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Abstract Synchrotron-based ambient pressure X-ray

photoelectron spectroscopy (APXPS) is an important

in situ chemical probe in the toolbox of chemists and

materials engineers. It uniquely aids in the investigation of

the surfaces and interfaces of complex systems under

dynamic environments, such as catalysts operating at the

solid/gas interface. Nanoparticles (NPs) produced via col-

loidal chemistry offer the advantage of narrow particle

distributions in APXPS studies of catalysts. They provide a

narrow distribution in size, shape and composition of cat-

alysts, which provide a closer correlation to actual catalysts

than single crystal models for which APXPS is extensively

employed. In this paper, some case studies of colloidaly-

made uniform nanoparticles catalysts will be outlined. The

examples will include monometallic, bimetallic and binary

oxide-metal catalysts, where APXPS is used in different

reactive atmospheres and during catalytic reactions. First,

in situ CO oxidation studies of monometallic Rh NPs in the

2–7 nm range will be discussed. Next, APXPS studies of

bimetallic NPs with size and composition control will be

illustrated. NO-induced reversible core/shell restructuring

of bimetallic PdRh NPs and gas-driven irreversible surface

segregation of Cu in bimetallic CoCu NPs will be

explained. To further illustrate the utility of the technique,

APXPS and catalytic measurements carried out in parallel

and under identical conditions will be described over

bimetallic AuPd and CoPt NPs, during catalytic oxidation

of CO. APXPS based structure–function correlations such

as composition and ensemble dependence of catalytic

activity will also be illustrated in this discussion. Finally,

binary oxide-metal catalysts will be exemplified in APXPS

studies of CeO2/Pt and TiO2/Co systems in hydrogen

reducing atmospheres and/or during catalytic hydrogena-

tion of CO2. Also, along with this idea, metal-support

interactions in the forms of metal-induced reduction of

oxide support, wetting and encapsulation of metal will be

detailed in relation to catalytic properties.

Keywords Ambient pressure X-ray photoelectron

spectroscopy � Nanoparticles � Catalyst � Bimetallic �
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1 Introduction

X-ray photoelectron spectroscopy (XPS) is widely

employed for elemental characterization, chemical speci-

ation and composition analysis of naturally occurring or

engineered materials. Laboratory use of XPS is limited to a

number of fixed or rotating anode X-ray sources such as Al

Ka and Mg Ka [1], although synchrotron facilities around

the world offer monochromatic and tunable photon ener-

gies at high fluxes. XPS is an ultra-high vacuum (UHV)

technique, due to the short mean free path (MFP) of pho-

toelectrons in matter (either gas or condensed phases).

Strictly defined by analyzer design and its instrumental

execution, photoelectrons ejected from core levels have to

travel in space (i.e. UHV) long distances in comparison

with electron MFPs in any gas pressure. In situ XPS, which

was first realized using laboratory X-ray sources in the

1970s [2], overcame the problem of gas pressure by using

an ambient pressure cell (i.e. vacuum chamber) separated

from the analyzer, yet connected via a small aperture cone
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and differentially pumped stages. The first generation

synchrotron-based in situ XPS happened to be known as

ambient pressure XPS (APXPS), where ambient pressure is

broadly defined as pressures at and above 10 milliTorr [3].

APXPS now exists in over 10 synchrotron facilities around

the world and is also sold commercially.

APXPS has opened many new research possibilities in

surface science and catalysis [4]. Studies of single crystal

surfaces are usually limited to high vacuum conditions

(\10-7 Torr), where reaction probabilities are extremely

low, while realistic catalysts operate at atmospheric pres-

sures (15–76,000 Torr). Ambient pressure cells in APXPS

can be dosed with reactive gases (H2, O2, H2O, CO, NO,

etc.) up to *5 Torr, and therefore XPS measurements can

be performed in catalytically relevant gas pressures. By this

way, APXPS helped closing this pressure gap in catalysis.

In only the brief 10 year history of synchrotron APXPS,

the technique has revolutionized the fields of surface,

interface, colloid and catalysis science. For example,

thermochemical fluctuations in electronic and redox prop-

erties can now be monitored for near surface alloy catalysts

under reactive gas atmospheres and at elevated tempera-

tures [5, 6]; or real-time ad-layer formation and adsorbate-

induced clustering of single crystals can now be understood

in combination with microscopy (e.g. high pressure scan-

ning tunneling microscopy) [7]. It has also made way for

new possibilities in materials screening where chemical

and electronic structures of engineered nanomaterials such

as catalysts, sensors and membranes can be interrogated

under relevant environments. Even working fuel cell

environments have been created in APXPS chambers,

which has led to in situ investigation of electrocatalyst

films as electrons and ions are transferred across [8].

Catalysts employed in realistic industrial applications

are nanomaterials with non-uniform surface properties.

However, bulk materials with well-controlled surface

properties (e.g. single crystal surfaces) were in the focus of

surface science and catalysis in the past century. In an

attempt to overcome this long-existing materials gap in

catalysis, bulk single crystal and polycrystalline films gave

way to two-dimensional nanoparticles with well-defined

structures at the atomic level [9–13] (Scheme 1). Because

colloidal chemistry allows synthesis of low dimensional

nano-structures with well-controlled physical and chemical

properties, many researchers adopted colloidal synthetic

techniques and strategies. By this way, size-, shape- and

composition-controlled nanoparticles were produced; and

their structure dependent catalytic behavior were studied

for a number of processes such as oxidation of CO [14–16],

ethylene epoxidation [17], hydrogenative isomerization of

hydrocarbons [18–20], coupling reactions [21] and hydro-

genation of molecules like CO [22, 23], CO2 [24], furans

[25, 26], pyrroles [27], alkynols [28] and benzene [29, 30].

This systematic work uncovered structure-sensitive cat-

alytic behavior and trends for transition metal catalysts like

Pt, Rh, Pd, Ru and Co. Also in these studies, sum frequency

generation (SFG) vibrational spectroscopy was employed

as an in situ surface probe with detection sensitivity at sub

monolayer coverage. Combined with the catalytic reactor

measurements, SFG provided the microstructure of the

surface ad-layer for single crystals and nanoparticle films

alike, in the form of adsorbate orientation and binding

geometry [31].

It is necessary to comment on the role of capping agent

that is often employed to protect colloidal nanoparticles.

Although there are strategies established to remove cap-

ping agents, thermal treatment in O2 [32], UV/ozone

treatment [33, 34], refluxing in water [35], O2 plasma

cleaning, etc. it is often for the better to leave colloidal

nanoparticles as-synthesized. Because heat and reactive O2

gas or plasma used in such procedures are sometimes

capable of altering the size, shape, morphology or com-

position of nanoparticles [32, 36], the very factors unique

to colloidal synthesis. Furthermore, polymeric capping

agents like polyvinylpyrrolidone (PVP), which is usually

utilized in our work, weakly interact with nanoparticle

surfaces and have shown to not interfere with catalytic

activity and/or selectivity in the solid–gas interface. This

was demonstrated on Pt surfaces during hydrogenation of

furans [25] using combined SFG and catalytic measure-

ments. Partial activity losses observed for other catalytic

reactions were often attributed to the loss of available

surface due to blockage [18], and no geometric or elec-

tronic effect of capping agents has been reported to date.

However, it should be noted that phosphorous containing

capping agents like trioctyl phosphine were inhibitory

towards hydrogenation of CO2 due to possibly a surface

ensemble effect [24, 37]. Likewise, thiol-stabilized Pt and

AuPt NPs were demonstrated to exhibit promotional effects

during hydro-desulfurization reaction [38]. For this, we

have avoided the use of phosphorous by developing alter-

native synthetic procedures when possible as illustrated for

oleicacid capped Co NPs in our hydrogenation of CO2 [24].

