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(57) ABSTRACT

A self-terminating rapid process for controlled growth of
platinum or platinum alloy monolayer films from a
K,PtCl,—NaCl—NaBr electrolyte. Using the present pro-
cess, platinum deposition may be quenched at potentials just
negative of proton reduction by an alteration of the double
layer structure induced by a saturated surface coverage of
underpotential deposited hydrogen. The surface may be reac-
tivated for platinum deposition by stepping the potential to
more positive values where underpotential deposited hydro-
gen is oxidized and fresh sites for absorption of platinum
chloride become available. Periodic pulsing of the potential
enables sequential deposition of two dimensional platinum
layers to fabricate films of desired thickness relevant to a
range of advanced technologies, from catalysis to magnetics
and electronics.
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SELF-TERMINATING GROWTH OF
PLATINUM BY ELECTROCHEMICAL
DEPOSITION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to provi-
sional application Ser. No. 61/701,818, filed on or about Sep.
17,2012, entitled “Atomic Layer Deposition of Pt from Aque-
ous Solutions” naming the same inventors as in the present
application. The contents of this provisional application are
incorporated by reference, the same as if fully set forth.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH/DEVELOPMENT

[0002] The subject matter of this patent application was
invented under the support of at least one United States Gov-
ernment contract. Accordingly, the United States Govern-
ment may manufacture and use the invention for governmen-
tal purposes without the payment of any royalties.

BACKGROUND OF THE INVENTION

[0003] 1. Field of Invention

[0004] The present disclosure relates to electrochemical
deposition and, more particularly, to self-terminating growth
of platinum by electrochemical deposition.

[0005] 2. Description of Related Art

[0006] Platinum has been used as a key constituent in a
number of heterogeneous catalysts. However, because plati-
num is expensive, its use in the development of alternative
energy conversion systems—such as low temperature fuel
cells—has been somewhat limited. In the meantime, strate-
gies are being explored to minimize platinum loadings, while
also enhancing catalyst performance. The strategies range
from alloying to nanoscale engineering of core-shell and
related architectures that may involve spontaneous processes
such as dealloying and segregation to form platinum-rich
surface layers.

[0007] Deposition of two-dimensional (2-D) platinum lay-
ers is of interest in areas such as thin film electronics, mag-
netic materials, electrocatalysts, and catalytically active bar-
rier coating for corrosion management. Such two-
dimensional deposition is non-trivial because the step-edge
barrier to interlayer transport results in roughening or three-
dimensional mound formation. The chemical and electronic
nature of the Pt films may also be a function of its roughness,
thickness and the underlying substrate.

[0008] Insitu scanning tunnel microscopy (STM) has been
used to analyze platinum electrodeposition. When platinum is
electrodeposited onto gold at moderate overpotentials, STM
reveals how the metal nucleation and growth proceeds on
gold. More particularly, STM shows that this nucleation and
growth proceeds by formation of three-dimensional clusters
at defect sites on single crystal surfaces. At small overpoten-
tials, smooth platinum monolayers may be electrodeposited
on gold with a long growth time, e.g., two thousand (2,000)
seconds. X-ray scattering may be used to confirm this
smoothness. Voltammetric studies may show a potential-de-
pendent transition between two-dimensional islands versus
three-dimensional multilayer growth. However, only partial
platinum monolayer coverage may be obtained in the two-
dimensional growth regime.
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[0009] There is a need for a process for electrodepositing a
platinum monolayer that results in better coverage in the
two-dimensional growth regime.

[0010] To address these difficulties, surface limited place
exchange reactions are being explored. Galvanic displace-
ment of an underpotential deposited metal monolayer, e.g.,
copper, may occur by the desired platinum group metal, with
the exchange resulting in a sub-monolayer coverage of the
noble metal. The process may be repeated to form multiple
layers using a variant, electrochemical atomic layer epitaxy.
This process may require an exchange of electrolytes and
some care to control the trapping of less noble metal as a
minor alloying constituent within the film. There is a need for
a deposition process that addresses these shortcomings.
[0011] In addition, a drawback of some prior art underpo-
tential deposition (upd) reactions is that many of such reac-
tions may be reversed. These reversals make it difficult to
control deposition processes, especially when considering
sub-nanometer scale films. To avoid the reversibility issues,
irreversible processes like vapor phase deposition of thin
films at low temperatures may be used. Robust additive fab-
rication schemes may facilitate these irreversible processes.
However, a shortcoming of this approach is that kinetic fac-
tors may constrain the quality of the resulting films.

