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ABSTRACT: This review paper discusses the in situ surface
characterization and catalytic measurements of colloidally
synthesized model metal nanoparticle (NP) catalysts studied
in the Somorjai lab. Sum Frequency Generation (SFG)
vibrational spectroscopy technique revealed the vibrational
signatures of binding geometry and surface orientation of
adsorbate molecules by probing the immediate surface structure
during the catalytic reactions. Metal surfaces were studied by
Synchrotron-based spectroscopic techniques at the Advanced
Light Source in the Lawrence Berkeley National Laboratory.
Ambient Pressure X-ray Photoelectron Spectroscopy (APXPS) was employed to measure chemical and elemental structure of
bimetallic NP catalysts under the catalytically relevant pressures in the Torr range. Surface chemical structure (i.e., oxidation
states) of metals was obtained by X-ray Absorption Fine Structure Spectroscopy by constructing a gas flow cell that operates
under atmospheric pressures as the reaction occurs. Environmental Transmission Electron Microscopy (E-TEM) supplemented
the bimetallic structure that was obtained by X-ray spectroscopies. The morphology and chemistry induced by gas reactants on
the stepped single crystal surfaces as determined by high-pressure in situ Scanning Tunneling Microscopy (HPSTM) and APXPS
were also described.

KEYWORDS: colloidal nanoparticle catalysts, in situ surface probes, surface sum frequency generation vibrational spectroscopy,
ambient pressure x-ray photoelectron spectroscopy, near edge x-ray absorption fine structure, oxidation states, elemental composition,
catalytic reactivity measurements

■ INTRODUCTION

In heterogeneous catalysis, metal and/or metal oxide particles
with sizes usually in the nanoscale are employed to catalyze
reactions in the gas or liquid phases. These nanoparticle (NP)
catalysts are now synthesized using colloidal routes with an
atomic level control of the particle size and architecture,
crystallographic orientation, morphologic shape, and elemental
and chemical composition on the surface and in the bulk.1,2 It
has been demonstrated that the surfaces of colloidally fabricated
NPs are dynamic and change under the reactive gas
atmospheres.3−5 In many respects, this behavior is similar to
observations from single crystal surfaces.6,7 Hence, in situ and
operando studies in catalysis are essential for a thorough
understanding of catalytic processes and the relationships
between NP surface structure and reactivity.8,9

Over the past 15 years, our group has contributed to the
fundamental understanding of catalytic reactivity of colloidal
NPs at the molecular level. Systematic and comprehensive
studies have identified seven molecular factors that impact
catalytic properties. These include reaction intermediates,
reactant mobility, particle size, composition, crystallographic
shape, oxidation state, and metal−support interaction.

The available experimental results indicate that surfaces
undergo chemical and structural changes during catalytic
reactions. As a result, pre- and post-catalytic characterization
provides little molecular insight into the mechanistic, dynamic,
and kinetic aspects of catalytic processes. Hence, the use of in
situ surface techniques is of fundamental importance in the
development of a corroborating and unifying picture of surface
chemistry and catalysis.

A. In Situ Tools of Surface Chemistry and Catalysis.
1. Surface Sum Frequency Generation Vibrational Spectros-
copy (SFGVS) for Studying Metal-Adsorbate Bonding and
Orientation. Surface ensemble and surface composition are
essential to the fundamental understanding of surface reactivity
of mono- and multicomponent metal NP catalysts. Polarization
modulation infrared reflectance vibrational spectroscopy10 and
Sum Frequency Generation (SFG) vibrational spectroscopy11
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are surface-sensitive techniques that can be used to probe the
ensemble of surface atoms.12−18

SFG allows organic species on the surface of catalysts to be
monitored under catalytically relevant operating conditions.19,20

