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Abstract Pt/y-Al,Oj; catalysts made by fast and simple
electrochemical dispersion method were characterized
using X-ray absorption spectroscopy, CO chemisorption,
transmission electron microscopy and X-ray diffraction,
and compared with an impregnated catalyst with respect to
oxidation of CO and NO. A combination of techniques
revealed average particle sizes of 3-4nm for
0.81-3.8 wt% Pt/y—Al,O5 catalysts. Electrochemically
prepared materials demonstrated catalytic activity compa-
rable to that of conventional impregnated catalyst and
reasonable stability.
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1 Introduction

Application of diesel engines in road vehicles has several
advantages, the most important of which are high fuel effi-
ciency and significantly reduced carbon monoxide emissions
compared to gasoline engines. However, apart from CO and
hydrocarbons, diesel engines produce noticeable amounts of
particulate matter (soot) and nitrogen oxides (mainly NO)
which present a hazard to the environment and should be
abated [1]. These pollutants are removed by a combination
of catalysts installed in the exhaust system among which the
so-called diesel oxidation catalyst (DOC) is responsible for
the oxidation of CO, hydrocarbons and NO to CO,, water
and NO, [2]. NO, is used downstream to facilitate oxidation
of soot over the diesel particulate filter (DPF) [3] and can
also be used to promote removal of NO by the selective
catalytic reduction (SCR) [4].

The CO oxidation activity of Pt catalysts is a structure
sensitive reaction and, therefore strongly depends on the Pt
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particle size [5, 6]. Hence, CO adsorbed on the step and
terrace Pt sites shows varying reactivity [7] which also
results in different activities of Pt particles of different
shapes. Furthermore, the turnover frequency (TOF) of CO
oxidation increases with increasing particle size up to a
certain limit. As the fraction of accessible surface Pt atoms
decreases for larger particles the rate of CO oxidation
normalized per total amount of Pt (TOF) also decreases.
The decrease in surface Pt atoms is responsible for catalyst
deactivation as a result of thermal aging [8].

NO oxidation also depends on the Pt particle size and is,
therefore, also structure sensitive. Catalysts with bigger Pt
particles (i.e. after catalyst aging) show higher specific NO
oxidation activity [5]. Furthermore, the oxidation state of
Pt was shown to correlate with NO oxidation activity [9].
In the exhaust, CO and NO are both present and compete
for the active Pt sites which highlights the need for testing
catalysts during simultaneous oxidation of CO and NO. In
general, trends known for individual CO and NO oxidation
processes are preserved but the conversion profiles shift
along the temperature axis. The presence of CO was shown
to increase NO oxidation activity at lower temperatures
[10], while at the same time CO oxidation activity
decreased [5].

The size and shape of Pt particles and, thus, the catalytic
activity are defined by the synthesis method [11-13], pre-
treatment conditions [14], aging [5] and even the actual gas
environment [15, 16]. Aging of automotive Pt-containing
catalysts leads mainly to sintering, i.e. growth of Pt parti-
cles [5, 8,9, 17]. Pt sites on bigger particles are more active
with respect to oxidation reactions but the relative amount
of surface Pt decreases with increasing particle size (as a
result of sintering) leading to the catalyst deactivation. The
rate of sintering of Pt nanoparticles was shown to depend
on the uniformity of particle size distribution. Catalysts
with narrow uniform particle size distribution were deac-
tivated slower compared to those with wide particle size
distribution [18]. This emphasizes the need for catalyst
synthesis techniques which are inexpensive, reproducible
and offer particle size and shape control with narrow uni-
form particle size distribution.

Several techniques for synthesis of Pt catalysts exist.
The most common is the incipient wetness impregnation
for which a metal precursor is dissolved and a precise
amount of the solution is then brought into the pores of the
support material. A variety of platinum precursors are used
for this purpose with the most common being H,PtClg [12,
19-21], Pt(acac), [12], and Pt(NH3)4(NO3), [19, 22].
Impregnation with H,PtClg may alter the acidity of the
support and lead to poisoning by chlorine residues [23, 24],
usage of acetylacetonate leads to high dispersion of plat-
inum but also alters acidity of the support [12]. Further-
more, H,PtClg precursor is highly hygroscopic and cannot

