
H2[Pt(C2O4)2] as a Tailor-made Halide-free Precursor for the
Preparation of Diesel Oxidation Catalysts: Nanoparticles
Formation, Thermal Stability and Catalytic Performance
F. Spolaore,[a, b] C. Hengst,[a] F. Dornhaus,[a] M. Votsmeier,[a, c] and S. Gross*[b, d]

The aim of this study was to investigate a tailor-made metal
precursor and its chemical properties to tune the properties of
supported metal nanoparticles (NPs) and their catalytic per-
formance when used as Diesel Oxidation Catalyst (DOC). The
formation of extremely small Pt NPs from a new halide-free Pt
complex was investigated, namely bis(oxalato)platinate, H2[Pt-
(C2O4)2]. The size evolution of the supported NPs, from the
formation upon the Pt precursor decomposition on γ-alumina
to the sintering of the NPs at high temperatures, was followed
by thermogravimetric analysis coupled with mass spectrometry
(TG-MS) and differential scanning calorimetry (DSC), trans-
mission electron microscopy (TEM) and diffuse reflectance

infrared Fourier transform (DRIFT) spectroscopy. A correlation
between the NPs’ size of the catalyst and the performance for
the CO, C3H6, C3H8 and NO oxidation reactions pointed out a
retained activity during test cycles, showing low sensitivity to
the test conditions applied (i. e., temperature and gas composi-
tion). The overall catalytic performance was better in the fresh
catalysts compared to the reference catalyst prepared from
platinum nitrate, Pt(NO3)4. In particular, the different dispersion
of the Pt NPs over the support obtained from the two
precursors was identified as the reason for the different catalytic
performance, retaining small NPs size after the tests cycles.

Introduction

Environmental and health concerns pushed in the past decades
the vehicle market to adopt effective exhaust gas after-
treatment systems, subject of a broad number of reviews.[1–4]

The optimisation of such systems, aiming to maximise the
conversion of the exhaust gases, prompted the research for the
best compromise between size (surface area), shape (selectivity)
and stability (against sintering) of the precious metal active
components.[5–7] Some catalysed reactions were indeed found

to display a volcano behaviour, with small NPs leading to lower
catalytic performance despite the exponential increase of
specific surface area.[8,9]

Additionally, the smaller the metal NPs, the lower the
stability towards temperature, and the easier they undergo
sintering when exposed to the often harsh conditions occurring
during their use as catalysts, leading to an abrupt increase in
particle size and often to dramatic loss in catalytic
performance.[10–12]

Two competing mechanisms were proposed to describe the
loss of performance due to the thermal sintering: the Ostwald
ripening and the particle migration and coalescence.[13] The
relative magnitude of both mechanisms is dependent, among
other factors, to the type of metal, the temperature and the
initial size of the NPs. Consequently, the initial size distribution
affects the stability of the catalyst and the subsequent size
broadening of the constituting NPs when temperature rises,
which is the main factor determining the degree of motion over
the support and the specific vapor pressure that reduce the
active surface area.[14]

Pt/Al2O3 is a model catalyst for DOC to study impact of
preparation and pre-treatment procedures, metal-support inter-
action or impact of testing gas composition, whereas state of
the art Diesel automotive catalyst includes also Pd for its ability
to improve the durability of the catalyst.[15–18] Indeed, the
catalyst deactivation is still nowadays subject of investigation
both in academia and in industry.[4] Beside high operating
temperatures, deactivation can arise from chemical poisoning
ascribed to impurities such as Na, K, Ca, P or S.[19,20] Alongside
such impurities, halides are known to deactivate the active
metals of the catalysts for certain oxidation reactions.[21] The
choice of Pt metal precursor for catalyst heterogeneous
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preparation is therefore important and the most widely used Pt
salt solutions for are the following:, Pt(NO3)4,

[22] Pt(NO3)2
,[23,24]

Pt(NH3)4,
[25] Pt(NH3)4(ac)2,

[26] Pt(NH3)4(NO3)2
,[27,24] (NH4)2PtCl4,

[26] Pt-
(NH3)4Cl2,

[28] Pt(NH3)4(OH)2,
[29] Pt(acac)2

[30] and of course the well-
known H2Pt(Cl)6.

