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O2 induced Cu surface segregation in Au–Cu alloys studied by angle

resolved XPS and DFT modelling
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Surface segregation effects on polycrystalline Au–Cu alloys (Au0.80Cu0.20, Au0.85Cu0.15 and

Au0.90Cu0.10) were studied at room temperature by angle resolved XPS (ARXPS) and density

functional theory (DFT) before and after exposure to O2. Au surface enrichment was found as

predicted from calculations showing that this process is energetically favourable, with a

segregation energy for Au in a Cu matrix of �0.37 eV atom�1. Surface enrichment with Cu was

observed after exposure to O2 due to its dissociative adsorption, in agreement with DFT

calculations that predicted an energy gain of �1.80 eV atom�1 for the transfer of Cu atoms to a

surface containing adsorbed oxygen atoms, thus leading to an inversion in surface population.

1. Introduction

The increase of CO2 concentration in the atmosphere consti-

tutes a major environmental challenge that has triggered an

increased interest in studies focussed on the elimination or the

conversion of this molecule. Reduction of CO2 has been

investigated as a possible route for its use as a raw material

to produce useful products, as a way of energy storage or for

the production of low molecular weight organic compounds to

participate in carbon neutral cycles.1,2 The original work by

Hori et al.3 demonstrated that Cu can act as an unusually

active electrocatalyst leading to the production of alcohols,

acids and C-1 to C-5 hydrocarbons.4,5 The product distribu-

tion is strongly dependent on electrode surface treatment.

Performance is complicated by the ease of oxidation of copper

surfaces and one of the strategies to achieve control on surface

oxidation is to alloy copper with gold, since Au and Cu are known

to yield single-phase solid solutions over the whole compositional

range.6 Au–Cu alloys have also attracted considerable interest as

catalysts for many gas-phase reactions such as CO oxidation,

propene epoxidation and selective oxidation of benzyl alcohol to

yield benzaldehyde.7

The electrocatalytic properties of alloys depend on surface

composition, which is, in general, different from that in the

bulk due to differences in the surface segregation energy of alloy

constituents, a question that has been extensively discussed.8,9

The binary alloy system Au–Cu is a typical example of an alloy

displaying surface segregation phenomena that has been investi-

gated both experimentally10–13 and theoretically.14–16 Theoretical

studies give a qualitative description of surface enrichment even

though only considering that one of the components of the alloy is

a single atom (the guest) embedded in a matrix of atoms of the

other alloy component (the host). In consequence, these calcula-

tions do not take into account guest-guest interactions, which are of

fundamental importance for predicting surface composition.

Chemisorption from the gas or solution phase onto the

alloy surface can change the equilibrium concentration thus

resulting in chemisorption-induced surface segregation, which

in some cases can lead to an inversion of the composition of

the segregated atoms.13,17,18 In electrochemical experiments,

adsorbate-induced changes in composition have been recently

demonstrated and importantly, shown to result in changes of

the oxygen reduction mechanism for Au-Pd alloys.19 In this

type of experiments, adsorbed oxygen resulting from the

partial anodic oxidation of the alloy can play a fundamental

role in establishing the reaction pathway to either water or

hydrogen peroxide. The study of surface segregation when the

alloy is in contact with a condensed phase is not simple and

for this reason, segregation phenomena induced by oxygen

adsorption from the gas phase has been investigated in the

present work.

The purpose of this work was to study the segregation

properties of polycrystalline Au–Cu alloys (Au0.80Cu0.20,

Au0.90Cu0.10 and Au0.85Cu0.15) in UHV at room temperature.

The effect of exposure of the first two alloys mentioned to an

atmosphere of pure O2 was investigated employing angle

resolved XPS (ARXPS) and the experimental observations

of adsorbate induced segregation were analysed using density

functional theory (DFT) modelling.
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2. Experimental

2.1 Alloy preparation and surface treatment

Au–Cu polycrystalline alloys were prepared from high purity base

metals (3 mm diameter Au and Cu rods 99.9985%, Premions, and

99.999%, Puratronics, respectively, Alfa Aesar, UK). The rods

were cleaned in boiling acetone and cut and weighed to obtain the

correct Au/Cu fraction. They were then placed in alumina crucibles

and heated in a tube furnace (CTF 12/75/700, Carbolite, UK)

under 10% H2/90% Ar (BOC gases, UK) at 1100 1C for 6 h. The

samples were left to cool in the reducing atmosphere of the furnace

and extracted only when they reached room temperature. The

samples thus obtained were flattened into panels of 1 cm diameter

and 0.5 mm thickness, then cleaned in boiling acetone and polished

with 1200 and 2400 abrasive paper and finally with 9, 3, 1, 0.3 and

0.05 mm alumina slurries (Buehler, Germany); the samples were

rinsed with copious amounts of Milli-Q water (Millipore, USA)

and sonicated in Milli-Q water between each polishing step.