In a typical experiment (Figure 1), infrared and visible beams

with 20 ps pulse widths are spatially and temporally overlapped
as the reactant adsorbs onto the sample. Information gained
with SFG, like the presence of methyl and methylene
vibrational bands, is often comparable to other forms of
vibrational spectroscopy (including infrared and Raman).
However, SFG is entirely interface selective, which makes it
ideal for studying catalysis (Figure 1b). Because SFG is a
coherent second order optical process, only vibrational modes
with a net orientation perpendicular to the surface will produce
signal. Disordered vibrations, which often appear in bulk media,
cancel and do not contribute to the SFG signal. SFG spectra
also reflect how organic molecules arrange on the surface
because the relative contribution of symmetric and asymmetric
stretches change based on the geometry of the adsorbate. For
example, the relative intensities of CH2(s)/CH2(a) and
CH3(s)/CH3(a) were used previously to determine whether
adsorbed hexyl species were lying flat or standing upright on
Pt(111).21

2. Ambient Pressure X-ray Photoelectron Spectroscopy
(APXPS) for Evaluating Chemical Composition and Oxida-
tion States. Photoelectron spectroscopies featuring the energy
tunable high flux of synchrotron radiation and the short mean
free paths (in the order of nanometers) of electrons in a solid
provide the necessary tools for studying surface chemical
composition and oxidation states of NP catalysts (Figures 2a
and 2b). X-ray Photoelectron Spectroscopy (XPS), which is
conventionally an ultrahigh vacuum technique, can be used
with ambient reactive gases in the low Torr pressure regime by
using a differentially pumped stage that separates the gas
atmosphere from the electron energy analyzer (e.g., Beamline
9.3.2 at the Advanced Light Source (ALS) at the Lawrence
Berkeley National Laboratory (Figure 2c)).22,23 With this
configuration, elemental composition and redox states of the
surface and subsurface regions of NP catalyst regions can be

evaluated under catalytically relevant reaction pressures. Using
this tool, reaction kinetics can be correlated to surface
composition and oxidation states under catalytically relevant
atmospheres.

3. In Situ near Edge X-ray Absorption Fine Structure
(NEXAFS) Spectroscopy for Investigating Oxidation States.
Synchrotron-based X-ray Absorption Spectroscopy (XAS) also
features the means to study the near surface regions of NP
catalysts under atmospheric pressures and at elevated temper-
atures. Near Edge X-ray Absorption Fine Structure (NEXAFS)
spectroscopy informs about the oxidation states of transition
metals by detecting X-ray fluorescence from electron relaxation
following the core level electron excitation and/or electrons
compensating emitted Auger electrons (Figure 3a). In the latter
case, the electron flow from electrical ground is measured; this
is unlike detection in X-ray photoelectron spectroscopy (XPS)
in which free photoelectrons are detected in vacuum. NEXAFS
spectroscopy measures the immediate vicinity (10−50 eV) of
the absorption edge and gives element specific chemical
information. The technique is very sensitive to oxidation states
for the L-edge absorption of the first and second row transition
metals using soft X-rays (400−3000 eV).24,25 Soft X-ray based
NEXAFS is surface sensitive in the electron detection mode
with probing depths in the order of a few nanometers, (∼2 nm
for first row transition metals like Co);26 whereas, fluorescence
detection is limited to the penetration depth of absorbed X-rays
(typically about 300 nm with soft X-rays). On the other hand,
X-ray cross sections are larger with electron yield signals
compared to the fluorescence yield signals for the L-edge
absorption of first row transition metals, as shown for Co L-
edge in Figure 3b. Fluorescence yield becomes surface sensitive

Figure 1. (a) Energetic excitation diagram for sum frequency
generation. (b) Representative SFG vibrational spectrum of ethylene
hydrogenation on cubooctahedral Pt NPs. The peak at 2870 cm−1

indicates ethylidyne. (c) Experimental schematic and (d) picture of
SFGVS flow reactor setup.

