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In  situ  near  edge  X-ray  absorption  fine  structure  (NEXAFS)  spectroscopy  and  ambient  pressure  X-ray
photoelectron  spectroscopy  (AP-XPS)  were  performed  to  monitor  the  oxidation  state  and  structure  of
4 nm  CoPt  nanoparticles  during  the  reaction  of  CO  with  O2 – a  model  oxidation  reaction.  In  addition,
reversible  changes  in  the  oxidation  state  of  cobalt  as  a  function  of  cycling  CO  and  O2 pressure  (in  the
range  of  millitorr  to 60  Torr)  were  quantified  and  compared.  Turnover  frequency  reaction  data  was  also
obtained  for  the  CoPt  nanoparticles  and  correlated  with  the  oxidation  states  and  structures  observed
spectroscopically.  These  findings  indicate  that  separated  from  the  effect  of  partial  pressure  of  the reactant
gases,  chemical  state  and  structure  changes  of  the  CoPt  nanoparticles  during  CO  oxidation  are  important
pectroscopy
imetallic nanoparticles
oPt alloys
xidation states
ycling pressure
O oxidation
urnover frequency

factors  in  determining  the  rate  of the  reaction.
© 2011 Elsevier B.V. All rights reserved.
. Introduction

Cobalt is well known for its use in the catalytic hydrogenation
eactions of CO and CO2 to produce gaseous or liquid hydrocarbons,
ith a long history of producing synthetic fuels. Here we consider

ts role in the model oxidation reaction of CO to CO2. By choosing
o explore model reactions and carefully characterizing the cata-
yst under reaction conditions it is hoped that we can gain a greater
nderstanding of the fundamental factors that determine catalyst
ehavior. A significant number of previous studies have been con-
ucted on CO oxidation of Co oxide or Co–Pt bimetallics [1–9]. In

hese studies it has been suggested that the oxidation state of Co
lays a critical role in the catalytic reaction mechanism: specifi-
ally, cobalt oxide provides oxygen to combine with the adsorbed

∗ Corresponding author at: UC-Berkeley, Department of Chemistry, D56 Hilde-
rand Hall, Berkeley, CA, United States. Tel.: +1 510 642 4053.

E-mail address: somorjai@berkeley.edu (G.A. Somorjai).
1 These authors contributed equally to this work.

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.10.009
CO molecules and Co is itself then re-oxidized to provide a new
active site.

Bimetallic CoPt nanoparticles have recently drawn attention in
many areas of catalysis in a quest to reduce precious metal content
while maintaining optimum catalytic reactivity. Stamenkovic et al.
[10] have documented a family of Pt and 3d transition metal alloy
catalysts that are more effective in oxidizing CO than monometal-
lic Pt. Likewise, bimetallic CoPt nanoparticle catalysts have recently
found application in reforming small sugar molecules in water [11].
CO oxidation is a model reaction that has been studied extensively
by us and others. The goal of our present work is therefore to
understand the role of oxidation state and elemental composition
changes of one such typical bimetallic catalyst’s surface reactivity.
To achieve this, we embarked on a combined catalytic and in situ
spectroscopic study of bimetallic 4 nm CoPt nanoparticles used as
catalysts for CO oxidation in the 10 mTorr–100 Torr pressure range

and at 125 ◦C.

We previously [12] studied the evolution of the cobalt oxida-
tion state under reducing and oxidizing conditions for 4 nm Co
and CoPt nanoparticles. We  found that the presence of platinum

dx.doi.org/10.1016/j.cattod.2011.10.009
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:somorjai@berkeley.edu
dx.doi.org/10.1016/j.cattod.2011.10.009
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acilitates the rapid reduction of cobalt oxides in H2 at low temper-
ture (38 ◦C) – the reduction happens much more easily than occurs
or pure Co. In addition, reversible changes of the oxidation state
f cobalt in the nanoparticles as a function of reactant pressure (in
he range of millitorr to 36 Torr) were quantified and compared.
sing in situ X-ray spectroscopies we report on exploring a real
atalytic reaction – CO oxidation with 4 nm CoPt nanoparticles, as

 function of reaction pressure. These spectroscopic results are then
orrelated to turnover frequency measurements under an identical
ange of conditions.