[0012] There remains a need for a process for depositing
high coverage ultrathin (monolayer thick) platinum films and
alloys thereof, so that kinetic factors do not constrain the
quality of the resulting films.

BRIEF SUMMARY OF DISCLOSURE

[0013] The present disclosure addresses the needs
described above by providing a method for self-terminating
growth of platinum by electrochemical deposition. In accor-
dance with one embodiment of the present disclosure, a
method is provided for self-terminating growth of platinum or
platinum alloy by electrochemical deposition. The method
comprises, in the aqueous solution, electrodepositing plati-
num or a platinum alloy onto a substrate such that a saturated
underpotential deposited hydrogen layer is formed on the
substrate. As the potential moves negative of an onset of
protonreduction potential, a metal deposition reaction among
the deposited platinum, the hydrogen layer and the aqueous
solution is fully quenched or terminated. The aqueous solu-
tion contains at least platinum salt.

[0014] The method further comprises pulsing the potential
from a first value, a positive value at which no metal deposi-
tion occurs, to a second value, said second value being a more
negative value than the first value, said second value being at
least 0.05 V more negative or below the reversible hydrogen
electrode potential of said solution, thus enabling formation
on the substrate of two-dimensional platinum islands that
substantially cover the substrate, said formation being fol-
lowed by negligible further metal deposition on the substrate.
[0015] In accordance with another embodiment of the
present disclosure, a platinum or platinum alloy monolayer
product manufactured according to this process is provided.
[0016] These, as well as other objects, features and benefits
will now become clear from a review of'the following detailed
description of illustrative embodiments and the accompany-
ing drawings.

BRIEF DESCRIPTION OF DRAWINGS

[0017] FIG. 1A is a graphical representation of gravimetric
and voltammetric measurements (2 mV/s) of platinum depo-
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sition from a NaCl—PtCl,>~ solution using a static electro-
chemical quartz crystal microbalance (EQCM).

[0018] FIGS. 1B, 1C and 1D are graphical representations
of voltammetric measurements (2 mV/s) of platinum deposi-
tion from a NaCl—PtCl,>~ solution using a gold rotating disk
electrode (RDE) at 400 rpm and that of background reactions
from a NaCl solution using a platinum RDE at the same
rotation rate.

[0019] FIG. 1E is a graphical representation of cyclic vol-
tammetry showing the reversible nature of suppressed and
reactivated platinum deposition

[0020] FIG. 2 is a graphical representation of a typical
X-ray photoelectron spectra—and the derived thickness
(squares) of platinum films as a function of deposition time at
-0.8 Vg4 0n gold-coated silicon wafers from a pH=4 solu-
tion.

[0021] FIG. 3A is an STM image of a representative gold
surface with monoatomic steps.

[0022] FIG.3Bis an STM image of two-dimensional plati-
num layers obtained after 500 second depositionat-0.8V ..
[0023] FIG.3Cis an STM image of two-dimensional plati-
num layers obtained after 500 second depositionat-0.8V ..
[0024] FIG. 3D is a high-contrast image of two-dimen-
sional platinum morphology on gold (Au(111)).

[0025] FIG. 3E is a graph showing cyclic voltammetry that
shows H,,,, and oxide formation and reduction on gold-
coated silicon surfaces before and after the growth of a plati-
num monolayer.

[0026] FIG. 3F is an image of linear defects in a platinum
layer associated with lifting the reconstructed gold (Au(111))
surface.

[0027] FIG. 3G is a schematic of underpotential deposited
hydrogen terminated platinum deposition on gold (Au(111)).
[0028] FIG. 4A is a graphical representation of sequential
deposition of platinum monoatomic layers by pulsed deposi-
tion in a pH 4 solution with EQCM measured mass change
accompanying each pulse.

[0029] FIG. 4B is a graphical representation of sequential
deposition of platinum monoatomic layers by pulsed deposi-
tion in a pH 4 solution where EQCM mass increase is con-
verted to thickness and compared with XPS measurements.

