-
shell cluster. The average diameter of the produced clusters
was measured to be in the range 4—6 nm, as reported in Figure
S2.

(a) PtCualloy NPs

(b) Pt@Cu NPs

4nm 4nm
E— I

ll

Figure 2. Elemental distribution analysis of PtCu alloy clusters recorded by STEM and EDX. Typical HAADF images together with single
elemental distribution maps of Cu (red), Pt (green), and combined Pt—Cu signals. (a) Mixed alloy and (b) Cu-rich shell morphology.
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The chemical composition of the produced PtCu clusters
was explored at the individual particle level with STEM-EDX
spectroscopy, as shown in Figure 2, where both Pt and Cu
signals were detected in all samples. Depending on the cluster
structure, the signals were either homogeneously distributed or
localized in specific regions (core or shell). By integrating the
resulting EDX spectra over the cluster area, it was possible to
estimate the Pt/Cu ratio for individual clusters. Figure 2a
shows examples of clusters in which the Pt and Cu are
homogeneously mixed across the cluster volume. On the left of
this panel a group of three Pt-rich clusters is shown with a Pt/
Cu ratio of approximately 7:1, while on the right of the panel is
a cluster with a Pt/Cu ratio of approximately 1:1. Figure 2b
depicts PtCu clusters with a core—shell morphology, in this
case with a Pt/Cu ratio of approximately 2:1. The images
confirm that core—shell clusters comprise a Ptrich core
surrounded by a Cu-rich shell.

It is possible that the presence of a Cu-rich shell is, at least in
part, due to migration of Cu atoms from the core to the cluster
surface after exposure of the sample to air; oxidation of the
surface Cu atoms by atmospheric oxygen presents a driving
force to concentrate Cu at the surface,” in addition to the
lower surface energy of Cu, as observed in CuNi NPs.** Close
inspection of the right image of Figure 2a (alloy cluster) also
shows some evidence of Cu enrichment at the surface,
suggesting this migration effect may occur to varying degrees
across all of the samples. The absence of a Cu shell in the left
image of Figure 2a is then explicable by the low Cu content in
these clusters. Table S1 shows the distribution of mixed alloy
and core—shell cluster morphologies observed across the
various samples produced.

3.2. XPS Characterization of PtCu Cluster Samples.
XPS analysis was used to quantify the relative atomic
percentages of Pt and Cu in the cluster samples. For these
materials, the inelastic mean free path (IMFP) of the emitted
photoelectrons is expected to be between 1 and 2 nm, so we
estimate the depth of information from the XPS analysis to be
approximately 5 nm. Since the average cluster radius was found
to be in the range 2—3 nm, the XPS analysis is expected to
reflect the entire cluster composition, averaged across the
deposited ensemble. Furthermore, any variations in the degree
of surface-sensitivity of the XPS measurement resulting from
the different IMFPs for Pt and Cu were also not considered to
be substantial. Example high-resolution spectra are shown in
Figure 3a and 3D for the Pt 4f and Cu 2p regions, respectively.
The spectrum in Figure 3a exhibits a large asymmetric feature
from ~82 to 74 eV, which is comprised of contributions from
Pt 4f;;, and Cu 3p electrons, and a peak at ~71 eV,
corresponding to Pt 4f;,. The Pt content, relative to the
amount of Cu, was determined on the basis of the Pt 4f,,,
peak, as indicated by the blue shaded region of Figure 3a, but
we note that there still remains some interference from the Cu
3p feature, which extends underneath the Pt 4f;, peak, causing
a slight underestimation of the Pt content despite background
subtraction. The binding energy of the Pt 4f,, peak is
indicative of Pt metal** but it is not possible to be certain if
there is any oxidation because the peaks for oxidized Pt would
be expected to overlap the Cu 3p peak. More detailed analysis
was not possible due to the relatively low signal intensity of the
Cu 2p and Pt 4f peaks, resulting from the relatively low
amount of material present on the samples.