. Experimental

.1. Materials

Pt(acac)2, Co(acac)2, polyvinylpyrollidone (PVP, Mw ∼ 55,000),
enzyl alcohol and 1,6 hexanediol were purchased from Aldrich.
thylene glycol, acetone, ethanol (absolute) were purchased from
WR. All chemicals were used as received.

4 nm CoPt alloy catalyst was synthesized according to
 methodology which was recently reported [12]. Briefly,
t(acac)2 (acac = acetylacetonate) and Co(acac)2 precursors were
o-nucleated in ethylene glycol in the presence of PVP as a cap-
ing agent in an oil bath at 240 ◦C (Fig. 1). Pure Co nanoparticles
ere prepared by reduction of Co(acac)2 in benzyl alcohol in the
resence of PVP by 1,6-hexanediol at 150 ◦C. The individual, as
repared nanoparticles were seen to be truly bimetallic each com-
rising Pt and Co as demonstrated by STEM/EDS analysis in Fig. 1c
nd also reported elsewhere [12]. Colloidal nanoparticles of CoPt
ere characterized using TEM (Jeol 2100-LaB6, and FEI CM300) and

TEM/EDS (Jeol 2100-FE). Langmuir–Blodgett (LB) films of these
anoparticle samples on Au (for AP-XPS and NEXAFS) or Si (for cat-
lytic measurements) substrates were prepared using a LB trough
Nima Technology, M611). Two-dimensional LB films were exam-
ned with scanning electron microscopy (Zeiss Ultra55). Since the
t-catalyzed decomposition temperature for PVP is beyond 300 ◦C,
13] although it will remain present throughout the reaction it will
ot decompose allowing gases to diffuse through it and not blocking
he active sites with carbonaceous decomposition products.

AP-XPS studies were carried out at beamline 9.3.2 in the
dvanced Light Source, Berkeley, California. Pt 4f, Au 4f (sub-
trate), core levels were monitored in vacuum or controlled gas
tmospheres in the sub-torr pressure range and at temperatures
etween 25 ◦C and 125 ◦C. XPS depth profiles were obtained using
50 eV, 350 eV and 630 eV incident photon energies corresponding
o mean free paths of 4 Å, 6 Å and 11 Å, respectively for Pt 4f and
u 4f photo-electrons. XP spectra were recorded until no further
pectral changes could be observed in the continuous scans, which
ook about 10 min  under 100 mTorr H2 and about 30 min  under
he CO/O2 reaction conditions at 125 ◦C. To compare with X-ray
bsorption spectroscopy experiments, a total pressure of 80 mTorr
nd 800 mTorr with O2:CO = 1.4:1 were used during AP-XPS mea-
urements.

The in situ soft X-ray absorption measurements were conducted
t beamline 7.0.1 in the Advanced Light Source with a similar
ethodology to those described in the previous study on reduc-

ion/oxidation on the CoPt nanoparticles [12]. The cobalt oxidation
tate was monitored with NEXAFS spectroscopy by using the com-
ensation current to the sample (the flow of electrons replacing
hose emitted from the sample) to determine the total electron
ield signal. This permits the recording of spectra in the presence of

eactive gases under the conditions used for CO oxidation. The cell
as described in detail previously, but briefly it comprises a reac-

ion chamber in which the 2D sample is placed separated from ultra
igh vacuum by a 100 nm thick Si3N4 window and supplied with
ay 182 (2012) 54– 59 55

gas via a manifold of Parker mass flow controllers to control gas
composition. A valve between the reactor and a vacuum line is used
to control the overall pressure as monitored using baratron gauges
at both the inlet and outlet to the reactor. X-ray absorption at the Co
L-edges was  recorded with 0.3 eV resolution. The oxidation state of
cobalt was obtained by least squares fitting to a series of reference
spectra as described previously (see supporting information) [12].
Repeat Co L-edge absorption spectra were recorded at the same
spot as well as different spots and no X-ray induced artifacts were
observed. As noted in our previous study [12], care must be taken
in recording the spectra to ensure that the system has arrived at a
stable state after changing the pressure of reactant gases. Accord-
ingly, at each pressure point a series of spectra were taken (over a
time scale of 20–50 min) at the Co L-edge until no further changes
between spectra were observed. This indicates the Co has arrived
at a stable or meta-stable state or is only changing very slowly on
the timescale of the reaction.