The materials thus prepared were analyzed by X-ray diffraction

(PANalytical X’pert PRO Multi-Purpose Diffractometer, Co Ka1
radiation), to ensure that alloys were formed.

2.2 X-ray photoelectron spectroscopy

XPS measurements were performed in a SPECS UHV (SPECS,

Germany) spectrometer system equipped with a 150 mm mean

radius hemispherical electron energy analyzer and a nine channel-

tron detector (base pressure o 5 � 10�10 mbar). XP spectra

were acquired at a constant pass energy of 20 eV using a Mg-Ka
(1253.6 eV) source operated at 12.5 kV and 20 mA. Measurements

were performed with a variable detection angle (see below ARXPS

technique) with respect to the sample surface normal. The binding

energies quoted are referred to the Au 4f7/2 emission at 84.0 eV.

Alloy samples were cleaned by Ar+ sputtering until no contami-

nants were observed on their surfaces. The sample and support

were grounded and no charge compensation was necessary as

indicated by the absence of differential charging features, e.g., low

binding energy tails. Atomic ratios were calculated from the

integrated intensities of core level signals after corrections for

instrumental and photoionisation atomic sensitivity factors.20,21

2.3 ARXPS measurements and analysis

XPS measurements were performed as a function of detection

angle defined as the angle between the electron analyzer and

the normal to the surface. Thus, the information collected at

high detection angles has a higher surface sensitivity than that

at smaller detection angles. The angles used (y) were 5, 30, 45,
60, 68 and 751. To convert the angle-dependent XPS data into

depth profiles, a maximum entropy approach was used as

described in detail elsewhere.22–24 Only a brief outline will be

given here.

Consider a sample from which a set of angle resolved XP

spectra has been acquired. If the sample consists of j slabs that

contain i elements at concentration cj,i, the total intensity

detected at an angle y for element i can be expressed as:

IiðyÞ ¼
X

j
Ij;iðyÞ ð1Þ

for which

Ij;iðyÞ ¼ sicj;iexp
�z cosðyÞ

li

� �j�1
ð2Þ

where z is the thickness of each slab; si and li are the sensitivity
factor and attenuation length for each element, respectively.

The procedure to estimate concentration profiles requires the

optimisation of two quantities, a minimisation of the least squares

deviation from estimated trial functions and the maximisation of

an entropy term corresponding to the minimum information

content consistent with the experimental data, as discussed by

Livesey and Smith.23

For each trial profile for each element, the sum of the

squares of the errors (w2) was calculated according to:

w21 ¼
X

y

ðIcalci ðyÞ � Iobsi ðyÞÞ
s21ðyÞ

ð3Þ

where si(y) is the standard deviation due to experimental noise

at an angle y. This expression must be minimized while

maximizing the entropy term S:

S ¼
X

j;i
cj;i � coj;i � cj;i ln

cj;i

coj;i

" #
ð4Þ

where coj,i is the initial estimate for the concentration of species

i at slab j. In ARXPS, the strategy is to reconstruct the profile

from a data set consisting of intensity measurements containing

some instrumental noise. The solution to this problem is the

reconstruction that satisfies the data but contains the minimum

amount of structure necessary to do so, as it is not desirable to fit

the details of the noise in the data. The required solution is

therefore the concentration profile that has the minimum informa-

tion content (i.e. maximum entropy), consistent with the data.23

The two conditions can be met simultaneously by minimizing

the quantity Q = 0.5w2 � aS, where a is a regularisation constant

that gives appropriate weights to the minimization of the squared

errors (w) and the information content (S).24 A large value of

a would result in overly smoothed profiles, while a small value

would lead to data overfitting (i.e. fitted to the noise). The

calculated profiles were obtained by carrying out the above

calculation in an MS Excel spreadsheet using the SOLVER

subroutine.25

2.4 O2 dosing

Scheme 1 shows a diagram of the experimental arrangement

employed. The sample was transferred from the main analysis

chamber (p E 5 � 10�10 mbar) to the loading chamber (p E 5 �
10�8 mbar) with a mechanical arm and then transferred to the

