
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

1 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 2

/3
/2

02
6 

7:
25

:3
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Probing surface
aGraduate School of EEWS, Korea Advanc

(KAIST), Daejeon 34141, Republic of

+82-42-350-1712
bCenter for Nanomaterials and Chemical Re

Daejeon 34141, Republic of Korea. E-mail: j

1710; Tel: +82-42-350-1713

† Electronic supplementary informa
10.1039/c7ra08952j

Cite this: RSC Adv., 2017, 7, 45003

Received 13th August 2017
Accepted 11th September 2017

DOI: 10.1039/c7ra08952j

rsc.li/rsc-advances

This journal is © The Royal Society of C
oxide formations on SiO2-
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Formations of an ultrathin oxide layer on noble metal catalysts affect the characteristics of fundamental

molecular behaviours such as adsorption, diffusion, and desorption on their surfaces. That is directly

correlated to enhancement of catalytic activity under operating conditions because the kinetics of

catalytic reactions are also simultaneously influenced. Especially, a sub-monolayered surface oxide is

known as having a key role for improving catalytic activity, but revealing its existence in catalysis is

challenging due to their fast chemical conversion. Herein, we report the first evidence of surface oxide

formations on platinum (Pt) nanocatalysts under CO oxidation probed with a diffuse reflectance infrared

Fourier transform (DRIFT) technique. Spectroscopic information demonstrates that the abrupt blue shift

of adsorbed CO molecules vibrational frequencies of C^O stretching mode on the reduced Pt

nanocatalyst surface is initiated prior to aggressive CO conversion to CO2 gas molecules. Site-specific

replacements of the adsorbed CO molecule with dissociative oxygen occur just before the ignition

temperature that is supposed to be an important reaction step for CO oxidation over a Pt nanocatalyst.

Density functional theory (DFT) calculation results support this phenomenon as a function of relative

atomic fractions between CO and O on a Pt model surface and consistently show a similar trend with

experimental evidence.
1. Introduction

Effects of oxide layers formation on a metal surface have been
investigated due to their remarkably different catalytic activities
with corresponding metallic surfaces for carbon monoxide (CO)
oxidation. Molecular behaviours on a platinum (Pt) model
surface at low temperature visualise that CO molecules are
efficiently converted to CO2 gas molecules over a dissociative
oxygen (O) covered Pt surface.1 In addition, Over et al.2,3

explained with theoretical calculations that the origin of high
catalytic activity of RuO2 catalysts, with the highly active phase
at high pressure for CO oxidation, is not on metallic Ru(0001)
but rather on a RuO2 lm surface. Pt-group metals under high
O2 partial pressure environments could yield the “surface
oxide” as an active phase in industrial catalytic reaction
processes such as CO oxidation4–6 and oxygen reduction
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reaction (ORR).7 On the other hand, bulk oxides formation of Pt-
group metals are known as inactive for CO oxidation according
to well-dened model catalyst studies in ultra-high vacuum
(UHV).8–10 To investigate effects of oxidised components on the
Pt catalysts during CO oxidation, extensive studies have been
performed with a variety of pressures and CO/O2 ratios.11–14 The
nature of a surface oxide in altering its catalytic activity for CO
oxidation on noble metal nanoparticles (NPs) was studied.15 For
instance, a surface oxide appears to have chemically active
properties, which is consistent with oxidised Pt NPs aer an
ultraviolet-ozone treatment.16 Moreover, the rate of CO conver-
sion is inuenced not only by the size of metallic rhodium (Rh)
NPs, but also by the thickness of Rh oxide layers, which are
measured using ambient-pressure X-ray photoelectron spec-
troscopy (AP-XPS).17,18 In this way, investigating surface oxides is
signicantly important because they play a key role in
enhancing catalytic activity under catalytic reactions that have
quite different features from their corresponding metallic
surfaces.19,20

