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Abstract Structural defects play major role in catalysis and
electrocatalysis. Nanocrystalline (or nanostructured) mate-
rials composed of nanometer-sized crystallites joined via
grain boundaries have been recognized for their specific
structure and properties, differentiating them from single
crystals, coarsely grained materials or nanometer-sized
supported single-grained particles (Gleiter, Nanostruct
Mater 1:1-19, 1992). In this paper, we use Pt electrodes,
prepared by electrodeposition on glassy carbon and gold
supports, as model nanocrystalline materials to explore the
influence of grain boundaries and other structural defects
on electrocatalysis of CO and methanol oxidation. We build
on the recently established correlations between the nano-
structure (lattice parameter, grain size, and microstrains) of
electrodeposited Pt and the deposition potential (Plyasova
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latter to obtain materials with variable density of grain
boundary regions. The activity of electrodeposited Pt in the
oxidation of methanol and adsorbed CO exceeds greatly
that for Pt(111), polycrystalline Pt, or single-grained Pt
particles. It is proposed that active sites in nanostructured Pt
are located at the emergence of grain boundaries at the
surface. For methanol electrooxidation, the electrodes with
optimal nanostructure exhibit relatively high rates of the
“direct” oxidation pathway and of the oxidation of strongly
adsorbed poisoning intermediate (CO,g4s), but not-too-high
methanol dehydrogenation rate constant. These electrodes
exhibit an initial current increase during potentiostatic
methanol oxidation explained by the CO,qs oxidation
rate constant exceeding the methanol decomposition rate
constant.
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Introduction

Understanding relations between the structure of materials
and their adsorptive and catalytic properties is the focal
point of electrocatalysis and heterogeneous catalysis and is
of both fundamental and practical importance. Structural
effects may be concerned with the influence of (1) surface
crystallography, (2) size confinement, and (3) structural
defects [1]. These factors affect both geometric and
electronic properties of materials.

Low-index single crystals appear to be the best model
surfaces for the investigation of the influence of surface
crystallography on catalysis and adsorption. Numerous
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studies confirmed structure sensitivity of various adsorption
processes, heterogeneous catalytic and electrocatalytic
reactions (for recent books and reviews on structural effects
in electrocatalysis see, e.g., [2-5]). It has been demonstrated
that catalytic activity of metal surfaces in structure-sensitive
processes may be exclusively determined by the presence
of defects such as low coordinated sites [6]. Stepped single
crystals have served as models for unveiling the depen-
dence of the electrocatalytic activities on the step density
and have been used to study, e.g., oxygen reduction [7-9],
CO [10-12], and methanol oxidation [13]. Recently, nano-
faceted surfaces have been introduced into electrocatalysis
with the aim to better understand an interplay of the
reaction kinetics at vicinal facets [14, 15].

Catalysts utilized for practical applications are often
composed of nanometer-sized (metal) particles on inert
(e.g., carbon) supports. The influence of the particle size
and surface crystallography on the electrocatalytic activity
of supported metal nanoparticles has been widely discussed
in the literature (see Wieckowski et al. [S] and references
therein). The so called “negative-particle-size effects”, with
specific catalytic activity decaying with the decrease of the
particle size, have been documented for a number of
practically relevant electrochemical processes, e.g., oxygen
reduction reaction [16, 17], methanol [18-20], and carbon
monoxide oxidation [21-25]. Some authors, however,
dispute particle size effects in the above reactions [26, 27].

Much less is known about the influence of defects in the
bulk crystalline structure of materials on their sorptive and
catalytic properties. This influence may be manifold. In
particular, bulk defects may affect sorption of foreign atoms
in the material bulk [28]. Extended bulk defects, emerging
at the surface, may create surface defects, and thus,
influence surface processes. In the 1960s—1970s of the
20th century, a number of studies was published by the
Russian school of electrochemistry devoted to the influence
of various thermal, mechanical, chemical, and electrochem-
ical treatments on the adsorptive and electrocatalytic
properties of polycrystalline metals: Pt [29-31], Ni [32],
Fe [33]. These led the authors to the conclusion that
dislocations, emerging at the surface, create surface defects
increasing hydrogen adsorption energy.

Of particular interest are nanocrystalline (addressed also
as “nanostructured”) materials composed of nanometer-
sized crystallites joined via grain boundaries. High volume
density of disordered grain boundary regions entail unique
physical properties differentiating these materials from
single crystals, coarsely grained materials or nanometer-
sized supported single-grained particles (see, e.g., [34-36]).
Nanocrystalline materials of this sort are very well-known
to material scientists, but have attracted undeservedly little
attention of the catalysis community. Meanwhile, positive
role of grain boundaries in heterogeneous catalysis was
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outlined by Tsybulya et al. [37]. A correlation between the
reaction rate of ethylene epoxidation and parameters
responsible for the relationship among the regular and
defect regions in the bulk structure of silver particles has
been established.

In fact, nanocrystalline materials have been widely used
in electrochemistry in the form of multilayer metal deposits,
which are composed of nanometer-sized grains and contain
high volume concentrations of grain boundaries and
dislocations [38]. Investigations devoted to the preparation
of electrodeposited metals and alloys, analyses of their
structure, and their application in electrocatalysis are
abundant and cannot be comprehensively reviewed within
this publication. We would like to point out that Teresa
Iwasita has contributed significantly to the investigation of
electrocatalytic properties of electrodeposited metals
[39-44].