DETAILED DESCRIPTION OF THE
DISCLOSURE

[0030] A process is described for self-terminating growth
of platinum or related platinum transition metal alloys by
electrochemical deposition. The platinum transition metal
alloys may include Ni, Co, Fe, Cu, Pb, Ru, Ir, etc. Platinum or
platinum alloy monolayers grown using this self-terminating
process are also described herein. In accordance with the
present disclosure, it is shown that formation of a saturated
underpotential deposited hydrogen layer and its effect in the
electrical double layer may exert a remarkable quenching or
self-terminating effect on platinum deposition, restricting it
to a high coverage of two-dimensional platinum islands.
When repeated, by using a pulsed potential waveform to
periodically oxidize the underpotential deposited hydrogen
layer, sequential deposition of platinum or platinum alloy
layers may be achieved. A potentiostat and wave form gen-
erator maybe used to control and implement the potential
waveform. Convolution with the electrochemical cell time
constant maybe used to further influence the film growth. The
cell time constant may be adjusted by varying the separation
between the working and reference electrodes (or otherwise
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changing cell dimensions), or by altering the conductivity of
the electrolyte by changing the supporting electrolyte con-
centration.

[0031] Platinum deposition experiments were performed in
connection with the present disclosure at room temperature in
aqueous solutions of 0.5 moles per liter (mol/L.) salt (NaCl)
and 0.003 mol/L. potassium tetrachloroplatinate (K,PtCl,,
with pH values ranging from 2.5 to 4. However, it should be
understood that this electrolyte is non-limiting. For example,
in connection with the present disclosure, self-terminating
platinum deposition was observed over a wide range of pH
and halide concentrations. Moreover, it was not dependent on
the oxidation state (2*, 4™) of the platinum halide precursors.
Moreover, additional solutions may serve as the aqueous
solution, including but not limited to, platinum (II) and/or
(IV) complexes with a variety of ligands, from halides, to
amines to nitro, sulphato or hydroxyl groups that are used in
the presence of a supporting electrolyte comprised of the
alkali or alkaline earth salts with typically the same anions as
the ligand used in the Pt precursor. This is done to stabilize the
speciation of the Pt ion precursor. The dynamics of conven-
tional Pt deposition are affected by such choices. However,
the self-terminated growth behavior still applies to all of these
electrolytic systems. In one embodiment, a high NaCl con-
centration is used to stabilize the Pt(Il) as the tetrachloro
species, i.e. PtC1,%>", and to maximize the conductivity of the
electrolyte and thereby minimize the electrochemical cell
time constant. In some embodiments, the pH value of the
aqueous solution is in the range of 1.0 to 14.0

[0032] Theaqueous solution may include at least one Pt salt
which may be a Pt(I]) salt in a concentration of 0.0001 mol/LL
to 0.05 mol/L. as a metal source, and a supporting electrolyte
may be an alkali tetrahalideplatinate such as alkali, or alkaline
earth or halide in a concentration of 0 mol/L to 3 mol/L. or up
to saturation. In one embodiment the aqueous solution may
include chloride salts, although bromide salts may also be
used. The respective salts can range from sub-micromolar
concentrations up to the solubility limit.

[0033] Alternatively, the aqueous solution may include a
Pt(IV) salt in a concentration of 0.0001 mol/L to 0.01 mol/L.
and the aqueous solution may further include a supporting
electrolyte comprised of one of more alkali or alkaline earth
salts in a concentration of 0 mol/LL to 3 mol/L or up to satu-
ration.

[0034] A widerange ofbuffer solutions may be added to the
electrolyte congruent with those practiced by those familiar
with the art. Phosphate is an example of such a buffer.
[0035] Inorderto isolate the partial current associated with
only the growth process, an electrochemical quartz crystal
microbalance (EQCM) may be used to track metal deposition
on a metal electrode as the potential is swept in the negative
direction. In one embodiment, the most negative potential is
constrained to lie within 500 mV of the reversible hydrogen
electrode potential in order to minimize the excess hydrogen
generated at the electrode. Referring now to FIG. 1A, illus-
trated is a graphical representation of gravimetric and volta-
mmetric measurements (2 mV/s) of platinum deposition from
aNaCl—PtCl,*~ solution using a static EQCM in accordance
with one embodiment of the present disclosure.

[0036] Voltammetry in FIG. 1A shows the onset of plati-
num deposition at 0.25 V., where SSCE refers to a satu-
rated sodium chloride calomel (NaCl,,,. /Hg,Cl,/Hg) refer-
ence electrode. The onset of platinum deposition is followed
by a significant current rise to a maximum of -0.32 V___ that

ssce
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is close to diffusion-limited PtCl,>~ reduction. As shown, the
deposition rate decreases smoothly after the peak as the mass
transfer boundary layer thickness expands. A sharp drop in
the current occurs in this example as the potential moves
negative of -0.5 V__ . eventually reaching a minimum near
-0.7 V.. At more negative potentials, an increase is shown
due to hydrogen evolution from water. The gravimetrically
determined (EQCM) metal deposition rate shows that the
sharp drop below -0.5V___, coincides with complete quench-
ing of metal deposition. This self-termination or passivation
process occurs despite the large overpotential (>1 V) avail-
able for driving the deposition reaction. Self termination is
clearly evident below —0.7 Vo