APXPS has transformed our in situ capabilities from

probing the vibrational configuration of the topmost sur-

faces to monitoring chemically and electronically the near

surface region. Coupled to catalytic reactor measurements,

carried out in parallel, APXPS took our understanding of

metal catalysts a step forward into the atomic level

(Scheme 1). This review will discuss case examples of our

APXPS studies combined with other techniques such as

transmission electron microscopy (TEM) and in situ X-ray

absorption spectroscopy (XAS). First, the case of

monometallic catalysts will be illustrated where size-con-

trolled Rh NPs were characterized with APXPS during

catalytic oxidation of CO. Next, bimetallic systems will be
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discussed, focusing on composition-controlled bimetallic

NPs of PdRh, CoCu, AuPd and CoPt, examined under

reactive gas atmospheres or CO ? O2 reaction conditions

using APXPS. Reversible restructuring of bimetallic PdRh

NPs and irreversible segregation of bimetallic CoCu NPs

will be first illustrated. Composition-activity correlations

will then be explained over bimetallic AuPd and CoPt NPs.

Finally, two binary oxide-metal catalysts, CeO2/Pt and

TiO2/Co will be shown as exemplary cases of APXPS

probing of metal-support interactions.

2 APXPS Studies on Monometallic NP Catalysts

It is often true that catalytic behavior of nanoparticles is

governed by their structural properties at the molecular

level. For monometallic nanoparticles, catalysts in the

simplest configurational form, the relevant molecular fac-

tors are particle size and crystallographic shape, which are

both strongly correlated. Particle size indirectly determines

oxidizability (or reducibility) of the metal in reactive

atmospheres [39], and also the coordination number or

facets (Scheme 2). Oxidation states are usually obtained

using X-ray photoelectron spectroscopy (XPS) operating in

ultra-high vacuum. Crystal structure interrogation requires

imaging techniques like TEM at the single particle level.

Combining XPS with TEM is usually useful to distinguish

between chemical and crystallographic manifestations of

particle size, as well as to monitor potential particle size

sintering during catalytic reactions. Also in these lines,

mathematical algorithms of Hartog and van der Haldeverd

can be employed to determine coordination number on the

surface for given particle size and crystal symmetry [40],

while geometrical models using the Wulff construction can

help in predicting the initial equilibrium morphology [41].

Then, XPS could be solely employed to monitor changes in

oxidation state for monometallic catalysts providing that

particle sizes vary only marginally throughout the system

of interest. Narrow particle size distributions (2–10 %)

obtainable by colloidal chemistry renders XPS-led struc-

ture–function correlations of catalysts possible. Hence,

XPS offers a technical means of understanding and con-

trolling surface chemistry and catalysis. This aspect of

synchrotron-based APXPS is clearly exemplified in a study

of the size-controlled Rh NPs.

2.1 Size-Dependent CO Oxidation Rates

for Monometallic Rh NP Catalysts

In this work, size-uniform Rh NPs were synthetically

produced in the 2–11 nm size range, and studied during

catalytic oxidation of CO [15]. APXPS was performed

using 510 eV (Rh 4d) and 735 eV (O 1 s) photons over 2

and 7 nm Rh NPs, representing small and large particle

size regimes, respectively (Fig. 1). Next, Rh 4d5/2 and O

1 s core level XPS spectra were recorded under CO/O2

reaction conditions. Finally, catalytic testing was con-

ducted in parallel to the in situ XPS measurements to

determine potential structure–function correlations. It was

found that the surface of 2 nm Rh NPs were substantially

oxidized (67 %) in 0.20 Torr CO and 0.50 Torr O2,

denoted as O-rich condition, at 200 �C, while 7 nm Rh NPs

were comprised of mostly metallic Rh (75 %), as shown in

Fig. 1a. The main oxide feature at 308.2 eV was assigned

to the oxidized RhOx. O 1s spectra indicated a feature at

529.3 eV, which was attributed to the lattice oxygen of this

Scheme 1 Combined

synchrotron APXPS & catalytic

reactivity measurements for

colloidal NP catalysts
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RhOx present under the CO ? O2 atmosphere in accord

with the Rh 4d XPS. O 1 s spectra also revealed CO2 in the

gas phase, which attested to the fact that CO catalytically

reacted with O2 under the conditions (Fig. 1b). Catalyti-

cally, 2 nm Rh NPs exhibited sevenfold enhancement in

turnovers for the formation of CO2 relative to 7 nm Rh

NPs, measured in 20 Torr CO and 50 Torr O2. The

enhancement was tentatively ascribed to the oxide phase,

which was found more abundantly in the smaller Rh NPs

(Table 1).

Size-dependence of the CO ? O2 reaction was also

reported by Park and co-workers over size-controlled Ru

NPs at two uniform particle sizes: 2.8 and 6.8 nm [42]. Ru

NPs were subjected to 0.28 Torr CO ? O2 (2:5) in the

100–200 �C range, while monitoring Ru 3d (and 4p) and O

1 s APXPS spectra. It was found that 2.8 nm Ru had a

higher surface fraction of the RuO2 phase, which the

authors identified as catalytically inhibiting for the oxida-

tion of CO, than 6.8 nm Ru across the whole temperature

range studied (Table 1).

Scheme 2 Common molecular structure factors for monometallic and bimetallic nanoparticles, and oxide support-metal nanoparticle hybrids

Fig. 1 Rh 3d APXPS spectra of

7 and 2 nm Rh nanoparticle

films obtained in 0.7 Torr

CO ? O2 (2:5) atmosphere, and

at 150 �C and 200 �C (a) and O

1 s APXPS spectra measured in

0.7 Torr CO ? O2 (2:5)

atmosphere at given

temperatures (b). In b solid

curves were taken at 150 �C,

and dashed curves were taken at

and above 200 �C. Metallic and

oxidized Rh as well as lattice

oxide (i.e. RhOx) and gas phase

CO2 are indicated on the graphs.

APXPS indicated that 2 nm Rh

NPs were more prone to

oxidation in CO ? O2 in the

150–200 �C range [15]

Top Catal (2016) 59:420–438 423

123



3 APXPS Studies on Bimetallic NP Catalysts

It is a common practice in catalysis that solid solutions or

mixtures of metals are employed as catalysts to promote

catalytic activity and/or selectivity. Addition of a second

metal introduces other molecular factors such as surface

ensemble and particle architecture, which are not consid-

ered for the monometallic case, as shown in Scheme 2.

Surface ensemble determines the arrangement of metal

atoms on a unit cell basis, and has promotional or (delib-

erate) inhibitory impacts on catalysis. Particle architecture

results from the intra-particle arrangement of any two

metals, and can be considered as bulk ensemble. Likewise,

it profoundly affects catalysis through geometric and/or

electronic effects [43, 44].

Possible particle architectures are infinitely many, and

are, in principle, independent of particle size and shape.

The most common particle architectures are alloy and core/

shell (Scheme 2). Alloy particles can be constructed by an

intra-particle arrangement of metal atoms via either

ordered or random disordered fashion. The ordered alloy

particles are sometimes called intermetallic. In the case of

core/shell particles, as the name implies, one metal is

trapped inside the particle core while other metal forms

shell(s) around it. Core sizes and shell thicknesses are

variables that depend on the mixing composition of any

two metals. For one particular case of core/shell particles,

where core is covered by a single layer of shell at mono-

layer coverage, near-surface-alloy term is assumed, and

widely used [45, 46]. Both thermodynamic and kinetic

factors are in play for the establishment of surface

ensemble and particle architecture. Surface free energy and

lattice energy, also known as cohesive energy, counteract

each other to determine the thermodynamically most

stable bimetallic configuration. That is, the shell ensemble

with the lowest surface free energy and the bulk compo-

sition with the largest lattice energy. Miscibility of any two

metals is determined as a function of bulk composition, and

is predictable by thermodynamic binary phase diagrams for

a number of solid solutions. It should, however, be noted

that bimetallic nanoparticles prepared via colloidal chem-

istry are kinetically-trapped under synthetic reaction con-

ditions, and often exhibit size dependent phase behaviors

[47]. As a result, it is difficult to predict surface ensemble

or particle architecture. Furthermore, reactive gas atmo-

spheres (or liquid media) and thermal effects act upon

bimetallic nanoparticles to alter their surface properties.

