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www.rsc.org/ In this study the performance enhancement effect of structural ordering for the oxygen
reduction reaction (ORR) is systematically studied. Two samples of PtCuj; nanoparticles
embedded on a graphitic carbon support are carefully prepared with identical initial
composition, particle dispersion and size distribution, yet with different degrees of structural
ordering. Thus we can eliminate all coinciding effects and unambiguously relate the improved
activity for the ORR and more importantly the enhanced stability to the ordered nanostructure.
Interestingly, the electrochemically induced, morphological changes are common to both
ordered and disordered samples. The observed effect could have a groundbreaking impact on

the future directions in the rational design of active and stable platinum alloyed ORR catalysts.

Introduction

The oxygen reduction reaction (ORR) is the essential process in
low- to medium-temperature polymer electrolyte membrane
fuel cells. In contrast to its anodic counterpart, i.e., the
the electrocatalysis of this
cathodic reaction suffers from large overpotentials and thus
limits the overall performance of the cell. Researchers across
the globe are therefore investing large efforts to develop both,
active and durable industrial electrocatalysts beyond the so far
state-of-the-art material Pt/C, besides trying to reduce or even
eliminate the noble metal content.> 2 However, non-noble metal
or metal-free catalysts still have low mass activity and poor
stability under the harsh operating conditions in fuel cells. Pt
based alloy electrodes have shown promising mass activities of
2-5 times higher than pure Pt, while at the same time reducing
the noble metal content.” This enhancement is due to lower
adsorption energies of blocking hydroxyl species (OH,q),
yielding higher number of active sites available for the ORR at
comparable overpotentials.®'® This holds even after removal of
the transition metal from the catalyst surface and formation of a
Pt rich shell, as the several times higher activity '' is retained

hydrogen oxidation reaction,

This journal is © The Royal Society of Chemistry 2013

due to the electronic (ligand effect) and geometric (strain effect)
influence of the alloying element inside the core.” '> '3 Upon
selective leaching of the non-noble transition metal, either
naturally under operating conditions or intentionally as a
pretreatment, several special structures have been obtained,
such as for instance Pt-skeleton shell/alloy-core ', Pt-skin
shell/alloy core 15, strained Pt shell/alloy-core 7, strained Pt
shell/multi-core '® and “Swiss cheese” type porous particles. '
Thereby, the obtained structure depends on several parameters,
such as the synthesis conditions, the initial composition > '* and
the size of the alloyed material ® ' 820 as well as on the type
of dealloying protocol used, e.g. chemical or electrochemical *
°. An important parameter that seems to have significant impact
on the final properties of electrochemically treated Pt-alloys is
the effect of structural ordering, as shown for the ORR activity
in PtCu, > ' 2! | PtFe ?* ?* and PtCo %*?° systems. The stability
of the so-called intermetallic Pt-alloys, in contrast to disordered
structures or solid solutions, is however poorly understood. One
reason is that the impact of structural ordering is difficult to
differentiate from other effects, such as varying composition

31

and particle size distribution resulting from different
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synthesis and pretreatment conditions, especially during
annealing.”*?® In this study we eliminate all these coinciding
effects and unambiguously demonstrate an improved activity
and even more important an enhanced stability of a partially

ordered catalyst, exemplified by a PtCus.

Experimental

PtCu; alloy nanoparticles supported on commercially
available graphite support (Vulcan XC72R) were synthesized
by a modified sol-gel method, and alloying of Pt with Cu was
achieved by thermal annealing (above 700 °C) as described in
the patent literature.'” ?’ The catalyst composite contains 23.8
wt.% Cu and 25.5 wt.% Pt. The partially ordered analogue
consisting of a combination of ordered (Pm3m) and disordered
(Fmém) structure was obtained by setting the temperature
below the order-disorder transition temperature (~550 °C) so
that the system attained thermodynamic equilibrium. By
contrast, a completely disordered analogue PtCuj; (s.s.; Fm3m
structure) was obtained from the partially ordered material by
heating to 700 °C, above the disorder-order transition
temperature, and quenching in liquid nitrogen.