be stored for long periods of time. This can be overcome by
preparing first stable colloidal solution of Pt nanoparticles
with their subsequent deposition [25]. Although the col-
loidal technique allows tuning particle size of Pt, it is not
simple and easy to scale up. The other possibility of tuning
nanoparticle size is altering catalyst calcination and
reduction conditions [22]. Flame spray pyrolysis (FSP) is
another technique able to produce supported Pt catalysts
with high dispersion and high activity [26, 27] which, on
the other hand, leads to a formation of oxidized Pt species
and requires a reduction step. FSP also involves burning
significant amount of organic solvents which makes it not
compatible with “green chemistry” principles. Platinum-
containing supported catalysts may also be synthesized
using a single-step sol—gel technique [28, 29] which results
in active catalysts but may lead to encapsulation of some Pt
in the support.

Recently an electrochemical dispersion procedure (not
to be confused with electroless [30] or electrochemical [31]
deposition where platinum is deposited from a solution of a
precursor salt) was used to produce Pt/C electrocatalyst
[32]. This one-step technique is remarkably simple and
does not require additional calcination and reduction of the
final catalyst. Furthermore, Pt foil is used as a Pt precursor
which reduces costs and ensures absence of contaminants
able to change catalyst performance (e.g. Cl in [24]). In this
paper we have studied the applicability of the electro-
chemical dispersion technique for the production of Pt/
Al,O5 oxidation catalysts with low Pt loading. The cata-
lysts were thoroughly characterized by X-ray diffraction
(XRD), X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spec-
troscopy, transmission electron microscopy (TEM), and
CO chemisorption. The materials were also tested with
respect to CO and NO oxidation in the fresh state as well as
after aging in order to assess their activity and stability.

2 Experimental Part
2.1 Catalyst Synthesis

Electrochemical method (EL catalysts): For preparation of
Pt/Al,03 catalysts a method based on metal dispersion
under pulse alternating current (AC) conditions in alkaline
solution was used. This “one pot” electrochemical method
has been successfully utilized for the synthesis of electro-
chemical catalysts in previous works in which highly
efficient Pt/C [32] and Pt;Ni/C [33] catalysts for low
temperature fuel cells were successfully prepared. The
electrochemical cell (100 ml beaker) has two Pt foil elec-
trodes (0.25 mm thickness, approx. 0.6 g each) immersed
in a suspension of 1 g of y-Al,O3; powder (SASOL SCFa-
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230, Sggr ~ 230 mz/g) in 50 ml 2 M NaOH aqueous
solution. The electrodes are connected to a pulse AC
source operating at 50 Hz and average current density 1 A/
cm’. The suspension was stirred with a magnetic stirrer
(approx. 350 rpm) during the synthesis. Pt loading in the
catalyst was controlled by the duration of the synthesis
process (2—7 min) which resulted in loadings of 0.81 and
3.8 wt% Pt (EL-1 and EL-4 -catalysts, respectively).
Finally, the catalysts were rinsed with H,O to a neutral pH
and dried at 80 °C for 1 h.

Incipient wetness impregnation method (IWI catalyst):
For a comparison 2 wt% Pt/Al,05 prepared by traditional
incipient wetness impregnation was used. y-Al,O3 from the
same batch as in case of electrochemically-synthesized
catalysts was used as a support. The support was impreg-
nated with hexachloroplatinic acid (H,PtClg-xH,0), the
catalyst was then dried overnight at 70 °C and calcined for
2 h at 500 °C. Finally, the catalyst was reduced in 5 % H,/
He (2 h at 400 °C) analogously to [34].

2.2 Catalyst Testing

Catalytic tests were carried out in a fixed-bed quartz flow
reactor (inner diameter 8 mm) in a temperature pro-
grammed mode while the temperature was cycled between
50 and 250 °C (for CO oxidation) and between 50 and
500 °C (for NO and CO/NO oxidation) at 5 °C/min. The
temperature was controlled using an Eurotherm 2416
temperature controller with a K-type thermocouple. 30 mg
of catalyst (sieve fraction 100-200 pm) was diluted with
700 mg of quartz and placed on a quartz wool bed. The bed
height was ~ 12 mm and the gas flow 500 ml/min (GHSV:
690,000 h™" for the catalyst only and 12,500 h™' for the
whole catalyst bed with quartz). The gas composition
contained 1000 ppm CO and/or 1000 ppm NO, and 10 %
O, in nitrogen. Reaction products were analyzed by an
MKS 2030 FTIR analyzer. Prior to the testing and before
changing the feed composition catalysts were pretreated in
5 % H, in N, flow at 160 °C for 10 min to clean the Pt
surface from possible adsorbates. This rather low pre-
treatment temperature for catalytic and X-ray absorption
studies was chosen in order to minimize potential changes
in Pt nanoparticles size. Heating and cooling cycles during
CO oxidation were performed twice. The results of both
test cycles were similar, and in order to ensure the same
starting state of the catalyst surface, the results from the
second cycle are reported in the paper.