Turnover
frequency (TOF) catalytic measurements for the CO oxidation
reaction were carried out using a pressure-variable batch reactor
operating in the 10 mTorr–100 Torr pressure range. Reaction gases
were first admitted to a mixing chamber using a gas manifold
while closely monitoring the pressure of individual reactants. The
gas mixtures were then introduced to the reaction chamber before
beginning the reaction by heating the sample to a set temperature
point of 125 ◦C. The reaction was  monitored by flowing a small
quantity of the reaction mixture through a leak valve to the anal-
ysis chamber (typically held at ∼10−9 Torr), which was equipped
with a quadruple mass spectrometer (Stanford Research Systems
RGA200). To avoid diffusion limitations at low pressures (<1 Torr),
the reaction mixture in the batch reactor was  constantly stirred
using a motor-driven fan. The number of surface Pt sites on the 2D
nanoparticle samples was  determined using the rate of ethylene
hydrogenation, a method previously adopted by our group owing
the structure insensitive nature of this reaction. This was per-
formed using a flow reactor and calculations based on the reported
TOF of 11.8 ethylene molecules per surface Pt site per second
under our conditions (20 ◦C, 10 Torr ethylene and 100 Torr H2).
For the ethylene/H2 reaction using 10 Torr ethylene and 100 Torr
H2, activation energy between 20 ◦C and 70 ◦C was found to be
7.0 kcal mol−1, and was in good agreement with literature values
[14]. The geometric area of the nanoparticles was  also calculated
using the TEM-projected average particle size, SEM-projected
coverage of the nanoparticles in fractions of a monolayer (sub-
monolayer on silicon layer), the geometric area of Si substrate, and
the surface packing density of the metals, and was within a 20%
error window of the surface area derived from the ethylene/H2
reaction (see Fig. S3 for detailed information). TOFs for the CO/O2
reaction were calculated under steady-state conversion regimes
corresponding to both chemically (i.e. NEXAFS) and structurally
(i.e. AP-XPS) stable (or meta-stable) states of the catalyst. The
agreement between TEM, SEM and ethylene hydrogenation rates
indicates it is appropriate for small molecules such as CO, O2 and
CO2, which can diffuse through the capping like ethylene, not to
pretreat the catalyst, as to do so may  alter the nanoparticles or
impair activity through the formation of carbonaceous material
[15]. The samples for both catalysis and X-ray spectroscopies are
therefore studied as made/supported without prior treatments to
attempt removal of the capping agent.

3. Results and discussion
Employing X-ray spectroscopies allows exploration of the cat-
alysts’ real structures under reaction conditions – in particular we
have adopted two synchrotron based methodologies to achieve this
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Fig. 1. (a) TEM and (b) HRTEM images of the as-synthesized CoPt nanoparticles. (c) Representative STEM/EDS elemental mapping of Pt L (green) and Co K (red) edges. (d)
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EM  image of the Langmuir–Blodget film of CoPt nanoparticles after the CO/O2 reac
s  referred to the web version of the article.)

oal: firstly Near Edge X-ray Absorption Fine Structure (NEXAFS)
pectroscopy and secondly Ambient Pressure X-ray Photoelectron
pectroscopy (AP-XPS). Fig. 2 shows a sequence of NEXAFS spectra
cquired for the 4 nm CoPt alloy catalyst under the cycling pressures
f reactant gases. As described previously [12], this is made possi-
le because rather than following emitted electrons directly, we  use
he fact these electrons (which in the presence of gas are quickly
bsorbed and thus cannot themselves be measured easily) must be
ffset by electrons from ground potential, and so a “compensation
urrent” can be measured to obtain a total electron yield signal. The

ey differences in the spectra on changing the reactant gas pres-
ure can be seen in the presence or absence of shoulders appearing
–2 eV above the pure metallic cobalt resonance at ∼779 eV – note
hat the CoPt particle is initially fully reduced while the subsequent
udies. (For interpretation of the references to color in this figure legend, the reader

dosing of O2 and CO was  monitored by the continuous scan of
NEXAFS spectra until no change on the spectra happened. This
should eliminate the pre-reducing effect on the oxidation state of
Co.

