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Abstract Pt/carbon black samples fabricated from dimeth-
yl (1,5-cyclooctadiene) platinum(II) in supercritical CO, are
characterized in relation to possible applications in metha-
nol fuel cell. The problem of precise material characteriza-
tion is addressed in frames of X-ray diffractometry,
transmission electron microscopy, and electrochemical
techniques of the true surface area determination. The
catalysts with Pt loading of 2040 wt.% consist of nm-size
particles, with the lattice defectiveness dependent on the
fabrication mode. To check the effect of support, various
types of carbon blacks (Vulcan XC72R and acetylene black
AC-1) are used. In contrast to commercial HiSpec catalysts,
no pronounced increase of particle size with Pt loading is
found. Specific steady-state activity towards methanol
oxidation appears to be essentially higher than for com-
mercial catalysts, mostly because the self-poisoning effects
are less pronounced. As for poisoning of Pt with organic
species (resulting from the ligand of precursor), its effects
are demonstrated to be minor after CO or methanol
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adsorption accompanied by desorption of contaminating
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Introduction

Application of supercritical fluids to metal dispersion is an
attractive technique: it is believed to support the formation
of rather small particles with narrow size distribution and
homogeneous distribution along support due to the specific
mechanisms of precursor adsorption. In addition, nano-
structural metal properties are expected to be independent
of its loading. However experimental confirmations still
look occasional and insufficient. Catalysis and electro-
catalysis seem to be a natural field for resulting materials
with relatively low coalescence degree [1-7]. However
supercritical technologies (SCT) are usually expensive (as
compared with conventional approach, i.e. liquid-media
impregnation with subsequent chemical reduction or ther-
mal decomposition). This is why SCT approach can be
considered as something reasonable only if the functional
properties of catalysts are advantageous. Doubts concerning
this point arise in particular from the nature of Pt-
containing reagents used in SCT: for the most typical
precursors, organic fragments formed from ligands tend to
adsorb strongly and irreversibly on Pt.

Recently the electrochemically active surface area and
electrocatalytic activity of SCT-Pt were briefly reported [1,
2,4, 6], as well as the results of fuel cell tests [5]. However
these data remain too fragmentary for quantitative compar-
ison of usual and SCT-produced catalysts. Completely
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missed point is a steady-state specific activity, the property
one can never estimate from cyclic voltammetry (like in
Ref. [4]). In contrast to hydrogen or oxygen reactions, for
organic fuels oxidation the activity cannot be judged from
exchange current density (like in Ref. [1]). The most crucial
problem of steady-state methanol electrooxidation is self-
poisoning. In what follows, we pay special attention to this
problem and accent another very important point, the
reliable material characterization necessary to correlate
nanostructural and functional properties. TEM data can be
misleading in the absence of an appropriate statistical
treatment. To avoid speculations when treating XRD data,
one needs to take into account the overlap of carbon and
platinum reflections and to apply the ‘beyond-Scherrer”
models when analysing the reflection profiles for so small
particles. Combination of thoroughly treated TEM and
XRD allows to get more solid knowledge of nanostructure.

We report below a set of comparative data for commer-
cial HiSpec (Johnson Matthey) and original SCT-produced
platinum catalysts on carbon blacks. Despite of the
pronounced initial poisoning with organic co-products (or
probably just due to decrease of self-poisoning with
methanol in the presence of these foreign adsorbates) some
of catalysts under study demonstrate the remarkable
specific activity under steady-state conditions.

Experimental
Catalysts preparation and characterization

The precursor for SCT dimethyl(1,5-cyclooctadiene)plati-
num(Il) Pt(CH;),COD (Pt content ~58%), Aldrich) was
used without further purification. This reagent with decom-
position temperature of 140-200 °C [8] was chosen
because of its rather high solubility in supercritical CO,
(scCOy): 15 mgcm73 at 80 °C, 27.6 MPa [2].

Two carbon supports were tested, acetylene black AC-1
(OO0 VNIIGAZ, Russia) and Vulcan XC72R (Cabot
Corp., USA). The AC-1 material is more hydrophobic and
can be dispersed in water only after surface oxidative
treatment, or surfactants admixing (Kotosonov AS, private
communication). The specific surface area of 120-150 m>
g ' was determined for this material by BET technique
(Quantochrome NOVA 220e, Quantochrome Instruments)
(Valetsky PM, private communication). Vulcan XC72R is
more oxidized (contains polar groups at the surface) and
has larger BET surface area (210-250 m?g" [9, 10]).