Results and discussion

Exemplary HR-TEM study of a single PtCu; particle with
XRD spectra are shown in Figure 1 a); a more detailed
structural analysis of both analogues is given in the Supporting
info S1. The partially ordered material consists of a rather thick,
ordered (Pm:’)m) shell (Fig. 1 ¢) around a predominantly
disordered (Fmém) core (Fig. 1 d). Despite the fact that no
complete ordering of the entire nanoparticle is achieved, the
material can still be considered as an “ordered material” for
catalysis, where surface properties are decisive. In contrast, the
structure of the quenched sample is found completely
“disordered” with only pure Fm3m reflections within the
nanoparticles. Except for these crucial differences in the surface
structure, both catalysts are embedded in the same type of
carbon support and exhibit identical particle size distributions
as well as composition.

To study the electrochemical stability of ordered and
disordered nanoparticles, both samples were subjected to
identical treatments, as shown in Figure 2. Initial dealloying
consisted of either 500 potential cycles from 0.05 to 1.2 Vyyg
(0.2 V s! or application of a constant potential at 1.2 Vgyg for
2 hours (the time equivalent to 500 cycles), both followed by a
subsequent degradation protocol of 7000 cycles (see schematic
of experiments in Fig. 2a). Thereby the surface area was
continuously monitored over time, and after each individual
the
changes

treatment also ORR activity was measured. The

microstructural during different electrochemical
treatments were investigated by identical location transmission

microcopy (IL-TEM), and the impact of the degradation
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protocol on this type of catalyst has been reported.® Here, those
results are further analyzed for a comparison between the
behavior of the ordered and disordered analogues. Interestingly,
despite the structural differences of the two samples, the
morphological investigation before, during and after the
electrochemical treatments reveal the same main patterns and
trends for degradation in both samples (Fig. 2 b). So, for
example, the quite wide, identical particle size distribution
between 5 and 50 nm (see Supporting info S2.1) for both
samples does not change essentially during the electrochemical
treatment. Although, the catalyst particles of sizes ~ 10 - 20 nm
changed their shape to faceted structures during initial 500
potential cycles (for more images and IL-tomography see Supp.
Info S2.2 and S2.4 — or link to a movie), whereas only porosity
was observed after holding a potential at 1.2 Vgyg, in the larger
particles a gradual development of porosity with degradation
time is observed in both samples.

a) ~—— Fm3m

platinum - @

/ \
ordered

disordered

ordered

Figure 1. a) XRD patterns of ordered and disordered carbon
supported PtCu; samples together with a representative Pm3m
and Fm3m atomic arrangements, illustrated on the right.
Structural analysis of partially ordered PtCu; nanoparticles. b)
HRTEM image of a single PtCu; nanoparticle crystal oriented
along the crystallographic [11-0] axis showing an apparent
core-shell disordered-ordered structure. Averaged FFT power
spectra for the (c) shell region with additional symmetry-
specific Pm3m reflections (indicated with 110 and 001); and
the (d) core Fm3m region without the super-structure
reflections.
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Figure 2: Electrochemical stability of the PtCu; nanocrystals. a) Schematic presentation of two types of electrochemical treatment

protocols. Initial dealloying stage leads to a surface structure with reproducible activities, whereas the prolonged subsequent
degradation gives a true insight into the stability of the catalyst. b) IL-TEM micrographs of disordered catalysts before, after initial
dealloying and subsequent degradation. The upper sequence corresponds to dealloying with 500 potential cycles (1.2 V gyg upper
limit), the lower one to dealloying with hold at 1.2 Vyyg for 2 hours.

Finally, in the light of the so-called proximity effect described
in the recent paper of Nesselberger et al. *®, also no significant
differences in the average distance between the particles were
observed. Namely, the temperature treatment of both samples
differs only in the last post-treatment stage, where the
nanoparticles have already achieved their final state on the
carbon matrix (see S2.3). If there is any effect of proximity it is
identical for both catalysts.

