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Abstract

Hexagonal phase mesoporous (H1–Pt) was recently reported to have different catalytic properties compared to conventional platinum catalysts.
To further investigate this observation the catalytic activity of H1–Pt/Al2O3 for CO oxidation was compared with the activity of a corresponding
catalyst prepared from Pt-black (Pt-black/Al2O3). The H1–Pt/Al2O3 catalyst showed ignition at lower temperatures but extinction at higher tem-
peratures compared to Pt-black/Al2O3. These observations were further supported by oxygen step-response experiments at constant temperature,
where the H1–Pt/Al2O3 catalyst showed ignition at lower oxygen concentrations when starting from a CO poisoned surface and extinction at
higher O2 concentrations when starting from the high-reactive state. Furthermore, adsorption of CO on the catalysts was studied in situ using
infrared spectroscopy in absence and presence of oxygen after pre-oxidation and pre-reduction, respectively. At 150 ◦C the H1–Pt/Al2O3 sam-
ple showed activity for CO oxidation in the presence of oxygen regardless of pretreatment, whereas Pt-black/Al2O3 was inactive due to CO
self-poisoning. The differences observed in the low reactive state are suggested to be due to structural differences of the platinum surface in the
catalysts resulting in a lower sensitivity of the H1–Pt/Al2O3 catalyst towards CO self-poisoning and a higher capacity to activate oxygen, and
thus a higher activity for CO oxidation. During the high reactive state, the observed higher sensitivity to the concentration ratio between CO and
oxygen, and to the temperature is likely due to less optimal ratio between the sticking coefficients of the reactants on the H1–Pt catalyst and to
higher mass-transport limitations in its narrower pores during the initial stage of the extinction.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

One of the most commonly used catalysts today is Pt/Al2O3

which consists of platinum particles supported on alumina. This
type of catalyst is used to oxidize, e.g., volatile organic com-
pounds in the exhausts from process industries, and hydrocar-
bons and CO in exhaust gases from diesel engines. The noble
metal is typically present as small crystallites or clusters dis-
persed on the alumina surface providing a high active surface
area and thus effective use of the expensive precious metal.
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These deposited platinum particles are typically a few nanome-
ters in size and adopt a convex or possibly faceted surface.

Templated synthesis methods using self-organizing media
such as lyotropic liquid crystals can be used to prepare ordered
mesostructured materials. In 1997 Attard et al. reported that
ordered mesoporous platinum could be prepared by chemical
reduction of hexachloroplatinic acid (HCPA) in the presence of
a liquid crystalline template [1]. Additionally, it was shown that
these liquid crystal phases could be used to electrodeposit plat-
inum films containing an ordered mesoporous structure [2–4].
Recently, Yamauchi et al. have shown that the choice of reduc-
ing agent is highly significant for the formation of the meso-
porous network [5]. Accordingly, the nucleation process and
hence the choice of reducing agent is crucial in soft templating
synthesis of long-range ordered mesoporous platinum.
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In contrast to conventional platinum nanoparticles, meso-
porous platinum may thus contain an ordered arrangement of
pores throughout the structure. Although, the ordered meso-
porous platinum particles may have convex perimeter surfaces,
the internal pore surface can be prepared such that it is mainly
concave [5]. For structure sensitive reactions, in heterogeneous
catalysis, the activity and/or selectivity vary with the surface
structure of the active phase [6]. It is thus of interest to compare
the catalytic performance of an ordered mesoporous hexagonal
platinum phase (H1–Pt) to that of conventional Pt nanoparticles.
An interesting reaction for such an evaluation is the important
CO oxidation reaction, which is known to be structure sensi-
tive at low CO concentrations [6–14]. Recently, we reported
that mesoporous H1–Pt/Al2O3 exhibits different catalytic prop-
erties compared to more conventionally prepared Pt/Al2O3 cat-
alysts [15]. Here, we further evaluate the catalytic and structural
properties of the H1–Pt/Al2O3 catalyst thus highlighting the
differences between mesoporous and conventionally prepared
platinum. The structure of the two platinum samples was ana-
lyzed using TEM, SEM-EDX, wide- and low-angle XRD and
N2 physisorption. In addition, the influence of pre-treatment on
the catalytic properties of the two different types of platinum
was evaluated using oxygen step-response experiments and in
situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFT).

