Journal of The Electrochemical Society, 163 (12) D3047-D3052 (2016) D3047

Focus Issue oN ELECTROCHEMICAL DEPOSITION AS SURFACE CONTROLLED PHENOMENON

Hydrogen Sorption Kinetics on Bare and Platinum-Modified
Palladium Nanofilms, Grown by Electrochemical Atomic Layer
Deposition (E-ALD)

Kaushik Jagannathan,? David M. Benson,® David B. Robinson,”* and John L. Stickney®****

“Department of Chemistry, University of Georgia, Athens, Georgia 30602, USA
bEnergy Nanomaterials Department, Sandia National Laboratories, Livermore, California 94550, USA

Nanofilms of Pd were grown using an electrochemical form of atomic layer deposition (E-ALD) on 100 nm evaporated Au films on
glass. Multiple cycles of surface-limited redox replacement (SLRR) were used to grow deposits. Each SLRR involved the underpo-
tential deposition (UPD) of a Cu atomic layer, followed by open circuit replacement via redox exchange with tetrachloropalladate,
forming a Pd atomic layer: one E-ALD deposition cycle. That cycle was repeated in order to grow deposits of a desired thickness.
5 cycles of Pd deposition were performed on the Au on glass substrates, resulting in the formation of 2.5 monolayers of Pd. Those
Pd films were then modified with varying coverages of Pt, also formed using SLRR. The amount of Pt was controlled by changing
the potential for Cu UPD, and by increasing the number of Pt deposition cycles. Hydrogen absorption was studied using coulometry
and cyclic voltammetry in 0.1 M H,SO4 as a function of Pt coverage. The presence of even a small fraction of a Pt monolayer
dramatically increased the rate of hydrogen desorption. However, this did not reduce the films’ hydrogen storage capacity. The
increase in desorption rate in the presence of Pt was over an order of magnitude.
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Hydrogen is a valuable fuel for transportation purposes because
its energy can be harvested efficiently and it does not generate air
pollution in the vicinity of the vehicle. Challenges associated with
the compact storage of hydrogen remain an obstacle to its widespread
use.! Storage in the form of a solid hydride is one way to achieve a
high volumetric energy density. While too expensive for automotive
hydrogen storage, palladium (Pd) is an often studied material for
this purpose due to its high reversibility to charge-discharge cycles,
its resistance to oxidation and the low hydrogen gas overpressure
required to maintain the hydride state.> Pd forms a surface hydride
as well as a non-stoichiometric compound PdH, in the bulk when
hydrogen atoms occupy octahedral sites in the fcc crystal lattice.’
Moreover, the formation of the hydride can occur at room temperature
and atmospheric pressure. This ability of Pd to store hydrogen on its
surface or in the bulk thus opens up avenues in sensing* and in the
storage of hydrogen, as well as a component of fuel cell catalysts.’

Electrochemical atomic layer deposition (E-ALD) is the elec-
trochemical version of gas phase ALD. It can be performed at
room temperature and used to grow deposits one atomic layer at a
time. E-ALD has been used to grow semiconductors and superlat-
tice films.%” Initially, E-ALD was developed by growing compound
semiconductors.®'? With the introduction of surface limited redox
replacement (SLRR),"*'> E-ALD became applicable to the growth
of metal nanofilms as well. SLRR involves the initial deposition of
an atomic layer of a sacrificial metal using underpotential deposition
(UPD),'¢ followed by exchange of the UPD layer for a more noble
metal via redox replacement with its ionic precursor at open circuit,
completing one E-ALD cycle. The cycle can then be repeated as nec-
essary to produce conformal nanofilms of a desired thickness.

Pd electrodeposition has been studied extensively on Au substrates
by various groups. For example, Kibler et al.!” studied the deposition
of Pd on Au from chloride containing solutions, while Brankovic
et al.'® were the first to study Pd deposition on Au(111) using SLRR:
with Cu UPD as the sacrificial atomic layer. No preferential Pd depo-
sition was observed on steps or defect sites.
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One early report of hydrogen absorption in Pd was by Flanagan
et al.'” who studied the progress of hydrogen absorption in palladium
wires and noticed that surface processes influenced the absorption of
hydrogen. Baldauf and Kolb? grew ultrathin Pd layers on Au(111)
and studied hydrogen sorption in those films. Quaino et al.?' used
theoretical models to study hydrogen oxidation on submonolayers of
Pd on Au(111) and correlated changes in electronic properties and
geometric arrangements.