gas-dosing chamber via a second mechanical arm at 90 degrees

from the first. Once there, the valve connecting the loading with the

gas dosing chamber was closed and O2 (99.99%, INDURA,

Argentina) was fed, thus exposing the sample to O2. The turbo

pump connected to the loading chamber was switched off and as

atmospheric pressure was reached, pure N2 was fed into the loading

chamber closing simultaneously the flow of O2 to the gas chamber.

The valve connecting both chambers was then opened; the sample

transferred to the loading chamber and the pump was switched on

again. Once the pressure reached E 5 � 10�8 mbar, the sample

was transferred back into the main chamber for measurements.
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The whole operation took approximately 15 min; most of the

time was taken to pump empty the loading chamber. The O2

exposure time was 5 min for all samples studied.

3. DFT calculations

DFT calculations were performedwith SeqQuest,26 a periodic DFT

code with localized basis sets represented by linear combinations of

contracted Gaussian functions (here at the ‘‘double-z plus polariza-
tion’’-level). The PBE-GGA exchange–correlation functional was

employed in tandem with standard (non-local) norm-conserving

pseudopotentials. Integrations in reciprocal space were performed

with a Brillouin zone sampling of 9� 9 k-points per 1� 1 unit cell.

All surfaces were represented by six-layer slabs where the lowest

two layers were fixed to the calculated bulk structure while all

remaining layers were allowed to optimize freely their geometry

(up to less than 0.1 eV Å�1).

4. Results

4.1 Characterisation of the alloys

Fig. 1 shows the X-ray diffraction spectra of the Au0.80Cu0.20,

Au0.85Cu0.15 and Au0.90Cu0.10 alloys. No individual reflections for

the alloying elements are observed, indicating that the samples

obtained were solid solutions. In addition, the expected shifts for

the Au reflections predicted from Vegard’s law27 are observed in

these results (See inset to Fig. 1) for increasing concentration of Cu.

The lattice parameters were calculated28 for the three reflections

observed and the average values obtained were 4.013� 0.006 Å for

Au0.80Cu0.20, 4.025� 0.006 Å for Au0.85Cu0.15 and 4.060� 0.005 Å

for Au0.90Cu0.10. These lie between those of Au (4.079 Å) and Cu

(3.610 Å).

4.2 ARXPS of Au/Cu alloys

Fig. 2 shows the Cu and Au atomic compositions for

Au0.80Cu0.20, Au0.85Cu0.15 and Au0.90Cu0.10 as a function of

XPS detector angle. The relative compositions were calculated

taking into account the sensitivity factors for Au and Cu from

the literature.20,21 The solid lines in Fig. 2 show the best fits

using the concentration-gradient model with maximum entropy

regularisation described in Section 2.3.22–24

The insets to Fig. 2 show the dependence of the Au 4f and Cu

2p3/2 XP signals on detection angle (the spectra are shifted for

clarity). The Au and Cu compositions were calculated from the

ratio of these two XP signals and their corresponding relative

atomic sensitivity factors.21 The Au 4f signals show a clear increase

in intensity as the detection angle is increased, whereas the

Cu 2p3/2 signals decrease demonstrating surface enrichment in

Au for the three alloys studied. As expected, the measured Au

and Cu compositions tend towards their nominal bulk values as

the detection angle is decreased. The Cu 2p3/2 XP signal is seen

at a binding energy of 932.4 eV, which is ascribed to metallic Cu

with no contributions from copper oxides, as can be seen from

the negligible O 1s signal observed (see later Fig. 4).