[31] The effects of these different Pt precursors
on catalytic performances for various reactions is a research
subject of interest, with contradictory rankings depending on
the investigated reactions and their specific structure-
sensitivity.[29,31,32] Halide-free Pt precursors are reported to
generate smaller NPs, particularly those containing amine
groups. The catalysts prepared from Pt(NH3)4(NO3)2 and Pt-
(NH3)4(Ac)2 showed in previous studies higher Pt dispersion and
smaller Pt particles size compared with halide containing
(NH4)2PtCl4, and H2PtCl6.

[26] Moreover, metal loss through
formation of volatile compounds (e.g., halides) is generally
recognized as a significant route to catalyst deactivation.[21] The
presence of halides (e.g., chloride) affects sintering and
redispersion by increasing the metal atom mobility on the
support, forming volatile chlorides of the active metal, followed
by gas-phase transport from the support. Additionally, halides
can induce changes in the oxidation state thereby impacting
the reactivity of the active metal NPs.[33] Pt catalysts are indeed
known to be sensitive to chlorine, with Pt NPs undergoing
reconstruction under reaction conditions starting at about
600 °C, leading to the formation of large faceted metal particles.
Moreover, even after calcinations and reductions, chlorine tends
to remain on the alumina based catalysts, acting as an
inhibiting species for hydrocarbons oxidation.[34] The impact of
the chlorine amount, introduced with the metallic precursor
(H2PtCl6), and its inhibition on the activity for Pt catalysts was
investigated by Marceau et al.[35] For these reasons, one of the
most common Pt precursor for automotive catalysts is the
halide-free Pt(IV) nitrate one.[22]

Despite years of research, it is still extremely difficult to
stabilize the catalytically active Pt sites on supports in order to
extend the life-time of working catalysts. Since CO inhibits the
oxidation of HCs and NO, their light-off is observed only after
CO is fully converted. Therefore, a challenge today is to develop
catalysts that could display CO and HCs light-off below 150 °C
after aging.[1] Among the different strategies, maximizing the Pt
dispersion over the support was proposed as one way to limit
the formation of ‘anomalously’ large Pt particles after aging in
air at temperatures above 600 °C.

In the pursue of preparing a more stable catalyst, through
enhanced Pt dispersion over the support, a not yet reported
halide-free Pt precursor, namely bis(oxalato)platinate, H2[Pt-
(C2O4)2], was tested and cross-referenced with Pt nitrate. The
H2[Pt(C2O4)2] complex was synthesised for the first time over
190 years ago by Döbereiner,[36] investigated later on by
Söderbaum[37,38] and by Krogmann and Dodel[39,40] in 1969. To
the best of our knowledge, there are no previous reports where
this precursor has been used as metal precursor for the
synthesis of supported Pt NPs, particularly at the kg scale. There
are previous studies where this precursor was applied for the
synthesis of Pt colloidal NPs in water with hydrogen in the
presence of oxalate as a stabilizing agent.[41]

The physico-chemical properties of the bis(oxalato)platinate
are peculiar: this complex is indeed characterised by a dynamic
and highly complex aqueous chemistry, forming dimers and
units of higher molecular complexity. These oligomers were
investigated in solution by means of 195Pt-NMR[42] and, as
isolated crystals, by X-ray analysis,[43] and the formation of long
needle-like crystals constituted by many Pt monomeric units
arranged in solution was proposed.[44,45] This behaviour, coupled
with the high exothermic decomposition of the oxalate ligands,
was exploited in this work to enhance the dispersion of the Pt
NPs over the selected metal oxide support γ-alumina. A
correlation between the physical properties of the NPs obtained
from the two Pt precursors and the chemical performances for
CO, hydrocarbons (HCs) and NO oxidation was then assessed
after different thermal treatments.

