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Abstract: The development of a new method for epitaxial growth of metals in
solution by galvanic displacement of layers pre-deposited by underpotential
deposition (UPD) was discussed and experimentally illustrated throughout the
lecture. Cyclic voltammetry (CV) and scanning tunneling microscopy (STM)
were employed to perform and monitor a “quasi-perfect”, two-dimensional
growth of Ag on Au(111), Cu on Ag(111), and Cu on Au(111) by repetitive
galvanic displacement of underpotentially deposited monolayers. A compa-
rative study emphasizes the displacement stoichiometry as an efficient tool for
thickness control during the deposition process and as a key parameter that
affects the deposit morphology. The excellent quality of the layers deposited by
monolayer-restricted galvanic displacement was manifested by steady UPD
voltammetry and ascertained by the flat and uniform surface morphology that
was maintained during the entire growth process.
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Epitaxial growth by monolayer-restricted galvanic displacement is realized
utilizing a concept for submonolayer to monolayer surface modification assisted
by the irreversible galvanic displacement of an underpotentially deposited (UPD)
less-noble metal by a more-noble metal.! This protocol functions in homo- and
hetero-epitaxial systems where the displaced UPD metals are displaced not only
on the substrate, but also on the growing metal of interest; hence, the “building
block” reaction could be repeated as many times as desired. Similar pathways
have been technically employed in electrochemical atomic layer epitaxy (EC
ALE) for the growth of epitaxial compound semiconductor layers with a wide
spectrum of applications in the electronics industry.2 The electroless nature of the

* E-Mail: rastko.vasilic@educons.edu.rs

® Invited Lecture at the Electrochemical Section of the Serbian Chemical Society held on 13
December, 2011, Belgrade.

doi: 10.2298/JSC120203013V

1239



1240 VASILIC

displacement reaction allows for decoupling of mutually dependent growth
controlling factors in a typical electrodeposition scenario, thus improving the
overall deposition control.

The development of a new method for hetero-epitaxial growth by monolayer
restricted galvanic displacement was presented in the lecture. Although the epi-
taxial growth of Ag on Au(l111) was the system under detailed consideration,
complementary results for Cu epitaxial growth on Ag(111) and on Au(111) sug-
gest that this method can be applied to a number of other systems. The main
limitation of the proposed method is manifested by the requirement that the se-
lected underpotentially deposited metals have to feature UPD on both the sub-
strate and the growing metal. The newly developed method for epitaxial growth
of thin films enables the substrate with a metal underpotentially deposited on it to
be transferred into a solution that contains ions of a more noble metal than the
UPD metal. A naturally ensuing galvanic displacement results in stoichiometric
exchange between the UPD atomic layer and the metal ions of interest. This
building block reaction can be repeated as many times as desired. The unique
property that warrants success of the proposed strategy is associated with the fact
that UPD is a reversible process and galvanic displacement is not. Therefore, a
metal that displaces the UPD layer remains on the surface awaiting another layer
“to come” in the next cycle. The continuous accumulation of new epitaxial layers
eventually results in a thin epitaxial film with perfectly controlled thickness. The
driving force for the displacement step is the formation of the corrosion potential
between the UPD metal and the substrate.

Kinetic factors that govern the feasibility of the described procedure and
provide hand-on knowledge for precise control of the growth are associated with
the stability of an underpotentially deposited metal layer at the open circuit
potential (OCP). A comprehensive kinetic study performed during this work
identified oxygen reduction reaction (ORR), hydrogen evolution reaction (HER)
and nitrate electroreduction as typical oxidizing agents that compete with the
displacing metal ions in any working environment.3 The completed kinetic study
served as a base for the development of an analytical model. Assuming Langmuir
and/or Frumkin type UPD behavior, the derived equation enables a quantitative
prediction of the stability of the UPD layer at the OCP and precise kinetics
control of the galvanic displacement based on readily measurable experimental
parameters. A fitting of the experimental results for the systems Pb/Cu(111) and
Pb/Ag(111) with the model equation showed an excellent prediction of the sta-
bility of the UPD layer at the OCP and renders the model applicable for a variety
of kinetic studies.