It should be noted, however, that only a few publications
addressed specific role of grain boundary regions in
electrochemical and electrocatalytic processes. In a series
of publications, Tsirlina et al. [45—48] investigated hydro-
gen sorption in nanostructured Pd, obtained through
electrodeposition. They discovered a strong dependence of
the hydrogen sorption [46—48] and adsorption [45] on the
Pd deposition potential and associated it with the density of
defect regions in the metal lattice. In electrocatalysis, of
importance are greatly enhanced specific catalytic activities
of electrodeposited Pt in CO, methanol, and ethylene glycol
oxidation compared to polycrystalline Pt foil or single-
grained supported Pt nanoparticles documented, .c.g., in
[23, 24, 49, 50]. The activity enhancements were attributed
to the high grain boundary density. It was proposed that
catalytically active sites in nanostructured materials are
located at the emergence of grain boundaries at the surface.
It is likely that unique properties of electrodeposited metals
are largely due to the interplay of bulk and surface defects
in their structure.

It is worth mentioning that nanocrystalline materials are
highly relevant to the practical applications. For example,
catalytic layers of low-temperature fuel cells contain
supported catalysts, usually with high metal percentage.
High density of metal particles on the surfaces of support
materials occasionally results in formation of nanostruc-
tured metals, and may have far-reaching consequences for
electrocatalysis as confirmed for carbon-supported mono-
metallic Pt and bimetallic PtRu electrodes in [50, 51].

In our recent publication [52], it was demonstrated that
the deposition potential can be used as a means for tuning
nanostructure of electrodeposited Pt and preparing materials
with defined defect density. The present work is aimed at
furthering understanding of the relationships between the
defect density in Pt materials, on the one hand, and their
adsorptive and electrocatalytic properties, on the other
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hand. Platinum electrodeposits on glassy carbon (GC) and
Au are utilized as model materials reflecting complex
structural features of real catalysts, which cannot be
accounted for by single crystals or supported single-grained
nanoparticles.

Experimental
Materials

Solutions were prepared from Milli-Q water (18 MOhm-cm),
H,SO, (puriss. p.a., Fluka) and methanol (99.9%, redis-
tilled). GC plates (1-mm thick; NIIGRAFIT, Russia; heat
treated at 1,300°C) were mechanically polished to a mirror
finish and cleaned repeatedly with ethanol, acetone, and
water in an ultrasonic bath before the electrode preparation.
H,PtCl; was prepared from Pt foil (99.999) using the
procedure described in [53].

Electrode preparation

Working electrodes were prepared via Pt electrodeposition
on either gold foil or GC plates. The samples are further
designated as Pt(ed#E4)/Au and Pt(ed#E4)/GC, respective-
ly, with the deposition potential E4 indicated in the
brackets. Thus, Pt(ed#0.1)/GC denotes Pt electrodeposited
on GC at 0.1 V vs RHE. Pt deposition was performed from
H,PtClg + HCI solutions at a constant potential, which was
varied in the range from 0.025 to 0.55 V RHE. Typical Pt
loadings amounted to 0.5-0.7 mg cm™ for Pt/Au and to
0.1-0.2 mg cm™? for P/GC, as for the latter, the adhesion at
higher loadings was not satisfactory. For further details of
the sample preparation, the reader is referred to [52]. Before
electrocatalytic studies, the samples were aged under
potentiodynamic conditions as described in [52].

For comparison, some measurements were performed
with polycrystalline foil Pt(pc) and with GC-supported
single-grained Pt nanoparticles Pt(nano)/GC prepared
by chemical deposition. Their preparation procedure is
described in [24].

Electrochemical measurements

Electrochemical measurements were carried out in three-
electrode glass cells at 20+1°C after deaeration with Ar.
The counter electrode was Pt foil and the reference
electrode—either a reversible hydrogen electrode (RHE)
or a mercury sulfate electrode (MSE) Hg/Hg,S040.1 M
H,SO,4 (aq) connected to the cell via a Luggin capillary.
Electrode potentials were controlled using Autolab
PGSTAT30 potentiostat, and hereinafter, are given vs
RHE (Emsg=0.73 V vs RHE).

For CO stripping, CO was bubbled through the electro-
lyte for 15 min while the electrode was kept at a constant
potential of 0.1 V, and then, dissolved CO was removed by
purging the solution with Ar for 35 min. Methanol (MeOH)
oxidation experiments were performed for Pt/GC using
cyclic voltammetry and chronoamperometry in 0.1 M
H,SO04+0.1 M MeOH and for Pt/Au with steady-state
voltammetry in 0.5 M H,SO4+0.1 M MeOH. Steady-state
polarization curves were acquired under potentiostatic
mode by varying the electrode potential in 20 mV incre-
ments starting from 0.8 down to 0.5 V, with an automatic
switching to the next potential after satisfying the
quasi-steady-state criterion. The latter was set at 1% current
deviation per minute. Measuring one polarization curve
typically required 5—15 h. Such long measurements were
not feasible for Pt/GC samples, which contained smaller
amounts of Pt and were thus more readily contaminated.
Current densities were normalized to the true surface area of
Pt-determined coulometrically from the hydrogen desorp-
tion in supporting sulfuric acid solutions.

Electrode characterization

X-ray diffraction (XRD) patterns were acquired for Pt
electrodeposits without their separation from Au or GC
substrate and were recorded using URD-63 diffractometer
(Germany) with monochromatic Cu K,— radiation in the
reflection mode. The X-ray diffraction patterns were
collected in 26 interval from 30 to 100° in 0.02° steps,
the accumulation time was set in the range from 10 to 100 s
depending on the reflection intensities. The average
effective size of coherently scattering domains D and the
crystal lattice microstrains Ad/d were determined using
Voight analysis [54]. For more details see [52].
Pt(nano)/GC samples were characterized with trans-
mission electron microscopy (TEM) with the help of
JEM-2010 instrument with a lattice resolution of 1.4 A
and an accelerating voltage of 200 kV. Samples for
electron microscopy were prepared by scraping the active
layer off GC support and fixing the resulting powder on
«holey» carbon films supported on copper grids.
The average dy, and the surface average dg particle
size were calculated from size distributions as follows:

dv=3a/sNids =54 /v

Results and discussion

Structural characterization

In depth structural analyses of Pt electrodeposits on Au and

GC supports were performed using XRD, TEM, scanning
electron microscopy (SEM), and scanning tunneling
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microscopy and described in [52, 55, 56]. In Plyasova
et al. [52], we explored the influence of the electrodeposi-
tion potential on the structure. For convenience, we furnish
the reader with a synopsis of this study, while the details
can be found in the original publications [52, 55, 56].