Results and Discussion

Prior to the deposition on γ-alumina, differently concentrated Pt
salt solutions were characterised by UV-Vis to assess the state of
the precursor mimicking the synthetic conditions for the
catalysts’ preparation. The UV-Vis analysis were performed on
increasingly diluted solutions, quickly moving from bigger
oligomers (in concentrated solutions) to smaller ones (in diluted
solutions). The study was performed indeed to characterize the
state of the Pt complex solution used during the synthesis of
the Pt NPs, that led to the formation of small and highly
uniform NPs of about 1–2 nm, to exclude the possibility that
size variations were induced by the formation of notably
different species. Indeed, the UV-Vis analysis of the H2[Pt(C2O4)2]
solution (Figure S1) displayed the peculiar behaviour previously
observed by Krogmann[39,40] and Keller,[46] namely a concentra-
tion dependence of the UV-Vis absorption maxima associated
to the presence of different oligomers in solution.[42,43] Their
presence was confirmed also by ATR spectroscopy (Figure S2)
and the relative ratio of the different oligomers was found to
depend both on pH and on concentration,[42] with more
concentrated and acidic solutions containing structures with
higher degree of polymerisation, a trend that was also observed
in the present study (Table 1). Assignment of the bands was
performed based of literature data[46] and the Pt complexes
with relative absorption maxima are listed in Table S1. As
previously reported, at least four distinct maxima in the
solutions absorption spectra were found at λmax =426, 510, 600
and 680 nm varying the Pt concentration. Keller et al. attributed

Table 1. List of UV-Vis absorption peaks of bis(oxalato)platinate solutions
analysed in this work at different c Pt [mol/L].

Sample c Pt
[mol/L]

Absorption peak maxima
[nm]

a 0.60 260, 328, 381, 510, 600, 680, 1000.

b 0.15 260, 378, 510, 660, 945.

c 0.10 260, 328, 510, 600, 680.

d 0.02 260, 378, 424.
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these UV-Vis absorption bands to a series of oligomers and
confirmed the structures with 195Pt-NMR.[46] Given the sensitivity
of the Pt precursor to the dilution applied during the
preparation of the NPs (Table 1), the UV-Vis study showed that
this precursor contained mainly complexes with a low degree
of polymerisation when employed at 0.02 mol/L, namely
monomers and dimers. During the preparation of the supported
NPs, a thermal treatment in air of the precursor impregnated on
γ-alumina was applied, leading to the degradation of the
precursor. As pointed out from the TG-MS coupled with DSC
analysis (Figure S3), the decomposition of such complex starts
at 170 °C, as evidenced by the evolution of CO2 (Figure S4).
Using a diluted (0.02 mol/L) Pt precursor, the preparation of
catalysts was then optimised to maximise the dispersion: first, a
screening of the synthetic parameters was performed, followed
by a thermal stability study to ensure stable and long-lasting
catalysts and consistent catalytic test results. Initially, selected
synthetic parameters for the preparation of the catalysts were
modified assessing changes in particle size and catalytic
performance.[47] Three different factors were varied: i) temper-
ature (25 °C–70 °C), ii) time of impregnation (15 min–60 min)
and iii) initial Pt concentration with respect to the alumina
support (1–10 wt% Pt). The samples were first dried at 350 °C/
15 min, then calcined at 550 °C/2 h prior to the tests and the
total amount of Pt was measured by ICP-OES and normalized
with alumina for the catalytic tests. The particle size of the
prepared catalysts was analysed by means of CO chemisorption
analysis (Table S2), assuming spherical particles. Despite varying
these three factors, all catalysts displayed an average size
between 2.3 and 3.2 nm. The light-off temperature for the CO
oxidation reaction (sensitive tool to indirectly evaluate the NPs
size) was used to confirm this result. Smaller NPs would indeed
display a lower light-off temperature, i. e. a higher catalytic
performance. The observed light-off temperatures indeed
correlate well with the CO absorption tests, meaning that all
synthetic conditions resulted in highly dispersed NPs over the
alumina support, with no significant changes (10 K span among
all curves, Figure S5). The most efficient synthetic condition was
selected (i. e., 1 wt% Pt, 25 °C and 15 min impregnation) and
with this set of reaction parameters one additional factor was
investigated, namely the pH. Known to affect the speciation
and equilibria in solution of bis(oxalato)platinate precursor,[43,44]