Surface modification has been known to have an effect on the
electroactivity of Pd. Czerwinski et al.”? reported the influence of
CO on the absorption and desorption of hydrogen. Baldauf and Kolb
showed that the presence of crystal violet enhances the hydrogen
absorption reaction.?” Bartlett and Marwan report the same effect with
crystal violet as well as Pt.?* Sheridan et al. studied hydrogen sorption
into Rh modified Pd films and reported a kinetic enhancement.>*

A scheme for the growth of Pd films on Au polycrystalline and sin-
gle crystal substrates was developed by groups that included authors
of this article, and used to study hydrogen sorption.>>~?’ That work
demonstrated the ability to achieve flat, uniform, conformal layers
over the deposit area. In the present work, the controlled growth of Pd
nanofilms on polycrystalline Au substrates, as well as surface modi-
fication with Pt using E-ALD, will be described. Those deposits have
been used here to extend observations of Bartlett and Marwan.?* The
Pd films maintain the amount of hydrogen stored, even while being
covered with Pt and demonstrating higher peak currents for hydrogen
desorption. The kinetics of hydrogen desorption from a Pd crystal
lattice were studied using coulometry, and the rates for hydrogen des-
orption have been examined, as have those when the surface has been
modified by fractions of a monolayer of Pt. Considering these results,
and those from other recent work concerning the enhanced kinet-
ics resulting from Pt surface modification, possible mechanisms are
briefly discussed based on the ability to differentiate surface hydride
adsorption and bulk hydride absorption in the Pd thin films.

Experimental

Vapor deposited Au on glass slides (100 nm Au on a 5 nm Ti adhe-
sion layer) were used as substrates for all deposits (EMF Corporation).
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Figure 1. (a) Schematic representation of an E-ALD flow cell system, (b) Lateral view of flow cell and, (c) Top view of Au slide.

Solutions were prepared with 18 MQ-cm ultrapure water (Milli-Q
Advantage A10). The Pd solution was 0.1 mM ultrapure-grade PdCl,
(Aldrich Chemicals) in 50 mM HCI, in which the tetrachloropal-
ladate ion PdCl,>~ is expected to form. The Pt solution was 0.01
mM ultrapure-grade H,PtClg in 50 mM HClO,. The Cu solution was
1 mM CuSOy and 0.1 M H,SO4.

The deposits were grown and studied in an automated electrochem-
ical flow deposition system (Electrochemical ALD L.C., Athens, GA),
diagramed in Figure 1. The system consisted of five solution reser-
voirs, a 5 valve block and a variable speed peristaltic pump. The valves
were housed in a Plexiglas box along with the solution reservoirs so
they could be purged continuously with N,, to minimize exposure
to O,. The electrochemical flow cell, downstream from the valves,
was also made of Plexiglas and had a volume of around 0.15 mL. A
three electrode cell configuration was used, with a Au wire auxiliary
electrode embedded in the front cell plate, directly across from the
substrate. The reference was a Ag/AgCl electrode (3 M KCl) (Bio-
analytical systems) against which all potentials have been reported.
E-ALD software “Sequencer-4” was used to control valves, pump
and potentials. The Au on glass substrates had an exposed area of
0.71 cm?, defined using a piece of Polydonut masking tape (EPSI).

Results and Discussion

Nanofilm formation by E-ALD.—Prior to deposition, the Au sub-
strate was cleaned by cycling in 0.1 M H,SO,4 from —0.2 Vto 1.4V
3 times at 10 mV/s, followed by 2 cycles in 50 mM HCI from —0.2 V
to 0.7 V at 10 mV/s, to produce a more ordered surface.?’” Figure 2 is
a schematic for the SLRR deposition of Pd, and surface modification
of the Pd nanofilms with Pt. The E-ALD cycle for Pd deposition was
optimized and studied previously by this group.?*?’ E-ALD has also
been used to grow Pt nanofilms on Au.'>?® The Pt E-ALD cycle used
in this study was modified in order to deposit controlled fractions
of a monolayer on the Pd nanofilms. Initially an atomic layer of Cu
was deposited on Au. This was followed by redox replacement of
the Cu by Pd** ions at open circuit, resulting in an atomic layer of
Pd metal. The cycle was repeated to form the Pd thin film. This was
followed by depositing another atomic layer of Cu metal and its re-
placement using Pt** ions, to form a Pd film with its surface modified
by Pt.