Figure 2. (a) X-ray induced photoelectron (XP) ejection of core level
electrons into vacuum can be used to identify the chemical
composition of a material. Representative XP spectrum at the Pd 3d
core levels of bimetallic PdRh nanoparticles under CO oxidation
reaction and (b) at 200 °C. (c) Schematic of ambient pressure XPS
setup at the Beamline 9.3.2 of the Advanced Light Source at the
Lawrence Berkeley National Laboratory.
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for small and ultrasmall NPs where the bulk to surface ratio
approaches one.27 Thus, both the surface and the bulk of
transition metal NPs can be simultaneously monitored with
NEXAFS spectroscopy in the soft X-rays regime.
NEXAFS spectroscopy using soft X-rays is limited to gas

pressures of a few bars above atmospheric owing to signal
attenuation by absorption in the gas phase (as depicted by the
picture in Figure 3c). Furthermore, XAS requires an in situ
reaction cell with X-ray permeable thin membranes; typically
100−200 nm thick Si3N4 for soft X-rays and 1 μm thick Si3N4
windows (or quartz, Kapton, Mylar or Be) for hard X-rays to
hold against the large differential pressures.
4. Environmental and in Situ Transmission Electron

Microscopy (E-TEM) for Composition and Morphology
Analysis. Electron microscopy techniques employing an in
situ reaction holder28 or environmental cell29 uniquely provide
the dynamics concerning the particle size, shape and
morphology at the single particle level under static or flowing
reactive gas pressures.30 Z-contrast imaging obtained by the
annular dark field technique in the scanning mode and/or
diffraction imaging in the transmission mode can distinguish
between the metal components of an alloy NP and thus help to
map out elemental composition across a single particle under
reaction conditions.
This review paper focuses on the in situ characterization of

colloidal NP films and supported catalysts coupled to the
catalytic measurements reported recently from our lab. In the
first part, in situ reaction and surface probe studies employing
SFG will be discussed. The second part will discuss the in situ
elemental and chemical composition analysis of NP catalysts
employing Synchrotron-based spectroscopic techniques and
Environmental Transmission Electron Microscopy (E-TEM).
Also in the second part, the break-up of Pt(557) stepped crystal
surface and the oxidation of Pt(110) crystal surface induced by
redox gases in Torr pressure regimes will be described and
discussed in relation to what is expected for the behavior of
colloidal metal NPs.

B. Nature of Surface Metal-Adsorbate Interactions of
Colloidal Metal NPs. Beginning in the mid-1990s we initiated
SFG studies to monitor processes on catalytic surfaces. Early
work focused exclusively on perfect single crystals including
Pt(111), Pt(100), and Rh(111), and model reactions like CO
adsorption,31 ethylene hydrogenation32 and cyclohexene hydro-
genation.33 The cyclohexene hydrogenation reaction is
particularly well suited for SFG studies because the three
most common chemisorbed intermediates, 1,4-cyclohexadiene,
1,3-cyclohexadiene, and the π-allyl geometry of cyclohexene,
can be distinguished from one another in the range of aliphatic
vibrations (2700−3000 cm−1). For this reason, the adsorption
and hydrogenation of cyclohexene is very well documented by
SFG on Pt single crystals.33−37

1. Reaction Intermediates Studied by SFGVS. More
recently, our focus has shifted from single crystals to size-
and shape-controlled NPs made by colloidal synthesis method-
ologies.38 Already, several studies have documented the impact
of size on reaction selectivity in the range of 1−5 nm Pt.39,40

However, a major hurdle presented by colloidal particles is the
organic capping agent. The experimental protocols developed
to clean single crystals, such as sputtering and annealing, cannot
be applied to NPs because the treatments destroy the cap and
cause sintering of the NPs. With untreated NPs, strong features
from the organic capping mask the features of the reactive
intermediates in the SFG spectra. Cap removal with UV light
was proposed as a way to reduce the SFG signal from the
capping agent. Using this method, reactive intermediates of
dimethyl and methyl furan were identified on 7 nm Pt cubes
and correlated to reaction selectivity.41

Across the temperature range of 40−120 °C, cracking
products (alcohols) dominated with respect to tetra- and
dihydrofuranic species for both dimethyl and methyl furan
hydrogenation. SFG spectra with the proposed reaction
intermediates are shown in Figure 4. The appearance of
symmetric and asymmetric CH2/CH3 peaks in the spectra
suggests that the reaction intermediates have their O bound to
Pt, which corroborates the selectivity preference for cracking at
high temperatures (C−O bond scission). For dimethyl furan,
uncracked hydrogenation products (dihydrodimethyl furan and
tetrahydrodimethyl furan) are observed at lower temperatures,
and the ring-structure is expected to be lying parallel to the
surface.