This so-called chemical pumping is the source of adsor-

bate-induced restructuring of catalysts [48], and thus can be

captured in situ using APXPS.

XPS measures the composition at or near surface

regions. Mean free paths of photoelectrons reach a min-

imum of 5–7 Å in the 100–150 eV range, and run 2–3

layers down from the topmost surface. Therefore, XPS

using energy tunable synchrotron X-ray sources, allows

for depth analysis of catalysts. It is this three-dimensional

profiling that makes synchrotron APXPS such a powerful

technique in investigating bimetallic catalysts. To this

end, APXPS spectra are normalized for the photon flux

and photoelectron MFPs of the respective elements. XPS

contains the information of ensemble at near surface

regions, however, lacks the microscopic details of the

spatially-averaged ensemble. However, it is, in principle,

possible to determine particle architecture by scanning

across photoelectron energies (i.e. depth-profiling). This is

very attractive for exploring intra-particle compositional

changes of size-uniform bimetallic nanoparticles. In this

section, APXPS monitoring of the reversible core/shell

restructuring will be first illustrated over a bimetallic

PdRh (two 4d transition metals) NP system under oxi-

dizing (NO) and reducing (CO or CO ? NO) atmo-

spheres. Next, surface segregation of bimetallic CoCu

(two 3d transition metals) NP systems mediated by

hydrogen gas will be explained. Finally, AuPd (5d and 4d

transition metals) and CoPt (5d and 3d transition metals)

NP systems will be discussed to demonstrate the APXPS

technique as an in situ probe of surface composition

under catalytic CO oxidation conditions.

Table 1 Summary of the APXPS and catalytic screening studies on monometallic Rh [15] and Ru [42] NPs

Monometallic

system

Particle

sizes

evaluated

APXPS pressure &

temperature conditions

Catalytic reaction

conditions

Materials & catalytic properties correlated via APXPS

Rh 2 & 7 nm 0.28 Torr of CO ? O2 (2:5)

in the 150–200 �C range

70 Torr

CO ? O2 (2:5)

at 200 �C

Enhanced CO oxidation rates for 2 nm Rh NPs with mostly

oxidized Rh than 7 nm Rh NP with mostly metallic Rh

Ru 2.8 &

6.8 nm

0.28 Torr of CO ? O2 (2:5)

in the 150–200 �C range

70 Torr

CO ? O2 (2:5)

at 200 �C

Enhanced activity for metallic Ru (6.8 nm Ru NPs) than

oxidized Ru (2.8 nm Ru NPs)
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3.1 Reversible Surface Restructuring of Bimetallic

PdRh NPs

For the study of PdRh NP system, 10 nm nanoparticles

with nominal 50:50 compositions, denoted as Pd0.5Rh0.5,

were synthesized and screened under alternating NO and

CO atmospheres in 0.1 Torr and at 300 �C, as highlighted

in Fig. 2 [48, 49]. Photon energies were tuned such as to

give photoelectron kinetic energies of 310, 510 and

1150 eV for both Rh and Pd 4d core levels. Mean free

paths of the selected photoelectrons were *7, *11 and

*16 Å, respectively, so that different depths into particle

cores could be probed. It was found using APXPS that the

as-synthesized Pd0.5Rh05 NPs, measured in vacuum and at

25 �C, had Rh-rich surfaces ([90 % at 7 Å), while sub-

surface regions at *16 Å already had bulk composition

(i.e. 50:50), as shown in Fig. 2a. Similarly, scanning

transmission electron microscopy coupled with energy

dispersive spectroscopy, measured in vacuum and at single

particle level, indicated that Pd0.5Rh05 NPs adopted core/

shell architectures with Pd-rich cores and Rh-rich shells.

When exposed to 0.10 Torr NO at 300 �C, surface regions

remained Rh-rich, but, both metals were oxidized, with

[90 % RhOx and 70 % PdOx measured by APXPS. While

maintaining the temperature, first NO was evacuated and

then 0.1 Torr NO ? CO (1:1) was introduced to the

APXPS chamber. In 0.10 Torr NO ? CO (1:1) atmo-

sphere, Pd segregated from sub-surface regions to the

surface (i.e. 7 Å). This CO-induced segregation trans-

formed the surface to bulk composition (i.e. 50:50 alloy).

In an NO atmosphere, Rh diffused back to the surface, now

70 %, and was oxidized to RhOx (90 %). Upon switching

between NO ? CO and NO atmospheres, Rh0.5Pd0.5 NPs

were reversibly cycled between oxidized Rh-rich ([90 %)

surfaces and mostly metallic 50:50 alloy surfaces, as shown

in Fig. 2b. The observed phenomena were steadily

accounted for by the lower surface free energy of metallic

Pd relative to metallic Rh in reducing CO gas, and the

higher formation enthalpy, or temperature of sublimation,

of Rh2O3 in the strongly oxidizing NO gas. Bimetallic

RhPd NPs synthesized at different bulk compositions,

20:80 Pd-rich and 80:20 Rh-rich, exhibited similar results,

which unequivocally showed surface dynamics of

bimetallic nanoparticles in reactive gas environments.

Compared to bulk RhPd crystal, 15 nm RhPd particles

exhibited faster diffusion and higher oxidability or

reducibility of Rh in both (O2) oxidizing and (H2 and CO)

reducing atmospheres between 50 and 350 �C [50]. No

particle size dependence below 15 nm has been reported to

date. However, it was demonstrated over bimetallic

Rh0.2Pt0.8 NPs, another Rh-based bimetallic system, that

surface compositions were identical for 2.5 nm and 6.5 nm

particles in H2 or H2 ? C6H12 (5:1) atmospheres and at

360 �C [51].

3.2 Irreversible Surface Segregation of CuO

in Bimetallic CoCu NPs

Bimetallic NP systems that consist of oxyphilic metals like

Co and Cu are of general interest to hydrogenation and

combustion catalysis because of their rich oxidation–re-

duction chemistry. It is for this reason they were investi-

gated using APXPS [52, 53]. Truly bimetallic nanoparticles

of CoCu were synthesized with 50:50 compositions and

10 nm uniform sizes. For the as-synthesized Co0.5Cu0.5

NPs, conventional XPS, measured in vacuum and at 25 �C,

indicated surface enrichment (64 %) of Co. Co was found

mostly oxidized (a combination of ?2 and ?3 states with

Fig. 2 A plot of atomic fractions of Rh and Pd as a function of

photoelectron kinetic energies for the Rh0.5Pd0.5 NPs calculated from

APXPS spectra measured in vacuum and at 25 �C (a). Rh ? Pd 3d

APXPS spectra of the Rh0.5Pd0.5 NPs at 300 �C and in 0.10 Torr of

CO (green) or NO (red) overlapped on top of each other (b). Plots of

atomic fractions of elements and oxidation states in alternating NO

and NO ? CO atmospheres and at 300 �C for the Rh0.5Pd0.5 NPs (c).

In vacuum, APXPS indicated Rh enrichment on the particle surfaces.

In NO ? CO and in the 230–300 �C range, APXPS pointed to

reversible surface segregation of Pd, which reinstated the bulk

composition. In NO, oxidized Rh-rich surfaces were restored [48, 49]
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66 % excess), while Cu was mostly metallic (68 %).

STEM/EDS also indicated that individual NPs had Cu-rich

cores and Co-rich shells, similar to bimetallic PdRh NPs.

APXPS was carried out in reducing (H2) and oxidizing

(O2) atmospheres using *310 and *730 eV photoelec-

trons, probing about *8 and *12 Å of the topmost sur-

face, respectively [52]. 3p shallow core levels were

monitored for the in situ XPS studies.

For bimetallic CoCu NPs, APXPS indicated irreversible

surface diffusion of Cu and phase segregation of Co and

Cu, which is not the case in bimetallic PdRh NPs (Table 2).