As a matter of fact, revealing the existence of surface oxides
in catalysis is considered to be a great challenge because of their
chemically fast conversion. Even though many efforts using
a high-pressure ow reactor integrated with scanning tunnel-
ling microscopy (STM) and AP-XPS have discovered formation
of a surface oxide having a dramatic effect for CO2 evolution,21–23
RSC Adv., 2017, 7, 45003–45009 | 45003
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unfortunately, no evidence for vibrational motions of adsorbate
molecules on the surface during CO oxidation has not been
observed yet. To fully distinguish this fascinating phenomenon,
and to design a rational nanocatalyst structure with a high-
performance, well-characterised evidences for surface oxides
using surface-sensitive techniques are indispensably needed.
Fourier-transform infrared spectroscopy (FT-IR) is particularly
suitable for investigating fundamental molecular behaviours
such as adsorption and desorption at an active site24–27 without
limitations of the pressure gap issue.28,29

In this study, we probed an instantly formed surface oxide
phase on SiO2-supported Pt nanocatalysts under CO oxidation
by employing an in situ diffuse reectance infrared Fourier-
transform spectroscopy (DRIFTS) technique. It is important to
have a thorough understanding of how catalytic activity is
affected by the surface oxide phase in catalysis. Observation of
an abrupt blue shi of adsorbed CO molecules vibrational
frequencies of the C^O stretching mode [v(C^O)] on the
reduced Pt nanocatalyst surface is obviously related to the
formations of ultrathin oxide layered Pt NPs under the catalytic
reaction condition at an elevated temperature. The ultrathin
oxide layer on the Pt NPs surface is initiated prior to the
aggressively occurring CO conversion to CO2 gas molecules.
Furthermore, the identied modes of vibrational frequency
shis on the ultrathin surface oxide layers are supported by
density functional theory (DFT) calculations as a function of
relative CO and O atomic fractions on the Pt model surface.

2. Experimental and model methods
2.1 Synthesis of SiO2-supported Pt nanocatalysts

A colloidal spherical silica (with diameters of 25–30 nm) solu-
tion was prepared by a modied Stöber method.30 Briey,
600 mL of anhydrous ethanol and 9.3 mL of ammonium
aqueous solution (NH3$H2O, 27%) were mixed with 24 mL of
deionised (DI) water; the solution was stirred for 20min at room
temperature. Then, 30 mL of tetraethyl orthosilicate (TEOS,
$97%) was added, followed by stirring for 24 h at room
temperature. Aer stirring, the mixed solution suddenly turned
a muddy white colour, and then it was centrifuged to collect the
spherical silica NPs followed by washing with ethanol. To
prepare an amino group functionalised surface, the collected
silica NPs were dispersed in a mixture of isopropanol (84 mL)
and (3-aminopropyl)triethoxysilane (APTES, 300 mL) using
ultrasonication for 10 min. Aer the amino functionalisation,
the dispersed silica NPs were heated at 80 �C for 2 h.31 Finally,
the obtained amine-functionalised spherical silica NPs (f-SiO2)
were centrifuged and washed several times with ethanol, and
then re-dispersed in 1.5 mL of ethanol.

The PVP [poly(N-vinylpyrrolidone)] stabilised Pt NPs were
synthesised using the following procedure. A mixture solution
(i.e., 100 mg of Pt precursor (H2PtCl6$6H2O, >99.9%), 10 mL of
ethylene glycol, and 5 mL of 0.5 M NaOH) was reuxed at 160 �C
for 2 h. When the reux was nished, the Pt NPs were dispersed
in ethanol aer adding 20.3 mg of PVP (Mw ¼ 29 000) under
sonication for 20 min.32 The PVP-stabilised Pt NPs colloid
(3 mL) dispersed in 7 mL of ethanol was mixed with 1.5 mL of
45004 | RSC Adv., 2017, 7, 45003–45009
the functionalised silica (f-SiO2) solution followed by sonication
for 30 min. The resultant Pt/SiO2 colloids were centrifuged and
washed three times with ethanol to remove any Pt NPs not
bound to the silica particles. The Pt NPs anchored on the
prepared f-SiO2 were then dispersed in 1.5 mL of ethanol.
Following the washing process, the as-synthesised SiO2-sup-
ported Pt nanocatalysts (Pt/SiO2) were prepared with free-of-Cl�

residues (ESI, Fig. S1†).