Figure 3b shows the Cu 2p region from the same area of the
same sample, in which the Cu 2p;/, peak at ~933 eV is
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Figure 3. Example high resolution XPS spectra of a representative
PtCu sample showing the quantification regions (highlighted in blue)
and backgrounds used for peak quantification. (a) Pt 4f;/, selected
peak area and the Pt 4f;,, plus Cu 3p peaks at higher binding energy,
and (b) Cu 2p;/, metal, oxide, and oxide satellite peaks selected for
quantification and the Cu 2p,/, peaks at higher binding energy.

indicative of either metallic Cu or Cu'*. This peak also appears
to have a second component at slightly higher binding energy,
suggesting the Cu is present in multiple oxidation states. This
is confirmed by the observation of satellite peaks at a higher
binding energy, (~940, ~94S, and ~964 eV), which together
are indicative of Cu?** (CuO).** The area selected for Cu
quantification (927—948 eV) contains the Cu 2p;/, metal and
oxide peaks, including the associated oxide satellite peaks. The
presence of Cu in both metallic and oxidized forms is
consistent with our conclusion above that surface oxidation
may play a role in the observed cluster morphology: metallic
Cu is likely localized in the core of the nanoparticle while
oxidation takes place primarily on the surface.

The elemental compositions, in terms of relative Pt and Cu
atomic %, for the samples produced, are presented in Table S1,
from which it can be seen that the Pt content in the binary
clusters ranges between 2% and 38%.

3.3. HER Performance of PtCu Clusters. The HER
performance of the PtCu clusters, measured in 0.5 M H,SO,
solution, is captured in Figure 4. Representative linear sweep
voltammetry (LSV) of different PtCu cluster decorated-GC
electrodes are plotted. For the pure Pt sample, onset of HER
occurs close to 0 V vs RHE, as expected, while more negative
potentials are required to drive HER currents for the PtCu
samples. The HER overpotential (17) broadly shifts to more
negative values with decreasing Pt content, although this is
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Figure 4. Electrochemical HER performance of PtCu clusters: (a)
LSVs and (b) Tafel plots of a selection of PtCu samples with different
compositions. (c) Overpotential required for a current density of 10
mA cm ™ and (d) current density measured at —0.3 V plotted as a
function of Pt atomic %. Data plotted in parts c and d are mean values
calculated from measurements on duplicate samples, and the vertical
error bars (blue) reflect the calculated standard deviation. Horizontal
error bars (green) are based on estimated error in XPS composition
analysis (see Methods).

clearly complicated by differing onset curvatures. As expected,
the pure Cu clusters exhibit the worst HER performance, with
an overpotential comparable with that observed for polycrystal-
line Cu.*>*® Tafel plots for the data shown in Figure 4a are
presented in Figure 4b. Linearity is only observed for the
lowest Pt content samples shown, namely 0% and 2% Pt, which
exhibit Tafel slopes of 86 and 91 mV dec™’, respectively. These
values suggest that the mechanism of HER is close to being
electron transfer limited. For the remaining samples the Tafel
plots exhibit poor linearity so extraction of Tafel slopes was not
attempted (a straight line with slope of 30 mV dec™', which
reflects the expected behavior for Pt, is plotted tangential to
the 100% Pt data in Figure 4b for reference only). The reason
for the curved Tafel plots is unclear, but it possibly results from
mass transport limitations influencing the current—potential
behavior. Such limitations might be expected in the case of fast
electron transfer, which would perhaps explain why the Tafel
curvature is predominant for the more HER-active samples.
While detailed analysis of this electrochemical data would
therefore not be recommended, it is possible to explore general
compositional trends.

To assess the impact of cluster composition on HER
performance, the overpotential required to drive a current
density of 10 mA cm™? averaged over measurements on
duplicate samples, is plotted as a function of the relative atomic
% of Pt in the PtCu clusters (as determined by XPS) in Figure
4c. Here, the general trend of increasing overpotential with
decreasing Pt content can be seen most clearly. While the exact
shape of this plot depends on the current density selected for
comparison, in all cases the same broad trend is observed. To
evaluate the HER current capability of electrocatalysts, it is
common practice to report an exchange current density
extrapolated to the equilibrium potential (in this case 0 V).