It was shown in Fig. 3 that surface regions corresponding

to a MFP of 8 Å were Co-rich by 70 % in 0.10 Torr H2 and

at 450 �C, while sub-surface regions exhibited bulk com-

position (i.e. 50:50) under identical conditions [52]. Sur-

face and sub-surface regions were frozen in composition at

200 �C in H2 and/or CO atmospheres, as illustrated in

Fig. 3b for two photon energies. After evacuation,

0.10 Torr O2 was admitted to the APXPS chamber at

350 �C. O2 caused complete oxidation of both metal

components (Fig. 3a). It was also found in O2 that surface

and sub-surface compositions were totally reversed; that is

CuO enriched by 80 %. Compositions on the surface and in

the sub-surface regions were once again frozen; even

returning to H2 atmosphere at 450 �C did not induce any

significant change on then-Cu segregated surfaces. A post-

reduction STEM/EDS investigation of the Co0.5Cu0.5 NPs

indicated phase segregation of Co and Cu with no apparent

mass loss or gain (i.e. no inter-particle diffusion), which

then produced segregated dimer NPs (see Fig. 3c).

Carenco et al. studied colloidally-synthesized 22 nm

Co0.9Cu0.1 NPs using APXPS. Co 2p and Cu 2p core levels

were investigated employing 280 eV photoelectrons in

reducing (H2 and/or CO) and oxidizing (O2) atmospheres

[57]. It was reported that CuO was enriched on the surface

in 1 Torr O2 and at 250 �C, while metallic Co migrated

back to the surface, restoring the bulk compositions, in

5 Torr H2 and at 330 �C.

The thermochemical foundations of the observed phe-

nomena warrant further discussion. Co is partially miscible

in Cu up to 8 atomic %, and the excess Co is subject to

segregation. However, CoO is completely soluble in CuO.

These thermodynamic conditions were fundamentally met

in the form of core/shell architectures of the as-synthesized

NPs, albeit mixtures of metallic and oxide phases, verified

by XPS and STEM/EDS in vacuum. Furthermore, APXPS

in H2 atmosphere revealed an increased presence of Co on

the surface. In O2 atmosphere, CuO was enriched on the

surface and in the sub-surface regions. In contrary to this

observation, as Cu has a lower surface free energy than Co,

it was expected that Cu should have populated surfaces

more abundantly. Likewise, oxidized NPs should have

been more uniform in composition (i.e. CoCuO2). The

described aberrations from the bulk thermodynamic

behaviors for the CoCu NPs were attributed to a nano-size

effect where thermodynamic terms were either altered from

Table 2 Summary of the APXPS studies on PdRh [48, 49], AuPd [54], CoCu [52, 53] and CoPt [55, 56] NPs

Bimetallic

system

Particle size &

composition

evaluated

APXPS conditions Gas atmospheres &

temperature conditions

Materials properties uncovered by APXPS

PdRh 16 nm

Pt0.8Rh0.2

16 nm

Pt0.5Rh0.5

10 nm

Pt0.2Rh0.8

Pd & Rh 3d core levels via

-310,-510 & -1150 eV

photoelectrons

0. 1 Torr of Redox Gases

(H2, O2, NO & CO) in the

230–300 �C range

Composition independent reversible

surface enrichment of RhOx in (NO)

oxidizing conditions above 230 �C

AuPd 9 nm

Au0.25Pd0.75

10 nm

Au0.5Pd0.5

11 nm

Au0.75Pd0.25

Au 4f & Pd 3d core levels via

-300, -380 & -1400 eV

photoelectrons

0.14 Torr of CO ? O2 (2:5)

at 200 �C
Composition dependent irreversible surface

segregation of Au in CO ? O2 and at

200 �C

CoCu 10

nmCo0.5Cu0.5

Co & Cu 3p core levels via -380

& -800 eV photoelectrons

0.1 Torr of Redox Gases

(H2, O2 & CO). In the

200–450 �C range

Irreversible surface enrichment of CuO,

miscible with CoO, in (O2) oxidizing

conditions

CoPt 4 nm Co0.5Pt0.5 Co 3p& Pt 4f core levels via

-180, -280, -550 &

-1400 eV photoelectrons

0.08 & 0.8 Torr of CO ? O2

(1:1.4) at 125 �C
Reversible surface enrichment of Pt,

miscible with Co, in (H2) reducing

conditions at 125 �C
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their bulk values or somehow counterweighed by kinetic

variables due to adsorbate binding.

3.3 Combined APXPS and Catalytic Measurements

on Bimetallic NP Systems

In situ knowledge of surface composition is of significance

for determining catalytically active phase and ensemble on

the surface. APXPS and catalytic reactor measurements

when carried out under identical conditions provide valu-

able mechanistic insight into working catalysts. This

strategy was demonstrated for bimetallic NPs of AuPd,

PdRh and CoPt during catalytic oxidation of CO, which

pointed to unique structure–function correlations for each

bimetallic system, and will be discussed below. Catalytic

oxidation of CO was chosen to study bimetallic NPs

because it is a model reaction with measurable turnovers

for low surface area catalysts like two-dimensional Lang-

muir–Blodgett films of nanoparticles that we often employ

in our APXPS studies. Furthermore, its mechanistic and

kinetic aspects are well-understood for monometallic

transition metals such as Pt, Pd and Rh. Alloying these

metals with Au, Cu, Ni and Co have well-documented

synergistic effects, albeit no or little mechanistic under-

standing, and promote catalytic activity orders of magni-

tude higher than that of the individual members alone. The

activity enhancement is usually attributed to geometric,

electronic, bi-functional effects, or combinations thereof.

XPS was previously employed to try and correlate core

level chemical shifts to CO desorption activity on overlayer

crystals of transition metals [58–60], which are, in a way,

the model counterparts of near surface alloys. Our goal was

to obtain surface composition and then to correlate it with

turnovers and activation energy to predict the most likely

surface ensemble. For this purpose, a reactor chamber

where pressure could be varied in the 0.01–1000 Torr

range was built, and used for the catalytic measurements of

bimetallic (and monometallic parent) catalysts, either

nanoparticle films or pelletized powders of supported

nanoparticles as used in APXPS measurements. Reaction

gases CO, O2 and CO2 were continuously leaked from this

reactor chamber to a detection chamber, which was held at

ultra-high vacuum (*10-10 Torr) when the leak valve was

closed and at high vacuum (\10-6 Torr) during measure-

ments. Mass charges of CO, O2 and CO2 were continuously

monitored and used to calculate conversions. The examples

discussed below give accounts of the structure–function

relationships based on the APXPS and the described batch

reactor.

3.4 Composition-Dependent Surface Migration

of Au in Bimetallic AuPd NPs

A bimetallic AuPd NP system was studied because of its

structurally rich phase behavior and well-documented role

in CO oxidation reaction [54]. For this purpose, composi-

tion-controlled AuPd NPs were synthesized with 25:75 (i.e.

Pd-rich), 50:50 and 75:25 (i.e. Au-rich) compositions with

narrow size distributions (r & 0.2) in the 8–11 nm range.

APXPS and catalytic measurements, as well as ex situ

STEM/EDS, were employed to interrogate the materials

aspects of CO oxidation reaction over well-defined AuPd

Fig. 3 Co ? Cu 3p APXPS spectra of Co and Cu in various reactive

gas conditions (a) % Cu composition within depth probed by given

APXPS conditions. b STEM/EDS elemental maps at Co K (red) and

Cu K (green) lines before and after APXPS studies (c). Co 3p and Cu

3p APXPS spectra are color coded with blue and red, respectively, in

a. Arrows in a, b shows the order that the APXPS spectra were

collected. APXPS uncovered irreversible surface segregation and

oxidation of CuO in O2, which was maintained in metallic state upon

reduction in H2. STEM/EDS elemental maps, measured after the fact,

revealed phase segregation of Co and Cu following the (O2) oxidation

and (H2) reduction [52, 53]

Top Catal (2016) 59:420–438 427

123



NPs. 300, 380 and 1400 eV photoelectrons with MFPs of

*6, *8 and *15 Å, respectively, were used for the

APXPS experiments. First, the particle architecture and

surface composition of the as-synthesized NPs were

determined using ex situ STEM/EDS and APXPS, both

performed in vacuum and at 25 �C. It was found that all

AuPd NPs were truly bimetallic and had Au-rich cores and

Pd-rich shells ([90 %), as indicated by STEM/EDS. It was

also found that particle cores increased in size while Pd

shell thicknesses decreased with increasing the Au/Pd ratio,

in the order of Au0.25Pd0.75\Au0.5Pd0.5\Au0.75Pd0.25

or *5\*10\*15 Å, approximated from STEM/EDS

and geometric models, for the Pd shells.

