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In general, achieving control 
of the nanoscale structure is of 
paramount importance for the 
design of novel materials with 
VSHFL¿F�SURSHUWLHV��OHDGLQJ�WR��
for example, improved reaction 
rates and selectivity in catalysis 
(reduction of carbon dioxide), 
tailored magnetic behavior in 
electronics, and controlled growth 
of nanostructured materials 
(graphene). For binary alloys, 
the composition of the material 
in the surface region is of crucial 
importance in determining key 
properties, and is determined 
E\�FRPSOH[�VHOI�GLIIXVLRQ�DQG�
segregation mechanisms of the 
different atomic components. 
Close control of these processes 
would make tailoring of the 
material functionality possible 
E\�¿QHO\�WXQLQJ�WKH�UHODWLYH�
concentration of the alloy 
constituents. By means of a 
combined experimental and 
theoretical approach, we have 
studied this issue for the  
1L�&X�V\VWHP��ZKHUH�WKH�DERYH�
mechanisms were shown to be 
PRVWO\�GH¿QHG�E\�NLQHWLF�UDWKHU�
than energetic effects.
The processes taking place at 
WKH�1L�&X������VXUIDFH�KDYH�EHHQ�
IROORZHG�E\�KLJK�HQHUJ\�UHVROXWLRQ�

x ray photoelectron spectroscopy 
experiments performed at the 
6XSHU(6&$�EHDPOLQH��6WDUWLQJ�
IURP�D�1L�FRYHUDJH�RI������0/��
;36�ZDV�XVHG�WR�PRQLWRU��DW�
VHOHFWHG�¿[HG�WHPSHUDWXUHV��
the real time evolution of the Cu 
DQG�1L�FRUH�OHYHOV��)LJ������$IWHU�
SUHSDUDWLRQ�RI�WKH�1L�DG�OD\HU��
the sample temperature was 
suddenly raised to the selected 
WDUJHW�YDOXH��IROORZLQJ�D�VWHS�
OLNH�SUR¿OH��$�VSHFWURVFRSLF�

“movie” of the segregation 
process was then obtained by 
analyzing the dependence of the 
core level signal intensities as a 
IXQFWLRQ�RI�WLPH��'XH�WR�WKH�¿QLWH�
inelastic mean free path of the 
photoemitted electrons, upon 
diffusion of Ni atoms into the Cu 
bulk the Ni signal is screened 
by the atomic layers above. In 
parallel, as the Cu concentration 
at the surface increases, the Cu 
signal intensity raises. The Ni and 

$chieving control of the nanoscale structure of binary alloys 
WR� GHVLJQ� QRYHO� PDWHULDOV� ZLWK� VSHFL¿F� SURSHUWLHV� PD\�
yield to improved reaction rates and selectivity in catalysis, 

tailored magnetic behavior in electronics, and controlled growth 
RI�QDQRVWUXFWXUHG�PDWHULDOV��&RPSOH[�VHOI�GLIIXVLRQ�PHFKDQLVPV�
GHWHUPLQLQJ�WKHVH�NH\�SURSHUWLHV�FORVH�WR�WKH�VXUIDFH�RI�D�1L�&X�
V\VWHP�FDQ�EH�FRQWUROOHG�E\�¿QHO\�WXQLQJ�WKH�UHODWLYH�FRQFHQWUDWLRQ�
of the alloy constituents, thus tailoring the material functionality 
and providing a clear explanation for previously observed effects.
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A Nanoscale control of self-diffusion processes 
in bimetallic alloys to tailor surface properties

Figure 1.�%L�GLPHQVLRQDO�PDSV�RI�WKH�HYROXWLRQ�RI�WKH�SKRWRHOHFWURQ�VSHFWURVFRS\�VLJQDO�
IURP�WKH�&X�DQG�1L��S�FRUH�OHYHOV�XSRQ�1L�DQG�&X�VHJUHJDWLRQ�DV�D�IXQFWLRQ�RI�ELQGLQJ�
energy and time. In the right panel, data are reported for experiments at three selected 
temperatures.
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Cu signal intensities are therefore 
UHODWHG�WR�WKH�FRPSRVLWLRQ�SUR¿OH�
of the sample in the direction 
perpendicular to the surface. 
In order to obtain quantitative 
information, we modeled the 
diffusion process and optimized a 
set of parametric rate equations 
WR�¿W�WKH�H[SHULPHQWDO�LQWHQVLWLHV��
Ni segregation energy barriers of 
increasing height were obtained 
when going deeper into the 
Cu(110) sample (from 1.2 to  
����H9��PRYLQJ�IURP�WKH�¿UVW�OD\HU�
WR�WKH�EXON���,Q�SDUDOOHO��'HQVLW\�
)XQFWLRQDO�7KHRU\��')7��DE�LQLWLR�
calculations modeled the most 
relevant processes, providing 
from the theory side diffusion and 
segregation energy barriers  
(Fig. 2). On the basis of the 
obtained information it was 
FRQFOXGHG�WKDW���L��LQ�WKH�DEVHQFH�
of a gas phase chemical potential 
contribution, there is an energy 
gain when Ni penetrates Cu 
from the surface to the second 
layer, whereas no further gain 
is obtained in going to deeper 
OD\HUV���LL��WKH�HQHUJ\�EDUULHUV�WKDW�
have to be overcome for diffusion 
into deeper layers are high with 
respect to the system temperature 
under realistic reaction conditions 
for carbon dioxide reduction on 
D�1L�GRSHG�&X�VLQJOH�FU\VWDO�
�7�������.���WKXV�LQGLFDWLQJ�WKH�
relevance of kinetic limits to the 

SURFHVVHV���LLL��WKHVH�EDUULHUV�
YDU\�VLJQL¿FDQWO\�E\�FKDQJLQJ�
the Ni concentration, while the 
HQHUJLHV�RI�WKH�¿QDO�FRQ¿JXUDWLRQV�
remain comparable (Fig. 2a 
with respect to Fig. 2b). This is 
a key point, showing that the 
segregation behavior determined 
by kinetics and ultimately by the 
1Lí1L�LQWHUDFWLRQ��FDQ�EH�GLUHFWO\�
FRQWUROOHG�E\�D�¿QH�WXQLQJ�RI�WKH�

Ni coverage. Observations about 
carbon dioxide heterogeneous 
catalytic conversion to methanol 
(in a CO2+CO+H2 stream) on 
D�PRGHO�1L�&X������FDWDO\VW�DW�
ambient pressure conditions 
indicate that controlled nickel 
doping of the copper surface in 
WKH�VXE�PRQROD\HU�UDQJH�DFFRXQWV�
for an increase in the turnover 
IUHTXHQF\�XS�WR�D�IDFWRU�RI����

Figure 2.�$OOR\LQJ�SDWKV�DQG�EDUULHUV�FDOFXODWHG�E\�PHDQV�RI�DE�LQLWR�PHWKRGV��')7��� 
�D��GHFRPSRVLWLRQ�RI�D�1L�DG�GLPHU���E��EXON�GLIIXVLRQ�DI�D�1L�DG�DWRP�GHWDFKLQJ�IURP�D� 
����0/�1L�DG�LVODQG�
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