2. Removal/Disordering of Organic Capping Agent
Studied by SFGVS. UV cleaning effectively removes PVP and
increases available active sites by a factor of 10.42 However, UV
cleaning to study NPs with SFG has two limitations. First, Pt-
PVP NPs are considerably more prone to aggregation under
reaction conditions once PVP is removed. Second, residual C
fragments persist even after long UV treatments.43 Residual
fragments of PVP can impact reaction pathways. This was
observed for cyclohexene hydrogenation on 4 nm Pt-PVP
(Figure 5c). Following UV treatment, two intermediates (1,3-
cyclohexadiene and the π-allyl geometry of cyclohexene) are
observed, while they are not observed on lightly UV treated Pt-
PVP or on the Pt(111) single crystal treated with similar
reaction conditions.36

Recent work has shown that signal associated with PVP can
be removed from the SFG spectra through molecular
disordering via H2 as opposed to complete cap removal.42

Figure 5a shows 4 nm Pt-PVP under Ar (top) and then under
200 Torr of H2 (bottom). Under H2, there is a ∼90% decrease
in signal that originates from PVP. The disordering/molecular

Figure 3. (a) Depictions of X-ray absorption inducing core level
electron excitation using near edge X-ray absorption fine structure
(NEXAFS) spectroscopy. (b) Representative NEXAFS spectra
(electron yield and fluorescence) at the Co L edge of pure Co
nanoparticles under 1 atm H2 and at 200 °C. (c) Schematics of in situ
gas flow cell purposely built for NEXAFS at the beamline 7.0.1 at the
Advanced Light Source (reprinted with permission from ref 68,
copyright 2011 American Chemical Society).

ACS Catalysis Perspective

dx.doi.org/10.1021/cs3004903 | ACS Catal. 2012, 2, 2250−22582252



reorientation effect was found to be reversible, and the 1,4-
cyclohexadiene intermediate observed on Pt(111) was also
identified on PVP capped 4 nm Pt NPs.36 In addition, since
PVP is left intact, the particles are stable under most
hydrogenation reaction conditions (up to at least 200 °C).
Performing SFG with PVP intact is particularly advantageous
because most size-controlled kinetic studies of Pt-PVP particles
do not use aggressive cap removal.44−46 In this way, SFG can be
used to correlate the selectivity changes with changes in the
reactive intermediates.
C. Reaction-Induced Surface Dynamics and the

Impact on Catalysis. The oxidation state of a catalyst has a
critical role over the activity and selectivity to various products
in catalytic reactions.27,47−49 Both theoretical and experimental
studies over the past decade have shown that the oxidation state
of an active catalyst can vary by introducing reducing or
oxidizing environments or even because of the presence of
another metal. The addition of another metal may impact the
number of nearest neighbor metal atoms, the electronic state of
the metal,50,51 and the particle size and morphology.52−58

Variations in these properties cause catalysts to have different
susceptibilities for oxidation and reduction. Since the oxidation
state is sensitive to the chemical environment and reaction
temperature and pressure, understanding the properties of

catalysts using in situ or operando methods is imperative for
understanding catalysts operating under reaction conditions.

1. Monometallic Systems. (a). In Situ NEXAFS Spectrosco-
py Study of Heterogeneous Catalysts in a Homogeneous
Environment. The correlation between the oxidation state of
metallic NPs and their catalytic reactivity toward homogeneous
reactions in the liquid phase were studied by XAS at beamline
10.3.2 at the ALS.59 We found that by controlling and
modifying the oxidation state of 40 metal atom, dendrimer-
encapsulated, Pt and Pd clusters with a diameter of ∼1 nm, the
metallic clusters can be activated toward electrophilic hydro-
alkoxylation reactions (Figure 6).59,60 Dendrimer encapsulated
metallic NPs loaded on mesoporous silica supports showed
high catalytic reactivity, following oxidation by PhICl2, for a
variety of π-bond activated reactions that were previously
known to be solely catalyzed by homogeneous catalysts.
While no catalytic reactivity was obtained when using the

reduced dendrimer-encapsulated metallic NPs, high reactivity
was measured when the metallic NPs were oxidized by an
organic oxidizer, PhICl2, using toluene as a solvent. To