APXPS uncovered a composition dependence on surface

segregation of Au for the Au-core Pd-shell NPs (Fig. 4a;

Table 2). To this end, AuPd NP films were exposed to

0.14 Torr CO ? O2 (2:5) mixture at 200 �C, and changes

in Au 4f and Pd 4d core levels monitored over a period of

60 min using 380 eV photoelectrons [54]. It should be

noted that the observed changes in XPS spectra usually

occurred immediately after the reactive gases were intro-

duced, and no further changes were measured afterwards,

indicating that thermodynamic equilibrium has been

reached within the time scale of measurements. It was

documented that Au0.25Pd0.75 and Au0.5Pd0.5 NPs with

thicker Pd shells remained Pd-rich ([85 %) in the surface

regions, while Au0.75Pd0.25 NPs with thinner Pd shells were

transformed from Pd-rich (*90 %) to Au-rich (*70 %)

on the surface (see Fig. 4a). It was also documented that

the surface compositions obtained in CO ? O2 atmosphere

were final, and maintained in UHV in the 25–200 �C range.

Finally, Pd was found to be partially oxidized while Au

stayed metallic during catalytic oxidation of CO at 200 �C.

The peculiar observation of one-way restructuring for

the Au0.75Pd0.25 alone warrants further discussion and some

explanation. First, both lattice energy (higher for Pd) and

surface free energy (lower for Au) favor Au on the surface

and Pd in the bulk. On contrary, enthalpy of adsorption for

both CO and O2 are higher on Pd, which kinetically favor

Pd on the surface. In the case of Au0.25Pd0.75 and Au0.5-

Pd0.5 NPs kinetic stabilization won over thermodynamic

forces to drive Au out of particle cores because Au buried

deep underneath thick layers of Pd ([10 Å). However, Au

diffused out and covered surfaces for Au0.75Pd0.25 NPs as a

result that thermodynamic forces could operate effectively

across thin Pd shells (*5 Å) screening nearby Au. It

Fig. 4 Atomic fractions of Au

(orange) and Pd (blue) as a

function of given reactive gas

conditions for Au0.25Pd0.75,

Au0.5Pd0.5, Au0.75Pd0.25 NPs

(a). Plots of turnover

frequencies versus % mole Pd

from APXPS spectra (b). Both

turnover frequencies and

APXPS spectra were measured

in 0.14 Torr of CO ? O2 (2:5)

and at 200 �C. Possible (111)

surface ensembles are depicted

in b. APXPS measurements

displayed a composition

dependence for the core/shell

restructuring of bimetallic AuPd

nanoparticles. It was also

demonstrated using combined

APXPS and catalytic

measurements that either

contagious Pd or Au-rich

surface ensembles could give

rise to enhancements during

catalytic oxidation of CO in

0.14 Torr CO ? O2 and at

200 �C [54]
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should be noted that PdRh NPs, another Pd-based

bimetallic system, showed surface restructuring in NO and/

or CO atmospheres starting at around 230 �C (vide infra).

Furthermore, Holgado et al. studied 12 nm AuNi bimetallic

NPs via APXPS and using 200 eV and 600 eV photo-

electrons, and found Au covered by thick shells of NiO

([1 nm) in vacuum and at 450 �C. They also demonstrated

that NP architecture with NiO shells and Au cores were

persistent in 0.38 Torr H2 (or O2) at 250 �C [61].

3.5 Enhanced CO Oxidation Rates for Au-rich

Surface Ensembles in Bimetallic AuPd NP

Catalysts

APXPS, combined with catalytic reactivity measurements,

demonstrated a correlation between surface ensemble and

turnover rates for the catalytic oxidation of CO (Table 3).

Catalytically, bimetallic AuPd NPs performed better than

the monometallic Pd and Au NPs, which were also syn-

thesized by colloidal chemistry [54]. Turnover frequency

(s-1) plotted against surface Pd (atom %) plot showed a

synergistic behavior with a maximum for Au0.25Pd0.75 NPs

(Fig. 4b). A surface ensemble model was derived with the

assumptions of (i) a random homogeneous arrangement of

Au and Pd atoms, and (ii) a 7-atom unit cell of face cen-

tered cubic (111) crystal. By this way, the surface ensemble

of Au0.25Pd0.75 NPs could be modeled with a single Au

atom surrounded with 6 Pd atoms, depicted in Fig. 4b inset.

This is exactly the same contiguous Pd surface ensemble

proposed in prior studies [62, 63]. Two-fold enhancement

for Au0.25Pd0.75 NPs relative to Au0.5Pd0.5 with apparently

identical surface ensemble geometry could then be of

electronic origin owing to their different bulk composi-

tions. For comparison, Au0.75Pd0.25 NPs should have a

contiguous Au ensemble on the surface, yet they are

equally as active for the catalytic oxidation of CO as

Au0.5Pd0.5 NPs. It should be noted that even though the first

assumption did not hold and Au unevenly populated the

sub-surface layer, the excess Au would have been enough

to thwart contiguous Pd. Therefore, our findings using

APXPS showed that AuPd with Au-rich surfaces could be

equally as effective as that with Pd-rich surfaces in oxi-

dizing CO.

3.6 Surface Enrichment of Pt in Bimetallic CoPt

NPs

Alloying Pt with 3d metals like Co is a promising and

rewarding approach to alter Pt towards higher catalytic

activity and selectivity for a number of reactions of

industrial relevance like preferential oxidation of CO in H2.

In this work, 4 nm CoPt alloy NPs, on a gold substrates,

were monitored using in situ XAS, APXPS and catalytic

reactivity measurements during the CO ? O2 (1:1.4)

reaction in the 0.08–36 Torr range and at 125 �C [64]. For

the APXPS experiments, *180, *280 and *560 eV

photoelectrons with corresponding MFPs of *4, *6 and

*11 Å were employed. APXPS spectra of Co 3p, Pt 4f and

Au 4f, for normalization purposes, were acquired in vac-

uum as well as 0.10 Torr H2, 0.08 Torr CO ? O2 and

0.80 Torr CO ? O2 at 125 �C (Fig. 5a).

APXPS revealed uniform distribution of Co and Pt

atoms for the as-synthesized NPs, pointing to an alloy CoPt

phase in accord with STEM/EDS. In H2 atmosphere, Pt

was found to have migrated to the surface, forming a thin

shell at approximately monolayer coverage (Fig. 5a). In

CO ? O2 reaction atmospheres, Co replaced Pt on the

surface, with gradually more replacement at 0.80 Torr than

at 0.08 Torr (Fig. 5b). In situ XAS attested to the oxidation

of Co at an onset pressure of about 0.10 Torr CO ? O2 at

125 �C. The XAS-probed Co was oxidized partially (40 %)

at 0.80 Torr and completely (mixtures of ?2 and ?3 states)

at 36 Torr, suggesting that the surface segregation of Co

(i.e. APXPS) was kinetically driven by the oxidation of Co

(in situ XAS) [64, 65]. This is also predicted by higher

adsorption enthalpy of O2 on Co than Pt. Metallic Co was

restored only partially in CO ? O2 atmospheres upon

decreasing the total partial pressure back to 0.10 Torr at

125 �C, and completely in reducing H2 gas at 250 �C.