Figure 3 displays the current-potential-time trace for the Pd cycle,
where Cu UPD is followed by Pd replacement. The Cu?* solution was
introduced to the cell at 0.15 V and a flow rate of 17 mL/min for 18 s, to

form the sacrificial Cu UPD layer. That was followed by introduction
of the Pd?* solution at open circuit, which allowed replacement of the
Cu with Pd. Note that in Figure 3 the potential increased during the
replacement reaction, finally reaching the programmed stop potential
of 390 mV. The stop potential was chosen to prevent Pd oxidation.
Reaching the stop potential triggered a blank rinse, during which
0.1 M H,SO, flowed through the cell at the open circuit potential
(OCP). The cycle was then repeated a sufficient number of times to
produce the desired deposit thickness.

Surface modification with Pt was achieved similarly. The Cu UPD
layer was first deposited, followed by introduction of Pt** ions at
open circuit. The result was that each Pt** ion received four electrons,
by oxidizing the equivalent of two Cu UPD atoms. The resulting Pt
coverage on the Pd surface was modified by either adjusting the Cu
UPD potential, in order to deposit fractions of a monolayer, or by
repeating the cycle to achieve Pt coverages slightly greater than a
monolayer. For purposes limited to this paper, we define an amount of
charge corresponding to one monolayer (“ML”) as 448 wC/cm?. This
number is based on approximating the surface as a Au(111) surface
and two electrons for every Cu atom. The stop potential was main-
tained at 390 mV to avoid oxidation of the underlying Pd layer. The
Pd and Pt coverages were determined using the charge for Cu UPD
and assuming 100% exchange efficiency: the coverages reported here
are the maximum possible under the conditions used. The relation-
ship between the number of cycles performed and the Pd coverage
is shown in Figure 4. In the present study, 5 cycles were grown,
each cycle depositing 0.5 ML, resulting in a Pd coverage of 2.5 ML.
Some reports suggest that Pd only starts absorbing hydrogen above
2 ML.2%2%30 Pd nanofilm coverages were also determined by their
oxidative stripping in 50 mM HCI, scanning from 150 mV to 700 mV.
The linearity of the graph in Figure 4 is consistent with ALD and layer
by layer growth, where doubling the number of cycles doubled the
coverage.

Figure 5 displays a cyclic voltammogram (CV) for a 2.5 ML Pd
film in 0.1 M H,SO;, over the hydrogen sorption region. A negative
scan from 150 mV, reversed at —250 mV and ending at 150 mV is
demonstrated. This range of potentials corresponds to where H sorp-
tion and desorption take place on Pd. The first reduction peak, —8
mV, indicates hydrogen adsorption, or some surface hydride forma-
tion (UPD H) on Pd. The second broad feature, at —200 mV, indicates
hydrogen absorption into bulk Pd, and is followed by absorption con-
voluted with H, evolution near —250 mV. Absorption into the bulk
leads to the formation of the B-hydride (PdH,).’! After reversal of
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Figure 2. Schematic of E-ALD SLRR cycles for Pd and Pt.

the potential scan at —250 mV, hydrogen desorption began, peaking
near —200 mV. Desorption of the adsorbed layer of hydrogen atoms
(H UPD) is peaked at 0 mV. The adsorption and absorption charac-
teristically occur at different potentials on thin films. In similar CVs
using thicker films or bulk Pd, surface hydride peaks are not nor-
mally observed because of the large currents for H absorption and its
subsequent desorption, relative to H UPD.*

Based on the CV in Figure 5, a potential sequence was designed to
first saturate the Pd film with hydrogen at negative potential, followed
by stepping the potential to 0 mV and using coulometry to determine
how much hydrogen desorbed. That is, the films were initially equili-
brated in 0.1 M H,SO4 at 150 mV for 10 s (point X) then stepped to
—250 mV for 5 min (point Y) to saturate the Pd film with hydrogen.
To determine the amount of absorbed hydrogen, the potential was
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Figure 3. Current-Potential-Time trace illustrating the Pd E-ALD cycles.

oo

D) 5 cycles of Pd on Au

stepped from —250 mV to 0 mV (point Z) for 10 s, to strip absorbed
hydrogen.