[0037] The gravimetric data is used to reconstruct the par-
tial voltammogram for platinum deposition—a two-electron
process. Good agreement exists between the measured volta-
mmogram and the reconstructed partial voltammogram for
platinum deposition. Thus, it appears that the current effi-
ciency of platinum deposition is close to one hundred percent
(100%) as the potential is swept toward the diffusion-limited
value. Nearing the current peak, an apparent loss in efficiency
may be observed, due to non-uniform deposition that devel-
ops as the PtC1,>~ depletion gradient sets up a convective flow
field that spans the static EQCM electrode.

[0038] Referring now to FIG. 1B, illustrated is a graphical
representation of voltammetric measurements (2 mV/s) of
platinum deposition from a NaCl—PtCl,*~ solution using a
gold rotating disk electrode (RDE) at 400 rpm. By contrast to
the EQCM embodiment of FIG. 1A, voltammetry with a
rotating disk electrode (RDE) as shown in FIG. 1B provides
uniform mass transport, resulting in a more symmetric peak.
The proton reduction reaction is isolated by performing vol-
tammetry in the absence of the platinum complex. Merging
the respective voltammograms at negative potentials indi-
cates that the quenching of the metal deposition reaction is
coincident with the onset of the H, evolution reaction. The
overlap of the diffusion-limited proton reduction also indi-
cates the absence of significant homogeneous reaction
between the generated H, and PtCl1,*. Thus, it appears that a
homogeneous reaction that scavenges the incoming Pt**
complex can be excluded as an explanation for the quenching
of the platinum deposition reaction. The two-electron reduc-
tion of PtC1,>" to platinum is not expected to depend on pH.
[0039] Moving now to FIG. 1D, shown is another graphical
representation of voltammetric measurements (2 mV/s) of
platinum deposition from a NaCl—PtCl,> solution using a
gold rotating disk electrode (RDE) at 400 rpm. As shown in
FIG. 1D, the onset of significant platinum deposition occurs
from PtC1,* to Pt at 0.0 Vg, thus supporting the conclu-
sion that the two-electron reduction of PtC1,>" to platinum
does not depend on pH.

[0040] By contrast, the deposition rate below —0.2 Vo is
pH-dependent. As shown in FIG. 1C, the sharp acceleration
of the deposition rate correlates with the onset of underpo-
tential hydrogen deposition evident in PtCl,* -free voltam-
metry. Chronocoulometry studies indicate that the transition
between a halide and a hydrogen-covered platinum surface
occurs in the same region where the deposition rate acceler-
ates in FIG. 1C. The metal deposition rate increases with
underpotential deposited hydrogen coverage having a peak
value that is independent of pH. Meanwhile, the peak poten-
tial shifts by —0.059 V/pH, reflecting the importance of
hydrogen surface chemistry in controlling the platinum depo-
sition process. The onset of proton reduction in the absence of
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PtCl,%~, shown by the dotted line in FIG. 1B, occurs at essen-
tially the same potential. Thus, the peak deposition rate
occurs at the hydrogen reversible potential. Moving to more
negative potentials, the metal deposition rate declines rapidly
and within 0.1V of its peak value the current merges with that
attributable solely to diffusion-limited proton reduction, indi-
cating complete quenching of the platinum deposition reac-
tion.

[0041] Importantly, transient studies of adsorbed hydrogen
(H,,,) on platinum indicate that the coverage does not reach
saturation at the reversible hydrogen potential but rather
occurs 0.1 V below the reversible value. This is precisely the
potential regime where the metal deposition reaction is fully
quenched. Cyclic voltammetry shows that the passivation
process is reversible with reactivation coincident with the
onset of underpotential deposited hydrogen oxidation.
[0042] Referring now to FIG. 1E, illustrated is a graphical
representation of cyclic voltammetry showing the reversible
nature of suppressed and reactivated platinum deposition
from a solution 0o 0.5 mol/T. NaCl+0.003 mol/L. K, PtCl, (400
rpm, 2 mV/s). The solution has a pH of 3.5.