Papaefthimiou et al. employed APXPS to study

bimetallic CoPt deposited on TiO2 via atomic sputtering

Table 3 Summary of the APXPS and catalytic reactivity measurements on AuPd [54] and CoPt [56] NPs

Bimetallic

system

Particle size &

composition evaluated

APXPS pressures

temperature conditions

Catalytic reaction

conditions

Materials & catalytic properties correlated via

APXPS

AuPd 9 nm Au0.25Pd0.75

10 nm Au0.5Pd0.5

11 nm Au0.75Pd0.25

0.14 Torr of CO ? O2

(2:5) at 200 �C
The same as APXPS Enhanced CO oxidation rates for contiguous Pd

or Au-rich surface ensembles

CoPt 4 nm Co0.5Pt0.5 0.08–0.8 Torr of

CO ? O2 (l:1.4)at

125 C

0.01–36 Torr of CO ? O2

(1:1.4) at 125 �C
Enhanced activity for surfaces enriched with

oxidized Co
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[66]. They found significant enrichment of Co (80 %) at

near surface regions corresponding to 200 eV photoelec-

trons upon vacuum annealing at *250 �C. However, they

found no changes on the surface elemental make-up in O2

oxidizing versus H2 reducing atmospheres at *230 �C.

3.7 Enhanced CO Oxidation Rates for CoO-Rich

Surfaces in Bimetallic CoPt NP Catalysts

Catalytic turnovers for the oxidation of CO were calcu-

lated and correlated with the APXPS data (i.e. surface

composition), similar to the bimetallic AuPd NPs, and

in situ XAS (i.e. oxidation state of Co) results in the

0.08–36 Torr range (Table 3). A linear correlation was

found between the total partial pressure and TOFs as

compared to a logarithmic relationship expected of purely

thermodynamic grounds (Fig. 5c). Given that the oxida-

tion state of Co was exponentially related to the total

partial pressure, it was concluded that CoO in contact

with Pt was the active catalyst for the oxidation of CO. In

accord with this picture, a hysteresis similar to one that

was found for the oxidation state of Co was also observed

for the catalytic turnovers.

4 APXPS Studies of Binary Metal-Oxide Catalysts

Oxides are often employed as support and/or co-catalyst

for metal nanoparticles. SiO2, Al2O3 and MgO are the most

commonly used support oxides. They are made of non-

reducible, under typical catalytic reaction conditions,

cations and usually have the role of providing a large

surface area for metal nanoparticles to be loaded in a

spatially dispersed manner. By this way, metal centers can

be isolated and maintain their physical, chemical and cat-

alytic properties in the course of catalytic reactions. Fur-

thermore, Al2O3 and MgO may have acidic and basic

surface sites with some mixture of Brönsted and Lewis

characters, which are involved directly or indirectly in

catalytic processes. SiO2 is the choice of support in our

studies because of its inertness, which allows the metal to

be investigated without complications of potential metal-

support interactions. Besides their role as co-catalyst, oxi-

des can act in reactive environments to alter the metal

morphologically, electronically and chemically. Surface

and interface phenomena such as coverage, wetting,

mobility and charge transfer have the potential to modify a

catalyst towards or away from the sought-after-end prod-

ucts. The phenomena are even more pronounced for oxides

Fig. 5 Normalized Pt 4f APXPS spectra measured in 0.1 Torr H2 (a).

Differential normalized Pt fractions for surface and subsurface

regions with given depths in various conditions (b). Plots of turnover

frequencies (blue) and oxidized Co fractions from in situ XAS (red)

as a function of total pressure (i.e. O2 ? CO) at 125 �C (c).

Schematic summarizing the observed structure–function relationship

(d). In H2, normalized Pt 4f APXPS spectra using 250 and 350 eV

photons overlapped, suggesting depletion of Pt in the subsurface

region corresponding to the difference between the two photon

energies. It was also suggested by APXPS that Pt, represented with

red in the schematics, formed approximately a monolayer thick shell

on the particle surfaces in H2. It was shown using in situ XAS,

APXPS and catalytic measurements that oxidized Co along with Pt on

the surface gave rise to catalytic enhancement during CO oxidation

reaction at 125 �C [56]
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of reducible cations such as TiO2, CeO2 and Co3O4 which

are also known for their defect-induced chemistry.

4.1 Pt-Catalyzed Reduction of CeO2 in Binary

CeO2/Pt NP Catalyst

Metal-oxide interaction could work in both ways. That is

metal modifying oxide surface morphologically, electron-

ically or chemically. Dramatic effects of Pt nanoparticles

on the oxidation state and defect chemistry of CeO2 was

documented in H2 atmospheres using a combination of

APXPS, in situ XAS and in situ XRD [67]. In this study,

size-uniform 2 nm Pt was loaded on high surface area

CeO2. APXPS was carried out in 0.10 Torr H2 and in the

75–350 �C range using 380 eV photons, and probing Ce 4d

core and Ce 4f valence levels. An empirical methodology

developed by Liu and co-workers [68] was employed to

calculate fractions of Ce4? and Ce3?.

APXPS revealed that Pt catalyzed the reduction of CeO2

in H2 atmosphere (Table 4). A visual inspection of Ce 4d

APXPS spectra in Fig. 6a showed evidences of Ce3? for-

mation, starting at 150 �C. Furthermore, Ce 4f APXPS

spectra, shown in Fig. 6b, exhibited an inter-band appear-

ing at *2 eV above Fermi energy in H2 atmosphere and

rising in intensity with increasing temperature. The band

falls in the band gap of CeO2 and thus is assigned to Ce3?.

Ce3? concentrations were calculated *40 % at 350 �C, as

plotted in Fig. 6c. It was also shown that Ce3? formed in

the bulk and correlated with loss of O2-, which led to the

non-stoichiometric CeO2-x (0.05\ x\ 0.1) in the

150–350 �C [67]. For pure CeO2, a steady-state concen-

tration of * 5 % was measured for Ce3? in the

350–450 �C range. The activation energy for the reduction

of CeO2 was found *2.2 eV in the 350–550 �C range,

compared to 0.6 eV for the CeO2/Pt catalyst measured

between 75 and 350 �C (Fig. 6c).

Pt-assisted reduction of CeO2 in H2 was reversible. In

0.10 m Torr O2 and at 350 �C, CeO2 was restored to its

oxidized steady-state value of *95 % Ce4?. It was also

found that CeO2 could be cycled repeatedly between its

reduced (40 % Ce3?) and oxidized states (95 % Ce4?), as

shown in Fig. 6d. The fact that only the CeO2/Pt catalyst,

not pure CeO2, is reduced under identical conditions ruled

out any X-ray induced reduction channel previously

reported for CeO2 using laboratory sources. On the light of

the APXPS, in situ XAS and in situ XRD results, it was

proposed that hydrogen atom spillover from Pt NPs facil-

itated the reduction of Ce4? to Ce3? via creation of oxygen

vacancies [67].

5 Combined APXPS and Catalytic Measurements
on Binary Metal-Oxide Catalysts

5.1 Ce Oxidation State Effect during Catalytic

Oxidation of CO in Binary CeO2/Pt NP catalyst

The CeO2/Pt catalyst was investigated using APXPS,

in situ XAS and catalytic measurements under CO ? O2

(2:5), denoted O-rich, and CO ? O2 (5:2), denoted CO-

rich, reaction atmospheres at 200 and 250 �C [69]. APXPS,

carried out in 0.14 Torr total pressures and at 250 �C,

indicated at *95 and *85 % Ce4? under O-rich and CO-

rich reaction conditions, respectively. Furthermore, Ce4?

concentrations in the near surface regions were measured

using in situ XAS in 15 Torr total pressures, and found

identical to those that were given by the APXPS, sug-

gesting no or little dependence on partial pressures (i.e. low

oxygen activity) in the pressure range studied. APXPS and

in situ XAS independently showed that CO-rich atmo-

spheres had the reducing effect over CeO2, possibly pro-

moted at the interface with Pt NPs as occurred in H2

atmospheres (see Fig. 7a, b).