A more quantitative picture of the evolution of the cobalt’s oxi-
dation state under reaction conditions is given by the results of
least squares component fitting to a number of reference spectra
as described previously [12] (see supporting information).

The results are given in Fig. 3, which shows the changes in the %
of cobalt for CoPt alloy catalyst in each of the three different possible

oxidation states as the reactant (O2 and CO) pressure is increased
from a few millitorr to 60 Torr then decreased back to a few milli-
torr. Here the increasing and decreasing of reactant pressures share
the same x-axis to better demonstrate the hysteresis process and
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Fig. 2. Examples of Co L-edge absorption spectra obtained at different O2 and CO
partial pressure conditions for 4 nm CoPt nanoparticle samples. In this study the
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Fig. 3. The fraction of Co in each of its three oxidation states during exposure of
the 4 nm CoPt alloy catalyst to the reactant gases, as determined by least squares
fitting of the NEXAFS spectra to known reference data (see supporting information).
The experiment was conducted with a reactant gas mixture of O2:CO:He = 1.4:1:28
at  125 ◦C. Reactant (O2 and CO) pressure increases was  cycled from a few milli-
torr  to 60 Torr and then back to low pressure. The Co2+ data represents the sum of
components fitted to two different coordination types (Oh and Td). (See supporting
materials S2 for further details). Error bars are calculated through the error prop-
agation from residue sum of squares of difference between the spectrum and the
fit,  ignoring the systematic errors. Solid line represents the pressure goes upward
otal pressure of O2, CO and He was varied with a fixed ratio of O2:CO:He = 1.4:1:28
t  125 ◦C. Pressures shown in the figure are the total pressure of O2 and CO cycling
rom low to high (starting from bottom) and back to low in a range of several millitorr
o  60 Torr reactant pressure (PCO + PO2 ).

his is different from the previous oxidation and reduction study
12], where the increase and decrease of pressure were separately
ndicated in the x-axis. The ratio of all gases was  kept constant: The
eactant gas ratio O2:CO:He (balance) was kept constant at 1.4:1:28
hroughout the experiment. Prior to CO oxidation both nanopar-
icle samples were treated in 1 atm H2 at 125 ◦C. Under reaction
onditions a significant exchange of Co0 (initially 100% and 80%
or CoPt and Co, respectively) to Co2+ states occurs as the reactant
ressure is increased. Near the maximum pressure, some cobalt is
een to be fully oxidized to Co3+ for CoPt samples, both from the
east squares fits and from a shoulder at 780.5 eV on the spectra
hown in Fig. 2. For comparison we also made measurements on
ure Co nanoparticles at the same condition for comparison (see
upporting materials S2).  The major result is that at high pressure
f O2 and CO cobalt’s oxidation state tends to be similar between
ure Co and CoPt alloy nanoparticles. This is expected since it is in
he O2 rich reaction condition.

As mentioned above we previously reported on the ability of
latinum when incorporated into these particles to change the sus-
eptibility to oxidation and ease of reduction [12]. The behavior
bserved under actual reaction conditions is broadly similar to that
een previously: as the pressure is decreased again Co3+ disappears
nd the fraction of Co2+ also returns partially towards its origi-
al state, although some hysteresis is observed. The incomplete
eversal in the state of the cobalt as the overall reaction pressure is
owered again could originate in a number of underlying reasons.
or Pd it has been reported that such effects are caused by O2 diffu-
ion [16], however for the present case the favorable formation of
ulk cobalt oxide is the most likely candidate. It was  shown that [4]
O tends to block O2 adsorption less on the pre-oxidized Co than
n the pre-reduced Co. Since more O2 is adsorbed when cobalt is
lready oxidized, once the pressure decreases from the maximum

o in the CoPt alloy nanoparticles remains in a more oxidized state
han at the same partial pressure while the pressure is rising.