Figure 4. (a) Methyl furan hydrogenation and (b) dimethyl furan
hydrogenation on 7 nm Pt-PVP cubes following UV cleaning. A
reaction mixture of 10/100 Torr (di)methyl furan/H2 with Ar fill was
used for all experiments (reprinted with permission from ref 41,
copyright 2011 American Chemical Society). Figure 5. (a) 4 nm Pt-PVP exposed to 760 Torr Ar (top) and 200

Torr H2 with 560 Torr Ar (bottom). (b) 4 nm Pt-PVP exposed first to
200 Torr H2 with 560 Torr Ar (bottom) then to 10 Torr cyclohexene
(C6H10) with 200 Torr H2 and 560 Torr Ar (top). (c) 4 nm Pt-PVP
following 180 min UV cleaning exposed to identical conditions as (b)
(reprinted with permission from ref 42, copyright 2012 American
Chemical Society).
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elucidate the true nature of the active catalyst, the supported
dendrimer-encapsulated Pt NPs were studied with in situ
NEXAFS spectroscopy. NEXAFS analysis indicated that about
25% of the Pt atoms in the catalytically active, oxidized clusters
were Pt(IV) and about 50% of the Pt atoms stayed in their
reduced state, Pt(0) (Figure 6b). During the course of reaction
with ∼70% completion, metallic Pt(0) remained at about 50%
whereas the percentage of Pt(IV) went to 10% at the expense
of Pt(II) formation. For a control experiment, no Pt(IV)
species was detected ex situ following the reduction of the
supported catalyst by exposure to H2. Furthermore, the reduced
catalyst was found inactive toward the π-activation reaction,
which indicated that the Pt(IV) species were the catalytically
active species in this system.
The coordination number of the Pt atoms under reduced and

oxidized conditions was analyzed by ex situ EXAFS measure-
ments. Oxidation of the catalyst, using PhICl2 as an oxidizer, led
to a decrease in the Pt−Pt coordination number from five to
one; whereas, the coordination number of Pt−Cl was increased
from zero to two. These results indicate fragmentation of Pt
clusters and that the highly oxidized Pt was coordinated to the
negatively charged Cl− ions.

The XAS results indicate that the active species for π-
activation reactions in dendrimer encapsulated Pt NPs is the
Pt(IV) species, stabilized by Cl− ions. By repeating the
reduction and oxidation procedure, the percentage of highly
oxidized Pt(IV) and the coordination number of Pt−Cl were
increased concomitantly with the reaction rate. The reversibility
of the oxidation−reduction cycles demonstrates the stability of
the heterogeneous dendrimer-encapsulated Pt NP catalyst
under different conditions. The demonstrated behavior also
excludes the possibility of any leaching of metal ions to the
solution phase following the oxidation−reduction cycles.

(b). APXPS Study of Size Effect of Rh NPs for CO
Oxidation. The particle size of nanoparticle catalysts has
been shown to have a dominant effect on catalytic activity. For
example, in CO oxidation small Pd particles are most active,53

whereas the opposite was true for Pt.7 In our lab, we studied the
size effect for Rh catalysts in CO oxidation.61 At a constant
temperature of 200 °C, the turnover frequency (TOF) to CO2
increases 5-fold as the particle diameter decreases from 11 to 2
nm with a reduction in the activation barrier from 27.9 to 10
kcal/mol. To understand the role of the oxidation state of Rh,
we used in situ APXPS at Beamline 11.0.2 at the ALS.
Following initial oxidation at 200 °C, the high binding
shoulders at 308.2 and 309.4 eV of the Rh 3d5/2 peak indicated
that the 2 nm particles were more oxidized with 70% Rh3+

compared to the 7 nm particles with 54% Rh3+. Following the
oxidation treatments, the samples were monitored at 150 and
200 °C with 200 mTorr of CO and 500 mTorr O2 (Figure 7).