Catalytic measurements, performed in 140 Torr total

pressures, indicated nearly two orders of magnitude

enhancement under CO-rich reaction conditions for the

CeO2/Pt than pure Pt NPs and CeO2 separately (Fig. 7c)

[69]. The enhancement was tentatively registered to the

Table 4 Summary of the APXPS studies on CeO2/Pt [67] and TiO2/Co [23] catalysts

Oxide-

metal

system

Particle size

evaluated

APXPS conditions Gas atmospheres

& temperature

conditions

Materials properties uncovered via APXPS

CeO2/

Pt

2.5 nm Pt NPs

supported on

porous CeO2

Pt 4f & Ce 3d core levels, & Ce

4f valence states via *250 eV

photoelectrons

0.1 Torr of H2 or

O2 in the

150–550 �C
range

Enhanced (H2) reducibility of CeO2 support assisted by

Pt; lowered activation energy for (H2) reduction of

CeO2/Pt compared to pure CeO2

TiO2/

Co

10 nm Co NPs

supported on

porous TiO2

Ti 2p & Co 2p core levels via

-150 eV photoelectrons

0.08–0.8 Torr of

CO ? O2 (1:1.4)

at 125 �C

Partial encapsulation of metallic Co by TiO2 support in

H2 and at 450 �C; improved wetting of TiO2 support by

oxidized Co in H2 and at 250 �C
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interfacial sites between metallic Pt and O-defect sites (i.e.

85 % Ce4?) on non-stoichiometric CeO2-x present under

the given conditions; and the enhancement factors were

*100 relative to both Pt NPs and Pt-free CeO2. It is

usually proposed that the reaction proceeds through a bi-

functional mechanism where CO is adsorbed on metallic

Pt, and then reacts with O2 adsorbed on O-defects at or near

the interface with CeO2.

APXPS showed this might not be the case for the CeO2/

Pt catalyst during catalytic CO oxidation. Under O-rich

reaction conditions, the enhancement factor relative to Pt

NPs was only *2 This was because the oxidation of CO

over Pt NPs alone was promoted in O-rich reaction con-

ditions, and could compete with that occurred at the

interfacial sites. However, TOF in O-rich atmosphere

(95 % Ce4?) was still twice as much as that in CO-rich

atmosphere (85 % Ce4?) at 250 �C. This result unques-

tionably indicated that defect sites at the interface of Pt

NPs and CeO2 could not have been responsible for the

promotional effect in CO2 production. It was concluded

that near-stoichiometric CeO2 with *95 % Ce4?, rather

than non-stoichiometric CeO2-x (x & 0.04) with 85 %

Ce4?, in contact with metallic Pt gave rise to the dramatic

enhancements in oxidation activity. In support of this,

TOFs and Ce4? concentrations were correlated at 200 �C

as well: more Ce4? was measured by APXPS in O-rich

atmosphere (*90 %) than in CO-rich atmosphere

(*80 %), where catalytic turnovers were calculated

roughly twice as much for the former, as clearly indicated

in Fig. 7b, c.

5.2 Metal-Support Interactions in Binary TiO2/Co

NP Catalyst

When deposited on an oxide support, metal nanoparticles

wet the oxide surface. That is, in a way, anchoring their

atoms to lattice sites or under-coordinated defects on the

oxide. This creates a buried interface between the metal

and oxide. In one perspective, a dynamic interplay between

the interfacial bonding energy and surface free energies

decides to what extent wetting occurs or what morphology

the metal assumes. Hemispherical particle morphology,

where contact angle is roughly 90�, is estimated from TEM

studies, and tentatively assumed for noble metals like Pt.

What is the particle morphology for oxyphilic metals like

Co? To a first approximation, surface free energy will drop

and solubility in oxide support will increase when going

from metallic Co to oxidized Co (e.g. CoO) as would

happen in net oxidizing reaction atmospheres. APXPS

probes changes in surface composition that could lead to

Fig. 6 Ce 4d core level APXPS spectra for CeO2/Pt catalyst obtained

in various reducing (H2) and oxidizing (O2) conditions (a). Ce 4f

valence band APXPS spectra obtained for CeO2/Pt catalyst in various

conditions (b). Plots of % Ce3? in 0.10 Torr H2, calculated from

APXPS spectra, in pure CeO2 (red) and CeO2/Pt (blue) catalyst as a

function of temperature (c). % Ce3? at 350 �C versus alternating O2

and H2 atmospheres (d). Blue diamond marker in (a) indicates %

Ce3? in 0.10 m Torr O2. Arrows in a show relative changes in Ce3?

and Ce4?. Arrow in b indicated Ce3? inter-band position in H2.

Normalized Ce 4d APXPS spectra, stacked for comparison, indicated

the formation of Ce3? in H2 and in the 150–350 �C range for the

CeO2/Pt catalyst, whereas pure CeO2 remained unchanged under

identical conditions. Accordingly, Ce3? band appeared in the Ce 4f

APXPS spectra. The onset temperature, and the activation energy, for

the reduction of CeO2 was substantially dropped for the CeO2/Pt

catalyst. CeO2 could be reversibly reduced (or oxidized) in H2 (or O2)

catalyzed by Pt nanoparticles, indicated by APXPS. APXPS results

suggested a Pt-mediated reaction pathway for the reduction of CeO2

[67]

432 Top Catal (2016) 59:420–438

123



the understanding and control of such surface phenomena

as wetting, clustering and encapsulation for oxide-metal

catalysts. APXPS was elemental to demonstrate for 10 nm

Co NPs supported on TiO2 (i.e. TiO2/Co) that the oxidation

state of Co dictated the morphology of Co/TiO2 interface,

which then regulated activity and selectivity during cat-

alytic hydrogenation of CO2.

In this study, APXPS was used to probe Co 2p and Ti 2p

core levels with 180 eV photoelectrons in 0.10 m Torr H2

(or O2) in the 250–450 �C range [23]. In H2, it was

observed that Co was almost completely oxidized at

250 �C, and mostly metallic ([50 %) at 450 �C, as shown

in Fig. 8a. TiO2 was also found reduced partially (30 %

Ti3?) at 250 �C, and completely in the Ti3? state at

450 �C. Schlögl and co-workers studied 3.5 nm Co NPs

using APXPS and 170 eV photoelectrons, and reported an

average valence of ?2 (i.e. CoO) in 0.15 Torr H2 and

250 �C, in support of our findings [70]. Furthermore, %

surface Co was calculated from APXPS 2p core level

spectra. The surface Co was found increased from 25 % in

O2 at 350 �C to 35 % H2 at 250 �C. In H2 and at 450 �C,

however, the surface Co substantially dropped to 20 %;

that was almost half the Co that was measured at 250 �C
(Fig. 8b). From these findings, it was proposed that CoO,

present in H2 and at 250 �C wetted TiO2-x (x & 0.2)

surface, increasing its surface area and interfacial contact

with TiO2-x. Likewise, metallic Co, present at 450 �C, was

encapsulated by the highly non-stoichiometric titania as a

result of the lower surface free energy of the latter.

In support of this picture, surface Co measured for the

fresh and spent catalyst, before and after catalytic hydro-

genation of CO2, was almost identical to that was measured

in situ in O2 gas (Fig. 8c). It was also apparent from the

APXPS analysis that the surface Co almost linearly cor-

related with the O-defects on titania (i.e. Ti3?); more the

O-defects per unit titania, larger the % surface Co was

obtained. In their APXPS study of bimetallic CoPt on TiO2,

Papaefthimiou et al. proposed the formation of CoxTiyOz

Fig. 7 In situ XAS spectra of CeO2/Pt catalyst at 250 �C and in

15 Torr of CO/O2 (2:5) (i.e. O-rich) and CO/O2 (5:2) i.e. CO-rich)

conditions (a). Fractions of Ce3? at 200 and 250 �C in O-rich and

CO-rich conditions from Ce 3d APXPS and in situ XAS spectra (i.e.

NEXAFS) (b). Bar graphs of turnover frequencies at 200 and 250 �C
in O-rich (i.e. oxidizing) and CO-rich (i.e. reducing) conditions (c).