High purity carbon dioxide (99.997 vol.%, GOST 8050-
85) was used as a solvent. High-pressure (up to 35 MPa)
setup for operations with supercritical carbon dioxide was
constructed in the Institute of Mineralogy, RAS, with the
use of armature from High Pressure Equipment, USA. The
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experimental setup consisted of a pressure generator
connected to a high-pressure system containing the lines
of capillary tubes, manometers, set of valves and a reactor
(diameter of 2 cm, and an internal volume of 23 cm?), see
[11] for details.

Fabrication procedure looked as follows. The reactor
was loaded with 0.1-0.25 g of carbon black and 0.1-0.3 g
of Pt(CH;),COD. After sealing, CO, was first blown
through the reactor for 5 min, and then the temperature
was increased up to 120 °C. Then 25 MPa pressure was
applied. In some experiments, the reagents were mixed with
a steel Teflon-coated stirring rod. The reactor was placed
into thermostatically controlled bath (+£0.5°) positioned on
RCT basic magnetic mixer “RCT basic” IKA-Werke GmbH
(silicone oil No 5). The exposure was performed during 6 h
in order to ensure both the equilibration of the organic
precursor solution in scCO, and the uniform distribution of
solution components at the surface of carbon support. After
6-h long exposure the reactor was cooled down to the room
temperature, and the pressure was decreased by opening the
reactor valve.

The resulting product was carbon powder with immobi-
lized precursor. For platinum reduction, this powder was
heat treated in the same reactor under either Ar or CO, flow
(2030 cm®min"). Reduction took 3—6 h at 150-230 °C
under 0.3-30 MPa. Summary of synthesized catalysts is
presented in Table 1. It should be noted that combination of
high pressure and Ar atmosphere resulted (at least from the
first attempt) in formation of coarse-dispersed platinum.
The reasons are not completely clear at this stage. In what
follows we discuss only the samples with crystal size not
exceeding 20 nm.

Samples characterization included elemental analysis
(Pt; for some samples C and H as well), TEM, and XRD.

Elemental analysis was performed using X-ray fluores-
cence spectrometry, Zeiss Jena VRA-30, with the accuracy
+0.3%. C and H were determined after burning in air at
850-900 °C or in oxygen at 1,800 °C.

For TEM analysis, the dry powder was applied onto a
copper grid covered with a polyvinyl (commercial For-
mavar, Plano GmbH) supporting film. An excess of the
powder was removed by blowing with air. We avoided any
wet treatment, to exclude possible disturbance of Pt
particles on the carbon support due to capillary forces in
the course of sample preparation. The micrographs were
taken using a LEO 912 AB microscope (LEO/Carl Zeiss,
Germany) as digital images with informational density of
2,048 2,048 points. Image analysis was performed using
FemtoScan image processing software (ATC, Russia): the
diameter of the individual visualized Pt particles was
measured, 250 different particles were analyzed for each
sample (N=250). The data array of the measured diameter
(d;) values was further numerically analyzed using Origin-



J Solid State Electrochem (2011) 15:623-633

625

Table 1 Summary of synthesis conditions for various catalysts: temperature (7), pressure (P), time (7)

Sample Support Incorporation conditions in scCO, Reduction conditions wt.% Pt, assumed/found
T, °C P, MPa t,h Medium T, °C P, MPa t,h
A XC72R 120 25 6 Ar 230 0.3-0.4 8 19/20
B AC-1 120 25 6 Ar 180 0.3-0.4 8 30/26
C AC-1 120 25 6 Ar 180 0.3-0.4 8 30/27
D AC-1 120 25 6 Ar 150 0.3-0.4 8 31/28
E AC-1 120 25 6 CO, 150 30 8 30/29
F AC-1 120 25 6 CO, 150 6 8 31/30
G AC-1 120 25 6 Ar 150+200 0.3-0.4 6+2 39/38

Pro 7.5 software in order to calculate a mean value of the
diameter and its standard deviation, as well as to draw
histogram of diameter distribution. Besides, we estimated
the specific surface of Pt (S) using the following equation:

N
63 &2
i=1
§=—
pyd;
i=1

where p is platinum density (21.45 gem ™).

