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a b s t r a c t

The catalytic properties of iron oxide supported platinum catalysts (Pt/Fe2O3), prepared by a colloid depo-
sition route, were investigated for the complete oxidation of formaldehyde. It is found that all the Pt/Fe2O3

catalysts calcined at different temperatures (200–500 ◦C) were active for the oxidation of formaldehyde.
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Among them, the catalysts calcined at lower temperatures (i.e., 200 and 300 ◦C) exhibited relatively high
catalytic activity and stability, which could completely oxidize HCHO even at room temperature. Based
on a variety of physical–chemical characterization results, it is proposed that the presence of suitable
interaction between Pt particles and iron oxide supports, which is mainly in the form of Pt–O–Fe bonds,
should play a positive role in determining the catalytic activity and stability of the supported Pt/Fe2O3
ormaldehyde
omplete oxidation

catalysts.

. Introduction

Formaldehyde (HCHO) is regarded as the major indoor pollu-
ant emitted from buildings, furnishing materials and consumer
roducts. Great efforts have been made to reduce the indoor
mission of HCHO for satisfying the stringent environmental reg-
lations. As one of the most attractive approach, low-temperature
atalytic oxidation of formaldehyde (HCHO) to CO2 and H2O has
eceived considerable attention [1–13]. A variety of catalysts, such
s transition metal oxides [12,13], composite oxides [1], and sup-
orted noble metals have been used for this process [2–11]. Among
hem, noble metal catalysts exhibited promising catalytic perfor-

ance at relatively low reaction temperatures. For example, it was
eported that HCHO could be completely oxidized below 100 ◦C
ver some supported noble metal catalysts, including Au/CeO2
7,8], Pd–MnOx/Al2O3 and Pd/MnO2 catalysts [9,10].

Recently, significant progresses on decreasing the reaction tem-
erature of HCHO oxidation have been achieved over supported Pt
atalysts [3–6,11]. For instance, Zhang et al. [3,4] reported that a
ighly active Pt/TiO2 catalyst, prepared by impregnation method,
ould completely oxidize HCHO even at ambient temperature. Shen

nd co-workers [6] found that 100% conversion of HCHO could be
chieved at room temperature over Pt/MnOx–CeO2 catalyst pre-
ared by impregnation method. These results suggest that highly
ctive supported Pt catalysts for HCHO oxidation could be obtained
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through suitable preparation strategy (e.g., preparation methods,
supports, and pretreatment conditions).

Recently, colloid-deposition route has shown unusual advan-
tages on preparing supported noble metal catalysts, since this
method is possible to maximize catalytic activity of noble metal
catalyst through control not only on the particle size of noble
metal clusters but also on its interaction with metal oxide sup-
port. For instance, active and stable supported gold catalysts for
low-temperature CO oxidation have been prepared by using a
colloid-deposition process [14].

In our previous work, a series of supported Pt catalysts were
obtained via a colloid deposition route, and interestingly, iron oxide
supported Pt catalyst (Pt/Fe2O3) exhibited excellent catalytic activ-
ity and long-term stability for the complete oxidation of CO at
ambient temperature [15]. With this background, we reported a
comparative study on HCHO oxidation over the Pt/Fe2O3 cata-
lysts calcined at different temperatures in the present work. The
physical–chemical properties of the Pt/Fe2O3 catalysts were char-
acterized by the X-ray diffraction (XRD), transmission electron
microscopic (TEM), the thermo-gravimetric differential thermal
analysis (TG-DTA), temperature programmed reduction by H2 (H2-
TPR), and the X-ray photoelectron spectra (XPS), in order to build
correlation with the catalytic performance of the catalysts.

2. Experimental
2.1. Catalyst preparation

The Pt/Fe2O3 catalysts were prepared by a colloid deposition
method described elsewhere [15], while the Pt colloidal solution

dx.doi.org/10.1016/j.jhazmat.2010.12.018
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
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as prepared according to the literature procedure [16]. Typically,
glycol solution of NaOH (120 mL, 0.25 M) was added into a glycol

olution of H2PtCl6 (100 mL, 2 g/100 mL) with stirring for 1 h to form
brown solution. The resulting colloidal solution can be obtained
y heating the brown solution at 140 ◦C for 3 h under the protection
f Ar.