2. Experimental methods

2.1. Preparation and characterization of hexagonal
mesoporous (H1)-platinum

Ordered mesoporous platinum was prepared following the
procedure described by Attard et al. [1]. A mixture containing
4.50 g nonionic surfactant Brij76 (Aldrich), 1.50 g hexachloro-
platinic acid, HCPA (Aldrich), and 1.42 g H2O was prepared
forming the H1 liquid crystalline phase, as confirmed using
polarized light microscopy. After formation of the crystalline
phase, the HCPA was reduced to metallic Pt using a thin sheet
of steel. A thin layer of the mixture was thus spread onto a
glass tile and the steel sheet was placed on top of the layer and
gently pressed down. Reduction of HCPA proceeded at the in-
terface between the mixture and the steel sheet and progressed
successively through the mixture. The reduction of HCPA to
metallic platinum by iron was complete within 2 h at 40 ◦C.
The solid product was scraped off from the steel sheet and
treated with acetone, distilled water, 6 M hydrochloric acid,
distilled water, and finally acetone. Using this approach it was
possible to maximize the exposed surface area to the steel
sheet while still removing unreacted species after completed
reduction of HCPA [1]. Finally, the product was characterized
by TEM (JEOL, JEM-1200 EX II), SEM-EDX (Leo Ultra 55
FEG), wide-angle XRD (Siemens D5000 X-ray powder diffrac-
tometer) and low-angle XRD (Bruker AXS D8 Advance X-ray
powder diffractometer). The diffractometers used CuKα radia-
tion (λ = 1.542 Å) as X-ray source. Moreover, nitrogen sorp-
tion isotherms were measured on degassed samples at −196 ◦C
with a TriStar 3000 instrument (Micrometrics) to allow for the
Table 1
Characteristics of the Pt-catalysts determined by EDX and N2 adsorption/
desorption

Catalyst Pt/Al/O (wt%) Pt-loading (mg) Pt surface area (m2/g)

H1–Pt 28/30/42 0.50 34.9
Pt-black 22/34/44 0.39 34.2

calculation of the specific surface area according to the BET
method [16], and the pore-size distribution according to the
BJH method [17]. High surface area platinum (Pt-black, Alfa
Aesar, item No. 43838) was used as received.

2.2. Catalyst preparation

The catalyst samples were prepared using a ferritic chromium
steel substrate (C = 0.02%, Cr = 20%, Al = 5.5%, rare earth
elements = 0.02% and balance Fe, Sandvik 0C404, Sandvik)
with a thickness of 0.03 mm, that is commercially used as sub-
strate in three-way catalysts. The substrate was shaped as circu-
lar discs with a diameter of 7 mm (surface area of 38.5 mm2).
The discs were pretreated with acetone and subsequently cal-
cined in air at 1000 ◦C for 24 h, which ensured formation of
an oxide surface enabling good adhesion between substrate and
support. A slurry of alumina was prepared from 8.0 g γ -Al2O3
(Puralox SBa 200, Sasol Germany GmbH), 2.0 g boehmite
(Disperal S, Sasol Germany GmbH), 30 mg polyacrylic acid
(Dolapix PC21), 67.5 g distilled water and 22.5 g ethanol
(+99.5%, Kemetyl). For each Pt sample (H1–Pt and Pt-black)
5.0 g of the alumina slurry was mixed with 0.15 g Pt and sub-
sequently ultrasonicated for 10 min. The slurry was deposited
on the calcined substrate using an air-brush in an amount cor-
responding to approximately 2.0 mg of the final support. The
air-brush nozzle pressure was 2 bar and the catalyst substrate
was fixed on a magnetic heater with the temperature of the
heater set to 200 ◦C. The catalyst samples were finally calcined
in air at 250 ◦C for 30 min. The elemental composition of each
catalyst was determined using SEM-EDX, see Table 1.