CO conversion was calculated using the following
equations:
cue _ ce
e~ cey

Xco=1—

(1)
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where CZ5!, C24 and CZ&%" denote CO and CO, con-

centrations at the inlet and outlet of the reactor, where:
inlet tlet tlet
Cllet — Coule + o )

NO conversion to NO, was calculated in the same way
as CO conversion.

For the assessment of the catalyst stability a mild aging
technique previously described by Boubnov et al. [5] was
chosen. According to this procedure, the catalyst was
exposed to a 10 % O,, 5 % H,0, N, (rest) mixture at
600 °C for 1 h, cooled down and further pretreated in 5 %
H, in N,. Afterwards, the catalytic tests were repeated.

2.3 CO Chemisorption

Pt dispersion was evaluated using a technique proposed by
Karakaya and Deutschmann [35]. The same setup as for the
catalyst testing was used for CO chemisorption experi-
ments. After pretreatment of the catalyst in 5 % H, in N,
flow at 160 °C for 10 min the reactor was cooled down to
40 °C and CO was adsorbed. The reactor was then flushed
with N, for 30 min (total flow 300 ml/min), and a TPD
(temperature-programmed desorption) up to 500 °C was
started with a temperature ramp of 15 °C/min. Pt disper-
sion was calculated based on the amount of desorbed CO
and CO, (integrated between 50 and 250 °C) and the
metal/CO adsorption stoichiometry 1:1.

The surface-averaged Pt nanoparticle sizes (dg, nm)
were calculated from the dispersion (D) assuming a
hemispherical shape and using atomic parameters for Pt as
suggested by Spenadel and Boudart [36]. This results in the
final relation (3).

1.02
dy === (3)

2.4 X-ray Absorption Spectroscopy (XAS)

X-ray absorption spectra (XANES and EXAFS) were
recorded at the XAS beamline at the ANKA synchrotron
radiation source in transmission (before catalytic tests) and
fluorescence (after aging and catalysis) modes. The cata-
lysts (pressed and sieved to 100-200 um grains) were
placed in in situ microreactors (quartz capillary, 1.5-3 mm
diameter, 20 pm wall thickness) heated by a hot air blower
(Gas Blower GSB-1300, FMB Oxford) [37]. The beam size
was kept at 6 x 1 mm. Before the measurements the cat-
alysts were pretreated for 15 min at 150 °C in a flow of
75 ml/min 5 % H, in He, after which they were cooled
down to 25 °C in a flow of 5 % H, in He, and EXAFS
spectra at Pt L3 edge (11,564 eV) were recorded. The
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measurement of IWI catalyst after CO oxidation cycle was
done in a flow of 50 ml/min of 1000 ppm CO, 10 % O, in
He after performing heating to 200 °C and cooling to room
temperature. The spectra were normalized and the exten-
ded X-ray absorption fine structure spectra (EXAFS)
background subtracted using the ATHENA program from
the IFFEFIT software package [38]. The average Pt oxi-
dation state was determined by a linear combination
analysis of the X-ray absorption near edge structure
(XANES) spectra using Pt foil and PtO, as reference
spectra in a fitting range of 11,544-11,594 eV.