this parameter was separately investigated. A washcoat contain-
ing γ-alumina impregnated with bis(oxalato)platinate was
prepared and at this stage the pH was varied (aiming at two
different pH target values, i. e., pH 2 and 6) with two different
acids (oxalic acid and nitric acid, see the Experimental Section
for preparation details). These four washcoats were then coated
on cordierite monoliths and tested for the oxidation of CO, HCs,
and NO. In both fresh (Figure S7, A-B-C) and aged samples
(Figure S7, D-E-F) and for all oxidation reactions, one particular
sample (pH=2 with addition of oxalic acid) outperformed the
others, displaying a lower light-off temperature and higher
catalytic performance. As possible explanation, the impregna-
tion on the alumina at acidic pH with free oxalic acid likely
influenced the degree of oligomerisation during the adsorption
process, as observed by the appearance of an intense blue

colour for this particular washcoat. Moreover, Dou et al., also
suggest that Pt nitrate complexes chemisorb more efficiently
on alumina than the monomers and dimers of diluted solutions
of Pt-oxalate (coherent with the UV-Vis trend observed).[48] The
resulting Pt oxalate complexes decompose faster and at lower
temperature compared to the nitrate ones, leaving less room
for migration phenomena that would instead lead to growth of
the Pt particles.[13] The thermal stability of the supported Pt NPs
for this particular sample were then investigated by means of
TEM and DRIFT spectroscopy. Figure 1 and Table 2 show the
NPs and the respective average particle sizes after treating the
samples at different temperatures in ambient air. As a result of
the sintering process occurring at increasingly higher temper-
atures, the NPs were expected to rapidly increase in size.
Surprisingly, the starting NPs did not significantly alter their

Figure 1. TEM pictures of Pt NPs on γ-alumina (1 wt%) from
bis(oxalato)platinate, after different thermal treatments: 350 °C/15 min
(sample A), 350 °C/4 h (sample B), 550 °C/2 h (sample C) and 800 °C/16 h
(sample D).

Table 2. Average particle sizes obtained by TEM, calculated specific active
surface area and range distribution for 1 wt% Pt containing γ-alumina,
treated at different temperatures.

Samples dn[a]

nm
ds[a]

nm
dv[a]

nm
Specific
surface
area[b]

m2/g

D90[c]

nm

Sample A
350 °C/15 min

0.6 0.6 0.7 434 0.4–0.9

Sample B
350 °C/4 h

0.7 0.7 0.8 377 0.5–1.0

Sample C
550 °C/2 h

0.8 0.9 1.0 312 0.6–1.4

Sample D
800 °C/16 h

20.1 64 98 4.4 6.5–33.9

[a] average number (n), surface (s) and volume (v) particle diameters. At
least 1000 counts for each sample were done, beside for sample D with
100 counts. [b] calculated specific surface area assuming spherical NPs. [c]
range distribution of 90% number count based particles.
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average particle size and remained below 1 nm in D90, and
preserved a sharp size distribution even after 550 °C/2 h.

Finally, when exposed to a harsh aging process used to
simulate the catalyst aging (800 °C/16 h hydrothermal, Figure 1
D) the Pt particle size rapidly increased, reaching a mean size of
about 20 nm and broad distribution. DRIFT spectroscopy (Fig-
ure 2) confirmed the spatially localised observations made by
TEM. Indeed, changes in particle size are expected to impact
the stretching signals of CO bonded on Pt.[49,50] It is generally
agreed that CO adsorbs on this metal linearly, with an almost
pure 180° degree coordination geometry, and that the bands
located between 2000 and 2100 cm� 1 are assigned to the
stretching of CO molecules adsorbed on Pt atop sites, the
1950–1850 cm� 1 to bridge sites and the ones at 1800–
1650 cm� 1 to hollow sites.[51] Further assignments of the
stretching of CO molecules linearly adsorbed on Pt atop sites
were proposed by Garnier et al.[52] They attributed three infrared
bands with decreasing absorption frequencies to an adsorbed
CO molecule, whether it is linearly adsorbed onto faces, edges,
and corners surface sites of a particle: these sites contribute to
frequencies of about 2096, 2083 and 2072 cm� 1, respectively. In
addition, an even lower adsorption wavelength was proposed,
corresponding to multiple CO adsorptions on a single Pt corner
site, characterised by an IR absorption at about 2054 cm� 1.
Casapu et al. also characterized differently sized Pt/Al2O3