2.3. Catalytic evaluation

The ignition and extinction processes for CO oxidation were
followed as functions of temperature and the β-value, defined
as β = pCO/(pCO + pO2), respectively. Due to the low amount
of catalytic material available a suitable reactor system for ac-
tivity measurements of the prepared catalysts was used [18].
The oxidation of CO was studied within the temperature range
of 100–250 ◦C. The catalysts were pretreated in a net-oxidizing
feed that consisted of 20 vol% O2 balanced with Ar (carrier
gas) in which the samples were heated to 250 ◦C with a heat-
ing rate of 20 ◦C/min. Subsequently, the temperature was de-
creased to 25 ◦C with a cooling rate of 20 ◦C/min. Following
pre-treatment, the ignition and extinction profiles for the cat-
alyst samples were measured in a feed stream consisting of
2000 vol ppm CO, 20 vol% O2 and balanced with Ar. The
gas flow rate was 20 ml/min. The heating/cooling rate was
8 ◦C/min and a dwell time of 2 min at the maximum temper-
ature 250 ◦C was employed. The outlet gas composition was
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analyzed using a mass spectrometer (Balzer QMA 120) where
the m/e ratios 2, 28, 32, 40 and 44 were measured and used
to calculate the concentrations of H2, CO, O2, Ar and CO2, re-
spectively.

Following analysis of the CO conversion as function of
temperature, the low-temperature catalytic activity was further
studied as function of the β-value at constant temperature us-
ing the same reactor set-up. At each temperature the oxygen
concentration was stepwise increased from 0 to 20 vol% (i.e.
β = 1–0.01). Before stepwise decreasing the oxygen concen-
tration in the reverse order, from 20 to 0 vol%, the temperature
was intermittently increased to 250 ◦C for 10 min and then low-
ered to the initial value. Three different temperatures were stud-
ied (150, 160 and 170 ◦C) and the outlet concentrations of CO
and CO2 were recorded at steady-state after a reaction time of
10 min, at each condition studied. At each temperature the cata-
lysts were pretreated in the net-oxidizing feed described above.

2.4. In situ DRIFT analysis

The formation of adsorbates on the H1–Pt/Al2O3 and Pt-
black/Al2O3 samples was followed in situ by FTIR spec-
troscopy in diffuse reflectance mode with a BioRad FTS6000
spectrometer equipped with a Harrick Praying Mantis DRIFT
cell [19]. Before spectra were taken, the samples were pre-
oxidized in situ (20 vol% O2 in Ar at 250 ◦C for 10 min). Back-
ground spectra were collected at 150 ◦C in Ar. The samples
were subsequently saturated with CO in a 2000 vol ppm CO
flow (without oxygen present). Then, the samples were exposed
to a CO/O2 mixture (2000 vol ppm CO, 20 vol% O2 balanced
with Ar, β = 0.01) at a total gas flow of 200 ml/min (NTP),
while the temperature was kept constant at 150 ◦C. At steady-
state conditions (after approximately 10 min) a single spectrum
was recorded for each gas mixture. The procedure was repeated
for the pre-reduced samples (5 vol% H2 in Ar at 250 ◦C for
10 min). To illuminate the effect of oxygen introduction the
spectra collected in the absence of oxygen were subtracted from
the corresponding spectra collected in the presence of oxygen.
The outlet gas composition from the DRIFT cell was analyzed
using a mass spectrometer (Balzers QMG 422).

3. Results and discussion

3.1. Characterization of platinum samples

The nitrogen adsorption/desorption isotherms for H1–Pt and
Pt-black are shown in Fig. 1. The pore-size distributions for the
two samples, calculated from the nitrogen adsorption isotherms
[20] are shown in the inset in Fig. 1. The H1–Pt sample shows
a narrow pore-size distribution with a mean pore diameter of
3.4 nm, whereas the Pt-black sample shows a broad peak with
maximum at a considerably larger diameter, 15 nm. Moreover,
the measured BET surface areas are 34.9 and 34.2 m2/g for
H1–Pt and Pt-black, respectively, as shown in Table 1. These re-
sults are in good agreement with the previous reports on meso-
porous Pt [1,21].
Fig. 1. Nitrogen adsorption (—) and desorption (· · ·) isotherms for (a) H1–Pt
and (b) Pt-black powders. Inset shows pore-size distributions for H1–Pt (—)
and Pt-black (· · ·) powders calculated from the adsorption isotherms.

Fig. 2. The low-angle XRD patterns of H1–Pt (—) and Pt-black (· · ·) powders
before deposition on Al2O3. The inset illustrates the wide-angle XRD pattern
for the H1–Pt powder.

The low-angle XRD patterns of H1–Pt and Pt-black are
shown in Fig. 2. While the Pt-black sample shows no long-
range order, the H1–Pt sample shows an ordered mesoporous
structure with a peak at 2θ = 1.4◦ corresponding to a d10 spac-
ing of 6.6 nm. For a two-dimensional hexagonal structure the
dimension of the unit cell axis, a, is related to d10 according to
the following equation [22]

(1)a = 2√
3

· d10.