Powder diffraction data were collected in step scan mode
using RIGAKU D/max RC powder diffractometer equipped
with a scintillation detector (Bragg—Brentano geometry (60—
20 scan), flat graphite crystal analyser). Samples were
inked onto the self-made zero-background sample holder. It
is essential to use this type of holders for low-absorbing
samples, when the transparency effects are significant [12].
XRD patterns of the carbon blacks were recorded in the
range 20=10-125° using a step A20=0.05° and CuK,
radiation. XRD patterns of the catalysts were recorded in
the range 20=10-80° using a step A206=0.05° and MoK
radiation. At least 10° counts above background level for
the strongest reflections were collected for each catalyst.
For phase identification, database [13] was used. The
instrumental broadening was determined using standard
reference material LaBs (NIST SRM660a). Zero shift was
refined for LaBg¢ pasted in the same manner as the samples
under investigation and later was used as a constant in the
course of catalysts structure refinement.

Cell parameters were refined by the Rietveld method
[14] using the MAUD program [15]. Crystallite sizes and
root-mean-square strain were estimated using two-stage
approach [16] integrated into MAUD. Spherical shape of
the coherently diffracting domains was assumed. In order to
compensate carbon black contribution to XRD patterns of
catalysts, individual carbon black XRD patterns were fitted
with the sets of pseudo-Voigt peaks, which were later
considered as a background in the course of refinement of
catalysts structure.

Electrode preparation and electrochemical measurements

Catalyst powder was dispersed ultrasonically in ethanol
(2.5 mgL™") to obtain a homogeneous black suspension.
Aliquots, 20 uL of this suspension were pipetted onto a
square-shaped (10-mm side) pyrolitic graphite supports.
After 20 min drying in air these electrodes were covered
with 10 uL of 0.5 wt.% Nafion (Aldrich) to fix the sample,
and dried again in air for 20 min. To avoid possible
underestimation of specific surface area of Pt induced by
partial screening of Pt particles in inhomogeneous mixture,
three portions of suspension for each catalyst were
prepared, and the data for corresponding electrodes were
compared. The highest specific surface area found for each
catalyst is presented below.

Electrochemical measurements were carried out with an
EG&G potentiostat PARC 273 and Autolab PGSTAT30 in
three-electrode cell at 25 °C. The counter electrode was Pt
foil, and the reference electrode was saturated calomel
electrode connected to the cell via a Luggin capillary.
Potentials E hereinafter are given versus RHE. True surface
areas of Pt (S) in the samples were determined coulomet-
rically from hydrogen desorption and from carbon mono-
oxide desorption regions of cyclic voltammograms (CV). In
the former case (S(H)) CVs were registered in 0.5 M H,SO,
solution (after deaeration with Ar for 90 min) at 0.10 V-s
in 0.06—1.24 V potential interval. Potential was cycled until
a stationary voltammogram was obtained (usually in the
fiftieth cycle). Very slow evolution of CVs was observed in
the course of stabilization. Minor “excessive” current in the
double layer region decreased systematically in subsequent
cycles, and simultaneous increase of H-UPD charge and
improvement of CVs shape in the hydrogen region took
place. This evolution is not specific for any type of organic
impurities. For independent determination of the true
surface area (S(CO)), CO was adsorbed from CO-
saturated solution (10 min), and then the electrolyte was
purged with Ar (90 min) to remove dissolved CO. CVs
were registered at 0.02 Vs ' in 0.06-1.44 V potential
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interval. The specific charge of 420 puC-cm 2 was assumed,
corresponding to desorption of the monolayer of linear CO
adsorbate. If bridged CO species existed in adlayer, the S
(CO) value could be under-, but not overestimated. We
suppose that possible relative error introduced by assuming
linear form of CO is close for various catalysts, and should
not affect the comparative characterization in the series.

To check a possible surface contamination with the
products of ligand destruction, test voltammetric experi-
ment in 0.5 M H,SO,4 on Pt foil (0.25 cm?) covered with
10 uL of COD was done.