2.2 Transmission electron microscopy (TEM) measurements

Morphology and size distribution of the prepared Pt/SiO2 cata-
lysts were visualised using TEM operated at an acceleration
voltage of 300 kV (Tecnai TF30 ST, FEI). Prior to the measure-
ments, the catalysts were well-dispersed in ethanol solution for
30 min, followed by drop-casting on an amorphous carbon-
coated TEM grid, and then dried for a few minutes.

2.3 X-ray photoelectron spectroscopy (XPS) measurements

Surface oxidation states of the prepared Pt NPs were examined
by XPS (K-alpha, Thermo VG Scientic) equipped with an Al Ka

X-ray source (1486.6 eV). Each XPS spectrum was measured at
a resolution of 0.05 eV per step with a pass energy of 50 eV. The
core-level photoelectron peaks in the measured XPS spectra
were calibrated in accordance with adventitious carbon (i.e.,
C 1s core-level peak at 284.8 eV of binding energy) on the
substrate.

2.4 Vibrational frequency shi analysis of Pt/SiO2 catalysts

DRIFTS analysis of the Pt/SiO2 catalysts were carried out using
a Fourier-transform infrared spectrometer (Carry 660, Agilent)
equipped with diffuse reectance optics (Harrick), a mercury
cadmium telluride (MCT) detector (every 32 scans with a reso-
lution of 4 cm�1), and ZnSe windows integrated into the reac-
tion cell. The inside of the spectrometer was purged by puried
nitrogen (N2) gas during all measurements. The DRIFTS cell was
connected to a heater and gas lines that were controlled by mass
ow controllers (BROOKS Instrument).

All synthesised powder samples were mechanically pressed
onto a cleanly prepared stainless-steel mesh to prevent poten-
tially exposed contamination in the reactor cell. For preparation
of the O2-treated Pt/SiO2 catalysts, as-prepared Pt/SiO2 catalysts
were treated under 100 sccm of O2 ow condition at 350 �C for
3 h in the DRIFTS reaction cell. Before the CO oxidation reac-
tion, the reducing or oxidising pre-treatment of the nano-
catalysts was performed in the reaction cell before the CO
oxidation reaction and was carried out in the following steps:
the samples were (i) purged with helium (He) gas at 27 �C for
30 min, (ii) heated at 210 �C in 5% H2/Ar or in O2 for 1 h, and
nally (iii) cooled to room temperature (27 �C) under He ow
conditions.

To investigate the vibrational frequency shis of adsorbate
molecules on the Pt/SiO2 catalysts during CO oxidation, the
samples were exposed to two different gas feeding environ-
ments before the DRIFTS measurements at an elevated
temperature. 10 mL min�1 of 10% CO/He was added to the He
balance gas ow (CO feed) to provide a CO environment in the
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XPS spectra of (a) as-synthesised and (b) O2-treated Pt/SiO2

catalysts. The oxidation state of each assigned peak corresponds to
metallic Pt0 (green colour), Pt2+ (red colour), and Pt4+ (blue colour),
respectively.
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reaction cell. Then, 10mLmin�1 of 10% CO/He and 4mLmin�1

of O2 ow (CO + O2 feed, 1 : 4 v/v) were simultaneously intro-
duced into the reaction cell for the CO oxidation environment.

Total ow rate of the gas was kept at 50 mL min�1 using He
gas as the balance. A FTIR spectrum using potassium bromide
(KBr) was recorded at atmospheric N2 ow condition for back-
ground subtraction for all spectra. The acquired background
spectrum was also measured in N2 at each reaction temperature
that had no particular changes in the obtained spectra (ESI,
Fig. S2†). All spectra were obtained in Kubelka–Munk (KM)
units. Following the washing process, the obtained SiO2-sup-
ported platinum nanocatalysts (Pt/SiO2) were synthesised with
the free-of-Cl� residues (ESI, Fig. S1†).
2.5 Characterisations of Pt/SiO2 catalysts

The morphologic shapes, with size distributions and surface
oxidation states of the anchored Pt NPs on spherical silica, were
characterised to examine the effect of oxygen annealing. A TEM
image of as-synthesised Pt/SiO2 showed that the Pt NPs were
almost uniformly dispersed on the silica spheres (i.e., approxi-
mate size was 25–30 nm), and they had an average size of 1.9 �
0.2 nm as displayed in Fig. 1a. Aer an annealing process of the
samples in atmospheric air at 300 �C, the size and shape of Pt
NPs showed negligible changes with a mean diameter of 2.1 �
0.3 nm in Fig. 1b. This indicated that the size and shape of Pt
NPs were quite resistive to the heating process at atmospheric
pressure with oxygen maintained for their own nanoscale
morphology.