Accordingly, a = 7.6 nm for the H1–Pt sample. Taking into
account the pore diameter of 3.4 nm, the wall thickness is cal-
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Fig. 3. TEM images of (a) H1–Pt and (b) Pt-black powders shown in a magni-
fication of 300,000.

culated to be 4.2 nm. The wide-angle XRD pattern, inset in
Fig. 2, shows that the walls of the H1–Pt sample are crystalline.
The TEM micrographs shown in Fig. 3 confirm the presence
of hexagonal meso-order in the H1–Pt sample, and the absence
of long-range order in the Pt-black sample. We can thus con-
clude that the synthesis of H1–Pt was successful. As shown
by Yamauchi et al. using high resolution TEM, a H1–Pt sam-
ple prepared according to a similar preparation route as in the
present study, mainly exposes concave platinum surfaces inside
the pore structure [5]. The detailed microstructure of the in-
ner surfaces of the pores is not known. It is, however, likely
that they predominantly consist of interconnected narrow ter-
races containing high coordinated terrace sites and inverse step
sites with even higher coordination. Thus, the concentration of
high coordinated sites is higher in the H1–Pt sample than in a
nanoparticulate Pt sample such as Pt-black.

The total amount of deposited support and the overall plat-
inum content were determined by SEM-EDX for each of the
prepared catalyst samples. The total platinum content of both
samples was within the range 45 mg Pt ±13%, see Table 1.

3.2. Evaluation of catalytic performance

In Fig. 4 the oxidation of CO to CO2 over the catalyst sam-
ples is shown as a function of temperature. Both samples show
sharp ignition profiles and a hysteresis for the corresponding
extinction profile. For H1–Pt/Al2O3 the ignition proceeds at
lower temperatures compared to Pt-black/Al2O3. The turn-over
frequency (TOF) expressed as the conversion rate for CO oxi-
dation normalized per Pt surface area was previously found to
be about 10 times higher for the H1–Pt/Al2O3 sample during
this stage [15]. Furthermore the Pt-black/Al2O3 sample shows
the widest hysteresis between the ignition and extinction pro-
files, and also sustained CO oxidation at lowest temperatures
during the extinction phase.

For the Pt/Al2O3 system, recent work on model catalysts
have shown higher turn-over frequencies and lower activation
energies for CO oxidation over 14 nm Pt particles than over
1.7 nm Pt particles [9]. The suggested explanation for this was
changes in the desorption kinetics of CO with particle size [9].
Fig. 4. Catalytic conversion of CO to CO2 over H1–Pt/Al2O3 (P) and
Pt-black/Al2O3 (!). The heating/cooling rate was 8 ◦C/min and the dwell time
at Tmax = 250 ◦C was 2 min.

It has, however, been shown that the heat of adsorption of linear
CO species on Pt/Al2O3 is not much affected by the dispersion
of Pt suggesting the need for alternative explanations [10]. Fur-
thermore, higher activity for CO oxidation of larger Pt particles
supported on silica has been explained by lower concentration
of low-coordinated surface sites, like edges and corners on such
particles. The reaction rate for CO oxidation over these type of
sites has been estimated to be 10 times lower compared to pla-
nar surfaces, assigned to that the reactants are more strongly
adsorbed at corner and edge sites and thus need to surpass an
additional energy barrier to diffuse and react [12]. In addition,
no systematic changes of the reaction order of CO with respect
to particle size were found, whereas a decrease in the CO oxida-
tion reaction order with respect to the partial pressure of oxygen
was found with decreasing Pt particle size [13].

For CO oxidation over Pt/Al2O3, both experimental stud-
ies and theoretical simulations have previously suggested that
the sticking coefficient for oxygen varies between the low and
high reactive state [23]. During the high reactive state, the Pt
surface is likely partially oxidized with different adsorption ki-
netics compared to the low reactive state [24]. Our observations
suggest that the H1–Pt/Al2O3 sample is less sensitive than Pt-
black/Al2O3 towards self-poisoning by CO during the ignition
phase. This can in principle be due to either (i) a more facile
desorption of CO from the H1–Pt/Al2O3 sample, or (ii) a more
facile dissociative adsorption of O2 on H1–Pt/Al2O3. However,
for the transition from the high to the low reactive state the
H1–Pt/Al2O3 sample is more sensitive resulting in a higher on-
set temperature of the extinction phase for H1–Pt/Al2O3 com-
pared to the Pt-black/Al2O3 sample. The reason for this is more
difficult to asses unambiguously. Most likely kinetics is limiting
either through decreased dissociative adsorption of oxygen or
increased CO self-poisoning. However, higher mass transport
restrictions in the narrower pores of the H1–Pt/Al2O3 sample
may also affect the initial stage of the extinction phase.