Steady-state polarization curves were measured in 0.1 M
CH3;0H+0.5 M H,SO, solution under potentiostatic mode
(the current was considered as already stationary if its
further change was less than 0.7% in 60 s). At each
potential the current transients were collected. The open
circuit potential was used as a starting value, then the
potential step to 0.54 V was applied, with subsequent 30—
40 mV steps toward more positive potentials. The shape of
observed transients is not discussed in details here; the
trends of current vs. time behavior are determined by
interfacial charging of Pt and carbon support, as well as by
the changes in surface coverage with strongly bound
organic adsorbate that slows down the process.

MilliQ water, H,SO4 (Merc, GR for analysis), Nafion
Perfluorinated Ion-Exchange Resin, 5 wt.% Soln. in Lwr.
Aliph. Alcohols/H,O (Aldrich), HCl (Merc, GR for
analysis) and CH;OH (distilled) were used.

Results and discussion
Structural characterization

XRD patterns of two different carbon blacks are shown in
Fig. 1. One can see that the patterns of both supports are
very similar and can be assigned to graphite-2H/graphite-
3R mixture (ICDD PDF2 cards #26-1079 and #41-1487
[13]). The peaks are broader for Vulcan XC72R carbon
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Fig. 1 XRD patterns of AC-1 (/) and Vulcan XC72R (2). CuK,
radiation
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black, indicating either smaller crystallite size, or (and) the
higher concentration of stacking faults.

TEM images and corresponding size distributions of
SCT-produced (A, G) and commercial catalysts (HiSpec
3000, HiSpec 4000) are presented in Figs. 2 and 3. We have
chosen samples A and G for comparison with reference
commercial samples to consider close Pt loadings (low and
high, respectively). Rather similar size distributions were
observed for low loading (HiSpec 3000 and sample A,
~20 wt.% Pt, Fig. 3a, b), when for higher loadings (HiSpes
4000 and sample G, ~40 wt.% Pt) the pronounced
difference was found. Maximum of distribution obtained
for original sample G corresponds to smaller particle size,
and distribution is more narrow (Fig. 3d) as compared with
HiSpec 4000 (Fig. 3c). It should be also mentioned that Pt
loading in commercial catalysts affects strongly the
homogeneity of the samples and the mean particle sizes
(D(TEM)): the increase of Pt loading results in formation of
larger particles (more than 5 nm in diameter) and in a shift
of the mean particle size from 2.1 to 2.8 nm (Fig. 3a, c;
Table 2). The effect of loading on D(TEM) of SCT-
produced catalysts is less significant (from 2.0 to 2.2 nm)
(Fig. 3b, d; Table 2). TEM data for all synthesized catalysts
(Table 2) correspond to mean particle size from 2.0 to
2.4 nm. This probably means that our fabrication protocol
allows to produce rather small particles with narrow size
distribution independently of Pt loading, at least in 20—
40 wt.% range. This is not the case typical for any SCT-
produced catalysts reported in the literature: for supported
platinum nanoparticles on various solids, including silica
and y-alumina [3] and carbon aerogels [8], higher metal
content results in a larger size of particles. For 30 wt.% Pt
on carbon, the total interval of particle size (1-5 nm) is
similar to our findings, and distribution maximum corre-
sponds to 2.8+0.7 nm (it agrees with the highest value we
found for our samples) [8]; slightly wider interval was
found in Ref. [6]. Comparison with SCT-produced Pt
catalysts on carbon nanotube supports [1, 17, 18] demon-
strates more pronounced difference: for 25 wt.% Pt, the
reported distribution was shifted to 5—10-nm interval [1].

We can assume that particle formation and growth is
primarily governed by the interaction of organometalic
precursors with the support, and that carbon black supports
allow the formation of particles at higher number of surface
centers, being a perspective support for SCT-produced 2—
2.5-nm Pt particles with narrow size distribution. However
the latter feature remains less reliable because our statistics
is limited to 250 particles. The analysis of TEM data
involving up to 900 particles [5] resulted in essentially
different shape of distribution (less symmetric, with very
high contribution of smaller particles). We should point out
that the authors of Ref. [5] used supercritical methanol
instead of scCO, as a fluid.
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Fig. 2 TEM images for synthe-
sized (A (b), G (d)) and
commercial (HiSpec 3000 (a),
HiSpec 4000 (c)) catalysts. Pt
content is ca. 20% (a, b) and
ca. 40% (c, d)

Fig. 3 Size distributions
obtained from TEM data for
synthesized (A (b), G (d)) and
commercial (HiSpec 3000 (a),
HiSpec 4000 (c)) catalysts. Pt
content is ca. 20% (a, b) and
ca. 40% (c, d). N is the number
of particles of certain size