Both samples were reduced under reactions conditions and
exhibited 67% Rh3+ and 25% Rh3+ for the 2 and 7 nm particles,
respectively. During CO oxidation, the O 1s peak was also
monitored. A low binding energy peak at 529.5 eV was
observed under reaction conditions, while the shoulder was not
observed when heating in O2. This suggests that a distinct
“reactive oxide” is stabilized by CO or another reaction
intermediate. This stable reactive oxide on the 2 nm particles is
believed to be the active site that contributes to the 5-fold
enhancement of the TOF.

(c). HPSTM Study of Break-up and Clustering of Pt(557)
Stepped Crystal Surfaces. Not only does the presence of gas
reactants alter the oxidation states of catalyst surface species,
the morphology of catalyst surfaces also undergo significant

Figure 6. (a) Reaction scheme for the electrophilic hydroxylation over
∼1 nm dendrimer-capped Pt NPs. (b) Percentage of Pt species
obtained in situ using quick NEXAFS and (c) NEXAFS spectra of the
sample dendrimer-capped Pt NPs and various reference standards
used for the least-squares fitting procedure in (b) (reprinted with
permission from ref 59, copyright 2011 American Chemical Society).

Figure 7. Representative APXPS Rh 3d spectra of (a) 2 nm and (b) 7
nm Rh NP films under 200 mTorr CO with 500 mTorr O2 at 200 °C.
(c) Turnover rates relative to Rh foil (left axis), and the activation
energies (right axis) as a function of particle sizes in the 2−11 nm
range over the Rh NP films (reprinted with permission from ref 61,
copyright 2008 John Wiley and Sons).
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changes as a result of adsorbate−substrate interaction. Scanning
tunneling microscopy (STM) has advanced the exploration of
the local electronic and morphologic structure changes of
catalysts owing to the technique’s distinct capability of imaging
surfaces at the nanometer scale. With the development of high-
pressure STM, our group has been investigating the catalyst
surface structures under ambient conditions for almost two
decades.62,63

Recently we have focused on the structural changes of
stepped single crystal surfaces as a model for catalysts in high-
pressure STM experiments. Stepped metal single crystals are
able to mimic the real NP catalysts because of the high
concentration of low-coordinated step sites on the surfaces.
The Pt(557) consists of terraces with 6 rows of (111)-type sites
and monatomic (100)-type steps, with the average terrace
width being 1.4 nm between steps (Figure 8). When the

Pt(557) was exposed to 1 Torr of CO, the steps rearranged
into triangular clusters with sizes of ∼2.2 nm.64 When CO
approaches monolayer coverage on Pt(557) at 1 Torr, the
strong repulsion between CO molecules drives the Pt atoms
away from steps, and therefore, causes the appearance of
clusters. The CO gas pressure plays a crucial role: no clusters
form at 10−7 Torr of CO; instead, the terrace widths and the
step heights are doubled.
In the presence of O2, Pt(557) undergoes a completely

different morphologic restructuring process. An overlayer of
clusters of approximately 1 nm in diameter cover the Pt(557)
surface under a two-hour exposure to O2.

65 These clusters were
identified as surface Pt oxide by APXPS, which indicates an
oxidation state change accompanying the morphology change
(this was also the case for Pt(110)).66 As a result, high-pressure
STM studies on the stepped metal single crystals provide
valuable information regarding the surface structure and

morphology changes at low-coordinated sites. This information
is critical in understanding the performance of real NP catalysts.
For bi- and multi- metallic NP catalysts, the particle

architecture becomes increasingly complex,67 and geometric
arrangement of atoms on the surface (i.e., surface ensemble)
becomes an important factor. In general, particle architecture
impacts surface reactivity via geometric (i.e., ensemble) and/or
electronic (i.e., “ligand”) effects. Although a thorough and
independent assessment of surface “ensemble” and “ligand”
effects are difficult to make, the elemental composition on the
immediate surface and in the near surface regions can be
measured and correlated to surface activity and selectivity of
heterogeneous catalytic reactions. By employing in situ surface
techniques, we have recently applied this approach to model
reactions in heterogeneous catalysis to address some of the
most fundamental questions of surface reactivity.