catalysts by DRIFT spectroscopy during the CO adsorption and
desorption at different temperatures and observed that very
small Pt display a stronger adsorption of CO on small NPs
(below 1.5 nm).[53] The appearance of high wavenumbers signals
became predominant for larger Pt NPs (above 5 nm) obtained
with aged Pt/Al2O3 catalyst. In addition, the group reported that
the adsorption of CO follows different paths depending on the
Pt particle size. For NPs between 1–2 nm, CO was proposed to
initially adsorb at low-coordinated/corner Pt sites (2059 cm� 1),
and only at higher CO coverage the terrace sites (2079 cm� 1)

are filled. Such observations are in agreement with the Density
functional theory (DFT) calculations by Li et al., that observed
that adsorption energies of CO and O depend on the size of Pt
NPs and significantly change for Pt NPs below 1.6 nm, resulting
in lower adsorption wavelengths.[54]

These corner sites are particularly abundant in very small
NPs,[55] as confirmed by our results. Indeed, Figure 2 (A–B)
shows the assignments of the CO absorption peaks at 2078–
2054 cm� 1, and 1840 cm� 1 (Figure S8 for the full spectra),
relative to linear and bridged adsorbed CO, respectively. DRIFT
spectroscopic studies hence allowed us to follow the evolution
of the CO stretching frequency adsorbed on Pt particles during
the NPs size evolution from few nm to dozens upon heating.
The observed frequencies presented a shift of CO stretching
frequencies on atop sites on small NPs (Figure 2A and 2B) that
shifted towards lower wavenumbers for CO adsorbed on atop
sites of bigger Pt NPs in the order of 15–20 nm (Figure 2C,
sample characterised by TEM in Figure 1). This blue-shift from
2050 to 2095 cm� 1 in frequencies observed was ascribed to the
reconstruction of the Pt surface and varying ratio of different
adsorption sites.[56] This observation is coherent with the
increase in size of the Pt NPs revealed by TEM. When NPs are
below 1 nm, they present a relative high number of multiple
corners, corners and edges atoms with respect to flat surfaces
atoms.[52] The optimised catalyst was then tested as DOC. To
evaluate the performance of this catalyst, a reference catalyst
was prepared from a Pt-nitrate precursor, kindly provided by
Umicore. The two catalysts were then tested both fresh (350 °C/
4 h+550 °C/2 h) and aged (350 °C/4 h+550 °C/2 h+800 °C/
16 h). The catalytic performance was tested for standard DOC
pollutants, namely CO, HCs and NO.[10,57] In the fresh state,
displayed in Figure 3A-B-C, slightly lower light-up temperatures
(about 15 K in T50 for CO, 5 K for T40 for HCs and 4 K for T 30
for NO) and higher total conversions (for CO and NO in
particular) were obtained for the bis(oxalato)platinate based
catalyst. Such values refer to the third light off, but the same
trend was observed in all cycles and the comparison is
displayed in Figure 4. Moreover, the test was repeated twice:
two different cores were indeed tested a second time
confirming the observed trend, with values close to identical
absolute values. To explain the observed higher performance
for the bis(oxalato)platinate catalyst with respect to the
platinum nitrate based one, TEM analysis was carried out on the
coated washcoats, both before and after the catalytic cycles.
Size distribution histograms of fresh catalysts before and after
the test are reported in Figure 5. Surprisingly, the
bis(oxalato)platinate based catalyst appeared less sensitive to
the applied test conditions (temperature ramp and gas
atmosphere), resulting in a smaller gap between the size
distribution of fresh not-tested and fresh tested (Figure 5A–B)
samples.

All catalysts were degreened and calcined at 350 °C/4 h and
550 °C/2 h in air, so the quick temperature ramp 15 K/min up to
500 °C applied during the three subsequent test cycles was not
expected to impact the particle size. The Pt nitrate based
catalyst increased the particle size to a higher extent during
testing, likely resulting in a lower active specific surface area.