(the total number is ca. 250)
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Table 2 Mean sizes of Pt particles (D(TEM)) obtained from size
distributions from TEM data, sizes obtained from Gauss approximation
of mass/size distributions (D(TEM, wt.)); cell parameters (a(Pt)),
reflection widths (FWHM), root-mean-square strains (r.m.s. strain),
average crystallite sizes for XRD patterns (D(XRD)); specific surface

areas (S(TEM)) of Pt particles obtained from size distributions from
TEM data, specific surface areas determined coulometrically from the
CO desorption region (S(CO)) of CVs, specific surface areas (S(XRD))
of Pt particles obtained from XRD data are given

Sample D(TEM), nm D(TEM, wt.) nm a(Pt), A r.m.s. strain D(XRD), S(TEM) S(CO) S(XRD)
nm m’g’! m’g’! m’g’!
A 2.0£0.6 2.5+0.1 3.923+0.001 0.0185+0.0001 2.4+0.1 120 90 116+5
B 2.0£0.5 2.3£0.1 3.9217+40.0004  0.0143+0.0001 8.1+0.1 130 80 34+1
C 2.0+0.8 3.0+0.1 3.9309+0.0008 0.0178+0.0002 3.2+0.1 100 80 87+3
D 2.3+0.9 3.2+0.1 3.9184+0.0003 0.0115+0.001 9.5+0.1 90 40 29+1
E 2.4+1.0 2.9+0.2 3.9206+0.0003 0.0082+0.0001 5.1+0.1 80 60 5442
F 2.0£0.7 2.5£0.1 3.9246+0.0005 0.0159+0.0002 4.3£0.1 120 70 65+3
G 2.2+£1.0 3.4+0.1 3.9203+0.0003 0.0104+0.0001 3.8+0.1 90 60 73+4
HiSpec 3000 2.1+0.6 2.6=0.1 3.927+0.001 0.0230+0.0006 4.6+0.1 110 90 60+2
HiSpec 4000 2.8+1.1 3.6+0.1 3.9211+0.0002 0.0111+0.0004 7.4+0.1 80 50 37+1

XRD patterns for some SCT-produced catalysts and
commercial samples are presented in Fig. 4. The difference
in reflection widths for synthesized and commercial
samples is well pronounced. Corresponding average sizes
of the coherently diffracting domains (D(XRD)) are given
in Table 2. To compare XRD and TEM data we recalculated
size distributions to deal with mass fractions. Recalculated
distributions are necessary for comparison with D(XRD)
since Scherrer equation provides volume-weighted values
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Fig. 4 XRD patterns for samples with low (a) and high (b) Pt
loadings: HiSpec 3000 (a, curve 1), HiSpec 4000 (b, curve 1), A (a,
curve 2), G (b, curve 2). MoK, radiation
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[16]. The resulting broad distributions were fitted by Gauss
functions; the size values corresponding to thus obtained
maximums D(TEM, wt.) are also listed in Table 2. In
contrast to HiSpec catalysts, SCT-produced catalysts dem-
onstrate no direct correlation of Pt loadings and D(XRD).
In addition, average crystallite sizes for A and G samples
are smaller than for corresponding commercial reference
samples with close loadings, namely HiSpec 3000 and
HiSpec 4000. The following reasons of advantageous SC
technology can be assumed. Firstly, scCO2 is an excellent
wetting agent in respect to carbon black surface, with its
wetting ability independent on the surface hydrophilicity, so
no problems arise with initial homogeneous distribution of
the precursor along the surface, and the thickness of
precursor layer is fixed by the quantity of Pt-containing
reactant. Secondly, the capillary forces are absent when
CO, is removed in the course of reactor decompression, so
the immobilized precursor is not removed from the surface.

Basically, the cell parameters and zero shift are highly
correlated [19]. For nanocrystalline systems this correlation
is so pronounced that even when dealing with calculated
patterns one cannot obtain back model parameters using
standard Rietveld refinement routine [20]. In this study we
determined zero shift by measuring the positions of LaBg
peaks pasted onto zero-background holder, and used this
value later as a reference. It can be seen that all cell
parameters are in fact very close to the values for bulk
platinum (¢=3.9231A [13]), i.e., no pronounced lattice
compression is observed, in contrast to electrochemically
grown nanocrystals [21]. Any attempt of simultaneous
refinement of zero shift and cell parameters resulted in
drastically lower cell parameters and unrealistically high
zero shift values. In this case the error of cell parameter
determination is at least one order of magnitude higher than
least-squares error given in Table 2. The reason is that all
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peaks are very broad, and the precision of peak position
determination is rather low.