The k'-, k*-, and k3-weighted EXAFS functions were
Fourier transformed in the k range of 3.0-13 A" and
multiplied by a Hanning window with sills size of 1 AL
The structural model was based on a Pt metal core (ICSD
collection code 64923) and an oxide shell modeled using
PtO, (ICSD collection code 4415). The structure refine-
ment was performed using ARTEMIS software (IFFEFIT)
[38]. For this purpose the corresponding theoretical
backscattering amplitudes and phases were calculated by
FEFF 6.0 [39]. The theoretical data were then adjusted to
the experimental spectra by a least square method in
R-space between 1.4 and 3 A (corresponding to the first
Pt—O and Pt-Pt shells). First, the amplitude reduction
factors (S5 = 0.8 (O) and 0.82 (Pt)) were calculated using
spectra of Pt foil and PtO, model compounds and then the
coordination numbers, interatomic distances, energy shift
(0E() and mean square deviation of interatomic distances
(62) were refined. The absolute misfit between theory and
experiment was expressed by p.

2.5 X-ray Diffraction (XRD)

X-ray diffractograms of catalyst powders were acquired
using a Bruker D8 Advance diffractometer with Cu Ko
radiation, a rotating sample holder, step size 0.016°, and
2 s/step integration time. The resulting patterns were
smoothed using the Savitzky—Golay filter using 2nd order
polynom and a 9-point window.

2.6 Transmission Electron Microscopy (TEM)

Powder samples of the catalysts were ultrasonically dis-
persed in ethanol or isopropanol and one drop of the sus-
pension was dried on a copper grid covered with holey
carbon film. The aged EL-4 catalyst was thoroughly ground
in a mortar and supported on a TEM grid in dry form
(because of admixtures of quartz grains used during cata-
lyst testing). The catalyst specimens were examined in a
FEI Titan 80-300 aberration corrected electron microscope
operated at 300 kV. The particle size was defined as a
major axis of an ellipse containing the particle.

2.7 Atomic Absorption Spectroscopy (AAS)

Pt content in the synthesized catalysts was determined by
atomic absorption spectroscopy using a Hitachi-Zeeman
Z-2000 spectrometer. For the measurements catalysts were
dissolved in a mixture of nitric and hydrochloric acids (1:3
volume ratio) and then diluted with deionized water.

3 Results
3.1 Catalyst Characterization

The results of AAS and CO chemisorption are summarized
in Table 1 along with surface averaged particle sizes cal-
culated from Pt dispersion. The particle size values derived
from chemisorption should be interpreted with caution as
they assume uniform distribution of spherical particles
which is not the real case as one can see from TEM ([40],
see also TEM results below), therefore these particle sizes
are useful rather to indicate trends. The slightly higher than
expected Pt concentration in the IWI catalyst can be a
result of dehydration of the parent alumina during the
calcination step.

XANES and EXAFS spectra of the fresh IWI and EL
catalysts, pretreated in H, in the same way as it was done
for the catalytic tests, are shown in Fig. 1. The pretreat-
ment was aimed at cleaning the surface of Pt nanoparticles
from adsorbed species, most importantly, CO, and oxygen.
Table 2 summarizes the results of XANES and EXAFS
analysis. For fitting the EXAFS spectrum of the IWI cat-
alyst a model with an oxygen shell analogous to PtO, [41]
and one Pt shell as in the metallic Pt was used. The average
coordination number of the Pt—Pt shell in the IWI catalyst
is very low (6) indicating small particle size or a small
fraction of metallic nanoparticles among the disordered
PtO, clusters. A shorter Pt-Pt bond also indicates very
small clusters in this case. The data is in line with the high
dispersion of Pt in the fresh IWI catalyst as determined by
CO chemisorption.

The spectra of EL catalysts can also be modeled using
one oxygen and one platinum shells. In case of the EL-1
catalyst the Pt—Pt coordination number is ca. 6 which is
similar to the ITWI case, but taking into account higher
number of oxygen atoms and relatively high average Pt
oxidation state we assume a model of Pt metallic core (Pt—
Pt bond distance corresponds to metallic particles) and an
oxide (or chemisorbed oxygen) shell.

Increasing synthesis duration resulted in the EL-4 cat-
alyst with higher Pt loading. Along with an almost fivefold
increase in Pt loading, the average Pt—Pt coordination size
increased to approx. 9.5. On the other hand, the average
oxidation state of Pt in the catalyst decreased significantly,
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Table 1 Summary of the catalyst characterization by AAS, CO-chemisorption and the resulting estimated particle size

Catalyst Resulting Pt loading by AAS (wt%) Pt dispersion (D) as determined by CO Surface averaged particle size (dg, nm) estimated
chemisorption from Pt dispersion
Fresh catalyst Aged catalyst Fresh catalyst Aged catalyst

IWI 2.19 0.85 0.25 1.2 4.1

EL-1 0.81 0.63 0.53 1.6 1.9

EL-4 3.8 0.22 0.11 4.6 9.0

Pt metal|

Normalized absorption, a.u.