Despite the obvious congruency in the evolution of the
certain remarkable the
development of the electrochemical behaviour of the ordered

microstructure, differences in
and disordered samples appear in the cyclic voltammograms
(Fig. 3). The copper dissolution from the alloy, as represented
by two peaks, denoted Cugp,, and Cuypp in Figs. 3a and b,
appear at about 0.4 V and span up to 0.9 V. The Cupy

This journal is © The Royal Society of Chemistry 2012

dissolution, which reflects the dissolution of copper that is
coordinated mainly to other copper atoms in the alloy, is more
or less common to both samples. However, the position and
shape of the Cuypp peak/shoulder that represents dissolution of
various Pt-coordinated Cu atoms (denoted also underpotential
deposition - UPD) is quite different.” ** The peak potential is
shifted by approximately 250 mV more positive for the ordered
material, due to the increased statistical probability of copper
atoms being coordinated to platinum. Moreover, in the Hypp
and the initial Pt oxidation region of the disordered catalyst
(marked as 1 and 2 in Fig. 3d, respectively), additional “Cu
oxidation” peaks seem to emerge. Considering that the surface
prior to the 40t cycle is free from Cu oxidation and the Hypp
has already started to evolve, this might be explained by
additional Cu from beneath the surface becoming exposed and

J. Name., 2012, 00, 1-3 | 3
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finally dissolved. Another explanation could be the formation
of some new metastable surface Pt facet which then after 100
starts to gradually disappear (see sup. info. Fig. 3). In contrast,
the transition from a Cu-rich to a Cu-deprived phase is smooth
in the ordered catalyst, i.e. after the removal of all surface Cu a
well-defined cyclic voltammogram for Pt continuously emerges
indicating a quicker formation of a protective Pt shell. Notably,
regardless of these differences, after about 500 cycles the CVs

and Pt-oxidation features and identical surface area. It is
interesting that a similar, pure Pt-like CV is also obtained after
dealloying by potential hold for 2 hours at 1.2 Vyyg (figure 3e
and f). However, after cycling three H-oxidation/reduction
peaks can be observed, while after potential hold these peaks
overlap and are less defined. This can be explained by the
formation of shaped nanoparticles in the cycling treatment,
whereas in the potential hold experiment the initial shape is

of both materials attain a pure Pt signature with typical Hypp more or less preserved (see Fig. 2). 8
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Figure 3. Selected cyclic voltammograms of the continuously recorded scans during dealloying with 500 cycles of the ordered
Pm3m (a, c; red) and the disordered Fm3m (b, d; blue) catalyst, recorded at a scan rate of 0.2 Vs™'. Comparison of the baseline
scans of the ordered (e) and the disordered (f) catalyst after dealloying by cycling (solid line) and potential hold @ 1.2 V for 2
hours (dashed line), recorded at a scan rate 0.05 Vs™' in 0.1 M HCIO,.
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The activity of both catalysts towards ORR has been

determined by voltammetry after each electrochemical
treatment using a rotating disk electrode (RDE, see Supporting
info S3 for more detail). The specific activity (SA) of the
ordered catalyst is significantly and consistently higher than the
SA of its disordered analogue at all states (see the bar chart in
Fig. 4a). For example, after the initial 500 potential cycles the
activity of the ordered catalyst is 2.5 mA cm™p, whereas the
disordered exhibits activity of 1.78 mA cm™p. An even greater
difference, i.e. 2.4 mA cm™>p, vs 1.5 mA cm™>p,, can be observed
after the potential hold treatment (2 h at 1.2 V), the full
comparison of activity at all conditions studied is provided in

the Supporting info Tables S3.1 and S3.2.
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Figure 4. Comparison of a) specific and b) mass activities @
0.9 Vyyg of the ordered (red) and the disordered (blue) catalysts
after dealloying (500 cycles and potential hold @ 1.2 V for 15
min and 2 hours, respectively) and subsequent degradation
(dark red and dark blue color). No subsequent degradation after
holding the potential at 1.2 Vyyg was done for the disordered
catalyst.

Moreover, the mass activity (MA) of the ordered phase is also
significantly higher than for the disordered one, but follows the
same declining trend as the absolute surface area over time
(Fig. 4b). Only the mass activity of the ordered catalyst after 2
hours hold is somewhat higher than after 15 min, which is due
to the increase in ECSA by the porosity formation.