Figure 2. DRIFT spectra of chemisorbed CO on the same 1 wt% Pt sample
(TEM in Figure 1) after three different thermal treatment. From top to
bottom, degreened (350 °C/4 h), calcined fresh (350 °C/4 h+550 °C/2 h) and
aged (350 °C/4 h+550 °C/2 h+800 °C/16 h).
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Indeed, the size increase observed by TEM correlates well with
the catalytic performance for the two catalysts, with bigger
particles displaying lower performance, in agreement with data
reported in literature for similar Pt supported alumina
systems.[12] The reconstruction of surfaces under gas atmos-
phere in the presence of reactants (i. e., CO), the increasing
temperature of the test (from 75 up to 500 °C in 1 h test cycle),
the repeated test cycles (3 times), a higher water amount with
respect the pre-treatment (performed in ambient air) or the
exothermic catalysed reactions producing on-spot heat (e.g.,
CO oxidation), were ascribed as possible reasons for the
increase in active particle size for both catalysts.[58,59] Another
explanation recently proposed is linked to the Al3+ sites of the
alumina that could partially bury the active Pt during the
oxidation reactions.[60]

As depicted in Figure 4, a shift in the CO light-off temper-
ature of about 3 K with respect to the previous runs was
observed. The catalytic performance changes with a regression
in the light-off values between the different cycles, indication
that the catalysts are sensitive to the test conditions even after
calcination. The occurring modification had a slight adverse
effect for the CO oxidation reaction, while for both HCs and NO
the performance increased. Hansen et al., reported that for C3H6

oxidation the lower T50 was obtained for Pt particle sizes at
around 2 nm, reaction starting after the limiting CO oxidation
reaction.[12] Otto et al., reported instead that the dependence on
particle size, expressed as rate constant, increases with the
increase of particle size.[61] In agreement with the previous
studies, the observed difference in performance was ascribed to
the occurring surface modifications, and to the varying ratio of
coordination sites on the Pt NPs, slightly growing as pointed

Figure 3. Comparison of the third catalytic light-off between of a bis(oxalato)platinate at pH=2 and platinum nitrate based catalysts for the oxidation of CO
(A� D), HCs (B� E) and NO (C� F). (A, B, C) fresh 550 °C/2 h and (D, E, F) aged 800 °C/16 h.

Figure 4. Three subsequent catalytic light-up for CO (A), HCs (B), NO oxidation (C) for (red) Pt oxalato and (blue) Pt nitrate based catalysts. Catalysts consisted
of 1 wt% Pt on γ-alumina samples produced by thermal decomposition of impregnated Pt precursors and calcined at 550 °C/2 h.
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out by TEM.[62] While starting from almost similar average
particle sizes prior to the test, the two fresh catalysts behaved
quite differently, with higher CO oxidation performance for the
Pt bis(oxalate)-based catalyst and slightly better HC and NO
performances as well. Interestingly, the reference catalyst out-
performed the other in NO oxidation during the first light-off,
but then was quickly surpassed by a pronounced increase in
NO performance after the second test cycle (Figure 4C). An
additional proof of the NPs growth during the testing cycle can
be outlined by the small decrease (of about 4% at 130 °C) in the
absolute values of catalytic conversion for CO oxidation during
the third test cycle (and almost absent in the previous two).
Being the total active specific surface area decreased by the
increase in particle size, less catalyst is available for the
competitive adsorption-desorption reactions in the presence of
hydrocarbons. This absolute decrease was observed exactly
during the starting light-off for the HCs oxidation (Figure 4).
Despite outperforming fresh catalytic performance with respect
to the Pt nitrate based catalyst, after the harsh hydrothermal
aging, both catalysts showed similar catalytic performance,
beside a retained small benefit for the NO oxidation displayed
by the oxalate-based catalyst. This is also in agreement with the
fact that there is a size dependent relationship[63] of the
sintering process occurring at high temperatures (in this study,
800 °C/16 h under hydrothermal conditions), with smaller initial

particles expected to be more sensitive to the aging, growing
larger, and performing better for the NO oxidation reaction. In
fact, TEM analysis in Figure 1, reports bigger particles for the
bis(oxalato)platinate sample with respect to the Pt nitrate one
after aging. The NO oxidation reaction is more efficient over Pt
catalysts with larger particles, since bigger particles are
expected to exhibit higher amounts of planar facets, in agree-
ment with the observed results as well as with previous state of
the art.[64]