In order to further illuminate the differences in ignition and
extinction between the two catalysts the effects of step changes
in inlet gas composition were studied at constant temperature.
In Fig. 5 the CO and CO2 outlet gas concentrations are shown
during stepwise decrease and increase of the β-value. The mea-
surements were performed at three different temperatures (150,
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(a) (b)

Fig. 5. Concentrations of CO and CO2 at reactor outlet as a function of feed composition expressed as β = pCO/(pCO + pO2 ) over H1–Pt/Al2O3 (P) and
Pt-black/Al2O3 (") at (a) 150 ◦C, (b) 160 ◦C and (c) 170 ◦C. [CO] was kept constant at 2000 vol ppm whereas [O2] was varied in the following sequence: 0 vol%,
0.1%, 0.2%, 0.5%, 2%, 5%, 10%, 20% (i.e., β = 1–0.01), and then in the reverse order from 20% to 0.1% (i.e. β = 0.01–1). Midway through these [O2] variations,
at [O2] = 20%, the temperature was intermittently increased to 250 ◦C for 10 min to ensure that the catalysts were in the high reactive state.
160 and 170 ◦C) to cover the most interesting part of the con-
version interval in Fig. 4, and are shown in Figs. 5a–5c, re-
spectively. At 150 and 160 ◦C, the H1–Pt/Al2O3 sample shows
CO conversion at a higher β-value (i.e., lower O2 concentra-
tion) than the Pt-black/Al2O3 sample during the ignition phase
whereas at 170 ◦C no large differences are found between the
samples. At high β-values the conversion of CO is low and the
overall reaction rate is kinetically controlled rather than mass
transport limited. During such conditions the reaction is self-
poisoned due to strong CO adsorption on platinum. Judging
from Fig. 5, the H1–Pt/Al2O3 sample has a higher capacity
to activate oxygen supporting the notion that it has a lower
concentration of low coordinated sites [14]. This indicates that
the ratio between the sticking coefficients of CO and oxygen
is more favorable for the H1–Pt/Al2O3 sample, which results
in lower sensitivity to CO self-poisoning compared to the Pt-
black/Al2O3 sample.

Following the intermediate temperature increase to 250 ◦C
the catalysts are well within the high reactive state. During
the subsequent stepwise increase of the β-value the CO con-
version over the H1–Pt/Al2O3 sample declines faster (at β =
0.04) compared to Pt-black/Al2O3. This observation is in agree-
ment with Fig. 4, where the activity for CO oxidation for
H1–Pt/Al2O3 declines faster at higher temperatures than for Pt-
black/Al2O3.

To summarize the results from the evaluation of the cat-
alytic properties, the H1–Pt/Al2O3 catalyst shows higher activ-
ity compared to Pt-black/Al2O3 during the low reactive state,
where the activity is determined by the surface reaction. This
is likely due to a lower sensitivity of the H1–Pt/Al2O3 sam-
ple towards CO self-poisoning. However, in the high reactive
state the reaction over the H1–Pt/Al2O3 catalyst is more sensi-
tive to the ratio between CO and oxygen and the temperature
compared to Pt-black/Al2O3. We mainly attribute this to a less
optimal ratio between the sticking coefficients for CO and oxy-
gen during the transition from high to low reactive state for the
H1–Pt/Al2O3 sample [25,26].