Structural characterization complemented with the anal-
ysis of deposition transients brought us to the conclusion
that specific structural features of multilayered Pt deposits
result from the interplay between the primary (on the
support surface) and the secondary (on the surface of
electrodeposited Pt nanoparticles) nucleation. The resultant
nanocrystalline materials, composed of randomly oriented
nanometer-size domains (grains), are formed in the se-
quence of primary and secondary nucleation events, growth
of metal nuclei in close proximity to each other, and their
coalescence. Characteristic features of these materials,
compared to polycrystalline Pt, are: (1) decreased lattice
parameter a, (2) microstrains Ad/d, and (3) high concen-
tration of dislocations and grain boundaries, all of them
being determined by the deposition potential. As the
deposition potential is shifted towards the positive, the
lattice parameter is reduced, while microstrains and
the concentration of dislocations and grain boundaries rise
(Table 1).

Dislocation densities N in the boundary regions of
nanocrystalline materials may be estimated from X-ray
diffraction data as follows (see [57, 58] for details):

N =3n/D? (1)

Equation 1 is based on the assumption of fully coalesced
cubic crystallites. Here, n is the number of dislocations per
side of a cube. As the value of n is unknown, the lower
limit of N was estimated with » set equal to 1. The resultant

N varies markedly with the deposition potential (Table 1).
Due to the nanometer size of Pt grains, N exceeds the value
characteristic of Pt(pc) by more than an order of magnitude
for the most defective samples.

Other specific structural features of Pt electrodeposits are
microstrains Ad/d (Table 1), which, depending on the
deposition potential, change from ~0.3 to ~0.7%. These are
about an order of magnitude smaller than the values typical
for strained materials obtained under severe plastic defor-
mations [57, 58]. Plastic deformations of materials are
known to result in the emergence of random dislocations in
the bodies of crystalline grains, which density pp may be
estimated as follows [57, 58]:

2V3(Ad/d)y

bDyy

Phkl = (2)
Here b is Burgers vector.

The values of py;; calculated using Eq. 2 are typical for
electrodeposited metals and are listed in Table 1. Note that for
single crystals, ppq~10°—10° cm™. One may also see that the
value of p is significantly smaller than that of &V, suggesting
that dislocations, localized in the grain boundary regions, are
the most abundant defects in multilayered Pt electrodeposits,
dominating their specific structural properties.

Note that variation of nanostructure with the deposition
potential affects also the specific surface areas of Pt
deposits which range from 7 to 15 m? g for Pt/Au and
from 14 to 50 m? g' for P/GC. The highest specific
surface areas were achieved at £4=100 mV both for Pt(ed)/
GC and for Pt(ed)/Au, suggesting that the degree of grain
coalescence under these conditions is the lowest. This is in
agreement with the lower values of microstrains and close
to Pt(pc) lattice parameter.

Table 1 Grain size D, microstrains Ad/d, lattice parameter a, volume density of dislocations in the grain bodies p, and in the grain boundary
regions N calculated for Pt(pc), for Pt(ed)/GC and for Pt(ed)/Au from X-ray diffractograms in <111> direction (See text for details)

Sample E4 (V vs RHE) Dyyy (nm) (Ad/d);1, 100% a (A) pin (10" em™) N (10" em™)
Pt(ed)/GC 0.025 19 0.33 3.918 (5) 2.1 8.0
0.100 18 0.27 3.91 (9) 1.9 9.2
0.200 14 0.44 3.91 (7) 4.0 15.5
0.300 14 0.49 3.91 (2) 42 143
0.400 16 0.56 3.91 (4) 4.4 11.7
0.550 14 0.69 3.91 (4) 6.2 14.9
Pt(ed)/Au 0.025 23 0.32 3.917 (8) 1.8 5.7
0.050 28 0.29 3.918 (2) 13 3.8
0.100 20 0.40 3.916 (8) 2.5 7.5
0.200 24 0.59 3.91 (9) 3.1 52
0.300 14 0.49 3.913 (9) 4.4 153
0.400 18 0.60 3.915 (4) 4.6 9.3
0.500 19 0.66 3.91 (6) 44 8.3
Pt(pc)* 50 3.9231 12

?Due to the low intensity of <I111> reflection for textured Pt(pc), D<111> was recalculated from D<200>.
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Interfacial properties

Typical cyclic voltammograms (CVs) of Pt electrodeposited
on GC in supporting H,SO, electrolyte are shown in Fig. 1.
For clarity, the figure is furnished with labels, which mark
hydrogen and oxygen adsorption/desorption peaks. A shift
of the deposition potential towards the positive results in a
decrease in the amplitude of hydrogen adsorption/desorp-
tion peaks at ~0.28 V (“strongly adsorbed” hydrogen
Hyppz) and an increase in the amplitude of peaks at
~0.12 V (“weakly adsorbed” hydrogen Hypp;). Compari-
son of the hydrogen underpotential deposition (UPD)
region for electrodeposited Pt with those for single
crystalline electrodes [59, 60] allows to tentatively attribute
these changes to a growth of the contribution of (110)-type
and a decrease of the contribution of (100)-type sites to the
surface. This is in agreement with the increase of the
density of the grain boundary regions. The ratio of Hypp
and Hypp, amplitudes calculated from the positive sweeps
of CVs is shown in Fig. 2a for Pt(ed)/GC and Pt(ed)/Au
and demonstrates similar trends regardless of the nature of
support, although the magnitude of the changes is larger for
Pt(ed)/GC. For more information and discussion of the
support effect, the reader is referred to Plyasova et al.[52].