The precursor of iron oxide support, Fe(OH)3 precipitate, was
btained by precipitation method using Fe(NO3)3 as iron resource
nd Na2CO3 as precipitation agent. Then, the mixed solution of Pt
olloid and Fe(OH)3 was heated at 80 ◦C under stirring to achieve
eposition process. The solid was isolated and washed thoroughly
ith distilled water. Finally, the product was dried at 100 ◦C and cal-

ined at desired temperatures (200–500 ◦C) in a flow of 20% O2/Ar
o obtain the resulting supported Pt catalysts (Pt/Fe2O3-T), where
represents the calcination temperature. For all the catalysts, the
t:Fe atomic ratio determined by ICP was about 1:100.

.2. Catalyst characterization

The X-ray diffraction (XRD) analyses of the catalysts were car-
ied out using a D/Max-rA X-ray diffractometer operated at 30 kV
nd 40 mA employing nickel-filtered Cu K� radiation. Transmission
lectron microscopic (TEM) images were obtained using H8100-IV
lection microscopic operated at 200 kV. The thermo-gravimetric
ifferential thermal analysis (TG-DTA) of the sample was conducted
n a Rigaku Standard Model thermal analyzer (in air atmosphere,
ow rate: 90 mL/min; heat rate: 10 ◦C/min). Temperature pro-
rammed reduction by H2 (H2-TPR) measurements were carried
ut using an adsorption instrument equipped with a TCD. The sam-
les were loaded and pretreated with Ar at 100 ◦C for 30 min to
emove the adsorbed carbonates and hydrates. The H2-TPR exper-
ment was performed under the mixture of 5% H2 in N2 flow
30 mL/min) over 20 mg of catalyst at a heating rate of 10 ◦C/min.
he uptake amount during the reduction was measured by a ther-
al conductivity detector (TCD). The X-ray photoelectron spectra

XPS) measurements were carried out on an ESCALAB250 X-ray
hotoelectron spectrometer, using Al K� radiation as the excita-
ion source. The XPS spectra were corrected by adjusting the C 1s
eak to a position of 284.6 eV.

.3. Catalytic test

For the HCHO oxidation tests, the reactor was a quartz tube,
t the middle of which 0.2 g (40–60 mesh) catalyst was packed.

thermocouple was placed in the middle of the catalyst bed
or temperature measurement. The gas mixture containing HCHO
00–500 ppm and 20 vol.% O2 balanced by N2 was introduced as
he reactants. Gaseous HCHO was generated by flowing N2 coming
rom a mass-flow controller through paraformaldehyde in an incu-
ator. Products and reactants were analyzed by Shimadzu GC-8A
as chromatograph equipped with TCD detector, and the catalytic
ctivity of the Pt/Fe2O3 catalysts was evaluated by the conversion
f formaldehyde to CO2.

. Results and discussion

.1. Structural features of the catalysts

The XRD patterns of pure Fe2O3 support and various Pt/Fe2O3
atalysts calcined at different temperatures are shown in Fig. 1. For
he Pt/Fe2O3 catalysts, the diffraction peaks, appeared at 2� = 24.1◦,

3.1◦, 35.6◦, 40.8◦, 49.4◦, 54.0◦, 57.5◦, 62.6◦and 64.0◦, could be
ssociated with the presence of �-Fe2O3 phase. The fact that no
haracteristic peaks attributing to platinum species appeared in the
RD patterns suggests that Pt particles should be highly dispersed
n the surface of support. Notably, the intensity of the diffraction
Fig. 1. XRD patterns of (a) pure iron oxide samples and (b) Pt/Fe2O3 catalysts cal-
cined at different temperatures (a): 200 ◦C, (b): 300 ◦C, (c): 400 ◦C, and (d): 500 ◦C.

peaks of the iron oxide became stronger as the calcination tem-
perature increased, indicating that the crystallinity of iron oxide
increased gradually with calcination temperature. However, the
diffraction peaks of iron oxide in Pt/Fe2O3 catalysts were much
weaker than those of corresponded pure iron oxide (prepared by
the same procedure just without introducing Pt species, see Fig. 1a).
These results suggest that the existence of Pt particles on the sur-
face of iron oxide could influence the crystallinity of iron oxide,
implying that an interaction between Pt particles and iron oxide
may be present in the Pt/Fe2O3 catalysts.