3.3. In situ DRIFT analysis

To further understand the differences in activity between the
samples, in situ DRIFT analysis was performed and a compar-
ison between oxidizing and reducing pre-treatment was carried
out. The DRIFT spectra of the two samples, shown in Fig. 6
a–d, were collected at 150 ◦C with either only CO or with
both CO and O2 in the feed. Gas phase CO has two absorp-
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Fig. 5. (continued)

tion branches centered around 2170 and 2110 cm−1, respec-
tively, and is the dominating component in Fig. 6 a–d. How-
ever, the spectra also contain information of surface adsorbates.
For adsorbed CO on Pt, terminal bonded CO has absorption
bands between 2090 and 2070 cm−1, double bridge-bonded
CO at 1850–1750 cm−1, and triple bridge-bonded CO at 1730–
1620 cm−1 [27]. In the present study the adsorbed CO on
H1–Pt/Al2O3 and Pt-black/Al2O3 seems to be predominantly
terminal bonded with an absorption band centered in the in-
terval 2090–2070 cm−1, both in the absence and presence of
oxygen. The difference spectra in Fig. 6 show differences in
the type and amount of CO adsorbed on platinum between ex-
posures for the two different feeds. Consequently, a positive
absorption band in the difference spectrum indicates an increase
in the amount of adsorbed CO when oxygen is present in the
feed. A negative band, on the other hand, specifies a decrease
in the amount of adsorbed CO upon introduction of oxygen.

For Pt-black/Al2O3 (Fig. 6 a and b) the intensity of the band
for adsorbed CO at 2095 cm−1 is higher for the pre-oxidized
than for the pre-reduced sample when only CO is present in
the feed. For both pretreatments the intensity of the band for
adsorbed CO increases upon introduction of oxygen where the
most intense band appears at 2095 cm−1 for the pre-oxidized
sample and at 2090 cm−1 for pre-reduced Pt-black/Al2O3. This
observation is indicative of oxygen promoted CO adsorption.
Fig. 6. DRIFT spectra of supported Pt catalysts: (a) pre-oxidized
Pt-black/Al2O3, (b) pre-reduced Pt-black/Al2O3, (c) pre-oxidized hexago-
nal mesoporous H1–Pt/Al2O3 and (d) pre-reduced hexagonal mesoporous
H1–Pt/Al2O3. Gray lines describe the case with only CO in the feed; black lines
represent a feed with both CO and O2 and the difference spectra are shown as
black solid lines beneath the IR spectra. The frequency interval described on
the x-axis is typical for adsorbed CO on Pt.

The introduction of oxygen may result in increased adsorption
of CO due to either partial oxidation of the platinum surface or
by interaction between co-adsorbed CO and oxygen [28]. Ab-
sorption bands observed at 2090–2095 cm−1 have previously
been assigned to linearly adsorbed CO on either metallic Pt sites
on large Pt particles or on partially oxidized platinum sites [10,
11,29–31].

The difference spectrum for pre-oxidized Pt-black/Al2O3 in
Fig. 6a shows that the largest increase in CO adsorption occurs
at sites with absorption centered at 2096 cm−1, whereas the
corresponding value for the pre-reduced sample is 2093 cm−1.
In addition, a weak negative band is observed in the difference
spectrum of the pre-reduced sample around 2065 cm−1, which
is attributed to CO adsorbed on metallic platinum [30]. This
negative band may be due to: (i) CO oxidation, (ii) CO desorp-
tion, or (iii) oxygen-induced change in the adsorption of CO
on platinum. The latter may be due to partial oxidation of plat-
inum or co-adsorption of oxygen. Since only minor changes in
the mass spectrometer signals for CO and CO2 were observed
upon introduction of oxygen (not shown) and a positive absorp-
tion band appears at 2093 cm−1, we attribute the negative band
to an oxygen-induced change of the adsorbed CO on platinum.

In absence of oxygen, there are larger differences in the IR
spectra between the pre-reduced and pre-oxidized H1–Pt/Al2O3
sample (Fig. 6 c and d) compared to Pt-black/Al2O3 (Fig. 6 a
and b). The IR spectrum for H1–Pt/Al2O3 when only CO is
present in the feed shows a strong band at 2090 cm−1 for the
pre-oxidized case (Fig. 6c) whereas for the pre-reduced sample
the absorption band is centered around 2070 cm−1 (Fig. 6d).
This difference is most probably due to whether or not oxygen
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Fig. 7. CO2 (g) peaks in DRIFT spectra in a feed consisting of 2000 vol ppm
CO and 20 vol% O2, and balanced with Ar, over (a) Pt-black/Al2O3 and (b)
hexagonal mesoporous H1–Pt/Al2O3. Gray lines describe the pre-oxidized Pt
catalysts and the black lines describe pre-reduced Pt catalysts.

is present on the platinum surface. The absorption band cen-
tered at 2070 cm−1 is attributed to CO on metallic platinum.
On the surface of the pre-oxidized sample, however, accessible
oxygen is expected to interact with adsorbed CO, thus causing
a shift of the absorption band by about 20 cm−1 towards higher
wavenumbers.