To understand this more fully a second question arises – what
s the structure of the two metals within the particle? This issue
and  dotted line represents the pressure goes downward. X-axis indicates the total
pressure of O2 and CO.

is addressed by the second type of X-ray spectroscopy – ambient
pressure XPS, which, by using a tunable X-ray source, allows us to
probe the structure at different depths within the nanoparticles.
This is achieved by varying the kinetic energy of the emitted elec-
trons and thus the depth within the sample from which they can
originate and still escape the material. By bringing a differentially
pumped cone very close to the sample [17] it is again possible to
record spectra under near ambient conditions (up to ∼1 Torr).

This method was therefore used to study the metal composition
on the surface and in the subsurface regions of the 4 nm CoPt alloy
nanoparticles during CO oxidation. In particular we  were able to fol-
low the Pt 4f signal at 71 eV (normalized to the underlying Au [4f,
84 eV]) as a function of probing depth and gas pressure (Fig. 4). The
relative composition at different depths inside the approximately
spherical nanoparticles can then be estimated by recourse to their
known particle size of 4 nm from TEM and their known bulk com-
position from single particle EDS analysis (Pt:Co 55:45). Incident
photon energies were selected as a trade off of incident photon
flux at beamline 9.3.2 and the broadest range of possible escape
depths; energies of 250 eV, 350 eV and 630 eV were selected. This
corresponds to electrons with a mean free path of 4 Å, 6 Å  and 11 Å
– thus sensitive to different depths within the 2 nm radius particles.
(It must be remembered there are relatively very few atoms at the
core of a particle owing the small fraction of overall volume at the

center of the sphere.) In the vacuum case, conventional laboratory
XPS (an Al K� source, 1486 eV incident photons) was  also used and
the result obtained when probing 2 nm to the very center of the
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ig. 4. Normalized XP spectra of CoPt alloy nanoparticles taken using different photo
b)  100 mTorr H2, 125 ◦C; (c) 80 mTorr total CO + O2, 125 ◦C; (d) 800 mTorr total CO +
gure  shows XP spectra corresponding to photon energies of 250 eV, 350 eV, 630 eV

anoparticles is in good agreement with that calculated from our
ynchrotron XPS model.

A typical set of spectra is shown in Fig. 5a. From these spectra a
rude model can be derived for illustrative purposes, as described in
ore detail in the supporting information section, to estimate the

atio of Pt to Co in each shell or layer – the normalized Pt fraction
t each escape depth is shown in Fig. 5b and the corresponding
ppearance of a cross section of a 1/8th spherical cone through the
anoparticle is shown in Fig. 5c.

The key result is that from under vacuum to being reduced in
2 at 125 ◦C it is clear there is a significant surface segregation of
t to the surface – this is even apparent from the spectra shown in

ig. 5a in which the purple and blue spectra correspond to roughly
2% and 63% of the atoms present respectively and yet differ only
ractionally in intensity. In contrast under reaction conditions of CO

ig. 5. (a) Ambient pressure Pt 4f XP spectra of 4 nm CoPt alloy nanoparticles under vacuum
tomic  fraction of Pt corresponding to probing depths of around 4 Å, 6 Å  and 11 Å as sho
ross-sections of the 1/8th spherical cone of the 3D model clusters constructed with the a
reen  balls O. Yellow guide lines enclose the regions most sensitively probed by each pho
n  this figure legend, the reader is referred to the web  version of the article.)
on energies under various temperature and pressure conditions: (a) vacuum, 25 ◦C;
25 ◦C. y-Axis shows the normalized Pt 4f signal and x-axis the binding energy. Each
XPS) and, in addition, 1400 eV (lab XPS with Al K�) taken only at vacuum (a).

and O2 there is a significant exchange of Co to the surface region, as
seen from the decrease in intensity of the surface Pt (that probed
with 250 eV photons). The implication is Co being pulled out from
the core of the atom – a reasonable observation given the respective
adsorption energies of O2 on the two  metals (100 kcal mol−1 for Co
versus 67 kcal mol−1 for Pt, CO adsorbs equally preferably on Co or
Pt [18]). It is also notable that the oxidation state of the Co (obtained
from NEXAFS above) changes as the surface fraction of Co increases,
from almost all metallic at 80 mTorr (even though some cobalt has
already reached the surface layers), to ∼30% oxidized at 800 mTorr
once more cobalt is in the near surface region – this is also indicated
in the model schematics in Fig. 5.
Having carefully characterized the system under a series of typi-
cal reaction conditions it is instructive to now compare these results
to those obtained for the oxidation of CO to CO2 in catalytic runs