It can be observed that all mean-numerical (D(TEM))
values are lower than D(XRD), which is a common feature
for systems with wide particle size distributions [22]. It is
easy to observe that D(TEM, wt.) values for all samples
under study are lower than (or equal to) D(XRD). This fact
indicates the absence of crystallite coalescence at least for
significant fraction of visualized particles, in contrast to
earlier observations for carbon-supported nanoparticles of
platinum [4, 8]. Crystals coalescence usually results in the
formation of defective regions (intergrain boundaries) and
can also induce the pronounced defectiveness of nm-size
grains. Both features are well pronounced for electro-
deposited platinum [21], and correlate with Pt electro-
catalytic activity towards methanol oxidation [23].

XRD demonstrates that the reproducibility of synthetic
procedure is still not very high (e.g., if one compares the
samples B and C). However the difference between our
data and the alternative catalysts is evident, and at this stage
we concentrate on the basic structural features responsible
for the functional properties of catalysts, in order to work
out more perfect synthetic strategy. The results for all
samples excluding A and C demonstrate the pronounced
deviation from TEM data, most probably because of
statistical reasons mentioned above. Less successful sample
D, with higher D(XRD), demonstrates that the decrease of
reduction temperature can be crucial. This finding does not
cancel our conclusions, but demonstrates the necessity to
fix the ranges of fabrication parameters for future improve-
ment of SCT technology.

In addition to size distribution, lattice strain is an
important structural parameter. Strain values found for
SCT series are intermediate as compared with strain of Pt
in two commercial samples. The highest strain in the series
is found for samples A and C. At this stage we simply fix
this finding. Our next steps are (1) to estimate the degree of
coalescence from microscopic data and electrochemically
available true surface area, (2) to test electrocatalytic
activity, and (3) to consider its correlations (if any) with
nanostructural features reported above.

XRD characterization of similar SCT materials is
recently reported [6], with simplified treatment of reflec-
tions broadening (both instrumental broadening and strains
are ignored). We assume that the misleading results can also
appear when size is estimated from one reflection, in
contrast to our study (due to the use of Mo radiation we
were able to register 19 reflections). This can be a reason
why slightly larger crystallite size (3.7 nm) was found in [6]
as compared with our results. At the same time, the
apparent true surface areas of supported platinum fabricated
by the authors of Ref. [6] are several times lower, as we can
roughly estimate form comparison of CV data (Fig. 4 in

Ref. [6]) and the reported loadings. Probably the higher
temperature of precursor decomposition applied in Ref. [6]
resulted in increased surface diffusion rate and accelerated
coalescence of platinum particles. The problem of the
surface area determination for SCT-fabricated Pt is specially
addressed in the next section.

Specific surface area of Pt in catalysts

Voltammograms of sample A (~20 wt.% Pt) and commer-
cial catalysts HiSpec 3000 (~20 wt.% Pt) are compared in
Fig. 5a. Curves 2 and 3 for sample A were registered before
CO adsorption and after CO desorption respectively. CO
adsorption—desorption resulted in significant purification of
Pt surface initially contaminated with organic species (most
probably these species were the products of ligand
destruction in the course of catalyst fabrication). For
catalysts SCT-produced from organic precursors, voltam-
mograms in the hydrogen adsorption region are always
featureless [1, 4], like curve 2 in Fig. 5a. At the same time,
when inorganic (chloride) precursor is used in SC technol-
ogy, the shape of voltammogram in the hydrogen region is
very close to the shape known for pure Pt [21]. Among
poisoning by-products, cyclooctadiene (COD) can be
expected first of all [24]. To check this assumption we
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Fig. 5 Cyclic voltammograms for samples: HiSpec 3000 (a, curve 1),
A (before (a, curve 2) and after (a, curve 3) CO adsorption—desorption
procedure), and Pt foil (before (b, curve I) and after (b, curve 2)
modification with COD)
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covered Pt foil with COD (Fig. 5b, curve 2) and compared
the CVs for pure (Fig. 5b, curve 1) and thus modified Pt
foil. This test experiment confirmed the significant poison-
ing of Pt with COD. In subsequent experiments we were
able to purify the surface of COD-modified foil by means
of CO desorption. This means that CO species adsorb
stronger (at least at low potentials) as compared with
contaminating by-products, and the latter are forced out.
Later CO undergoes oxidative desorption, and the surface
appears to be pure. Independently on details of this
competitive adsorption we believe that poisoning in the
course of SCT is not a crucial problem.