[0043] Self-termination of the metal deposition reaction
arises from perturbation of the double layer structure that
accompanies H_, saturation of the platinum surface. The
water structure next to a hydrogen covered platinum (111)
surface may be significantly altered with the centroid of the
oxygen atoms within the first water layer being displaced by
more than 0.1 nanometer (nm) from the metal surface as the
water-water interactions in the first layer become stronger.
This topic was discussed in a 2013 article titled “Structure of
water layers on hydrogen-covered Pt electrodes” by T.
Roman and A. Gross that was published in Catalysis Today at
vol. 202, pages 183-190.

[0044] An EQCM study of platinum in sulfuric acid has
identified “potential of minimal mass™ near the reversible
potential of hydrogen reactions. This study was discussed in
an article by G. Jerkiewicz, G. Vantankhah, S. Tanaka, and J.
Lessard published at vol. 27, page 4220-4226 of the publica-
tion Langmuir. The gravimetric measurements reflect the
impacts of underpotential deposited hydrogen on the adjacent
water structure that leads to a minimum in coupling between
the electrode and electrolyte, consistent with the recent theo-
retical result, as discussed by T. Roman and A. Gross in the
publication Catalysis Today at vol. 202, pages 183-190. In
addition to underpotential deposited hydrogen perturbation
of the water structure, the quenching of metal deposition
reaction occurs at potentials negative of the platinum point of
zero charge wherein anions would have been desorbed. This
combination exerts a remarkable effect such that PtC1,*"
reduction is completely quenched while diffusion-limited
proton reduction continues unabated.

[0045] Self-terminating platinum deposition was examined
under potentiostatic conditions. Referring to the insets in
FIG. 1A, optical micrographs of a selection of films after five
hundred (500) seconds of deposition at various potentials are
illustrated. Only the lower half of the gold-coated silicon
(100) wafer was immersed in solution with differences in
reflectivity and color indicating the anomalous dependence of
deposition on potential. A thirty-three (33) nm thick platinum
film was deposited at —0.4 V ¢, and a nearly invisible much
thinner layer was grown at =0.8 V gg .

[0046] X-ray photoelectron spectroscopy may aid in fur-
ther quantifying the composition and thickness of platinum
grown as a function of deposition time and potential on (111)
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textured gold. Referring now to FIG. 2, illustrated is a graphi-
cal representation of typical X-ray photoelectron spectra—
and the derived thicknesses (squares) of platinum films as a
function of deposition time as derived from X-ray photon
spectroscopy. The deposition occurred at a potential of —0.8
V sscz0n gold-coated silicon wafers from a pH 4 solution. For
films deposited at —0.8 V ¢z, shown in FIG. 2 is a represen-
tative spectrum with the 4f doublets for metallic states of Au
and Pt. The ratio of the platinum and gold peak areas was used
to calculate the platinum thickness, assuming it forms a uni-
form overlayer. For deposition times up to one thousand
(1000) seconds, the measured thickness varies between 0.21
nm and 0.25 nm, congruent with the deposition of a platinum
monolayer with a thickness comparable to the (111) d-spac-
ing of platinum. Monolayer formation may be complete
within the first second of stepping the potential to 0.8 V o .
Because no further growth occurs, the deposition reaction
process self-terminates. When a thin layer of platinum is
deposited onto a substrate, this platinum may be more or less
catalytic than pure platinum depending on the substrate and
reaction in question. A key requirement for deposition is that
the materials be conductive or in the case of semiconductors
and oxides either thin enough to allow electron tunneling or
be photoconductive. Effective two dimensional nucleation
and growth is favored by substrates that adsorb the ionic Pt
precursor, e.g., Ni and Ni-based alloys, stainless steel, Au,
Ag, and other substrates. The substrate material may be an
iron group or an alloy thereof. Iron group metals include iron,
cobalt and nickel. Alternatively, the substrate material may be
gold silver, or copper, or an alloy thereof. As yet another
option, the substrate material may be platinum group metals
or alloys thereof. As still yet another option, the substrate
material may be chromium, tungsten, molybdenum or alloys
thereof.

[0047] For thin oxide-covered surfaces, a variety of surface
pretreatments such as etching in acid (HF) or base (KOH),
may be required to remove the oxide and facilitate adsorption
of the ionic Pt precursor on the substrate. Oxide-covered
metallic electrodes may be made suitable for Pt electrodepo-
sition by etching in fluoride, acid or basic media to remove or
minimize the oxide coverage consistent with existing treat-
ments well known to those practiced in the art. As the plati-
num monolayers become thicker, the platinum behaves more
like pure platinum.