Fig. 2 shows the TEM images of Pt colloid, Pt/Fe2O3-200 cata-
lyst and Pt/Fe2O3-500 catalyst. The Pt clusters in the native solution
were uniform sphere with a small particle size and narrow size dis-
tribution (1.9 ± 0.3 nm). Depositing on the support, the size of the
Pt particles in Pt/Fe2O3-200 had no obvious change in comparison
with the colloidal Pt particles, and the Pt particles were homoge-
neously dispersed on the surface of iron oxide (Fig. 2c). Notably, no
obvious aggregation of Pt particles occurred even when the cata-
lyst was calcined at 500 ◦C (Pt/Fe2O3-500, see Fig. 2d), indicating the
excellent stability of the Pt nanoparticles against thermal-sintering.

Thermal analysis results of as-prepared Fe(OH)3 and the pre-
cursor of Pt/Fe2O3 catalyst (without calcination) are provided in
Fig. 3. According to the TG curves, a weight loss existed in the
whole process for both samples. For the Fe(OH)3 sample, the DTA

◦
curve exhibited a endothermic peak at 110 C and an exothermic
peak at 420 ◦C, which could be assigned to dehydration process
and the phase transformation of support, respectively. Compared
with Fe(OH)3, the DTA curve of the precursor of Pt/Fe2O3 catalyst
showed an additional exothermic peak at around 200 ◦C, which can
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ig. 2. TEM images of Pt colloid and supported Pt catalysts and Pt particle size d
t/Fe2O3-200; (d) Pt/Fe2O3-500.

e attributed to the decomposition or combustion of EG (ethylene
lycol) in the sample. It is worth noting that the temperature for
he phase transformation of support shifted to 620 ◦C when loading
certain amount of platinum on the support. These results suggest

hat the introduction of platinum species onto the surface of iron
xides could influence the nature and the growth of the iron oxides
rystallites through an interaction between metal and support. A
imilar behavior has been reported by Chang et al. on the study of
u–Ru/Fe2O3 catalyst [17].

.2. Catalytic activity

The catalytic activities of the Pt/Fe2O3 catalysts calcined at
ifferent temperatures were investigated in Fig. 4. Among them,
t/Fe2O3-200 showed the highest catalytic activity toward the
omplete oxidation of HCHO. A 100% conversion of HCHO was
chieved at a temperature as low as 25 ◦C. For the Pt/Fe2O3-300,
t/Fe2O3-400 and Pt/Fe2O3-500 catalysts, complete conversion of
CHO was achieved at 35 ◦C, 40 ◦C and 60 ◦C, respectively. It should

e mentioned here that, under the test conditions, pure Fe2O3 is

nactive for the oxidation of HCHO to CO2 even when the reac-
ion temperature increased to 80 ◦C. Furthermore, it was found
hat the activity of Pt/Fe2O3-300 catalyst could be considerably
mproved by the addition of 3% water vapor into reactants, and the
tion of Pt colloid: (a) Pt colloid; (b) Pt particle size distribution of Pt colloid; (c)

conversion of HCHO reached 100% at room temperature (data not
shown in figure). This result suggests that the addition of a certain
amount of water has a positive effect on the catalytic performance
of Pt/Fe2O3-300 catalyst in HCHO oxidation at low temperature. In
our previous work, a similar result has also been observed in the
low-temperature CO oxidation over the supported Pt catalysts [15].

Fig. 5 shows the HCHO conversion with time-on-stream over
Pt/Fe2O3-300 catalyst. It should be pointed out here that a 100%
HCHO conversion could also be achieved on Pt/Fe2O3-300 catalyst
at room temperature (without adding water), when a relatively low
space velocity (i.e., 30,000 cm3/g h) was adopted. Under the given
reaction condition, HCHO could be oxidized completely for more
than 360 h, indicating the excellent stability of the Pt/Fe2O3 cata-
lyst. This result is much better than that of Pt/MnOx–CeO2 catalyst,
which just could convert HCHO into CO2 and H2O completely for
about 120 h at a similar operation condition, as reported in litera-
ture [6].