Fig. 3 presents the corresponding depth profiles for the three

samples obtained from fitting the data as described in Section

2.3, showing the surface segregation of Au on these alloys, as

predicted from theoretical calculations.14,15

Scheme 1 Scheme of the XPS experimental setup for O2 dosing. (a) Setup used when measuring XPS spectra. During this procedure, the loading

and gas dosing chambers are connected and have the same base pressure of E 5 � 10�8 mbar. (b) During O2 dosing, pure O2 is admitted to a

pressure above 1 bar, the pump connected to the loading chamber is switched off and when atmospheric pressure is reached, it automatically doses

N2 into it. (c) The O2 dosing valve is closed, the sample is transferred back into the loading chamber and the pump is switched back on, emptying

both the loading and gas dosing chambers down to E 5 � 10�8 mbar. When this pressure is reached, the sample is transferred back into the main

analysis chamber to be studied.

Fig. 1 X-ray diffraction spectra of the Au/Cu alloys studied. The inset

shows the corresponding Vegard’s law plot.
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4.3 Effects of exposure to O2

Fig. 4 shows the O 1s signal for the Au0.80Cu0.20 and Au0.90Cu0.10
samples before and after exposure to O2 (see experimental Section

2.4) taken at a detection angle of 751. It was found that the surface

sensitivity and signal intensity were optimal at this angle.

Immediately after sample cleaning and before exposure to

O2, both samples showed almost no presence of O, except for a

small signal at E532 eV, which is probably due to minor

organic contamination remaining on the sample. After exposure

to O2, the O 1s XP signal increased dramatically with a peak

centred atE530.9 eV, which is attributed to adsorbed atomic O.29

It is noticeable that for the Au0.80Cu0.20 alloy with a higher Cu

content than the other sample, the signal increase is more

pronounced, demonstrating the role of Cu in the alloy for

enhancing O chemisorption.

Fig. 5 and 6 show the elemental surface compositions

calculated from the Au 4f and Cu 2p3/2 signals at different

detection angles for the Au0.80Cu0.20 and Au0.90Cu0.10 alloys

before and after O2 exposure, as well as their corresponding

concentration fits.22–24 A clear change in surface composition

is observed after exposure to O2. The surface of both samples

becomes enriched with Cu, with an inversion of surface

composition for Cu, an effect which is more pronounced in

the Au0.80Cu0.20 alloy, showing a total change of approximately

18% compared with 12% for the Au0.90Cu0.10 alloy. It should

be noted that the results in Fig. 5 correspond to a two-element

system before O adsorption, whereas a three-element system is

present after adsorption. The results at high take-off angles

clearly show the large segregation induced by O adsorption. This

effect was further analysed by calculating the corresponding

concentration profiles.

The depth profiles calculated with the model used predict

changes that correspond to topmost surface layers properties.

It is useful to compare the results shown in Fig. 6 with the

atomic radii of Au and Cu, 1.442 and 1.278 Å, respectively.30

Considering these atomic sizes, it can be seen from Fig. 6 that the

main influence of O adsorption is to modify the composition of

the first few layers of the alloys.

Surface roughness of the sample can play an important role in

the depth profiles measured.31,32 Great care was taken during the

manipulation and polishing of the samples and sputtering was

kept to a minimum until almost no C contamination was detected,

so as to minimise the influence of roughness on the ARXPS

results. The experimental data used to calculate the depth profiles

is obtained, however, from ratios of the XP signals for the different

elements, therefore diminishing the influence of roughness in the

profiles calculated.

4.4 DFT results

In order to verify the reversal of surface segregation caused by

oxygen adsorption, density functional theory (DFT) calculations

were performed for two different systems, clean and oxygen-

covered (y = 1.0 ML) surfaces. Place exchange energies for Cu

were calculated using slab geometries. The calculations were carried

Fig. 2 Cu (filled circles, left) and Au atomic % (open circles, right) calculated from the XPS data obtained as a function of detector angle for the

three polycrystalline Au–Cu alloys studied (Au0.80Cu0.20–top, Au0.85Cu0.15—middle and Au0.90Cu0.10�bottom). The lines correspond to the best fit

obtained using a concentration-gradient model with maximum entropy regularisation.22,24 Insets: Au 4f and Cu 2p3/2 signals for each sample

(The spectra are shifted for clarity).
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out on Au(111) surfaces when either the first or the second layer

had been fully exchanged with Cu atoms, thus representing

preferential segregation of either Au or Cu to the surface.