[0048] After 1000 seconds, an additional increment of
platinum deposition becomes apparent. Inspection of the sur-
face with scanning electron microscopy showed a sparse cov-
erage of spherically shaped platinum particles on the surface
due to H,-induced precipitation, a process requiring some
heterogeneity and extended incubation to nucleate. Particle
formation may be avoided by using shorter deposition times
or higher supporting electrolyte (e.g. NaCl) concentrations to
ensure that the dominant precursor (e.g. PtC1,>") complex is
the most resistant to homogenous reduction by H,.

[0049] InFIGS.3A through 3F, scanning tunneling micros-
copy (STM) was used to directly observe the platinum over-
layer morphology. Analysis may be facilitated by using a
flame annealed gold (111) surface with isolated surface steps
that serve as fiduciary markers, the steps being 0.24+/-0.02
nm in height. Referring to FIG. 3A, illustrated are STM
images of representative gold surface with monoatomic steps.
[0050] Movingnowto FIG. 3B, platinum deposition results
in three distinct levels of contrast that reflect the surface
height with the lowest level being the original gold terraces.
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As shown in FIG. 3B, platinum deposition results in three
distinct levels of contrast that reflect the surface height with
the lowest level being the original gold terraces.

[0051] Referring now to FIG. 3C, shown is an STM image
of two-dimensional platinum layers obtained after 500 sec-
ond deposition at —0.8 V.. As shown, the same three-level
structure is observed independently of deposition time up to
500 seconds. The middle contrast level shows a high density
of platinum islands that cover about eighty-five percent
(85%) of the gold surface with a step height of about 0.24 nm
consistent with results from X-ray photoelectron spectros-
copy.

[0052] Referring now to FIG. 3D, shown is a high-contrast
image of two-dimensional platinum morphology on gold (Au
(111)). Inspection using this higher rendering contrast shows
that about ten percent (10%) coverage of a second layer of
small platinum islands with a step height ranging between
0.23 nm to 0.26 nm. Step positions associated with the flame
annealed substrate are preserved with negligible expansion or
overgrowth of the two-dimensional platinum islands occur-
ring beyond the original step edge. The lateral span of the
platinum islands lies in the range of 2.02+/-0.38 nm corre-
sponding to an area of 4.23+/-1.97 nm?. Incipient coales-
cence of the islands is constrained by the surrounding narrow
channels that are 2.1+/-0.25 nm wide. These channels
account for the remaining platinum-free portion of the first
layer. The reentrant channels correspond to open gold terrace
sites that are surrounded by adjacent platinum islands in what
amounts to a huge increase in step density relative to the
original substrate. The net geometric or electronic effect of
this increase is to block further platinum deposition.

[0053] The chemical nature of the inter-island region is
assayed by exploiting the distinctive voltammetry of plati-
num and gold with respect to underpotential deposited hydro-
gen and oxide formation and reduction detailed in FIG. 3E.
Referring now to FIG. 3E, illustrated is a graph showing
cyclic voltammetry that shows underpotential deposited
hydrogen, oxide formation and oxide reduction on gold-
coated silicon surfaces before and after the growth of a plati-
num monolayer. In 0.1 mol/L. HCIO,, underpotential depos-
ited hydrogen features are evident between 0.050 V.. and
0.400 V3. As shown in FIG. 3E, the wave’s shape is con-
sistent with that for platinum (111) although the magnitude
108 uC/ecm?+/-5 is less than 146 pC/cm® because of finite
side effects. These results are similar to that of underpotential
deposited hydrogen for platinum-rich Pt,  Au, . surface
alloys grown on platinum (111) reported in publication
ChemPhysChem at vol. 11, page 1505-1512 (2010) by A.
Bergbreiter, O. B. Alves, H. E. Hoster. Oxidation of the sur-
face shows two distinct reduction waves for platinum oxide at
0.67 V g7z and gold oxide at 1.14 V.. The reduction wave
for platinum oxide at 0.67 V- is more pronounced than the
reduction wave for platinum oxide at 1.14 V... The peak
potential for the gold oxide reduction is shifted to more nega-
tive values compared to pure gold due to finite size effects.
The charge associated with gold oxide formation and reduc-
tion on the monolayer platinum film electrode corresponds to
about eleven percent (11%) of the gold substrate being acces-
sible to the electrolyte. Even when due consideration is given
to the background current for a fully consolidated platinum
deposit, the same holds true. These results are also in reason-
able agreement with the STM coverage determination.
[0054] Similar three-level platinum overlayers have been
observed for monolayer films produced by molecular beam
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epitaxy (MBE) deposition at 0.05 ML/min as discussed by M.
O. Pedersen etal. in Surf Sci. 426,395 (1999). Platinum-gold
intermixing driven by the decrease in surface energy that
accompanies gold surface segregation was evident. In con-
nection with the present disclosure, platinum monolayer for-
mation may be effectively complete within one second giving
a growth rate three orders of magnitude greater than the
MBE-STM study. Exchange of the deposited platinum with
the underlying gold substrate is expected to be less developed,
although intermixing and possible chemical contrast is evi-
dent on limited section of the surface particularly evident for
surface regions that are that are correlated with the original
faulted geometry of the partially reconstructed gold surface.