T T T T T T T T T T T
11540 11560 11580 11600 11620 11640
Energy, keV

{EL-4, aged
04
1 Pt metal
T T T T T T T T

2 4 6 8 10

k A™

Fig. 1 a XANES and b k*-weighed EXAFS spectra for all studied fresh catalysts as well as EL-4 sample after catalysis and aging, including

spectra of reference compounds (Pt metal and PtO,)

Table 2 Average Pt oxidation states and coordination environments determined from XANES and EXAFS spectra

Catalyst Pt oxidation Pt-O distance  Coordination number Pt—Pt distance  Coordination number &> (107> SEg (eV) p
state* (A) (0) (PY) A?) (%)
IWI +0.66 £ 0.10  1.99 £ 0.04 1.2+£0.5 2.71 £ 0.02 6.0 + 2.1 11 +£3 6.6 +32 43
EL-1 +1.44 £0.05 2.01 £0.03 1.8 £ 0.5 2.78 £ 0.01 59+19 5+£2 120+ 2.6 3.0
EL-4 +0.26 £0.02 194 £0.035 04 +£0.2 2.76 £+ 0.004 9.4 £+ 0.7 6+0.5 87+£0.7 02
EL-4 +0.26 £ 0.02 - - 2.77 + 0.004 115 £ 1.1 4+£05 9.0+ 08 0.3
aged

* Determined by linear combination analysis of XANES spectra after pretreatment with 5 % H,/He at 150 °C

rendering the particles almost purely metallic. After aging
the low oxidation state of Pt was preserved and Pt particles
sintered, resulting in an average Pt—Pt coordination number
around 11.5.

The X-ray diffractograms of the studied catalysts are
shown in Fig. 2a and the Pt (111) signals after subtraction
the diffraction pattern of the parent alumina are shown in
Fig. 2b. It is hardly possible to detect crystalline Pt in the
IWI catalyst since only reflections of y-Al,O5 are observ-
able [42]. The absence of Pt reflections in the IWI catalyst
agrees well with the very small oxidized Pt clusters as
observed by XAS and TEM (see below). Small contribu-
tions from the Pt (111) reflection can be seen in the

@ Springer

diffractogram of EL-1 after subtracting the pattern of par-
ent alumina (Fig. 2b). The diffractogram of the EL-4 cat-
alyst, on the contrary, reveals Pt (111) and (311) reflections
at approx. 39.8° and 81.5° correspondently [43]. Addi-
tionally, the intensity of a signal at approx. 46.5° increases
relative to those found in the diffractograms of IWI and
EL-1 due to the superimposed reflections from y-Al,O3
(400) and Pt (200). For catalysts with low metal loadings
quantitative evaluation of XRD results may be not reliable
due to a large fraction of particles smaller than 2 nm which
are not detected by XRD and also because of overlapping
Pt and y-Al,O5 reflections in our case. Therefore, espe-
cially for IWI and EL-1 catalysts, particle sizes and
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Fig. 2 a X-ray diffractograms a
of the studied catalysts (fresh 1
state). b Reflection from the Pt
(111) crystal plane after
subtraction of the diffractogram
of the parent alumina

1b Pt (111)

[ WP YV g MNWWED VR
IWI

Wi MM/\W

. 2
€ c
3 3 EL-1
O | O 7
EL-1
EL-4 EL-4
T T T T T T T T T T L e L
30 40 50 60 70 80 90 34 36 38 40 42 44
2theta, ° 2theta, °

dispersion obtained from TEM (see below) and CO
chemisorption are used.