Fig. 7 shows schematically the structures modelled. In the

absence of adsorbates, the calculated energy for a monolayer of

adsorbed Cu to segregate to subsurface sites was�0.37 eV atom�1

(Process I - II in Fig. 7, negative energies indicate an overall

energy gain). This shows that Au is preferentially situated at the

surface. The dissociative adsorption of 1.0 ML of oxygen on a

gold terminated slab requires 0.45 eV per oxygen atom (Process

II - III in Fig. 7; all the values have been referenced to 1
2
O2(g)).

This process is endothermic since the formation of an adsorbed

layer by dissociation of gaseous O2 is considered here and

the adsorption energy of oxygen on gold is relatively low. Process

III - IV corresponds to the place exchange of surface Au atoms

by Cu with oxygen attached to Cu, resulting in an energy change

of �1.80 eV atom�1. This large value is certainly sufficient to

induce almost any atom exchange at the surface resulting, there-

fore, in the composition and segregation changes due to the

adsorption of oxygen, as observed experimentally (see Fig. 6).

5. Discussion

In agreement with DFT calculations (Process I- II in Fig. 7),

the data in Fig. 2 and 3 show that in vacuum, the surface is

enriched with Au for the alloys studied. The DFT calculations

show a segregation energy of �0.37 eV atom�1 for Au atoms on

the surface. There is previous experimental evidence for this

result, both for polycrystalline10,12,33 and single crystal alloys.10,11,13

Similar conclusions have been previously reported from

calculations for this system, with energy values of �0.34 and

�0.17 eV atom�1.14,15 Surface enrichment by Au has also been

predicted from Monte Carlo simulations34 and for a 55 atom

cluster, for which the energy gain is �0.47 eV atom�1.16 It is

important to notice that many of these theoretical calculations are

simplifications of real systems, since they consider only guest-host

structures, but they do not include guest-guest interactions,

although the results obtained from them provide guidelines for

the expected segregation behaviour. The present DFT calculations

offer a broader picture because interactions between all types of

atoms (host-host, host–guest, guest-guest) are considered.

The binding energy of Cu 2p3/2 for all samples studied at

all detection angles before exposure to O2 was 932.4 eV

(Fig. 2). This binding energy is ascribed to metallic Cu with

no contribution from copper oxides since the O 1s XP signal

before O2 exposure at approximately 532 eV (see Fig. 4), is

very small and can be attributed to minor organic contamination

remaining after sputtering. This was confirmed by the small

residual C 1s peak (less than 1% of the total Au 4f + Cu 2p

signals). The O 1s XP signal did not increase as the detection angle

was decreased, i.e. as deeper layers were probed. Thus, the small

amount of O detected was present on the surface and not in the

bulk alloy.

Fig. 3 Depth profiles for Au (top) and Cu (bottom) for the three

alloys studied: (full line): Au0.80Cu0.20; (dashed line): Au0.85Cu0.15;

(dotted line): Au0.90Cu0.10. The profiles were converted from the best

fit to the ARXPS data shown in Fig. 2.

Fig. 4 O 1s XP signal for Au0.80 Cu0.20 (above) and Au0.90 Cu0.10
(below) samples, before and after exposure to 1 bar of O2, taken at a

detection angle of 75 deg with respect to surface normal. The spectra

have been shifted for comparison.
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After exposure to O2, the O 1s XP spectra taken at a

detection angle of 751 increase and the binding energy shifts

to 530.9 eV. These changes are assigned to the adsorption of

O atoms on the surface.29 From the DFT calculations above, if

the surface remained unchanged, oxygen adsorption on Au

would be very unfavourable (0.45 eV atom�1, process II- III

in Fig. 7). Surface reorganization leading to enrichment by Cu

atoms takes place due to the energetically much more favourable

O binding to Cu than to Au atoms (Process III - IV in Fig. 7).

In consequence, the gain in energy of �1.80 eV atom�1 resulting

Fig. 5 Comparison of atomic Au% (top) and Cu% (bottom) for the Au0.80Cu0.20 (left) and Au0.90Cu0.10 (right) samples before (filled circles) and

after (open circles) exposure to 1 bar of pure O2. The lines show the best fit obtained using a concentration-gradient model with a maximum

entropy method.22,24

Fig. 6 Depth profiles for a Au0.80Cu0.20 alloy (top) and Au0.90Cu0.10
(bottom). The profiles were converted from the best fit to the ARXPS

data shown in Fig. 5.