However, given the curved nature of many of the Tafel plots,
coupled with the wide range of HER overpotentials observed,
this approach was considered inappropriate. Instead, the
current densities are compared at a potential of —0.3 V,
where the majority of samples exhibit measurable activity. The
extracted current densities, plotted in Figure 4d, again reflect
the decreasing HER activity with decreasing Pt content.
Remarkably, a linear trend is observed between the current
density measured at this potential and the Pt atomic %, with
the fitted line shown in Figure 4d exhibiting an R* value of
0.960. Naturally, this linearity depends on the potential at
which the current density is measured, and indeed at potentials
of —0.2 and —0.4 V the R* value of the linear correlation
decreases to 0.900 and 0.699, respectively. Nevertheless, the
roughly monotonic decrease in HER activity with decreasing
Pt content is an interesting observation, which indicates that
addition of Cu does not impart any measurable electronic
enhancement to the catalytic process. Instead, the Cu appears
to simply decrease the HER performance of the Pt catalyst
over the compositions studied, effectively diluting the Pt
content. Due to the appreciable variations in the electro-
chemical properties observed across the various samples, we
were unable to draw any solid conclusions regarding the
precise relationship between cluster morphology and HER
performance.

The observed negative impact of Cu on the HER
performance of Pt is in contrast to a number of reports
documenting an apparent improvement in catalytic activity of
Pt alloyed with Cu,'*"*° some of which are summarized in
Table S2. However, the majority of the literature on simple
binary PtCu alloys focus on samples with low Cu content (at
most ~25 at. % Cu), which are substantially more Pt-rich than
any of the binary PtCu clusters explored in this work (our Cu
content lies in the range 62—98 at. %). It is therefore likely that
the positive influence of Cu reported previously only applies
for small quantities of Cu and is presumably offset by other
unfavorable factors at higher Cu compositions, such that no
such beneficial effects were observed in our work. T'ymoczko et
al. showed that addition of submonolayer amounts of Cu
resulted a beneficial effect on the HER activity of Pt(111) but,
more importantly, the spatial distribution of the Cu plays a
defining role; enhanced HER activity was observed only in the
case of near-surface PtCu alloying (i.e., Pt with subsurface Cu),
whereas top-surface alloying was found to have a detrimental
effect, and the presence of a complete Cu overlayer was found
to be highly deleterious toward HER activity.'® A significant
fraction of the clusters studied in this work were shown to
exhibit a Cu-rich shell, resulting from the high Cu-content, so
it is likely that the negative impact of Cu surface alloys and
overlayers dominate the HER behavior in our case. Such
effects would be expected to become more pronounced with
increasing Cu content, which we believe explains why, despite
a multitude of contributing factors, the HER current density
exhibits a broadly monotonic decrease with increasing Cu
content.

4. CONCLUSIONS

In summary, using nanoparticle (cluster) beam deposition
(CBD) synthesis of binary PtCu catalysts on GC supports, we
have shown that alloying Pt with Cu at high Cu concentrations
decreases the HER activity in a broadly monotonic fashion,
which is in contrast to beneficial catalytic effects previously
reported for small additions of Cu. While the relatively poor
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HER performance of the Cu-rich PtCu clusters investigated in
this work precludes their application as water electrolyzer
catalysts, the monotonic or even linear scaling of HER current
with Cu content may offer some potential for PtCu to be used
as reference system for comparing the composition-dependent
activity of other bimetallic clusters. In other words, Cu appears
to behave as an inert “dilutant” at high concentrations that acts
to decrease the HER activity in a prospectively rather
predictable way. This could be of particular benefit for
researchers attempting combinatorial materials screening and
would not be limited to CBD techniques.
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