The deposition potential affects also the position of the
peak, corresponding to the reduction of Pt surface oxides
(“oxygen reduction” peak Epg) on the negative sweeps of
CVs. The higher the deposition potential, the lower Eqq
(Fig. 2b), suggesting that oxygen is stronger and more
irreversibly bound to the surface of Pt deposited at more
positive deposition potentials. This effect is observed both
for Pt(ed)/GC and for Pt(ed)/Au electrodes, but is much
stronger in the former case.

The data obtained indicate that a positive shift of the
deposition potential, which is associated with the changes

HUPDI HUPDZ

j/uAcm

.'O

d

0.0 0.2 0.4 0.6 0.8 1.0 1.2

E/V vs.RHE

Fig. 1 Cyclic voltamogramms of Pt deposits on GC in 0.1 M H,SO,
prepared at 7 0.025, 2 0.4 V vs RHE. Sweep rate 0.02 V s™'
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Fig. 2 Influence of the deposition potential £4 on the a ratio of
Hypp; and Hypp, peak amplitudes calculated from the positive
sweeps of CVs taken in 0.1 M H,SO4 for Pt/GC (open symbols) and
in 0.5 M H,SO, for Pt/Au (filled symbols) and b surface oxide
reduction peak Eqq for Pt/GC. Sweep rate 0.02 V s’!. The notations
are explained in Fig. 1. The corresponding values for Pt(pc) are
shown with the dashed lines

in the nanostructure of Pt deposits, leads to a systematic
alteration in the state of hydrogen and oxygen adsorbates
on the metal surface. These may be tentatively ascribed
to an increase of the contribution of defect sites formed at
the emergence of domain boundaries at the surface of
electrodeposited Pt.

Electrocatalytic activity of Pt/GC
CO oxidation

Figure 3 shows CO stripping voltammograms for Pt(ed)/
GC prepared at different deposition potentials (curves 1,2).
The position of CO oxidation peak shows little dependence
on the deposition potential, but for all electrodeposited
samples, the peak is negatively displaced compared to
polycrystalline Pt (curve 3) and Pt(nano)/GC (curve 4).
Note that the saturation CO coverages for the samples
explored are not the same, hence, the differences in the
stripping peak areas.

More facile CO oxidation kinetics on Pt(ed)/GC com-
pared to Pt(nano)/GC and Pt(pc) is confirmed also by
chronoamperometry. Figure 4 shows CO monolayer oxida-
tion transients registered at constant electrode potential of
0.73 V for Pt electrodes with different nanostructures.
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j/ uAcm

E/V vs.RHE

Fig. 3 CO stripping voltammograms in 0.1 M H,SO, for Pt(ed)/GC
electrodeposited at 0.100 (/) and at 0.300 (2) V vs RHE. For
comparison, data for polycrystalline Pt (3) and for Pt(nano)/GC (dn=
2.8 nm; ds=3.4 nm) chemically deposited on GC (4) are shown. The
latter are replotted from Maillard et al. [96] with permission from
Elsevier. Sweep rate 0.02 V s, CO adsorption potential 0.1 V RHE

These exhibit peaked shape which is in agreement with the
Langmuir-Hinshelwood mechanism of CO oxidation [61]:

H,0 < OHugs + H + ¢~ (3)
COugs + OHags~25COp + H + & (4)

Investigation of CO oxidation at stepped Pt single crystal
surfaces both in UHV [62-65] and in electrochemical
environment [11, 12] has decisively proven that formation
of chemisorbed oxygen-containing species (reaction 3)

—n—1

)

150 A

j/pAcm

time / s
Fig. 4 Current transients for CO monolayer oxidation in 0.1 M
H,S0, after a potential step from 0.1 to 0.73 V vs RHE for Pt(ed)/GC
prepared at different deposition potentials: 0.025 (7), 0.100 (2), 0.300
(3) V vs RHE. For comparison data for polycrystalline Pt (4) and for
Pt nanoparticles (dn=3.3 nm; ds=5.3 nm) chemically deposited on
GC (5) are shown. The latter are replotted from Maillard et al. [96]
with permission from Elsevier. CO adsorption potential 0.1 V vs. RHE
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occurs preferentially at low coordinated sites—steps and
defects, CO,q4, from terraces reacting with O,4/OH,q, at the
steps. Different kinetic models have been set up and applied
for fitting experimental transients on single crystal and
nanostructured surfaces. Their detailed discussion is beyond
the scope of this paper and is presented, e.g., in Andreaus
et al. [66]. To account for heterogeneous surfaces of
nanoparticulate and nanostructured electrodes, a mathemat-
ical model employing the active site concept was proposed
in Andreaus et al. [66]. This model, assuming that OH,q
formation is restricted to the active sites, reproduces very
well experimental transients for single- and multiple-
grained GC-supported Pt nanoparticles. In depth analyses
of various kinetic parameters affecting the peak shape in
chronoamperograms were provided [66]. The time of the
maximum (#,.x) is determined by the fraction of the active
sites on the surface, the rate constants for OH,4, formation
at the active sites, and CO,4s + OH,4s recombination.