According to Fig. 6 a and b, regardless of the pretreatment,
the Pt-black/Al2O3 catalyst remains self-poisoned by CO upon
introduction of oxygen to the feed. However, the difference
spectrum for the pre-oxidized H1–Pt/Al2O3 sample (Fig. 6c)
reveals, that adsorbed CO with the absorption band centered at
2090 cm−1, is oxidized to CO2 as the intensity of this band de-
creases upon introduction of oxygen to the feed. Moreover, the
difference spectrum of the pre-reduced H1–Pt/Al2O3 sample
(Fig. 6d), shows a pronounced negative band at 2077 cm−1 and
a weak positive absorption band at 2090 cm−1. In contrast to Pt-
black/Al2O3, the formation of CO2 is confirmed by absorption
bands typical for gas phase CO2 at 2360 and 2330 cm−1 over
both pre-oxidized and pre-reduced H1–Pt/Al2O3, see Fig. 7.

When considering the H1–Pt/Al2O3 sample, it seems that the
adsorbed CO which is oxidized to CO2 is differently bonded
on the pre-reduced sample compared to the pre-oxidized sam-
ple (compare the negative bands at 2077 and 2090 cm−1 in
Fig. 6). However, it is likely that CO adsorbed on the pre-
reduced sample (with corresponding band at 2077 cm−1) is
affected by oxygen and thus causing a shift of the absorption
band to 2090 cm−1, before reaction to CO2. This would also
result in a difference spectrum with a small positive peak at
2090 cm−1 and a large negative band at 2077 cm−1. Such a re-
arrangement was observed for the pre-reduced Pt-black/Al2O3
sample in Fig. 6b, which, however, did not show significant
CO2 formation and thus a more pronounced positive peak at
2090 cm−1. This alternative interpretation would suggest that
the difference in reactivity between the H1–Pt/Al2O3 and Pt-
black/Al2O3 samples is mainly due to the adsorption of oxy-
gen rather than the presence of specific reactive adsorbed CO
species. Thus, the higher sensitivity of H1–Pt/Al2O3 to pretreat-
ment as well as its higher activity for oxidation of CO may be
due to higher ability to activate oxygen on its surface compared
to Pt-black/Al2O3.
To summarize the results from the DRIFT analysis, the rea-
son for the difference in activity for CO oxidation between
H1–Pt/Al2O3 and Pt-black/Al2O3 is likely due to structural dif-
ferences of the platinum surfaces, which previously have been
shown to affect the adsorption of oxygen by both experimental
[32] and theoretical [28] studies. By taking into account the re-
sults from the study by Yamauchi et al. [5] it is plausible that
the systematic occurrence of high coordinated surface sites such
as terrace sites and inverse step sites in the pores of the H1–Pt
sample enhances the adsorption of oxygen and thus promotes
the CO2 production on platinum in the low reactive state at low
temperatures.

4. Conclusions

Hexagonal mesoporous H1–Pt, prepared using the method
developed by Attard et al. was deposited on Al2O3 and eval-
uated as catalyst for CO oxidation in comparison with Pt-
black/Al2O3. The H1–Pt/Al2O3 catalyst showed ignition at
lower temperatures but extinction at higher temperatures com-
pared to Pt-black/Al2O3. These findings were in agreement
with results from oxygen step-response experiments at constant
temperature, where the H1–Pt/Al2O3 catalyst showed ignition
at lower oxygen concentrations in the low reactive state and
extinction at higher oxygen concentrations in the high reactive
state.

This is likely due to lower sensitivity towards CO self-
poisoning and a higher capacity to activate oxygen of the
H1–Pt/Al2O3 catalyst in the low reactive state due to structural
differences of the platinum surfaces. The H1–Pt/Al2O3 catalyst
with predominantly concave Pt surfaces appears to promote dis-
sociative oxygen adsorption and thus exhibits an enhanced CO
oxidation rate at the low reactive state. The higher sensitivity to
the concentration ratio between CO and oxygen, and the tem-
perature during the high reactive state may be explained by
less optimal ratio between the sticking coefficients for the re-
actants on the H1–Pt/Al2O3 sample and higher mass-transport
limitations in its narrower pores during the initial stage of the
extinction.
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