2. Bimetallic Systems. (a). In Situ NEXAFS Spectroscopy
Study of Correlation between Oxidized Co and the TOF of
CO Oxidation Using Bimetallic CoPt NP Catalysts. A catalyst’s
susceptibility toward oxidation and reduction is another
important metric for the efficacy of a catalyst. In situ NEXAFS
was used to study the influence of Pt−Co alloy NPs.68,69 In a
reducing atmosphere of 1 bar H2 at 250 °C, 4 nm Co NPs
remain oxidized; whereas, 4 nm CoPt NPs were completely
reduced at 1 bar H2 and 125 °C. Figure 9 compares the

NEXAFS Co L-edge spectra of CoPt and Co, which were taken
at Beamline 7.0.1 at the ALS. In a He atmosphere at room
temperature, both Co and CoPt NPs are oxidized. The
shoulders located above and below the main Co feature at
778.6 eV are characteristics of oxidized Co. Following
reduction, the Co was reoxidized and the ratio of Co0, Co2+,
and Co3+ was monitored. Reintroduction of 0.0048 Torr O2
resulted in the preferential growth of Co2+ and the reduction of
Co0. As the pressure was increased to 36.2 Torr, Co3+ appears
for both Co and CoPt; however, the Co NPs have a much
larger oxidized fraction, whereby the Co3+ is formed at the
expense of Co2+.
In a follow-up NEXAFS study, the TOF of CO oxidation was

found to directly correlate with the fraction of oxidized Co in
CoPt NPs and the overall pressure of O2:CO (Figure 10).10

With an O2:CO ratio of 1.4:1 and total pressures ranging from
0.01−100 Torr, the TOF increased by a factor of 10 (blue line -
left axis) and the fraction of oxidized Co increased from zero to
one (red line - right axis). Significantly, we found hysteresis for
the Co oxidation state and TOF as the pressure was reduced.

Figure 8. STM pictures of the stepped Pt(557) single crystal surfaces
under UHV and various CO (or O2) partial pressures. A plot of
surface coverage, derived from AP-XPS Pt 4f and C 1s (or O 1s)
spectra, is shown as a function of CO (or O2) partial pressure
(reprinted with permissions from ref 64, copyright 2010 American
Association for the Advancement of Science; and ref 65, copyright
2012 American Chemical Society).

Figure 9. NEXAFS Co-L edge spectra of pure Co and bimetallic PtCo
NP films under 1 bar H2 and at 125 °C (reprinted with permission
from ref 68, copyright 2011 American Chemical Society).
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This suggests that the CO:O2 atmosphere induces a stable
oxide phase concomitant with a phase segregation of the active
Co oxide to the surface (as discussed in Elemental
Composition section). These results indicate that the presence
of oxidized Co controls the activity of oxidation reactions.
(b). APXPS Study of Bifunctional Catalysis Coupled to

Oxide Chemistry with Bimetallic CoPt NP Catalysts. Oxyphilic
metals incorporated into bimetallic alloy NPs invoke a
bifunctional reaction mechanism,70 where metal and metal
oxide components activate different reactants. This phenom-
enon has been explored with 4 nm bimetallic PtCo alloy
particles that have 50:50 bulk compositions. Three different
photon energies were used to probe different layers of surface
and subsurface regions.69