Specific surface areas (S(H), S(CO)) of Pt determined
from voltammetry are collected in Fig. 6. Basically S(H)
values for our catalysts are higher or comparable with S
(CO) for commercial samples. However these values are
typically lower than the expected highest possible specific
surface areas estimated from TEM (S(TEM)) or XRD (S
(XRD)). S(TEM) and S(XRD) values can be considered as
the reasonable estimates of the area of non-coalesced
particles only if size distribution of particles is very narrow
(Table 2). Experimental value should be lower because of
partial screening of Pt surface resulting from either
coalescence of crystals or from too narrow pores between
them [21], complicating electrolyte penetration. On the
other hand, S(H) values for the majority of SCT-catalysts
are lower or comparable with the same values for
commercial samples, probably because of stronger contam-
ination and inability of hydrogen adatoms to compete with
strongly adsorbed organic species. Note that B, D, F
samples were not purified by CO adsorption—desorption
procedure, and corresponding S(H) values are most
probably underestimated.

Using TEM and XRD data we can roughly estimate the
portion of screened surface from the ratio of experimental S
(CO) values and expected values for ensembles of spheres.

HiSpec
1201 3000
100{ § 5

Fig. 6 Specific surface areas of Pt for SCT-produced and commercial
samples, as determined coulometrically from the H (filled squares)
and CO (open squares) desorption regions of CVs. The data for
HiSpec (open circles) are reported by supplier (Johnson Mattey)
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Of course this is possible only if the calculated values S
(TEM) and S(XRD) exceed S(CO), which is not the case
for S(XRD) obtained for majority of samples. This is not
surprising because XRD misses the data for the smallest
particles, in contrast to TEM, missing some rare large
particles. On the basis of results going from both techniques
we can conclude that the portion of screened surface never
exceeds 0.3-0.4. These values are typical for the most loose
Pt electrodeposits, when more typical values for the latter
are up to 0.7 [21], i.e. our SCT-Pt samples are not strongly
coalesced. The coalescence degree for SCT-Pt demonstrates
more weak dependence on Pt loading as compared with
HiSpec (Table 2).

Electrocatalytic methanol oxidation

Current transients for methanol oxidation normalized per Pt
weight (m) (Fig. 7, left column) correspond to potentials of
0.54 (a), 0.59 (b), 0.64 (c), and 0.69 (d) V, i.e., to a typical
region of Pt self-poisoning. Comparison of these transients
for samples A, C, G, E with the transients of commercial
samples demonstrate that both initial and steady-state
currents for SCT-catalysts are higher, and the difference is
sometimes significant. For low-loaded samples (A, HiSpec
3000), current maxima always exists (excluding one curve
for HiSpec 3000 in Fig. 7a). For high Pt loading (G, HiSpec
4000), the difference is more pronounced: HiSpec 4000
always demonstrates monotonous current decrease, when
for SCT-catalyst this behavior takes place only at the lowest
potential. The decrease of current after maxima for all SCT-
catalysts is the same or slower than for commercial
catalysts, never sharper. The most specific is sample C,
with its current plateau instead of current decrease. In
general we can conclude less pronounced self-poisoning of
SCT-catalysts, especially at low potentials (being most
interesting for applications). To demonstrate weaker self-
poisoning more clearly, we present all the transients
normalized per initial current /y (Fig. 7, right column). To
clarify the reasons of less pronounced self-poisoning of
SCT-catalysts, additional mechanistic study is required. In
some experiments the CVs in background solution were run
after electrocatalytic tests. These CVs typically demonstrate
the decrease of hydrogen adsorption/desorption charge, but
the effect is not characteristic, i.e., one can hardly separate
the effects of methanol destruction products and any
foreign adsorbate (e.g., the residual surface contaminations
originating from the precursor). One cannot exclude that
this sort of contaminations plays poison-protecting role.
Steady-state polarization curves of methanol oxidation
(Fig. 8) are plotted for current densities normalized per true
surface area (Fig. 8a, c) and per Pt weight (Fig. 8b). The
specific activity is higher for all SCT-catalysts as compared
with both HiSpec samples, and this conclusion is indepen-
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Fig. 7 Current transients for
methanol oxidation for
SCT-produced (open symbols:
squares (A), circles (G),
triangles (C), thombs (E)) and
commercial (filled symbols:
squares (HiSpec 3000), circles
(HiSpec 4000)) samples.
Transients are registered at
different potentials (0.54 V (a),
0.59 V (b), 0.64 V (¢), 0.69 V
(d)) and normalized per Pt
weight (left column) and