3.3. Redox and surface properties of the Pt catalysts
Fig. 6 compares XPS spectra of Pt 4f for various Pt/Fe2O3 catalysts
calcined at different temperatures. The deconvolution of the Pt 4f
photopeak provided three different contributions at 71.4–71.6 eV,
72.1–72.9 eV and 74.5–74.7 eV for these Pt/Fe2O3-CD catalysts. The
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ig. 3. TG-DTA analysis: (a) Fe(OH)3; (b) the precursor of Pt/Fe2O3 catalyst (without
alcination).

ormer BE value mainly characterized metallic Pt [18], whereas the
atter two would correspond to Pt2+ and Pt4+, respectively [19].
able 1 shows the binding energies of Pt 4f7/2 as well as the rela-
ive surface concentrations of various Pt species for these Pt/Fe2O3
atalysts. The Pt 4f binding energies of Pt/Fe O -200 catalyst
7/2 2 3
rovided two different contributions with maxima at 71.4 eV and
2.7 eV, mainly characterizing Pt0 and Pt2+, respectively. For the
t/Fe2O3-300 catalyst, coexistence of Pt0, Pt2+ could be confirmed
y the XPS spectrum. It was found that a higher proportion of

ig. 4. Catalytic activity of the Pt/Fe2O3 catalysts calcined at different temperatures:
a) 200 ◦C; (b) 300 ◦C; (c) 400 ◦C; (d) 500 ◦C. Reaction conditions: HCHO 400 ppm,
2 = 20 vol.%, N2 balance, GHSV: 60,000 cm3/g h.
Fig. 5. Conversion of HCHO with time-on-stream over the 1% Pt/Fe2O3-300 catalyst.
Reaction conditions: HCHO 200 ppm, O2 20 vol.%, N2 balance, GHSV: 30,000 cm3/g h,
reaction temperature: 25 ◦C.

Pt2+ was present on the Pt/Fe2O3-300 catalyst than that on the
Pt/Fe2O3-200 catalyst. This result indicates that part of metal-
lic state platinum could be oxidized to the platinum in higher
valence states when increasing the calcination temperature. For the
Pt/Fe2O3-400 catalyst, Pt 4f7/2 binding energies at 72.1 and 74.5 eV
were due to Pt2+ and Pt4+, while Pt2+ was the major species on
this catalyst. With the further increase of calcination temperature,
more highly oxidized Pt species (i.e., Pt4+) were detectable in the
Pt/Fe2O3-500 catalyst. Based on these results, it can be concluded
that Pt/Fe2O3-CD-200 catalyst possesses the highest proportion of
metallic Pt species, and the proportion of oxidized platinum species
increases with improving the calcinations temperature.

The H2-TPR profiles of the Pt/Fe2O3 catalysts calcined at dif-
ferent temperatures are shown in Fig. 7. In the TPR profiles of
all the catalysts, the strong and broad reduction peak appeared
around 600 ◦C was attributed to the transformation of Fe3O4 to
FeO [17]. For the Pt/Fe2O3-200 catalyst, it exhibited an intensive
low-temperature reduction peak at around 90 ◦C. The hydrogen
consumption at this temperature was much greater than that nec-
essary for the reduction of PtOx, indicating that the partial reduction
of the iron oxide, intimately contacted with Pt, should overlap with
the reduction of PtO. The considerable decrease in the reduction
temperature of iron oxide might be due to a certain amount of Pt
oxide species have been introduced into iron oxide lattice in the
form of Pt–O–Fe bonds, thus resulting in spillover of atomic hydro-
gen from Pt to the oxide surface occurs more easily. This result
is consistent with the previous reports that the intimate contact
between Pt and cerium in the Pt/Ce–TiO2, Pt/CeO2 catalysts facili-
tated the reducibility of the support at low temperatures [20–21].
As the calcination temperature up to 300 ◦C, the low-temperature
reduction peak shifted slightly to a higher temperature region
(around 105 ◦C), and an additional reduction peak appeared at
about 270 ◦C which could be mainly attributed to the reduction
of bulk Fe2O3. For the Pt/Fe2O3-400 and Pt/Fe2O3-500 catalysts,
the intensity of the low-temperature reduction peak weakened
gradually with the increase of calcination temperature. Meanwhile,
two reduction peaks located at 220 ◦C and 270 ◦C could be clearly
observed for the Pt/Fe2O3-400 catalyst. The former peak mainly
characterized the reduction of oxidized Pt species (e.g., Pt4+ → Pt0)
as the presence of Pt4+ species has been verified by the characteriza-
tion results of XPS. The latter one would correspond to the reduction
of bulk Fe2O3. Notably, the two reduction peaks integrated into

single reduction peak with increasing the calcination tempera-
ture up to 500 ◦C. This reduction peak could be mainly ascribed
to the reduction of crystalline Fe2O3, and may also include the
reduction of PtOx on the basis of XPS results and related literature
[22].
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Fig. 6. XPS spectra of Pt 4f region for the 1%Pt/Fe2O3 catalysts calcined a

Table 1
Summary of XPS data obtained for 1%Pt/Fe2O3 catalysts calcined at varied
temperatures.