TEM images of the studied catalysts and the derived
particle size distributions are shown in Fig. 3. The IWI
catalyst contains very small (ca. 0.6—1.0 nm) particles with
rather narrow size distribution (Fig. 3a). The electro-
chemically made catalyst with the lowest Pt loading, EL-1,
has Pt nanoparticles of about 3 nm size with a broader size
distribution (Fig. 3b). The total number of Pt particles
visible in the TEM images of EL-1 sample is small and
they are unevenly distributed on the support. Fresh EL-4
shows mostly particles of about 4 nm but also bigger
agglomerates up to 50 nm with a broad size distribution.
Another feature of the EL-4 catalyst is the uneven distri-
bution of Pt nanoparticles on the alumina support, with
some regions of the support almost free of particles (clearly
visible on Fig. 3c) underlining that y-Al,O5 is a much more
demanding support than carbon [32]. It should be noted
that average Pt nanoparticle sizes in the EL catalysts did
not show any significant dependence on the Pt loading
unlike catalysts prepared by the commonly used impreg-
nation technique [44, 45]. Aging of the EL-4 catalyst led to
a very broad bimodal size distribution (Fig. 3d) with many
rather small particles (~2 nm), around 25-30 % of parti-
cles around 6 nm, and occasionally large agglomerates (up
to 30 nm).

3.2 Catalysis

Synthesized catalysts were further tested with respect to
oxidation of CO, NO and simultaneous oxidation of CO
and NO, which models diesel exhaust conditions. The
conversion profiles for CO (both in the absence and pres-
ence of NO) and NO (in the absence of CO) are shown in
Fig. 4 for fresh (left) and aged (right) catalysts. NO

conversion profiles in the presence of CO are not reported
as the trends are the same as obtained without CO.

The CO conversion profiles show the typical behavior of
Pt/Al,O3 catalysts with a steep light-off profile and a
hysteresis between heating and cooling steps. The fresh
IWI catalyst shows rather low CO oxidation activity
(Fig. 4a), comparable to the EL-1 catalyst with much lower
Pt loading. Moreover, the fresh IWI catalyst is different
from all others showing an “inverse” hysteresis with lower
CO oxidation activity during cooling than during heating.
In addition to this, oscillations of CO conversion were
observed during cooling. Such behavior has been previ-
ously reported for Pt/Al,O; catalysts prepared by incipient-
wetness impregnation [34] and attributed to very small Pt
particles with low CO oxidation activity. Although the
XANES data indicated a high degree of Pt reduction
(Table 2) in the pretreated IWI catalyst before catalytic
testing, small Pt particles in this catalyst are easily oxidized
during catalysis which may be the reason for the observed
low activity and the “inverse” hysteresis of CO oxidation.
For instance, oxidation state of Pt in the IWI catalyst was
measured by the in situ XAS immediately after one CO
oxidation cycle (heating and cooling) and shown to be
+1.18 £ 0.12 which is higher than +0.66 £ 0.10 in the
H,-pretreated sample.

Mild aging leads to sintering of Pt particles with an
increase in average particle size (Table 1) and decrease in
Pt dispersion. This results in an overall decrease in cat-
alytic activity but the shift of EL light-off curves toward
higher temperatures is more pronounced than for the IWI
catalyst (Fig. 4b). The decrease in catalytic activity in case
of the EL catalysts is solely due to sintering of Pt as
demonstrated by CO chemisorption, TEM and EXAFS. On
the other hand, sintering of Pt particles in the IWI catalyst
tentatively leads to formation of Pt nanoparticles less prone
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Fraction, %
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06 08 1.0 1.2 1.4 3 4
R, nm R, nm

Fig. 3 a—¢ TEM and d STEM-HAADF images (fop) and particle
size distribution (bottom) for fresh: a IWL, b EL-1, ¢ EL-4, and d aged
EL-4 catalysts. Number of particles analyzed to obtain particle size

to oxidation under reaction conditions and therefore more
active. Thus, the combination of two factors—a lower total
amount of surface Pt sites and higher resistance of Pt
particles to oxidation—keeps the activity of the IWI cata-
lyst just slightly changed. Since diesel oxidation catalysts
may be exposed to temperatures as high as 800 °C we
performed an additional test after aging in humid air at
800 °C for 1 h. Such severe aging did result in a further
deactivation of all catalysts but did not change the relative
activity trend (test conditions and results are available in
the Electronic Supporting Information, Fig. S1, note the
different GHSV).