[0055] Referring now to FIG. 3F, shown is an image of
linear defects in a platinum layer associated with lifting the
reconstructed gold surface. Upon lifting of the reconstruc-
tion, the excess gold atoms expelled mark the original fault
location as linear one-dimensional surface defects in the
platinum overlayer.

[0056] Referring now to FIG. 3G, shown is a schematic of
underpotential deposited hydrogen terminated platinum
deposition on gold (Au(111)). This schematic shows that the
underpotential deposited hydrogen accompanying incremen-
tal expansion of the two-dimensional platinum islands hin-
ders the development of a second platinum layer, presumably
by perturbation of the overlaying water structure. This rapid
process results in a much higher island coverage than has
been obtained by other methods such as galvanic exchange
reactions.

[0057] The saturated coverage of underpotential deposited
hydrogen is the agent of termination. Therefore, reactivation
for further platinum deposition is possible by removing the
underpotential deposited layer by sweeping or stepping the
potential to positive values, e.g., >+0.2 V ooz, Where negli-
gible platinum deposition occurs. Sequential pulsing between
+0.4 and —0.8 V g4 enables platinum deposition to be con-
trolled in a digital manner. For Pt deposition on Pt, the depo-
sition from the adsorbed precursor (PtC1,>") occurs directly
while solution phase PtC1,>~ and the proton for the underpo-
tential deposition reaction compete directly with one another
for the remaining surface sites. The cell time constant asso-
ciated with the potential step may be used to further tune the
relative contribution of these reactions to the actual quantity
of Pt deposited.

[0058] Referring now to FIG. 4A, shown is a graphical
representation of sequential deposition of platinum mono-
atomic layers by pulsed deposition in a pH 4 solution with
mass change accompanying each pulse. EQCM was used to
track the mass gain showing two net increments per cycle.
The mass gain is attributed to a combination platinum depo-
sition (486 ng/cm? for a monolayer of Pt (111)), anion adsorp-
tion and desorption (41 ng/cm? for 7x10** CI~ ion/cm® 117
ng/cm?® for a 0.14 fractional coverage of PtC1,>") and cou-
pling to other double layer components such as water. The
anionic mass increments are expected to be asymmetric for
the first cycle on the gold surface but once it is covered
subsequent cycles only involve platinum surface chemistry.
After correcting for the electroactive surface area of the gold
electrode (A, /A, mem—1-2 derived from reductive des-
orption of gold oxide in perchloric acid) the net mass gain for
each cycle indicates that close to a pseudomorphic layer of
platinum is deposited for the given system and cell time
constant.
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[0059] Referring now to FIG. 4B, shown is a graphical
representation of sequential deposition of platinum mono-
atomic layers by pulsed deposition in a pH 4 solution where
EQCM mass increase is converted to thickness and compared
with XPS measurements. XPS analysis of platinum films
grown for various deposition cycles gives good agreement
with EQCM data. The ability to rapidly manipulate potential
and double layer structure, as opposed to exchange of reac-
tants, offers simplicity, substantially improved process effi-
ciency, and far greater process speed than other surface lim-
ited deposition methods.

[0060] The platinum and platinum alloy monolayer prod-
ucts created using the process described herein can be used in
a number of ways. For example, the monolayer(s) may be
used as an electrocatalyst, including for the following: (a)
alkali water electrolysis; (b) hydrogen oxidation; (¢) oxygen
reduction reaction; (d) organic fuel oxidation, formic acid,
methanol alcohol oxidation and ethanol oxidation. The plati-
num/platinum alloy monolayers may also be used as a cata-
lyst, e.g., for anodic protection of active-passive metals such
as iron group metals, chromium and titanium containing
alloys or the monolayers may be used as a hydrogen oxidation
catalysis in mitigation of IGSCC (Intergranular Stress Cor-
rosion Cracking) of nickel based and stainless steel alloys.
The platinum/platinum alloy monolayer may also be used as
a wetting layer to facilitate the subsequent nucleation and
growth of other materials by electrochemical or chemical
deposition. Another use for the monolayer is as a capping
layer to control or influence the magnetic state of an under-
lying or overlying iron group based (Fe, Co, Ni) magnetic thin
film.