Figure 5 shows log(#.ax) Vs Eox for Pt electrodeposited
on GC at various deposition potentials, Pt(nano)/GC, and
for comparison, for Pt(111) and Pt(110) from Lebedeva
et al. [11]. The decrease of fax(111) > £ax(110) > fax(ed)
reflects acceleration of the CO oxidation kinetics. #,ax
exhibits minor dependence on the deposition potential; at
low oxidation potentials electrodeposited Pt is even more
active than Pt(110).

The grain size of electrodeposited Pt varied from ca.
14 nm at £4=0.550 V to ca. 19 nm at £4=0.025 V vs ca.

3
1
Dr 2
A
24 ° 3
4
—_ ‘4 5
0
2
0-
'1 T T T T T - T T T
0.6 0.7 0.8 0.9 1.0

Eyx / V vs. RHE

Fig. 5 Plot of the logarithm of time (in seconds) corresponding to the
current maximum (#,.x) in CO oxidation transients against the final
potential for Pt(ed)/GC prepared at different deposition potentials: /
0.100, 2 0.300, 3 0.550 V vs RHE. 4 shows data for Pt nanoparticles
(dn=3.3 nm; dg=5.3 nm) chemically deposited on GC and replotted
from Maillard et al. [96] with permission from Elsevier. 5 and 6 show
data for Pt(110) and Pt(111), respectively, measured in 0.5 M H,SO,
and replotted from Lebedeva et al. [11] with permission from ACS.
Data for polycrystalline Pt are shown in 7. CO adsorption potential
0.1 V vs RHE. The lines are linear fits of the experimental data
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50 nm for Pt(pc). These grain dimensions are well beyond
the particle size range where size effects may be expected.
Indeed, it has recently been demonstrated [23-25, 67] that
particle size effects in CO monolayer oxidation occur in the
range from ~1 to ~4 nm, the reaction overpotential
decreasing with the size. Given the grain dimensions of
electrodeposited Pt and its higher [compared to Pt(pc) or Pt
(nano)/GC] electrocatalytic activity in CO,4s oxidation, the
observed structural effects can hardly be attributed to the
influence of the grain size. Accelerated CO oxidation on
nanostructured Pt has been mentioned in a number of
publications [68—70]. Cherstiouk et al. [23] and later on
Maillard et al. [50] associated this activity enhancement to
the catalytic role of grain boundaries interconnecting Pt
crystallites. In what follows, this hypothesis will be further
verified.

Methanol oxidation

Cyclic voltammetry CVs in 0.1 M MeOH+0.1 M H,SO,
are shown in Fig. 6. Typical of nonsteady-state CVs for
MeOH oxidation on Pt electrodes, these exhibit strong
hysteresis between the positive and the negative going

e
40-
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-40 1
500 d
o 250
§ O- T T T T T T T T T T T T 1
ER
25001 c
5 250-
e} J
§ O-E' T T T T T 1
3 500 b
250-
0-_._._@5-. =—ASE
500 - a
250 -
0 e NN
I |
00 02 04 06 08 1.0 12 1.4

E/V vs.RHE

Fig. 6 CVs in 0.1 M MeOH+0.1 M H,SO4 (thin solid lines)
measured at 0.02 V s for Pt(ed)/GC prepared at different deposition
potentials: a 0.100, b 0.200, ¢ 0.550 V vs RHE. d shows data for
polycrystalline Pt foil and e for Pt(nano)/GC (dny=1.3 nm; ds=
1.7 nm). Thick solid lines show CO stripping voltammograms for
respective samples measured at the same sweep rate. In e, CO
stripping was performed at 0.1 V s, but the resulting current was
normalized by multiplying by 0.2 and background-subtracted

scans. All electrodeposited electrodes show significantly
enhanced peak current densities compared to Pt(pc) and Pt
(nano)/GC.

Comparison of CVs for MeOH oxidation with the
corresponding CO stripping voltammograms shown in
Fig. 6 with thick solid lines indicates that (1) MeOH
oxidation starts in the potential interval below the onset of
the main CO stripping peak; (2) MeOH oxidation current
densities (jmeon) for Pt(ed)/GC exceed greatly those
corresponding to CO ML oxidation (jcp), while for Pt
(nano)/GC, jmeon and jco are comparable. To analyze the
experimental data, we briefly review the current state of the
understanding of the methanol electrooxidation mechanism.

MeOH oxidation on Pt electrodes has been under careful
attention of electrochemists for several decades (see, e.g.,
review articles [71-77]). The main features of this complex
multistep reaction have already been described in the
seminal paper by Petrii et al. published in 1965 [77]. The
reaction occurs through a sequence of MeOH dehydroge-
nation/decomposition steps leading to formation of a
strongly adsorbed intermediate, inhibiting the reaction. A
large gap has been noticed between the initial and the
steady-state oxidation rates and attributed to the reaction
self-inhibition. During the last decades, most of the
conclusions of this paper found additional experimental
support from spectroscopic techniques, including infrared
spectroscopy (IR) and differential electrochemical mass
spectroscopy (DEMS).