In other conditions, the surface oxidation states of the
Pt/SiO2 catalysts showed dramatic changes aer a highly puri-
ed O2 (99.999%) annealing treatment. In Fig. 2a, as-
synthesised Pt NPs surface consists of metallic Pt for Pt 4f7/2
at 71.1 eV of binding energy and a small amount of PtO species
at 72.4 eV of binding energy; however, their compositional ratio
is clearly changed as demonstrated in Fig. 2b. PtO species
becomes a major species by the oxidation of metallic Pt NPs on
the surface; in addition, a fully oxidised bulk a-PtO2 species at
75.0 eV is also characterised as a small amount. Our charac-
terisations agree with earlier literatures for each species in the
XPS spectra, respectively.33–35
Fig. 1 TEM images and size distribution histograms of anchored Pt
NPs on the spherical silica supports for (a) as-synthesised and (b)
oxidised Pt/SiO2 catalysts in air at 300 �C.

This journal is © The Royal Society of Chemistry 2017
We note that as-synthesised Pt/SiO2 catalysts inevitably
contain the negligible amount of PtO species because the
spherical Pt NPs are composed of a majority of face-centre cubic
(fcc) structured {111} facets at terrace sites and a small amount
of {100} facets at step sites.36,37 Unlike investigations on a well-
dened model surface, the probed PtO species of as-
synthesised Pt/SiO2 catalysts in the Pt 4f core-level spectrum is
associated with slightly formed oxide at the step sites of Pt NPs
caused by spontaneously dissociated oxygens on the surface23 so
the oxygen blocked sites of Pt atoms can be excluded from
potential formations of surface oxide in catalysis.16,38

2.6 Computational model calculation methods

Structural relaxation and vibrational frequency calculations
were performed using the Vienna ab initio Simulation Package
(VASP)39,40 with the Perdew–Burke–Ernzerhof (RPBE) exchange
functional41,42 and projector-augmented wave pseudopoten-
tial.43 The cut-off energy for the plane wave basis set was set at
500 eV and k-points were sampled using a 3 � 3 � 1 Mon-
khorst–Pack mesh.44 A three-layered Pt(111) slab was designed
using a (3 � 3) surface unit cell containing 27 atoms in total.
The bottom two Pt layers were xed with their bulk positions
and all other Pt atoms and adsorbates were relaxed until the
forces on them were less than 0.01 eV Å�1. The convergence
criterion for total energy was set to 10�8 eV. Vibration
frequencies were obtained by a nite difference approximation
to the Hessian Matrix, where the adsorbed CO was displaced by
0.01 Å in the x-, y-, and z-directions.

3. Results and discussion
3.1 CO molecules adsorption on the Pt NPs

Molecular CO adsorption on the Pt/SiO2 catalysts (i.e., as-
synthesised and O2-treated) surfaces were investigated by
spectral changes of the vibrational modes. The employed
DRIFTS technique shows a surface-sensitive feature for site-
specic CO adsorption on Pt atoms. According to molecular
orbital (MO) theory, the adsorbed CO peak [v(C^O)] positions
in DRIFT spectra are directly related to the bond strength
between the carbon (C) and oxygen (O) atom of the intra-
molecular structure of a CO molecule. The bond strength
RSC Adv., 2017, 7, 45003–45009 | 45005
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Fig. 4 DRIFT spectra of (a) as-synthesised and (b) O2-treated Pt/SiO2

catalysts at elevated temperature under the mixed CO/O2 gas flow
condition. Deconvolution peaks correspond to vibrational modes for
adsorbed CO molecules on atop sites (red colour) and on the bridge
sites (green colour) of Pt atoms on a surface, respectively.
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between C and O is weakened when a CO molecule is adsorbed
on a transition metal (e.g., Pt) because the empty 2p* anti-
bonding orbital of the CO plays the role of electron acceptor
from the d-orbital of Pt (i.e., the so-called as p-backbond
effect).45,46 Thus, the v(C^O) peak could be shied to a higher
or a lower frequency in DRIFT spectra depending on the
oxidation states of the Pt NPs owing to the reduced back
donation effect that originates from the difference of a small
quantity of d-electrons for adsorbate-induced Pt sites compared
with metallic Pt arrays on the surface.47