Similar trends are reported for NO oxidation over fresh
and aged catalysts (Fig. 4c, d). In this case, the fresh IWI
catalyst shows very low activity due to small Pt particles
and gains much higher activity after aging in line with the
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distribution was 93 for IWI, 62 for EL-1, 200 for EL-4, and 245 for
aged EL-4 catalysts

increase in Pt particle size observed by CO chemisorption
(Table 1) and the reported structure sensitivity of NO
oxidation [5]. EL catalysts appear to keep rather stable NO
oxidation activity in spite of aging which may be due to the
big particle size already in the fresh catalysts. Furthermore,
according to the TEM (Fig. 3b) Pt particles in EL-1 are
well separated from each other on the alumina support
which prevents strong sintering (Table 1).

CO oxidation in the presence of NO (CO + NO oxi-
dation) occurs at higher temperatures similar to the tem-
peratures of NO oxidation. Moreover, during CO and NO
oxidation activity differences between both fresh and aged
catalyst series level off (Fig. 4e, f). In this case IWI cata-
lyst with the highest Pt dispersion and smallest particles
shows CO (and NO) light-off in the same temperature
range as EL-4 and the light-off of EL-1 is shifted toward
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Fig. 4 a, b Conversion of CO obtained during CO oxidation; c,
d conversion of NO obtained during NO oxidation; e, f conversion of
CO obtained during CO and NO simultaneous oxidation. Solid lines

high temperatures due to rather low Pt loading in this
sample.

4 Discussion

The aim of this study is to thoroughly characterize new
catalysts and test their catalytic activity in oxidation of CO
and NO in order to prove the ability of the electrochemical
dispersion technique to produce active Pt/Al,O5 oxidation
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are recorded during heating, dashed lines during cooling. Conditions:
1000 ppm CO or (and) 1000 ppm NO, 10 % O, in N,, 30 mg of
catalyst, 500 ml/min flow

catalysts. To achieve this goal several catalyst samples
were synthesized, thoroughly characterized to be able to
explain the observed activity differences and tested in
catalysis. Electrochemical dispersion technique proved to
be reproducible and EXAFS spectra of several catalysts
with Pt loadings in the range 3-10 wt% (see Electronic
Supporting Information) proved to be almost identical
which points out the same size and structure of Pt
nanoparticles independently on Pt loading (unlike catalysts
made by incipient wetness impregnation [44, 45]). The
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only property depending on the Pt loading appeared to be
the average Pt oxidation state (Table 2) which decreases
with increasing Pt loading. XAS measurements on a series
of samples (Fig. S2 in ESI) suggested the formation of a
small portion of oxidized PtO; (corresponding to
0.25 £ 0.03 wt% Pt in form of PtO,) in all samples if other
synthesis conditions are kept unchanged and lower amount
of oxidized Pt when higher amount of alumina was used for
synthesis. Hence, while the amount of oxidized Pt stays
unchanged and the overall Pt loading increases, average Pt
oxidation state decreases. And this small portion of oxi-
dized Pt is believed to originate from the surface of Pt
electrodes which is corroded and dispersed in the first
seconds of the synthesis. This allows predicting lower
average Pt oxidation state if higher amount of alumina
support is introduced during the synthesis as needed for
scaling up the synthesis. This was indeed confirmed during
the synthesis using 2 g of Al,O3 instead of 1 g which
resulted in 0.17 wt% Pt in form of PtO,.

Since CO and NO conversion profiles over Pt/Al,O3
catalysts are determined by a combination of parameters,
i.e. amount of surface platinum atoms, their intrinsic
activity (TOF) etc., the given conversion profiles cannot be
used directly to judge the catalyst performance. The matter
becomes even more complicated as platinum loading in the
catalysts also differs. Hence, the amount of surface Pt
atoms available for reactants was determined by CO
chemisorption and used to calculate the specific activity of
surface Pt sites (TOF) defined as the number of CO (or NO)
molecules converted per surface Pt site per second. How-
ever, for the given dataset there is no single temperature
point at which TOF can be calculated for all three catalysts
(due to different light-off temperatures). Therefore, TOFs
obtained during heating were linearized using Arrhenius
plots (assuming power law kinetics of CO and NO oxida-
tion [46, 47]) in the region of low conversions (CO con-
version: 1-5 %; NO conversion: 2-4.5 %) so that the
concentration gradients can be neglected (Fig. 5). Apparent
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activation energies determined from Arrhenius plots are
reported in Table 3.