According to the present understanding, methanol
oxidation on Pt electrodes occurs via the “dual-path”
mechanism [78]. The so-called “indirect” pathway occurs
as described above and involves (1) MeOH dissociative
adsorption and formation of strongly adsorbed CH,O,4¢
intermediates and (2) oxidation of these adsorbates in a
Langmuir-Hinshelwood type reaction via interaction with
chemisorbed oxygen-containing species (usually denoted as
OH,qs). Equation 5 describes complete dehydrogenation
leading to CO,q,, while Eq. 4 describes the oxidation of the
latter. Based on the investigations of MeOH oxidation with
the electrochemical methods [79, 80], in situ IR spectros-
copy [81-85] and online DEMS [81, 86-91], COH,4s and
CO,4s have been identified as the main adsorbates, the latter
being abundant in the potential interval of continuous
MeOH oxidation. The second, the so-called “direct”
pathway is postulated to occur through a “reactive
intermediate” (RI), which is different from CO,4s and is
less strongly bonded to the electrode surface. Formation of
some weakly bonded intermediates which can be easily
washed away from the electrode surface has been men-
tioned already by Petrii et al. [77]. The term “direct
pathway” may sound somewhat misleading, but corre-
sponds to the pathway which avoids formation of strongly
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adsorbed poisoning intermediates. It results in a stepwise
oxidation of MeOH (Eq. 6) to form formaldehyde, formic
acid, and ultimately CO, [74, 84, 85, 92].

CH;OH25.C0,s + 4H" + 4~ (5)
CH;0HXRI — partial oxidation products — CO,  (6)

Recently, Batista et al. [85, 93] proposed that partition-
ing between “direct” and “indirect” pathway occurs already
at the first dehydrogenation step. C—H bond splitting and
formation of hydroxymethyl CH,OH,4 adsorbate further
leads to CO,q4 (“indirect” pathway) as earlier proposed by
Petrii et al. [77]. Meanwhile, O-H bond splitting and
formation of reactive methoxy-adsorbate CH;O,q4s is be-
lieved to lead to formaldehyde (“direct” pathway). Neu-
rock, using ab initio quantum chemical methods, provided
solid basis for the above hypothesis [94], and demonstrated
the influence of the electrode potential and the solvent on
the elementary adsorption and oxidation steps. Further
support has been provided by Housmans et al. [95] in their
online electrochemical mass spectrometry investigation of
the methanol oxidation pathways on the basal and stepped
Pt single crystalline electrodes in sulfuric and perchloric
acid electrolytes. The results indicate that branching
between “direct” and “indirect” pathways is critically
dependent on the surface crystallography and presence of
surface defects (steps). It was suggested that (110) steps
catalyze the direct pathway.

Comparison of CVs for methanol and for CO mono-
layer oxidation suggests that for Pt(ed)/GC, the “direct”
pathway is much more important than for Pt(pc) and
particularly for Pt(nano)/GC, and under some experimen-
tal conditions, may become predominant. Indeed, when
the electrode potential is cycled in the presence of MeOH,
Hypp region is strongly suppressed, suggesting that the
surface of Pt is poisoned by strongly adsorbed CO,q.
Under these conditions, observation of MeOH oxidation
currents greatly exceeding the current associated with
CO,q4s oxidation, suggests occurrence of an alternative
reaction pathway on the free surface sites. It is thus likely
that the “direct” pathway is accelerated by the presence of
the grain boundary regions. For gaining more information
on the influence of nanostructure on the MeOH oxidation
kinetics, chronoamperometry was used.

Chronoamperometry MeOH oxidation transients registered
for selected Pt(ed)/GC at three different electrode potentials
are shown in Fig. 7. Apparently, the electrode structure
exerts strong influence on the current densities and on the
shapes of the transients. For Pt(ed)/GC obtained at E4>
0.2 V decaying transients typical for processes with self
inhibition are observed (see Fig. 7a,b). For Pt(ed)/GC
prepared at low deposition potentials (0.025 and 0.1 V),
transients with the initial current increase are observed at
selected oxidation potentials (see Fig. 7c). Rising transients
have also been obtained for Pt(ed#0.1)/Au. Similar tran-
sients were observed for Pt(111) by Housmans and Koper

Fig. 7 Current transients in 0 50 100 150 200 0 50 100 150 200
0.1 M MeOH+0.1 M H,SO, 600 . . . 600 L L L
after potential steps from 0.1 V a b
to 0.63 V, 0.73 Vand 0.83 V for
Pt(ed)/GC prepared at different .
deposition potentials: (a) 0.550, 4004083V 400
(b) 0.200, (¢) 0.100 V vs. RHE . S 083V
and (d) for Pt(nano)/GC 073V :
(dn=1.3 nm; dg=1.7 nm). Step ”8 2003 200 ==
potentials are indicated in the £ ‘\ S 0.73 Vi
plots. Note different scale in = 063V 063V
panel (d) 2 — [
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[13] and attributed to CO oxidation being faster than the
methanol dissociative adsorption. However, in contrast to
low catalytic activity of Pt(111), electrodeposited Pt
samples are characterized by very high specific catalytic
activities.

To better understand the influence of the deposition
potential (and ultimately the electrode structure) on the
MeOH oxidation kinetics, we tried to fit the experimental
transients with a simplified kinetic model, including (1)
methanol dissociative adsorption (or decomposition) with
the rate constant kg4 (Eq. 5), (2) oxidation of the adsorbed
intermediates with the rate constant &, (Eq. 4), and (3)
“direct” MeOH oxidation with the rate constant k4 (Eq. 6).
For simplicity, CO,qs was considered as an abundant
adsorption species and the “direct” oxidation pathway
assumed to have no common steps with the “indirect”
pathway. Chemisorbed oxygen-containing adsorbates were
designated as OH,4. Under the above assumptions, the
overall MeOH oxidation current density can be expressed
as a sum of currents (Eq. 7), corresponding to reactions 4,
5, and 6:

jtotal :jdec +j0x +]d (7)

Current densities corresponding to individual reaction steps
can be expressed as [13]:

n
jdec = 4eNPtkdec (1 - Z 9i> (8)

Jox = 2eNpik,, 8coBon (9)

ja =15 (1 Zei> (10)
Here, Np, is the number of Pt atoms per cm® (1.5x10'), e
is the elementary charge (1.6022x10™" C), /3 corresponds
to the current density of “direct” pathway on the Pt surface
free from the adsorbates. The rate constant k4., implicitly
includes MeOH concentration.