Conclusions

Through an industrially feasible and scalable procedure, a series
of catalysts were prepared starting from two different metal
precursors. H2[Pt(C2O4)2)] was used for the first time as an
alternative precursor to prepare a highly active DOC catalyst at
a kg scale. The effect of synthetic parameters on the resulting
final particle size were systematically investigated. The pH of
the washcoat was found to impact significantly the catalytic
performance for the CO oxidation, likely as a result of the
influence on the oligomerisation equilibria of the starting Pt
precursor, as observed by UV-Vis. Eventually, the optimised
synthesis was scaled-up to produce 2 kg of slurry to coat the
cordierite substrate, as described in the experimental part,
therefore showing the feasibility of the actual application of the
selected halogen-free catalyst. Very small Pt NPs (<1 nm) with
extremely narrow size distribution were synthesised upon
decomposition of the Pt salt. Their size evolution under
different thermal treatment was followed by TEM and DRIFT
and related to the oxidation of CO, C3H6 and C3H8, as well as
NO. The catalyst performance was referenced vs a catalyst
prepared out of Pt nitrate: surprisingly, the NPs produced from
the first precursor resulted more stable against the test
conditions experienced during the sequence of three catalytic
cycles. A correlation between the higher catalytic performance,
particularly for CO oxidation, and the particle size of the
samples was pointed out, likely consequence of a better Pt
dispersion over the support. The high exothermicity as well as
the lower decomposition temperature of this peculiar Pt
complex could indeed play a role in this sense, resulting in an
improved starting metal dispersion in the catalyst.

Experimental Section

Precursor characterisation

Bis(oxalato)platinate, H2[Pt(C2O4)2)], was received from Umicore AG
& Co. KG as water solution (11.8 wt% Pt), used and characterised
without further purifications. Oxalic acid (Merck), nitric acid
(65 vol%, Merck) and tetrabutylammonium hydroxide (TEAH,
35 wt% in aqueous solution, Merck) were purchased and used as
received. UV-Vis measurements were recorded using an Agilent
Cary 60 UV-Vis spectrophotometer. The spectra were collected in
the range 200–1000 nm, using quartz cuvettes with 0.1 and
0.01 mm optical paths due to intense absorption. TG-MS coupled
with DSC analysis was carried out using a Netzsch STA 449 F3
Jupiter thermogravimeter. The temperature range was between

Figure 5. histograms from TEM measurements of samples: A) fresh (550 °C/
2 h) before the catalytic test; B) fresh (550 °C/2 h) after the catalytic test C)
aged (800 °C/16 h) after catalytic cycles. Red for the reference catalyst
prepared from Pt nitrate and blue for the one from bis(oxalato)platinate.
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50 °C and 1000 °C, in a N2 atmosphere with a heating rate of 10 K/
min. ICP-OES measurements were performed using a Varian 725
with radial geometry, mineralizing the samples with a mixture of
nitric acid and hydrochloric acid, in a molar ratio of 1 : 3.