In the ideal case, if CO oxidation activity depends only
on the number of active sites which all have the same
activity (i.e. no structure sensitivity), the plots in Fig. 5a
should fit to a single trend line. Most of the catalysts fit
reasonably well to a single trend except aged EL-1 and
fresh EL-4 samples. Apparent activation energies for CO
oxidation lie in the range 70-90 kJ/mol. The plot of aged
EL-1 activity is shifted to lower values but demonstrates
similar activation energy (Table 3) which may originate
from an error in estimation of number of Pt sites (since the
absolute number of Pt sites in this sample is very small).
The activation energy for the fresh EL-4 catalyst is sig-
nificantly lower than for other samples which may indicate
significant mass-transfer limitations due to a very active
catalyst. The single trend for all catalysts means that the
catalyst activity with respect to CO oxidation scales with
the amount of surface Pt sites, i.e. the specific activity of
those sites is similar, independent of the catalyst synthesis
technique and the pretreatment (in this case aging). The
only way aging influences the CO oxidation activity in this
case is by decreasing the amount of surface Pt. The
structure sensitivity is not observed here.

Similar activation energies are obtained for NO oxida-
tion over the IWI and EL-1 catalysts (Table 3) but in this
case they differ for fresh and aged catalysts. The difference
is even stronger for the EL-4 catalyst. The difference in E,
(Fig. 5b) proves that NO oxidation is indeed structure
sensitive, analogous to [48]. The extremely low activity of
the fresh IWI catalyst (Fig. 5b) is attributed to the very
small size of Pt clusters making them rather inactive for
NO oxidation (according to the structure sensitivity). This
may be due to oxygen chemisorption on the low coordi-
nated Pt sites resulting in less active sites for NO oxidation
[47, 49]. Low activity of fresh IWI may also be related to
traces of Cl due to the use of Cl-containing precursor for
catalyst synthesis [50, 51].

b NO oxidation
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Fig. 5 Arrhenius plots of a CO and b NO oxidation rate normalized per amount of active sites (TOF) obtained from CO chemisorption. Filled

symbols represent fresh catalysts, empty symbols—catalysts after aging
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Table 3 Apparent activation

E, (CO oxidation), kJ/mol (&3 kJ/mol)

E., (NO oxidation), kJ/mol (&3 kJ/mol)

Aged catalyst Fresh catalyst Aged catalyst

energies for CO and NO Catalyst
oxidation (estimated using Fresh catalyst
conversion data obtained during
heating) IWI 79
EL-1 72
EL-4 56

80 58 52
68 58 51
89 75 36

The fact that intrinsic activity of Pt sites in catalysts
prepared using the electrochemical dispersion approach is
similar to that of the conventionally-prepared catalyst
makes them suitable for application as oxidation catalysts.
Hence, taking into account the following advantages of the
electrochemical dispersion technique one can successfully
use it for the synthesis of supported metallic heterogeneous
catalysts. First of all, using Pt foil guarantees absence of
contaminating species which may compromise the activity
of the resulting catalyst. Second, the technique does not
require calcination and reduction steps which saves energy
and costs for gases and gas dosing infrastructure. Electro-
chemical dispersion results in intermediately-sized
nanoparticles even for supports which favor very high
dispersion of the metal like the one used in this study [52].
Due to structure sensitivity, a certain minimum size of Pt
nanoparticles is required for the catalyst to be active in CO
and NO oxidation which makes electrochemically-synthe-
sized catalysts suitable for application as diesel oxidation
catalysts (DOC). On the other hand, for the large-scale
industrial application, the Pt distribution should be
improved and the possibility to control of size of Pt
nanoparticles has yet to be explored.

5 Conclusions

The possibility of application of electrochemical dispersion
technique for the production of Pt/Al,O3 oxidation cata-
lysts was evaluated. The method is fast, simple and does
not require calcination and reduction steps. Characteriza-
tion by XAS, XRD, TEM, and CO chemisorption showed
that electrochemical dispersion results in producing rela-
tively large 3—4 nm (average) Pt nanoparticles on a high
surface area y-alumina, which are active in both CO and
NO oxidation. In contrast to the conventional catalyst made
by incipient-wetness impregnation, larger Pt nanoparticles
prepared by electrochemical dispersion show higher
activity in the structure-sensitive NO oxidation. Hence, in
future this preparation method should be applied to other
metals and supports.
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