[0061] While the specification describes particular
embodiments of the present invention, those of ordinary skill
can devise variations of the present invention without depart-
ing from the inventive concept.

We claim:

1. A self-terminating electrodeposition process for con-
trolled growth of platinum monolayer film in an aqueous
solution, the process comprising the steps of:

in the aqueous solution, electrodepositing platinum or a

platinum alloy onto a substrate such that a saturated
underpotential deposited hydrogen layer is formed on
the substrate, wherein, as the potential moves negative of
an onset of proton reduction potential, a metal deposi-
tion reaction among the deposited platinum, the hydro-
gen layer and the aqueous solution is fully quenched or
terminated, wherein the aqueous solution contains at
least platinum salt; and

pulsing the potential from a first value, a positive value at

which no metal deposition occurs, to a second value,
said second value being a more negative value than the
first value, said second value being at least 0.05 V more
negative or below the reversible hydrogen electrode
potential of said solution, thus enabling formation on the
substrate of two-dimensional platinum islands that sub-
stantially cover the substrate, said formation being fol-
lowed by negligible further metal deposition on the sub-
strate.

2. The process of claim 1, further comprising the step of:

at least one additional time, pulsing the potential to at least

one additional more positive value, to oxidize the hydro-
gen layer thus permitting sequential deposition of plati-
num islands to fabricate platinum films of desired thick-
ness;
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wherein the number of pulses correspond to the thickness

of formed platinum.

3. The process of claim 2, further comprising the step of:

adjusting a time constant of the electrochemical cell,

thereby adjusting the amount of material that is elec-
trodeposited.

4. The process of claim 3, wherein the adjusting step
includes changing electrochemical cell dimensions and/or the
supporting electrolyte concentration.

5. The process of claim 1, wherein the at least platinum salt
is a Pt(I) salt as a metal source in a concentration of about
0.0001 mol/L. to about 0.05 mol/L,, and the aqueous solution
further includes one of more alkali or alkaline earth salts as a
supporting electrolyte in a concentration of 0 mol/L to about
3 mol/L.

6. The process of claim 1, wherein the at least platinum salt
is Pt(IV) salt as a metal source in a concentration of about
0.0001 mol/L to about 0.05 mol/L. and the aqueous solution
further includes a supporting electrolyte comprised of one of
more alkali or alkaline earth salts in a concentration of 0
mol/L to about 3 mol/L.

7. The process of claim 1 wherein the potential of said
second value is negative of a reversible hydrogen potential in
the aqueous solution.

8. The process of claim 1, wherein the substrate includes an
electrode and the process further comprises the steps of:

terminating the deposition of the platinum or platinum

alloy by removing the electrode from the aqueous solu-
tion while the potential is applied; and

rinsing the platinum or platinum alloy with water.

9. The process of claim 1, further comprising the steps of:

terminating the deposition of the platinum or platinum

alloy by stepping the potential to a third value where no
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platinum dissolution or deposition occurs, the third
value being a more positive value than the second value;

removing the platinum or platinum alloy from the aqueous
solution; and

rinsing the platinum or platinum alloy with water.

10. The process of claim 1, wherein the pH value of the
aqueous solution is in the range of 1.0 to 14.0.

11. The process of claim 5, wherein the aqueous solution
further includes a pH buffer.

12. The process of claim 6, wherein the aqueous solution
further includes a pH buffer.

13. The process of claim 1 wherein the substrate material is
an iron group metal or an alloy thereof.

14. The process of claim 1, wherein the substrate material
is gold, silver, or copper or an alloy thereof.

15. The process of claim 1, wherein the substrate material
is a platinum group metal or an alloy thereof.

16. The process of claim 1, wherein the substrate material
is chromium, tungsten, molybdenum or an alloy thereof.

17. The process of claim 1, further comprising:

prior to the electrodepositing step, pretreating the substrate

to remove an oxidized surface.

18. The process in claim 4, wherein the aqueous solution
includes less than about %10 of the concentration Pt (II) or Pt
(IV) salt, and wherein the aqueous solution also includes
transition metal salts of Ni, Co, Fe, Ru or Ir.

19. A platinum or platinum alloy monolayer product manu-
factured according to the process of claim 1.

20. A platinum or platinum alloy monolayer product manu-
factured according to the process of claim 2.
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