Figure 6 is an example of chronoamperometry for hydrogen oxi-
dation on a 2.5 ML Pd thin film. Integration of the current peak was
used to determine the moles of hydrogen in the Pd film.

The moles of Pd in the film were determined by using the sum of
the coulometry for Cu UPD from each Pd SLRR cycle used to grow the
film. Saturation H/Pd molar ratios have been reported between 0.6 to
0.8.22:2427:31.33-35 Values near 0.7 for the H/Pd ratio were obtained for
the present Pd films. Charges for hydrogen oxidation were used rather
than hydrogen absorption in order to avoid issues with distinguishing
charge due to H, evolution from charge due to absorption.
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Figure 4. Plot of Pd coverage vs. the number of cycles performed.

Downloaded on 2016-08-02 to IP 198.137.20.74 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

D3050

f

Surface hydride

B Hydride formation

Current (pA)
8

T T T T T
-300 -250 -200 -150 -100 -50 O
Potential (mV)

T T T 1
50 100 150 200
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Potentials used for charging and discharging the film with hydrogen, indicated
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Figure 7 displays the H/Pd ratio as a function of the amount of Pt
modifying the Pd surface. No significant effect was observed on the
H/Pd ratio as a function of the Pt coverage, in contrast to values re-
ported in the literature for Pd-Pt alloys. For alloys, the capacity (H/Pd
ratio) decreased rapidly with increasing amounts of Pt, approaching
complete loss of its ability to store H for alloys with a Pt mole fraction
above 19%.364

Kinetics of hydrogen desorption.—Figure 8 compares the hy-
drogen oxidation currents for unmodified and modified Pd films. It
indicates that the presence of even 0.01 ML of Pt on the Pd surface
causes a dramatic increase in the hydrogen oxidation current. In addi-
tion, the current decays to zero much faster with Pt present, indicating
that hydrogen desorbs much faster when Pt is on the surface.

Curve fits.—A biexponential function, including an offset current
(Io), was shown to provide a good fit to the decay of the chronoampero-
metric curves shown in Figure 8. Those results were used to investigate
changes in the mechanism of hydrogen desorption with and without
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Figure 6. Hydrogen oxidation chronoamperometry for a 2.5 ML thin film
saturated with hydrogen, on stepping from —250 mV to 0 mV.
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Pt present. The offset current might be attributable to background
processes such as oxidation of aqueous H,. A simple interpretation of
the biexponential function is that there are two independent processes,
such as absorption and adsorption, each with capacities, C; and C,
(mol H/mol Pd), within the film. Each have a different first-order rate
constant, the reciprocals of which would be the time constants #; and
1. This can be expressed as:

FAC .y, , FACx
e
Mt Mt,

where F is the Faraday constant (coulombs/mol), A is the electrode
area (cm?), d is the film thickness (cm), and M is the molar volume of
palladium (cm?®/mol). The capacities C; and C, can be related to the
ratio of the charge for hydrogen absorption and half the charge for Pd
stripping. This number is also the molar H/Pd ratio.

A plot of the time constants versus the Pt coverage (Figure 9)
shows that even a small amount of Pt on the surface results in an
increase in the kinetics of the hydrogen oxidation reaction. For the
coverages studied, the time constants dropped with increasing Pt cov-
erage, plateauing near a ML. The presence of two time constants
may indicate parallel processes for hydrogen desorption from Pd. It is
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Figure 8. Comparison of H oxidation currents for Pd and Pt modified Pd
films.
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Figure 9. Decay constants for desorption of hydrogen from bare 2.5 ML Pd
and Pt modified Pd thin films.

possible that the hydrogen present within the crystal structure is des-
orbed quickly (characterized by ;) and the second time constant (z,)
could be measuring desorption of H at or near surfaces or grain bound-
aries, or from the dilute o phase. However, the time constants show
a similar trend in their decrease with increasing Pt present on the
surface, indicating faster desorption for each process.