Fig. 3a exhibits the shi of adsorbed CO molecules of the
v(C^O) mode peak at the lower position of a wavenumber (i.e.,
red shi) on the as-synthesised Pt/SiO2 catalysts with increasing
temperature under a CO gas ow condition. Otherwise, the
observed vibration frequency changes for the O2-treated Pt/SiO2

catalyst show the recorded peak position at a higher wave-
number (i.e., blue shi) than that of the as-synthesised Pt/SiO2

catalysts with apparently lower signal intensity in the linearly
vibrating mode. It is speculated that the bulk oxide formations
on the metallic Pt surface aer the O2 pre-treatment process
affects a hindrance of chemically active sites.33,34 In earlier
studies, the peak position of the v(C^O) mode, which is also
correlated with ensembles of dipole–dipole interactions
between CO molecules and the metallic Pt atoms,38 the degree
of Pt surface reduction,48 and CO-induced island formations
appeared.49,50 It is also generally understood that partially oxi-
dised Pt NPs could accept more transferred electrons from the
CO molecules. As a result, the Pt NPs become more reduced
under the CO gas ow condition,51,52 and the red shi of the
v(C^O) peak of CO at elevated temperature means that grad-
ually increasing numbers of reduced Pt sites form due to CO
molecule adsorptions on the Pt NPs surface.
3.2 Relation of chemical adsorptions and frequency shis

Fig. 4a and b show obviously different characteristics of the
linearly bound CO absorption behaviour between as-
synthesised and O2-treated Pt/SiO2 catalysts. The position and
Fig. 3 Vibration frequency changes of adsorbed COmolecules on the
catalyst surfaces at elevated temperature. DRIFT spectra of (a) as-
synthesised and of (b) O2-treated Pt/SiO2 catalysts under CO gas flow
condition.

45006 | RSC Adv., 2017, 7, 45003–45009
full width at half maximum (FWHM) of the v(C^O) peak rely on
the number of Pt NPs sites or sizes, and how the CO molecules
exist on the nanoparticle's surfaces.37 Typically, the crystalline
nature of the Pt NPs is conrmed by X-ray diffraction (XRD)
corresponding to a presence of the crystalline Pt fcc phase,
which belongs to (111), (200), and (220) crystalline planes
compared with a Pt single crystal.53 So, the pronounced band
splitting peaks in Fig. 4a indicate that there are two main CO
bonded sites such as (111) and (200), corresponding to
2065 cm�1 and 2043 cm�1 at 27 �C, respectively. All the peaks of
tting parameters and IR analysis are shown in ESI, Table S1.†
The observed CO adsorption peaks positions are similar to
previously reported works.46,49

When the as-synthesised Pt/SiO2 catalysts are exposed to the
gas mixture (CO + O2 feed) for a CO oxidation reaction, the
linearly adsorbed CO on Pt for (111) is shied from 2065 cm�1

to 2056 cm�1 as the temperature increases to 151 �C. Then, the
consecutively adsorbed CO peak for (111) is shied to a higher
wavenumber at 2064 cm�1 as temperature increases. In general,
the density of the excess charges decreases with increasing
nanoparticle size, resulting in a blue shi of the CO absorption
band due to the reduced amount of p-back-donation into the
C^O.38 Aer heating at 300 �C in air, the Pt/SiO2 is thermally
stable, as shown in the TEM image in Fig. 1b, because the initial
morphology of the structure and Pt dispersion are preserved;
thus, the blue shi observed in Fig. 4a is denitely not the result
of Pt nanoparticle agglomeration. The peak position of v(C^O)
for O2-treated Pt/SiO2 is higher than the as-synthesised Pt/SiO2

catalyst, indicating an oxidised Pt surface because of oxygen
treatment, which is in an agreement with the XPS results
(Fig. 2a and b). Interestingly, the blue shied v(C^O) peak is
not observed on the O2-treated Pt/SiO2 catalyst during the CO
oxidation reaction in Fig. 4b, whereas the red shied v(C^O)
peak is only observed with increasing temperature. When the
bare SiO2 spheres were exposed to the CO oxidation condition,
This journal is © The Royal Society of Chemistry 2017
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the frequency of linearly adsorbed CO at about 2060 cm�1 was
not observed (ESI, Fig. S3†).
3.3 Surface oxide formations on Pt NPs for CO oxidation