per initial current value

(right column)
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per weight). The difference in activity approaches one order  factors result in the most wide reflections in the series, a
of magnitude. For high loading, the difference is more  feature easily observed without any model treatment). As
pronounced at higher anodic potentials (Fig. 8c). The  the degrees of crystal coalescence for samples A and C are
highest specific activities are found for the most defective  rather low, the defectiveness hardly results from grain
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Fig. 8 Fragments of steady-state polarization curves of methanol
oxidation normalized per true surface area (a, ¢) and per weight (b) for
SCT-produced (open symbols: squares (A), circles (G), triangles (C),
rhombs (E)) and commercial (filled symbols: squares (HiSpec 3000),
circles (HiSpec 4000)) catalysts

boundaries formation and should be assigned to Pt crystals
themselves.

Conclusions

Our data on SCT-platinum demonstrate some advantages of
these materials as compared with catalysts prepared by
other means. At the same time the detailed structural
characterization discovers some difference for ca. 20, 30,
and 40 wt.% Pt loadings. It confirms that one should not
simultaneously look for any straightforward correlation

@ Springer

with a single macroscopic parameter: most important are
correlations with lattice and nanostructural features.

Some poisoning of SCT-electrocatalysts with the species
remaining from the ligand destruction was detected. How-
ever this poisoning is apparently not an issue, at least for
applications related to methanol reaction. Anyway, for other
applications other Pt-containing ligands may be applied. We
selected Pt(CH3),COD only due to its commercial availabil-
ity and high solubility in scCO,. Some fluorinated ligands
would be more preferable, which can be specially synthe-
sized for the particular applications. Another possible
approach remains using of water-soluble Pt precursors for
an impregnation stage [25], with adding the fluorinated
surfactants to stabilize water-in-scCO, dispersion.

Application of SCT gives the specific possibilities to
vary lattice defects concentration and particle size. As the
nature of Pt formation processes is completely different
than for electrodeposition [21, 23], one can judge about the
role of lattice imperfections in electrocatalysis in more
general sense. We cannot treat our XRD data exactly in the
manner used in [21] because of lower loading and specific
support contribution. In frames of two-stage approach [16]
used in this work we can only extract some weighted strain
value. Conventional approach is to relate this strain
parameter to concentration of dislocations [26] or any other
‘strain’ effect [26], but in real materials more than one type
of defects can coexist. For more detailed characterization,
one should apply HRTEM technique able to resolve local
particle structure, and combine it with the state-of-the-art
powder diffraction modeling, such as Whole Powder
Pattern Modeling [27].

We conclude that for two groups of catalysts with
different typical size of particles (typically 2—-3 nm for SCT
and 15-20 nm for electrodeposited Pt) defectiveness
correlates with catalytic activity towards methanol oxida-
tion in qualitatively similar manner.

Further penetration into the problem requires application
of high resolution microscopic techniques to study the
geometry and mutual location of defects. The most
challenging aspect of this problem is to separate defects
located at grain boundaries of coalesced crystals and lattice
defects in crystals themselves. SCT-catalysts with their
rather low degree of coalescence provide useful contribu-
tion to future understanding. It is rather probable that just
defective crystals, not boundaries, are responsible for
catalytic activity. For more coalesced crystals, like those
studied in [21, 23], boundaries can be responsible for
additional lattice compression and defectiveness induced by
this factor.

From synthetic point of view, low-pressure Ar SCT-
technique looks most promising. Specific optimization of
temperature is most probably required for any certain type
of carbon black support.
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