The most important result of this research is manifested by work focused on
initial trials, procedure optimization, a stoichiometric study and the successful
implementation of the galvanic displacement as a tool for epitaxial thin film



EPITAXIAL GROWTH BY MONOLAYER RESTRICTED GALVANIC DISPLACEMENT 1 24 1

growth.5-0 Furthermore, both qualitative and quantitative examination of depo-
sited thin films ascertained the applicability of the proposed strategy in metal
epitaxy. A systematic study of thin film morphology as a function of the oxide-
tion state of the UPD metal suggested growth of Ag by displacement of a T1 UPD
layer (1:1 displacement) as preferred, considering the surface roughness and
uniformity. Subsequent stripping experiments validated the proposed working
formula for galvanic displacement that takes into account not only the stoichio-
metric arguments, but also the crystallographic parameters of the participating
elements. High-resolution X-ray photoelectron spectroscopy (XPS) experiments
suggested not even a trace of Tl and Pb was present in the respectively grown Ag
layers, thus confirming the purity of the deposit. At the same time, the surface
confined intermixing between Ag and Bi, undoubtedly demonstrated by CV and
XPS, could be envisioned as a fundament of the new strategy for the deposition
of multi-functional ordered surface alloys (Ag—Bi, Au—Bi and Pt-Bi) with imme-
diate application in fuel cell catalysis.” The results obtained for the Cu/Ag(111)
and Cu/Au(111) systems prove epitaxial growth by monolayer restricted galvanic
displacement as a viable method for obtaining epitaxial thin films of excellent
quality.8 The long term fundamental goals of presented research are related to the
implementation of monolayer restricted galvanic displacement to other systems,
such as Au/Pt(111), Ag/Pt(111), Pd/Pt(111), and further expansion towards the
growth of “perfectly layered” metal composites.

H3BO[J

ENMUTAKCHUJATTHU PACT KPUCTAJIA ITIPUMEHOM METOJIE I'AJIBAHCKE USMEHE
OTPAHUWYEHE HA MOHOCJIOJ

PACTKO BACW/IMR

Daxyninei 3awinuine ¥ugotine cpegune, Ynusep3utieii Egyxonc,
Bojeoge Ilymnuxa 87, 21208 Cpemcxa Kamenuua

Y oBOM IpefaBawy Cy NpHKa3aHE OCHOBHE HJieje U pesy/NTaTd NPUMEHEe HOBE METoHe
eMUTAKCHjaTHOT pacTa KpHUCTajla rajlBaHCKOM M3MEHOM OTpaHMYEHOM Ha MOHOCIOj. MeTtopa
je 3acHOBaHa Ha CIIOHTAHOM, UPEBEP3UOMIHOM, PENOKC NPOLECY NPU KOME C€ MOAMNOTEHIH-
jalTHO [IeroHOBaHU CJI0j 3aMemyje CJiojeM (eIeKTPOXEeMHUjCKH) TNIEMeHUTHjUX MEeTaIHUX joHa
W3 PacTBOpa, KOjU ce penyKyjy Ha KpUCTaIHOj moBpinHU. Y onpeheHom dpojy cuctema, mo-
HaB/bake OBOT KOpaKa pe3yiaThpa OpMHUpameM TaHKUX (UIMOBA KOjU NpaTe MOPQOJIOTHjy
cydcrpara. IlpeacraBmbeHn cy pe3yntaTH AodujeHu 3a cuctem Ag/Au(111), Cu/Ag(111) n
Cu/Au(111). [Tocedna naxma je mocseheHa UCIUTHBa®Y YTULIAja CTEXHOMETPHjE ralBaHCKe
usmeHne y cucremy Ag/Au(111), xaza je MOANOTEHLMjaIHO IETIOHOBAHU CJ10j GOpPMUpaH Of
aroma Tl, Pb u Bi, penom. KapaxTepusauuja opako fodHjeHUX TaHKHUX QHIMOBA MOKa3yje Ioa
Ceé MEeTOJIOM Ta/IBaHCKe M3MeHe OTpaHHYeHEe Ha MOHOC/IOj CTHYe MaKCUMaslHa KOHTpOJIa YHU-
(popMHOCTH pacTa y3 MUHUMYM CIO/ballllbe KOHTPoJIe. TaHKK enuTakCHjalHU (PUIMOBH 10OU-
jEeHU Ha 0Baj HAYUH Cy CyNEPUOPHH Y OOHOCY Ha TaHKe (puiImMoBe fodujeHe yoOU4YajeHUM TeX-
HHUKaMa eJIeKTpOofieNo3uLyje.

(ITpumibeHo 3. dbedpyapa 2012)
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