Catalysts preparation and characterisation

γ-alumina was purchased from Sasol (Puralox, 90 m2/g) and used
without further purification. The Pt solutions were deposited onto
the γ-alumina through a wet-impregnation deposition. About 2 kg
of catalysts were prepared in the following way: the support was
previously milled to achieve a size fraction of D50 of 5 μm and a
D90 of 15 μm, as measured by light-scattering with a Malvern
Mastersizer 2000 instrument. Cordierite substrates were purchased
from Corning and the prepared washcoats were coated on the as
received material. In the optimization phase, supported powder
catalysts (1 wt% Pt) were prepared by wet impregnation of
g-alumina (90 m2/g) with the H2[Pt(C2O4)2] solution. Three factors,
temperature (25–70 °C), time of impregnation (15–60 min) and Pt
metal loading on alumina (1–10 wt%), were changed during the
preparation and the resulting Pt concentration on powder was then
normalised to 1 wt% with addition of γ-alumina. After drying in air
at 120 °C/1 h, the catalysts were degreened (350 °C/4 h), calcined
550 °C/2 h) and eventually aged (800 °C/16 h) to obtain the
supported metallic Pt NPs. Transmission electron microscopy (TEM)
studies were performed with an Analytical Electronic Philips CM12
operating at an accelerating voltage of 120 kV. At least 1000 counts
for each sample were used to calculate the average size. Only for
aged samples the counts are based on 100 counts. DRIFT spectra
were recorded using a Bruker Optics Vertex 70 Spectrum FTIR
spectrometer, equipped with a high-temperature controllable
DRIFT cell (Specac). The spectra were recorded in a N2 flow at 30 °C
after pre-treating the samples to H2 to for 30 min at 200 °C to
reduce the Pt NPs. Signal averaging was set with a time of 12 s per
spectrum and recorded at a rate of 1 scan/s at a 4 cm� 1 resolution
in a 400–4000 cm� 1 range. CO chemisorption experiments were
performed by using a 10 vol% CO/N2 gas mixture at 30 °C for 6 min.
Cordierite coated catalysts were prepared by wet impregnation of
γ-alumina (90 m2/g) with the H2[Pt(C2O4)2] solution. pH was
eventually varied with both oxalic acid and nitric acid to keep pH
below 2 during impregnation (see Supporting Information for
further experimental details), and later on set to 6 with tetrabuty-
lammonium hydroxide (TEAH, 35 wt% in aqueous solution).

Catalytic performance measurements

During the optimisation phase, catalytic tests on powders were
performed in a fixed-bed quartz reactor (internal diameter 10 mm)
using 200 mg of pressed catalysts, finely sieved and collected with
size between 500–700 μm and mixed with 400 mg of γ-alumina of
the same grain size. Space velocity was of approximately 50 1/h
and the temperature ramp employed for all the analysis was 1 K/
min from 75 °C to 500 °C. The reactant mixture encompassed
350 ppm CO, 5 vol.% H2O, 6 vol.% O2, 10.7 vol.% CO2 and N2 as
carrier gas. Exit gas composition was measured using a Varian CP-
4900 Micro-GC gas chromatograph (GC), with a TCD detector.

For catalytic tests on cordierite coated catalysts, 2 kg washcoats
were prepared for each catalyst and monoliths (length: 7.62 cm,
diameter: 2.54 cm, 400 cpsi, 0.1016 mm wall thickness, final Pt
loading of 90 g/ft3) were used for all experiments. Monoliths were
wrapped with insulation tape and placed in a stainless steel tubular
reactor ensuring no gas bypass. The test bench encompassed a gas
mixing unit and pipes, a gas pre-heater, the main reactor and the
analyser module. Mass flow controllers were used to control and
monitor the flow rate of each pollutant. Chemi-luminescence

detector (CLD) analyser was used to reveal the NO and NOX, a flame
ionization detector (FID) was employed to detect hydrocarbons, a
paramagnetic method (MLT) was utilized to monitor O2, while CO
and CO2 were analysed applying a non-dispersive infrared sensor
(NDIR).[65] All catalytic test on coated catalysts cycles were repeated
twice six month apart, showing no differences in absolute values
and trends.

As pre-treatment, the catalysts were exposed to the reaction
mixture at 50 °C for 15 min. Three light-off experiments were
performed, with space velocity of approximately 37500 1/h. The
temperature ramp employed for all the catalytic tests was 10 K/min
from 75 °C to 500 °C.

Gas composition for all catalytic tests consisted of 350 ppm CO,
60 ppm C3H6, 30 ppm C3H8, 270 ppm NO, 115 ppm H2, 10.7% CO2,
6.0% O2, 5.0% H2O balanced with N2.

Additional Information

The authors have cited additional references within the
Supporting Information.[66–70]
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The unexplored H2[Pt(C2O4)2], charac-
terized by a dynamic aqueous
chemistry, was compared against a
more common Pt(NO3)4 for the prepa-
ration of DOC catalysts. The degree of
oligomerization of the Pt complex
was tuned to enhance the monodis-

persity of the Pt NPs. The two
catalysts were characterized to follow
and compare the respective structure-
performance relationship during their
catalytic performance for CO, C3H6,
C3H8 and NO oxidation.
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