Mechanism.—Numerous theories have been presented regarding
the mechanism of hydrogen absorption into Pd. Jerkiewicz et al.*!
describe an indirect mechanism for hydrogen absorption into Pd. Ac-
cording to that mechanism, the hydrogen is first adsorbed on the
electrode surface (UPD H). The surface hydrogen moves into empty
subsurface sites, followed by diffusion into the bulk to form a non-
stoichiometric compound (PdH,). Bartlett et al.>} suggest a direct
absorption of hydrogen into Pd that occurs in a single step:

H;O0" + e~ — Hyy + H,0 2]

This is based on their observation that UPD H peaks are greatly
diminished in their voltammograms in the presence of surface Pt.
They suggest that the surface hydride acts as a spatial obstacle that
blocks direct absorption. The extreme tendency for Pt to adsorb trace
contaminants must however be kept in mind.

The work presented here was undertaken in response to the theo-
retical work of Greeley and Mavrikakis,* which supports the indirect
mechanism. In that scenario, the surface hydride is destabilized in the
presence of Pt, shifted to a potential near that for bulk absorption,
or a distribution of potentials between the UPD peak and absorption
peak. The destabilized surface hydride has a lower activation bar-
rier to enter bulk states, leading to faster absorption and desorption
rates.

Figure 10 compares CVs for a 2.5 ML Pd film and a 2.5 ML Pd
film modified with 0.1 ML Pt, in 0.1 M H,SO4. A clear reduction
of the surface hydride peak at —8 mV occurs when Pt is present.
A prior report of the E-ALD of a Pt multilayer film on Au®® us-
ing similar conditions showed hydride peaks at +50 mV and —100
mV, though only after the surfaces were cleaned via oxidative cy-
cles. This suggests that the surface hydrides on the Pd surface are
modified into a distribution of stabilities in the presence of Pt, some
of which are more or less stable than for pure Pd. Contaminants
adsorbed to the Pt may have some influence on surface hydride for-
mation, but based on our observations, any such contaminants that are
present do not inhibit transport of hydrogen between the electrode and
solution.

It is not proposed here that the surface hydride is so destabilized
in the presence of Pt that it is not present at all, as would be neces-
sary to spatially unblock the direct pathway, as described by Bartlett
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Figure 10. CVs of 2.5 ML Pd nanofilm in 0.1 M H,SO4 (black line) and
2.5 ML Pd film modified with 0.1 ML Pt on the surface (blue line), performed
at 10 mV/s. Note the reduction in surface hydride when Pt is present on the
surface.

et al.?® If that were the case, it would not be possible to grow multi-
ple cycles of Pt using the surface hydride as the sacrificial layer, as
was shown by Vasiljevic et al.** and this group. By that argument,
the indirect mechanism is more consistent with reported observations.
Another consideration described by Lukaszewski et al.** is that the
transition from the solid solution (a phase) to the formation of the
non-stoichiometric compound (8 phase) involves rearrangement of
Pd atoms, and not just hydrogen atoms. If the rearrangement of Pd
atoms is slow, this could be the rate-limiting step, instead of transport
of hydrogen between surface and bulk. The fact that various groups,
in addition to this one, have observed strong effects from surface
modification suggests that the Pd atom rearrangement is not the rate-
limiting step, at least in the case of nanometer-scale films or porous
structures.

Conclusions

‘When the surfaces of Pd nanofilms were modified with Pt, peak hy-
drogen oxidation currents increased, even with submonolayer amounts
of Pt, indicating a catalytic effect on the reaction. Fits to a simple
kinetic model showed enhancement of the oxidative hydrogen des-
orption rate for films coated with Pt by over an order of magnitude,
though the enhancement was not greatly sensitive to the amount of
Pt present for coverages near a ML. The H/Pd ratio did not change
significantly as a function of the amount of deposited Pt, suggesting
it remained as a surface layer, and did not form an alloy.

When considered in the context of other recent work, the results
described here support a mechanism in which hydrogen absorption
and desorption are mediated by a surface hydride, and each process
can be limited by desorption of the surface hydride into the aqueous or
bulk solid phase. The presence of Pt on the surface destabilizes some
of the surface hydride sites, accelerating hydrogen transport between
surface and bulk. Proper understanding of this mechanism is likely to
be important in the development of hydrogen storage and separation
devices that use palladium, and perhaps other materials where surface
species are important.
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