Least-square fit and fitted Ce3? and Ce4? XAS components are also

indicated in a. TOFs decomposed into Pt metal and interface (i.e. Pt/

CeO2) are color coded in c. Ce4? fractions obtained from APXPS

(measured in 0.1 Torr CO ? O2) and in situ XAS (measured in

15 Torr CO ? O2) were almost identical, which suggested no

measurable pressure effect in the studied range. Combined in situ

XAS, APXPS and catalytic reaction studies indicated a correlation

between the fraction of Ce4? sites and catalytic enhancement obtained

during CO ? O2 reaction [69]
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species at near surface regions in O2 oxidizing atmospheres

at *230 �C [66].

5.3 Enhanced Methanation Activity for Oxidized Co

in Binary TiO2/Co NP catalyst

For the catalytic hydrogenation of CO2 in 4 atm H2 ? CO2

(3:1) ant at 250 �C, 10 nm Co/TiO2 catalyst exhibited an

order of magnitude higher turnovers towards methanation

when (H2) treated at 250 �C compared to (H2) reduction

that took place at 450 �C [23]. In view of the APXPS

results, the observed catalytic enhancement could be

explained: low temperature H2 treatment left Co oxidized

and titania wetted by CoO, which promoted catalysis via

increased surface coverage (i.e. ensemble effect) and

interfacial contact area of CoO (i.e. geometric effect),

whereas high temperature reduction to metallic state

facilitated encapsulation by titania, blocking partially the

Co sites available for catalysis.

6 Conclusion

In summary, engineered nanoparticles prepared via col-

loidal chemistry have unique electronic and catalytic

properties, which distinguish them from their bulk and two-

dimensional counterparts. When combined with uniform

particle sizes and compositions achievable via colloidal

synthesis, APXPS paved the way for chemical and

elemental investigations of colloidal nanoparticle catalysts

under dynamic conditions pertinent to catalytic reactions.

By using APXPS, monometallic, bimetallic and binary

metal-oxide nanoparticle catalysts were studied in situ and

understood structurally and chemically in the molecular

level. APXPS-probed restructuring of PdRh NPs and phase

segregation of Co and Cu in CoCu NPs were explained in

terms of thermodynamic and kinetic factors. Likewise, Pt-

catalyzed reduction of CeO2 and partial encapsulation of

metallic Co by TiO2 in H2 atmospheres, both uncovered via

APXPS, were given as illustrative examples of metal-

support interactions. Furthermore, structure–activity rela-

tionships were drawn in parallel with catalytic reactor

measurements. Particle size dependence of CO oxidation

rates for the monometallic Rh and Ru NPs was explained in

terms of oxidation states in the 2–7 nm range. Enhanced

CO oxidation rates for the bimetallic AuPd and CoPt NPs

were, likewise, attributed to their unique elemental and

chemical compositions on the near surface regions. By this

way, it was demonstrated that in situ studies combining

spectroscopy and catalysis are elemental to understanding

surface dynamics in relation to reaction turnovers, and

further controlling catalytic properties.

7 Future Directions and Challenges

We have identified four key topics that will further benefit

catalysis research, which are also elemental to under-

standing and controlling chemistry at the nanoscale: (1)

Fig. 8 Co 2p and Ti 2p APXPS spectra for TiO2/Co (10 nm) catalyst

in various conditions (a). A plot of % Co/(Co ? Ti) form APXPS

spectra in various conditions (b). Metallic (Co0) and oxidized (Con?)

Co as well as Ti4? and Ti3? XPS components are indicated in a. Red

diamond markers in b indicate % Co/(Co ?Ti) obtained from a

laboratory XPS with Al K source before (i.e. fresh) and after (i.e.

spent) catalysis. Schematic in c illustrates encapsulation of metallic

Co and CoO wetting of TiO2, both suggested by APXPS analysis [23]
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APXPS investigation of clusters at the crossroad of

molecular and nano sciences, (2) spatially-resolved APXPS

capabilities at single particle level in the sub 10 nm, (3)

time-resolved APXPS for kinetic studies in the millisec-

onds and (4) in situ reaction cells with ultra-thin windows.

The last three topics require advances in electron detectors,

X-ray optics and windows. The first topic calls out for

experimentalists to take initiative for the APXPS investi-

gation of metal clusters, either airborne in molecular beams

or soft-landed on substrates.

Particle size dependence on catalysis and surface

chemistry are apparent for nanoparticles in the 2–7 nm

range as in Rh and Ru NP systems. Having one dimen-

sional structural and electronic properties, metal clusters

are quite unique compared to their molecular and nano-size

counterparts. They are also unique in catalytic applications

owing to their uniquely low coordination bonding and

localized electronic make-up [71, 72]. Because of their

ultra-small sizes ranging from a few atoms like anionic gas

phase clusters of Au [73, 74], Ag and Cu [73] to 10 s of

atoms like giant ligand passivated Schmid cluster of

Au55(PPh3)12Cl6 [75, 76], they are practically all surface

atoms. Furthermore, mass-selection strategies, which allow

deposition on any substrate of choice, bring metal clusters

even closer to APXPS studies [77, 78]. Therefore, APXPS

can be employed to understand chemistry, bonding and

electronic structure of clusters, naked or passivated, in the

4–55 atom range under reactive gas atmospheres. Along

these lines, empirical correlations and computational

algorithms will help to gain insight into initial and final

state effects in XPS once an XPS database relating

molecular, cluster and nano-size regimes is established.

Single particle sensitivity in APXPS will be revolu-

tionary for studying heterogeneous catalysis and chemical

systems. APXPS studies with standing waves, where sub-

nanometer depth resolution was achieved over thin films

[79], and tender X-ray irradiation, where buried interfaces

between metal crystals and oxide crystals or liquids were

probed [80], have been recently reported by the prominent

groups in the field. Application of these techniques on

colloidal nanoparticles and nanocrystals is imminent, and

will most definitely benefit the communities of nanotech-

nology and heterogeneous catalysis. It will also bring

advantage to materials characterization in colloidal sci-

ences, where boundary diffusion across buried interfaces

could be monitored both intra-particle and inter-particle.

Next, obtaining time transients of surface ad-layer for-

mation and adsorbate diffusion is critical to kinetic evolution

of catalysts and mechanistic understanding of catalytic pro-

cesses. Transient kinetic analysis using flow reactors and

mass spectrometry (MS) detection provides chemical infor-

mation on surface coverage and diffusion of surface species

in the sub second time resolution. However, time delays due

to gas phase diffusion renders the real-time detection diffi-

cult. In the future, APXPS could be used as a primary tool to

evaluate transient kinetics of surface coverage while catalytic

reaction occurs. Current technology allows APXPS mea-

surements in sub second time scales from a static atmo-

sphere. Once flow reaction cells with ultra-thin windows are

realized, transient kinetic analysis with APXPS will bring a

whole new experiments into reality.

Graphene, single or multi-layer, is a promising material

for fabricating ultra-thin X-ray windows, as it is already

demonstrated to store liquids in ultra-high vacuum of TEM

[81]. Current graphene technology can produce single layers

over Cu foils and multi-layers over Ni foils with small hole

sizes (100 s nm) and densities (\3 %). It was also reported

that micron size pinholes could be used to detect secondary

electrons and ions while maintaining high vacuums better

than 10-7 Torr [82]. Metal foil could be selectively etched

so as to graphene to be exposed. This is an open challenge

for researchers of academia and technology alike, which

will most definitely carry surface chemistry and catalysis

forward. By this way, in situ reaction cells will render

possible APXPS measurements in atmospheric pressures

and even in condensed matter probing realistic systems

hitherto not possible. Homogeneous catalysis, where single-

site organometallic catalysts were employed, could be car-

ried out using in situ flow reaction cells. This will allow

chemical speciation of metal centers and their ligand shells

in short time-scales and with high chemical sensitivity.

Therefore, homogeneous catalysis community could be

brought closer to the synchrotron sciences.
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