This journal is © The Royal Society of Chemistry 2012
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The significantly higher specific activity of the ordered
phase could have several origins. Firstly, after a typical
electrochemical treatment the ordered phase is able to retain
more copper than the disordered one. This hypothesis, which
stems from the cyclic voltammograms, is confirmed by post-
mortem I[CP-MS analysis of the electrolyte after various
electrochemical treatments: the amount of Cu leached out of the
alloy is always higher in the case of the disordered catalyst.
Therefore all data on the disordered sample with comparable
treatment are shifted to higher values of removed copper as
seen in Fig. 5. Specifically, after the initially 500 potential
cycles 56 % of copper is removed from the ordered catalyst,
whereas as much as 73 % of Cu is removed from the disordered
one. Similarly, after a potential hold treatment (2 h at 1.2 V) the
ordered catalyst loses about 80 % of the initial copper, while
the loss in the disordered phase is close to 90 %. For more
details see table S4 in Supporting info, where all the ICP-MS
experimental data are summarized. It should be noted that the
platinum content in the electrolyte is always below 0.1%. The
difference in the electrochemical stability of Cu in the two
alloys studied can be correlated with the unequal surface
structure, since the number of Cu-Cu and Pt-Cu bonds per unit
cell of the pristine ordered and disordered catalysts varies. In
the ordered phase there are statistically 24 Cu-Cu bonds and 24
Pt-Cu bonds, while in the disordered structure there are 27 Cu-
Cu, 18 Pt-Cu, and 3 Pt-Pt bonds per unit cell on average. As the
Cu dissolution potential from a copper substrate is much lower
than from platinum (0.34 V < 0.7 V) '®?° the higher number of
stronger Pt-Cu bonds in the ordered phase results in a less Cu
leaching. In turn, more residual Cu in the ordered alloy
nanoparticles leads to an activity increase due to an enhanced
ligand and/or strain effect. The effect of “copper retention” on
alloy activity is reflected by an activity increase due to a
horizontal shift along the x-axis denoted as “ligand/strain
effect”.

Obviously, as can be seen in Fig. 5, the larger quantity of
residual copper is not the only source of the activity
enhancement. A remarkable increase in the activity remains
when comparing the ordered and disordered alloys with the
hypothetically same amount of residual copper, as indicated by
the vertical shift denoted as “ordering effect” in Fig. 5. A
similar effect of structural ordering on activity has been
observed recently in selected other alloys PtCu *'"?! PtFe ?*
2 or PtCo.>*?® The underlying mechanism is however still
unclear. One possibility is that structural ordering changes the
lateral strain in the Pt-skin overlayer and hence changes the
binding energies of adsorbates.” Another possibility is that
dealloying from the ordered structure results in a skin rather
than skeleton type morphology and affects the structural
sensitive ORR.'"" 1> 3! Regardless of the exact mechanism, the
present experimental results demonstrate clearly the positive
effect of structural ordering on the activity of selected alloy
throughout a prolonged testing in different electrochemical
regimes, independent of other material parameters
influenced by synthesis and pretreatment conditions.

and
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Figure 5: a) Specific activity and b) mass activity in relation to
the copper of the upon different
electrochemical treatments (dealloying and subsequent
degradation). Activities of Pt-poly, Pt-black, dealloyed PtCus
and Pt nanoparticles are taken form references (*) >? and (x) '%.

content electrolyte

Conclusions

Based on a comparison of carefully prepared samples we
have shown the significant, systematic effect of structural
ordering on activity and stability of PtCu; nanoparticles. Two
catalysts exhibit identical initial bulk composition, particle
dispersion and size distribution, with the only difference being
the degree of structural order induced by different thermal
annealing. Expectedly, the activity of both alloys decreases
with the increasing time of exposure to harsh electrochemical
the
degradation/dealloying treatment, the partially ordered structure

treatment  conditions. = However, regardless of
(ngm) contains significantly (20-30%) higher specific activity
compared to the fully disordered sample. At least two effects
lead to the improved performance of the ordered catalyst: 1) a
better retention of copper inside the ordered structure after a
given treatment and 2) an intrinsic structural effect on the alloy
activity. The latter could be due to modified lateral strain in the
Pt skin 7 overlayer and/or due to the different morphology of

the de-alloyed material.'*
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