As demonstrated in Fig. 4a, the abruptly occurring wavenumber
changes in the v(C^O) mode are clearly related to the forma-
tion of oxygen species on the Pt NPs surface. To conrm the
interplay between surface oxide and catalytic activity during CO
oxidation, we performed further DRIFTS investigations for the
as-synthesised and O2-treated Pt/SiO2 catalysts operated in
time-resolved fast scanning mode.

In Fig. 5a, a contour-map visualises an intriguing behaviour
of the adsorbed CO molecules on the Pt NPs surface with the
evolution of CO2 gas molecules. A plot of the wavenumber for
the linearly adsorbed CO molecules and the integrated area of
the evolved CO2 gas molecules indicates apparently that there is
a similar trend between the aggressive CO2 evolutions and the
blue shi of the v(C^O) mode as shown in Fig. 5b. CO
adsorption sites on the Pt NPs are possibly generated as the
number of adsorbed CO molecules increases until the temper-
ature reaches 151 �C because the Pt NPs are more reduced by
accepting more non-bonding electrons from the CO molecules.
A sudden change in the linearly adsorbed CO [v(C^O)] peak,
such as a blue shi in a mild heating temperature region (151–
185 �C), is observed along with produced CO2 gas at approxi-
mately 2350 cm�1, which is attributed to the formation of an
ultrathin oxide layered on the Pt surface under the O2-rich
condition. Finally, the peak of the asymmetric stretching mode
[vas(C]O)] for the evolved CO2 gas phase increases dramatically
at 190 �C while the v(C^O) peak disappears, as clearly shown in
Fig. 5a. It can be demonstrated that the Pt surface is not fully
covered by CO molecules because adsorption and desorption of
CO molecules take place simultaneously at an elevated
Fig. 5 Contour-maps of the in situmeasured DRIFT spectra during the
CO oxidation over Pt/SiO2 catalysts and the plots of vibration
frequency shifts of v(C^O) mode with integrated areas of the peaks
for a vas(C]O) band. (a) A contour-map and (b) the plots for as-syn-
thesised Pt/SiO2 catalysts, and (c) a contour-map and (d) the plots for
O2-treated Pt/SiO2 catalysts, respectively.

This journal is © The Royal Society of Chemistry 2017
temperature. The measured CO oxidation reaction initiated and
eventually accelerated at around ignition temperature once the
ultrathin oxide layer was formed on the Pt surface. The Pt
surface needs to be partially oxidised to initiate and to accel-
erate CO oxidation. These results clearly reveal that formation
of surface oxide on the Pt surface involves the CO oxidation to
CO2 that proceeds via a Mars–van Krevelen mechanism.

The trend of the v(C^O) peak and formation of produced
gaseous CO2 on the O2-treated Pt/SiO2 catalysts are shown in
Fig. 5c and d as a function of temperature. The observed red
shi of the v(C^O) peak has a similar trend as the results of as-
synthesised Pt/SiO2 catalysts at elevated temperatures. The
evolution of gas phase CO2 does not occur until 225 �C as shown
in Fig. 5c. Since bulk Pt oxides are formed during oxygen
treatment, the Pt NPs surface has fewer active sites than
a metallic Pt surface, which is responsible for decreased cata-
lytic activity.34 It can be expected that the adsorption probability
of CO molecules on the Pt NPs catalysts is relatively lower than
for as-synthesised Pt NPs catalyst due to fewer reaction sites on
the Pt NPs surfaces; even the oxidised Pt NPs are reduced as the
CO coverage increases. Thus, the ignition temperature of the
CO oxidation reaction on the O2-treated catalysts is slightly
higher than that on the as-synthesised Pt/SiO2. The metallic Pt
sites can be completely deactivated to non-active phases by the
O2-treatment. The energy barrier for the CO oxidation reaction
could decrease with an adequate metal oxide layer on the
catalysts, as mentioned above. This would be considered as
strong evidence that initiation and ignition of the CO oxidation
reaction was signicantly affected by the presence of an ultra-
thin oxide layer on the Pt NPs.