Fig. 7 Schematic illustration of oxygen-induced surface segregation.

While the clean particle (top) shows Au surface segregation, adsorp-

tion of oxygen very much favours binding to Cu (bottom). The energy

differences and oxygen binding energies, referenced to molecular O2,

are obtained by DFT calculations (see text).

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

L
iv

er
po

ol
 o

n 
19

 A
pr

il 
20

12
Pu

bl
is

he
d 

on
 2

9 
M

ar
ch

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
P4

05
65

B

View Online

http://dx.doi.org/10.1039/c2cp40565b


This journal is c the Owner Societies 2012 Phys. Chem. Chem. Phys.

from the transfer of Cu atoms to the surface, leads to a significant

surface enrichment by Cu. Although the present calculations have

only considered full monolayers, due to the very large energy gain,

a similar behaviour with lower Cu surface concentrations is

expected. These qualitative studies indicate that surface species

showing a strong anisotropy and selectivity for binding to the

different alloy constituents are capable of altering profoundly the

surface composition.

ARXPS results for the O 1s signal after exposure to O2

correspond to surface adsorbed O, as can be seen in Fig. 8 for

the Au0.80Cu0.20 sample. This signal exhibits only a small

increase as the detection angle increases, demonstrating that

most of the O detected is present at the sample surface.

The change in surface composition due to oxygen adsorption

is clearly demonstrated from the XPS results in Fig. 5 and 6,

where the inversion of population of surface atoms from Au- to

Cu-enriched is very noticeable. This effect is more marked for an

alloy with a higher concentration of Cu. Although the percentual

surface Cu concentration increase is similar for both samples

(about 26%), there is a higher concentration of adsorbed O

on the surface of the Au0.80Cu0.20 alloy (25%) than for

the Au0.90Cu0.10 alloy (13%). In consequence, the Au surface

concentration decreases for both alloys.

A slight increase in Cu population due to O adsorption was

previously observed by Okada et al.35 at the other extreme of Cu

concentrations from that investigated here, for a Cu3Au alloy.

There is also some additional theoretical evidence for the phe-

nomena observed.36 The ratio between the O 1s and Cu 2p3/2
peak areas taken at a detection angle of 751 for both samples

studied after exposure to O2 gives an estimate of the O surface

coverage. Not surprisingly, the coverage is larger for Au0.80Cu0.20
(B0.75ML) than for Au0.90Cu0.10 (B0.6ML). Similar results for

the specific surface enrichment triggered by adsorbates have been

obtained for Au-Pd alloys, where the presence of H or CO can

induce the displacement of Pd atoms from the bulk to the

surface;18,37 and for nanoalloys where migration of Pd atoms

to the surface is observed on applying potentials that result in the

adsorption of oxygenated species.19 In addition, surface rearrange-

ments have been observed for Pt-Co nanoalloys in contact with

CO.38 Pt binds CO more strongly than Co, leading to the

formation of a Pt skin, which disappears on CO removal and

resulting in a repopulation of the surface with Co.39

Conclusions

We have shown both experimentally (ARXPS) and theoretically

(DFT) that for polycrystalline Au–Cu alloys in vacuum, surface

enrichment by Au at room temperature is observed. When these

samples were exposed to an O2 atmosphere, the Cu surface

compositions were inverted due to O adsorption. The large

changes in surface composition detected indicate that experiments

in a condensed phase will not necessarily preserve the bulk alloy

properties and in particular, the adsorption of oxygen species

at different applied potentials in electrochemical experiments

will determine the electrocatalytic properties of these alloys

due to the profound changes in surface composition induced

by adsorbates.19 Thus, the present work indicates that during

(electro-) catalytic reactions that involve adsorbed oxygen

species, the Au–Cu alloy system might not remain rigid, but

continuously change its surface composition as previously

discussed for the Pd-Au system as an example of a ‘‘breathing’’

catalyst, i.e., a surface alloy where fast atomic exchange

processes driven by changes in segregation energies resulting

from adsorption can take place.18 It is expected that the

phenomena observed is a general property of gold-transition

metal alloys for which specific segregation of alloy components

would be observed.19
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