To diminish the number of adjustable parameters and
simplify the resulting kinetic equation the following
assumptions were made: (1) n=/ (as estimated from the
initial part of the current transients); (2)2_ 0i & fco; (3)
Cwmeon = const; (4) 005 = 1 and (5) Oy = const and equal
to the fraction of active sites on the surface. The model
considered is very similar to the model proposed by
Housmans and Koper [13] for fitting MeOH electrooox-
idation transients at stepped Pt single crystals except
for (1) and (5). In the model considered in Housmans and
Koper [13], n=2 and 6oy = 1 — O0co. We consider the

assumption oy = 1 — fco to be hardly applicable to very
heterogeneous surfaces of nanostructured electrodes uti-
lized in this work.

Under the above simplifying assumptions, one obtains:

Jrotal = J5 - (1 = 6co) + 4eNptkaec (1 — Oco)

+ 2eNpikoxOco (11)

de

T kaec(1 — Oco) — koxBco

(12)

Figure 8 shows some selected experimental transients
and their fits with the model described. Although the
quality of the fits is not always satisfactory, the simplified
model is able to predict a change in the shape of the
transients from decaying to rising when k&, exceeds kyec,
similar to the model considered by Housmans and Koper
[13]. The limitations of the model are (1) the inability to
describe the decrease of the current at #>100 s and (2) zero
values of jq4 which is admittedly incorrect. We have tried
fitting with different models, including the one proposed by
Housmans and Koper [13]. However, this did not improve
substantially the quality of the fits. We suppose that kinetics
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Fig. 8 Current transients in 0.1 M MeOH+0.1 M H,SO, after
potential steps from 0.1 to 0.63 V for Pt(ed)/GC prepared at different
deposition potentials: a 0.550, b 0.200, ¢ 0.025 V vs RHE. The
symbols show the experimental data. The lines correspond to the fits.
The following parameters are obtained from fitting: a kge.=0.049,
kox/kaec=1.17; b kgec=0.039, kox/kgec=1.09; € kgee=0.056, kox/kgec=
2.80. See text for further details
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of MeOH oxidation on highly heterogeneous surfaces of
electrodeposited Pt, which comprise both regular and defect
crystal lattice domains, is more complicated than on single
crystalline surfaces.

Steady-State polarization Figure 9 shows E vs logj-curves
(Tafel plots) obtained for Pt(ed)/Au using steady-state
voltammetry in the electrode potential interval from 0.55 to
0.65 V vs RHE. The slopesa‘?Ti,j are close to linear and vary
from 65 to 85 mV dec” ': the higher the electrocatalytic
activity, the lower the slope. The Tafel slopes and the current
densities for MeOH oxidation on Pt depend on the electrode
potential and on the degree of the electrode poisoning. Petrii
et al. [77] documented %’i’j ~ 60 mVdec™! for platinized
platinum under steady-state MeOH oxidation and explained
this by a reversible electrochemical followed by chemical
rds, the latter attributed to the interaction of chemisorbed
methanol derivatives with the oxygen-containing species.

Figure 10 compares quasistationary activities in MeOH
oxidation. Similar trends have been documented for Pt(ed)/
GC and Pt(ed)/Au: the activities are the highest for the
samples prepared at 0.1 V, decreasing for both higher and
lower deposition potentials. First of all, this suggests that
the electrocatalytic activities are determined by the deposi-
tion potential rather than by the type of support. Second,
this attests for reliability of the trends described, as
Pt(ed)/Au and Pt(ed)/GC samples were prepared and
studied in two different laboratories in Moscow and
Novosibirsk, respectively. The same trend has been
observed for specific surface areas which showed maxima
for the electrodes prepared at 0.1 V [52]. The observed fact
formally leads us to the conclusion that the highest quasi-
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w
S
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0.56 0.58 ' 0.|60 ' 0.62 0.64
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Fig. 9 Stationary polarization curves for methanol oxidation on Pt/Au
measured in 0.1 M CH;0H+0.5 M H,SO,4 solution. £4=0.500 (1),
0.400 (2), 0.100 (3), 0.025 (4). For each electrode, two curves are
shown and indicated by arrows: one measured in cathodic, another
one in anodic direction
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steady-state activities of MeOH oxidation are achieved for
electrodeposited samples with the lowest degree of coales-
cence of the crystalline domains, and hence, the lowest
defect densities. This seems to be in contradiction to the
catalytic role of grain boundaries declared in “Introduc-
tion”. We will attempt to resolve this seeming discrepancy
in “Catalytic properties as related to the defect density”.

Catalytic properties as related to the defect density

Although some indications concerning the influence of the
density of defects in the bulk crystalline structure of
materials on the adsorptive and (electro)catalytic properties
of materials can be found in the literature, direct correla-
tions between these are scarce. A rare and impressive
example is the already mentioned correlation between the
rate of ethylene epoxidation and the ratio between the
particle size measured by TEM and XRD (Dtrm/Dxrp),
which is proportional to the number of grain boundaries in
multi-grain particles [37].