Overall, the results of in situ DRIFT analysis show that
catalytic activity of the supported Pt NPs catalyst increases by
the existence of an ultrathin oxide layer on the Pt NPs; mean-
while the fully oxidised Pt NPs are responsible for a deactivation
phenomenon.
3.4 Theoretical calculation for vibration frequency shis

To further understand the relationship between the measured
wavenumber and surface oxide formation in the DRIFT spectra,
we performed theoretical calculations for the vibration
frequency of the v(C^O) mode with relative atomic fractions
(AF) of several different congurations of C and O on a model
Pt(111) surface using density functional theory (DFT). We
assumed that CO molecules adsorb on the top sites of the
Pt(111) surface in our proposed models, as described in previ-
ously reported experimental and theoretical results.37,54,55

Adsorbed atoms were arranged as far as possible from each
other on a model surface with a (3 � 3) unit cell of Pt atoms to
prevent potential molecular interferences at a maximum total
coefficient value of 3/9. Fig. 6 shows that the calculated wave-
number of the v(C^O) mode is considerably changed as
a function of the congurations for AF between C and O. The
wavenumber of the v(C^O) mode is shied to 2033 cm�1 with
an increasing coefficient value of AF(CO) up to 3/9, whereas the
red shied wavenumber is constantly blue shied up to
2060 cm�1 with an increasing coefficient value of AF(O).
RSC Adv., 2017, 7, 45003–45009 | 45007
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Fig. 6 Simulation results of vibration frequency shifts depending on
different configurations of CO/O atomic fractions on the Pt model
surface.
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The expected theoretical wavenumber changes demonstrate
a similar trend with our DRIFTS results showing that an
underlying mechanism for the red shi of the v(C^O) mode is
a weakening of the C^O bond via enhanced back-bonding of
the Pt–CO bond upon the adsorption of additional CO mole-
cules. Likewise, weakening of the Pt–CO bond under the more
oxidised conditions (i.e., due to less back-bonding) yields
a shortening of the C^O bond, which gives rise to a blue shi of
the CO stretching mode. The calculated Pt–C and C^O bond
lengths also qualitatively support these trends (ESI, Table S2†).
These results indicate that formation of surface oxide on the
terrace sites of a Pt NPs surface is necessary to have a chemically
active phase during CO oxidation. The probed intriguing
phenomenon would affect controlling catalytic reactivity on the
Pt nanocatalysts surfaces.
4. Conclusions

In summary, we reveal the apparent formation of surface oxide
on SiO2-supported Pt nanocatalyst surfaces under CO oxidation
conditions by in situ investigations employing a DRIFTS tech-
nique. The probed vibrational frequency changes for the
v(C^O)mode on the prepared Pt/SiO2 catalysts surface could be
sensitively inuenced by the adsorbed molecules chemical
binding compositions of nearest-neighbourhood Pt atoms.
Under the CO oxidation condition, peak position of the v(C^O)
mode is abruptly blue shied because of the formation of an
ultrathin oxide layer on the reduced Pt nanocatalyst's surface
just below the ignition temperature. This process occurs grad-
ually with the site-specic chemical binding replacements
between CO and O on the Pt atoms at an elevated temperature.
Otherwise, the O2-pretreated Pt/SiO2 catalysts do not show
a similar trend in the process because they have chemically
inactive Pt oxides (i.e., multi-layered PtO and PtO2) rather than
a surface oxide that already fully covers the Pt nanocatalyst
surfaces. DFT calculations suggest reasonable results showing
a similar trend of experimental observations where a vibrational
45008 | RSC Adv., 2017, 7, 45003–45009
frequency change in the v(C^O) mode is dependent on the
relative atomic fractions of CO and O on the Pt nanocatalyst
surfaces. This is inferred to be a key role for the oxide layer in
the catalytic activity for CO oxidation, and these investigations
provide strong evidence for the existence of the surface oxide as
an active species in catalysis.
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