Depth profile analysis was carried out at 125 °C with H2
(reducing atmosphere) and a 2:5 CO/O2 reaction environment
(oxidizing atmosphere). In a 100 mTorr H2 reaction environ-
ment the 6 Å deep surface regions were found to be Pt-rich,
whereas subsurface regions below the 6 Å region were depleted
of Pt. Under a net oxidizing CO/O2 reaction atmosphere,
however, Co segregated to surface and formed predominantly
metallic Co at 100 mTorr total pressures and oxides at 800
mTorr total pressures (Figure 11). For the CO/O2 reaction at
low mTorr partial pressures, pre-reduced alloy catalysts with Pt-
rich surfaces were less active than the recycled catalyst with
CoOx rich surfaces. The behavior indicates that CoOx coupled
with Pt enhance reaction turnover (Figure 10).
(c). E-TEM Investigation of Bimetallic CoPt NP Catalysts

under Reducing Gas Atmospheres. PtCo NPs of 11 nm
diameter were also studied using E-TEM.71 As-synthesized NPs
measured in UHV conditions at 22 °C feature alloy
architectures with random homogeneous distributions of
individual atoms (Figure 12a). Under 100 mTorr H2 and 250
°C, Pt segregates to surface regions and Co enriches the
subsurface regions. Ex situ bright field (Figure 12b) and in situ
dark field (Figures 12c and d) studies of smaller 4 nm CoPt
NPs show corroborating evidence of the segregation. For the
CO2/H2 reaction at 250 °C, with a 3:1 excess of H2 at 5.5 bar,
bimetallic PtCo NPs supported in mesoporous silica behaved
Pt-like and produced CO with 99.9% selectivity via partial
reduction of CO2. However, under identical reaction conditions
10 nm pure Co NPs produced 30% CH4.

■ CONCLUSIONS AND FUTURE DIRECTIONS
Well-defined model metal NP catalysts were studied in our lab
by combining kinetic measurements with in situ surface
spectroscopic and microscopic techniques operating under
the identical conditions of catalytic reactions. Surface vibra-
tional spectroscopy by SFG permits us to corroborate the
results on the atomically clean surfaces of single crystals and
(organic) capped NP surfaces under atmospheric pressures.
While surface vibrational spectroscopy uncovers the steady-

Figure 10. Turnover rates (left axis) and the fraction of oxidized Con+

(right axis) as a function of O2 partial pressures over the 4 nm PtCo
NP films during the oxidation of CO. Depictions of the reaction-driven
restructuring of bimetallic PtCo NPs (reprinted with permission from
ref 69, copyright 2012 Elsevier).

Figure 11. Normalized Pt 4f intensity at photon energies of 250, 350,
and 630 eV that measure the composition of the 5, 7, and 11 Ǻ
topmost surface, respectively, under 100 mTorr H2 (top) and 800
mTorr CO+O2 (bottom) and at 125 °C. Illustrations of a 1/4 cross-
section of a model spherical cluster based on the APXPS spectra. Pt
atoms are shown in red, Co in blue and O in green (reprinted with
permission from ref 69, copyright 2012 Elsevier).

Figure 12. (a) Annular dark field image and STEM/EDS linescan at
the Pt-L (red) and Co−K (blue) edges, and (b) bright field image
taken under UHV. (c) E-TEM annular dark field images taken under
100 mTorr H2 and at 250 °C, unprocessed and processed with color-
codes, bright band on the surface and spot in the core, and (d) dark
band in the subsurface, indicating Pt enrichment (red) and depletion
(blue), respectively, in these regions (reprinted with permission from
ref 71, copyright 2011 Springer).
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state surface structure, Synchrotron-based spectroscopic tools
such as APXPS and in situ NEXAFS spectroscopy demonstrate
that metal surfaces are dynamic in nature, and evolve to various
equilibrium states as the catalytic reaction occurs. Hence,
systematic in situ studies probing such surface dynamics are key
to developing a universal understanding of the surface
chemistry at the atomic and molecular levels in relation to
heterogeneous catalysis.
Studies of catalysts under industrially relevant conditions are

one of the major challenges in surface chemistry. Thus,
continued development of instruments and experimental
designs are an important task. Development of these tools for
studies of solid−solid and solid−liquid interfaces will become
more prevalent. For example solid−solid interfaces are present
in multifunctional catalysts and in systems where metal−
support interactions take place. Measurements of solid−liquid
interfaces are important for understanding the heterogenizing
of homogeneous catalysts and for energy applications such as
lithium battery technologies and biological membranes.
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