In this article, we seek for a correlation between the
density of structural defects in Pt electrode materials and
their electrocatalytic properties. As discussed in “Structural
characterization”, dislocations in the grain boundary
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regions have been identified as abundant defects in electro-
deposited Pt. In Fig. 11, the current densities for MeOH
oxidation at 0.73 V RHE are plotted vs N'. Except for Pt
(ed)/GC, the data for Pt(pc) and Pt(nano)/GC are included to
explore the versatility of the correlation. For Pt(nano)/GC,
the grain boundary concentration was assumed zero, as
according to HRTEM data, each Pt particle in the sample
comprised a single grain. Current densities were calculated
from potentiostatic current transients. Current density at
t=0.2 s, j(0.2), was taken as an apparent characteristic of the
catalytic activity of an essentially unpoisoned surface, while
current density after 650 s, j(650), as a characteristic of
quasi-steady-state activity of the poisoned surface. It should
be noted that at 0.2 s, the charging current is negligibly
small.

One may see that j(0.2) increases with the growth of the
defect density, being the lowest for Pt(nano)/GC, increasing
somewhat for polycrystalline Pt and increasing again for
electrodeposited Pt. The spread between different samples
makes up to the factor of 5 (note the log scale). Meanwhile,

'Tt is worth mentioning that qualitatively the same trends are observed
whether the current is plotted vs N or p.

j(650) shows a volcano type behavior. Pt(nano)/GC (N~0)
exhibits the lowest j(650), as the current drops by a factor
of ca. 30 during 650 s of the electrolysis. A smaller but still
sizable current density drop is observed for Pt(pc) with
(N=1.2 x 10" cm™). Meanwhile, for Pt(ed#0.1)/GC (N=
9.2 x 10" em™), no poisoning is observed, the activity
increasing with the time. Further growth of N leads,
however, to the increase of the extent of the electrode
poisoning, and thus, results in lower quasi-steady-state
activities.

Pt(ed#0.1)/GC seems to comprise an optimal density of
defects. This can be rationalized as follows. According to
the present understanding, the activity of unpoisoned Pt
electrodes at short reaction times is determined by the rate
of MeOH dehydrogenation (Eq. 5) and the rate of “direct”
MeOH oxidation (Eq. 6). The positive effect of defects on j
(0.2) indicates that either of these reactions or both be
catalyzed by defects. This is in agreement with the results
obtained by Housmans and Koper [13] on the positive
effect of steps on kg, and k4 at high index Pt single
crystals. An increase of kg, unless it is accompanied by a
concomitant increase of k., must result in an increase in
the extent of poisoning. As demonstrated in “CO oxida-
tion”, the CO oxidation activity increases greatly from Pt
(nano) to Pt(pc) and then Pt(ed). The shape of the current
transients changes from decaying for Pt(nano)/GC (Fig. 7d)
and Pt(pc) (not shown) to rising for Pt(ed#0.100) and Pt
(ed#0.025). Obviously, the increase of k,, overweighs that
of kgee, thus, leading to the decrease of the extent of self-
poisoning, the change in the shape of the transients, and
thus, to the strong increase in the quasi-steady-state activity
j(650). However, further increase of the defect density does
not result in the further enhancement of the CO oxidation
rate, as discussed in CO oxidation. Meanwhile, kg is likely
to further increase, as suggested by the growth of j(0.2) and
by the change of the shape of the transients, which for
samples obtained at E4>0.2 V again becomes decaying
(Fig. 7a,b). This results in an increase of the degree of self-
poisoning and the concomitant decrease of j(650).

We further speculate that the mechanism through which
dislocations in the grain boundary regions influence the
electrocatalytic activity of Pt operates via formation of
defects on the surface of nanostructured electrodes at the
emergence of grain boundaries at the surface. Metal atoms
in the vicinity of grain boundaries usually have decreased
number of neighbors in the first coordination shell, and
thus, are expected to strongly bind adsorbates and catalyze
bond-breaking reactions like water dissociation and MeOH
dissociative chemisorption. For complex multistep electro-
chemical reactions, like MeOH oxidation accompanied with
self inhibition, the concentration of defects must be
sufficiently high to provide high electrocatalytic activity
but not-too-high to avoid high degree of self-inhibition.

@ Springer



508

J Solid State Electrochem (2008) 12:497-509

Hence, so that the highest steady-state electrocatalytic
activity is attained, the electrode surfaces must comprise
an optimal ratio between defect regions and ordered
crystalline domains.

It has been noticed that quasi-steady-state activity in the
methanol oxidation correlates with the strength of oxygen
bonding as accessed from the peak potential of surface
oxide reduction: the stronger oxygen is bonded to the
surface, the lower is CO and methanol oxidation activity.
This applies reasonably well within the series of electro-
deposited samples. However, comparison of Pt electrodes
prepared by different means reveals that the position of the
surface oxide reduction peak alone cannot serve as a
measure of the electrode electrocatalytic activity. This
finding suggests that it is not the strength of oxygen
bonding which directly influences the catalytic activity, but
it is rather structural parameters which affect both the oxide
reduction peak and the methanol oxidation activity.

Conclusions

CO and methanol oxidation have been studied on electro-
deposited Pt. The deposition potential has been found to
considerably influence the catalytic activity of Pt in MeOH
oxidation, and to a lesser extent, in CO monolayer
oxidation. This can be explained by the dependence of Pt
nanostructure on the deposition potential.

The correlation between the volume density of grain
boundaries between Pt crystallites and electrocatalytic
activity in methanol and CO oxidation has been suggested.
The initial activity of clean Pt surface in MeOH oxidation
increases with the increase in the grain boundary concen-
tration, while the quasi-steady-state activity shows a
volcano-type behavior with a maximum at N~9 x 10'" cm™.
The results obtained suggest that defect regions located at
the emergence of grain boundaries at the surface play an
important role in electrocatalytic processes.

Materials comprising high density of grain boundaries may
be of interest for practical applications, as contrary to the
surface defects, like steps and kinks on flat surfaces, defects in
the bulk crystalline structure usually have much longer
lifetimes, unless high temperature annealing procedures are
employed.
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