Catalyst Species Binding energy
of Pt 4f7/2 (eV)

Relative
intensity (%)

Pt/Fe2O3-200 Pt0 71.4 80
Pt2+ 72.7 20

Pt/Fe2O3-300 Pt0 71.6 51
Pt2+ 72.9 49

Pt/Fe2O3-400 Pt2+ 72.1 81
Pt4+ 74.5 19

Pt/Fe2O3-500 Pt2+ 72.4 47
Pt4+ 74.7 53
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Fig. 7. H2-TPR profiles of 1%Pt/Fe2O3 calcined at different temperatures: (a) 200 ◦C;
(b) 300 ◦C; (c) 400 ◦C; (d) 500 ◦C.
t varied temperatures: (a) 200 ◦C; (b) 300 ◦C; (c) 400 ◦C; (d) 500 ◦C.

Previously, it has been proposed that the proportion of Pt/PtOx

should be an important factor for influencing the activity of the
supported Pt catalysts [23–25]. For instance, Gracia et al. [23] found
that the catalytic activity of the supported Pt/Al2O3 catalyst could
be closely correlated with the proportion of Pt/PtOx, and fully oxi-
dized Pt particles exhibit low activity for CO oxidation. Hong and
coworkers [26] reported that the reduced Pt/TiO2 catalysts dis-
played excellent activity in CO oxidation and the Pt species existed
in the Pt0 and Pt2+ states on these catalysts. In our case, the results
of catalytic test showed that the catalysts of Pt/Fe2O3-200 and
Pt/Fe2O3-300 possessed relatively high catalytic activity, while the
XPS study revealed that both metallic Pt and oxidized Pt were
present in these two catalysts. Hence, our results is in good agree-
ment with the previous literatures, and provide a further evidence
that the co-existence of metallic platinum and oxidized platinum
species is preferable to enhance the catalytic activity of the plat-
inum based catalysts [23–25,27].

It was generally known that Pt particle about 2 nm show high
free energy and the equilibrium for oxidation is favored [28–30]. In
our case, the co-existence of metallic platinum and oxidized plat-
inum species in the relatively active and stable Pt/Fe2O3 catalysts
may also be attributed to the presence of a suitable interaction
between Pt particle and support (i.e., Pt–O–Fe), which can keep
the Pt species in a stable chemical states and can also stabilize Pt
particles against coalescence or sinter. In a recent work reported
by Nagai et al. [31,32], they revealed that the presence of Pt–O–Ce
bond in the Pt/CeO2 catalyst could inhibit the sintering of Pt parti-
cles on the surface of oxide support, thus forming active and stable
three-way catalyst. A similar interaction of Pt–O–Ce bonds was also
reported for the high stability and activity of the Pt/CeO2–Al2O3

catalyst and Pt/CeO2 catalyst [18,33]. In present study, we suppose
that the excellent low-temperature activity of Pt/Fe2O3 catalyst
may be also partially assigned to the appearance of such kind of
interaction. Through this Pt-oxide-support interaction, the redox
property and the stability of Pt particles can be considerably influ-
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nced. However, it should be pointed out here that other kind of
t-support interaction can still be occurring, e.g., (Pt)n(PtOFe)m
adduct), Pt-Fe, which may also play important role for influencing
he catalytic property of the supported Pt/Fe2O3 catalyst. Therefore,
urther work is still required in order to clarify the nature of the
nteraction between Pt particles and support, the physicochemical
roperty of the active centers, as well as the mechanism of reaction.

. Conclusions

Complete oxidation of HCHO at low temperature could be
chieved over the iron oxide supported platinum catalysts pre-
ared by a colloid deposition route. The catalysts of Pt/Fe2O3-200
nd Pt/Fe2O3-300 exhibited relatively high catalytic activity and
tability, which could completely oxidize HCHO even at room
emperature. Physical–chemical analysis revealed that the Pt
anoparticles were well dispersed on the support and there was
relatively strong interaction between Pt and iron oxide support.
he presence of a suitable interaction between Pt nanoparticles
nd iron oxide support could play positive role in influencing the
hysicochemical property as well as the catalytic performance of
he Pt/Fe2O3 catalysts for low-temperature oxidation of HCHO.
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