 and at 25 ◦C at photoelectron energies of 250 eV, 350 eV and 630 eV. (b) Normalized
wn by the color coded regions of the XP spectra in (a). (c) Cartoons show the 2D
tomic fraction of Pt present in each region. Red balls represent Pt, blue balls Co and
ton energy: 0–4 Å, 4–6 Å, and 6–11 Å. (For interpretation of the references to color
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Fig. 6. Plots of turnover frequencies in CO2/surface site/sec (blue) and oxidized frac-
tion  of Co as determined by NEXAFS spectroscopy (red) as a function of O2 and CO
pressures in torr. An O2:CO ratios of 1.4:1 was  used for both turnover rate and NEX-
AFS spectroscopy studies. Solid spheres and lines show the data acquired while
increasing reactant pressure and hollow spheres and dashed lines show the return
direction while decreasing reactant pressure. The “⊗” symbol highlights the TOF
measurement obtained at 43 mTorr O2 and CO pressure following re-reduction in H2

(20 Torr/250 ◦C) after the reaction cycle. Atom cluster models show the approximate
arrangement of Pt (red), Co (blue) and O (green) atoms derived from spectroscopic
m
i
t

–
a
g
t
(
t
o
w
d
i
a
h
T
d
s
C
s
s
c
C
e
f
H
t
t
c

4

c
4
s

[

[

[

[

[

[

[16] S. Ladas, R. Imbihl, G. Ertl, Surface Science 219 (1989) 88–106.
easurements as above for the high and low extremes of pressure presented. (For
nterpretation of the references to color in this figure legend, the reader is referred
o  the web  version of the article.)

 these were performed in a batch reactor and monitored using
 quadruple mass spectrometer at various pressures of reactant
ases in a similar range to those explored spectroscopically – again
he reaction rate was observed as the overall reactant pressure
O2:CO still 1.4:1) was increased from a few millitorr to 43 Torr,
hen decreased back to a few millitorr. The turnover frequencies
btained are presented in Fig. 6, along with the fraction of the cobalt
hich was oxidized (Co2+ and Co3+) from the NEXAFS spectroscopy
ata above. The solid lines show the rate increasing with increas-

ng reactant pressure. The dotted lines show the rate of reaction
s the pressure is lowered back to a few millitorr and a marked
ysteresis is observed – both in the catalysis and the spectroscopy.
his is important because it is otherwise hard to isolate an effect
ue to nanoparticle structure from the effect of the partial pres-
ure of reactants on the overall rate. At 25 mTorr O2, 18 mTorr
O the reaction rate is seen to be four times greater after expo-
ure to the higher reactant pressure than before. From the NEXAFS
pectroscopy results the cobalt is still more oxidized under these
onditions and the AP-XPS results indicate it is very likely that
o remains near the surface under these conditions (as it is when
xposed to the reactive gases at higher pressures), whereas the sur-
ace is predominantly Pt under these conditions after reduction in

2. The origin of this effect being the reactant induced changes in
he material is further re-enforced by the fact that re-reduction of
he samples in H2 to complete the cycle (shown as “⊗”) returns the
atalytic activity to its initial lower value.

. Conclusions
To summarize in situ X-ray spectroscopy measurements and
atalytic turnover frequency measurements were performed on

 nm CoPt alloy nanoparticles and the fractions of Co oxidation
tates mapped while cycling the total pressure of O2, CO and He

[

[

ay 182 (2012) 54– 59 59

between a few millitorr and one bar total pressure. Ambient pres-
sure XPS indicates a significant change in the elemental distribution
within each bimetallic particle, changing from Pt covered surfaces
under reducing conditions to a significant surface presence of Co
in the case of the reacting catalyst in CO and O2. Turnover fre-
quency measurements were then correlated with these results and
a hysteresis observed in cycling between oxidizing and reducing
conditions, indicating the importance of oxidation state of Co, par-
ticle structure induced by the reaction conditions as well as just the
reactant partial pressures in contributing to the overall CO oxida-
tion rate for these bimetallic nanoparticles.
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