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ABSTRACT 

 Applications that rely on hydrogen storage and exchange, such as sensors, 

catalysis, and energy storage, can be improved by increasing the rate at which hydrogen 

can be both stored and accessed.  Pd is a well-known candidate for hydrogen storage and 

exchange purposes.  In this lab, surface modification of Pd films by Rh deposition using 

electrochemical atomic layer deposition (E-ALD), a condensed-phase equivalent of 

atomic layer deposition (ALD), has been shown to enhance the rates of hydrogen sorption 

and desorption into and out of the Pd film.  Using a new columnar flow cell design, this 

deposition technique has been applied to Pd powder.  Modified powders were studied 

using cyclic voltammetry, scanning transmission electron microscopy with energy 

dispersive X-ray spectroscopy (STEM-EDS), and X-ray photoelectron spectroscopy 

(XPS).  An analogous electroless deposition technique, atomic layer electroless 

deposition (ALED), uses hydrogen rather than a metal as the sacrificial element and has 

also been adapted to the flow cell system.  Deposits of Pd and Rh on a Pd substrate were 

created.  Films grown in the flow cell by E-ALD and ALED were compared by cyclic 



 
 

 
 

voltammetry and by voltammetric stepping.  Another electroless deposition technique, 

electroless atomic layer deposition (EL-ALD) is presented.  EL-ALD uses redox couples 

in solution to poise the potential at a desired voltage to promote underpotential deposition 

(UPD) of a metal which then acts as a sacrificial layer to deposit another desired metal. 

Results and future directions are presented. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

Palladium is well known for its ability to reversibly and selectively store and 

discharge a large relative volume of hydrogen in ambient conditions.1  Pd has been 

applied for use in hydrogen storage,2 hydrogen sensing,3,4 and fuel cell catalysis.5,6  

Research of each of these applications has shown that formation of surface layers of other 

metals can enhance chemical or electronic properties.7-9 

 Thin films are desirable both for different properties they often exhibit compared 

to those of bulk materials, and for the reduced cost from using less material. As such, the 

growth of thin films is an attractive target in industry and academia.  Several methods 

exist for creating thin films with controlled thickness, including successive ionic layer 

deposition and reaction (SILAR),10 chemical vapor deposition (CVD), physical vapor 

deposition (PVD), and electrodeposition, and atomic layer deposition (ALD).11  Ideally, 

the resulting deposit would have a surface coverage of one monolayer (ML), defined as 

one adsorbate atom per substrate atom.   

ALD is popular for its atomic level control over deposit thickness and its broad 

applicability in depositing a variety of metals on numerous substrates.12  ALD uses gas-

phase surface limited reactions which terminate once the substrate is fully covered, 

ensuring deposits no more than one atom in thickness.  The conditions for using ALD are 

somewhat prohibitive, however, as ALD operates under vacuum at relatively high 

temperatures, usually greater than 100 ºC.13  A condensed phase analog of ALD called 
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electrochemical atomic layer deposition (E-ALD) has been developed which operates 

under ambient temperature and pressure.14 

E-ALD works based on the use of underpotential deposition (UPD),15-17 an 

electrochemical form of surface limited reaction.18-20  UPD occurs as a result of the 

favorable free energy of formation of a compound or alloy, where one element deposits 

on another at a potential prior to (“under”, typically more positive for cations) the 

potential required to deposit upon itself.  The UPD metal is then exchanged at open 

circuit for ions of a more noble metal in solution by a process called surface limited redox 

replacement (SLRR).21-25  The deposition is performed as a series of steps such as 

solution flow, exchange, and blank rinse, to form a cycle.  The cycle is repeated a desired 

number of times as part of a sequence to create deposits of desired thickness.  E-ALD has 

been used to create numerous deposits, including compound semiconductors20,26,27 and 

metal films.24,28,29   

 SLRR was used in this group to grow thin films of Pd and study the hydrogen 

sorption and desorption properties.30  The kinetics of surface limited hydride adsorption 

onto, and bulk hydride absorption into the Pd are important in catalysis, hydrogen 

storage, and hydrogen sensing. Following studies suggesting that other metal surface 

layers on Pd modify the surface hydride properties compared to bare Pd and might 

enhance the kinetics of hydrogen absorption and desorption,9,31,32 recent work developed 

a SLRR cycle for Pd surface modification with submonolayer amounts of Rh.33  Results 

from that study showed that Rh-modification of the Pd thin films caused enhanced 

kinetics for both hydrogen absorption and desorption, evidenced by cyclic voltammetry 
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(CV).  This presented an opportunity for further study of the kinetics with varied amounts 

of Rh, and to study other metals deposited on Pd for comparison.   

 While E-ALD allows for the deposition of a variety of metals, as an 

electrochemical technique it will always require electrical connection to the substrate in 

order to control the potential, and will require increased current proportional to surface 

area in order to create deposits.  Electroless deposition, however, does not require 

external contact to a device to control the potential.34  Therefore, an electroless method 

would be desirable for situations where metals are supported on non-conducting 

materials, and where surface area is high, such as for large quantities of powder.  For this 

reason, a technique called atomic layer electroless deposition (ALED) has been 

introduced.35   

 ALED works similarly to E-ALD in that it results in controlled submonolayer 

growth of a metal as a result of exchange for a sacrificial element.  In ALED, however, 

the sacrificial element is hydrogen.  The use of a nonmetal sacrificial element was first 

reported by Nutariya, et al. using HUPD.36  Another method for electroless deposition of 

surface limited amounts of metal called electroless surface limited redox replacement (E-

SLRR) was developed by Ambrozik, et al.37,38  In E-SLRR, a UPD layer of sacrificial 

metal is deposited before exchanging with the metal ions of interest.  ALED uses 

advantageous features from each of these methods: a nonmetal sacrificial element, and a 

fully electroless deposition process.  Another issue to address with standard plating 

solutions for industrial electroless deposition is that they often contain a complex mixture 

of chemicals including complexing agents, reducing agents, stabilizers, and inhibitors.39  

It would be beneficial to make the electroless deposition solutions more environmentally 
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friendly and less expensive.40  ALED meets these criteria as the solutions used contain 

only H2SO4 with hydrogen, and the metal ion to be deposited. 

One more type of electroless deposition called electroless atomic layer deposition 

(EL-ALD) is introduced.  EL-ALD uses easily reversible redox couples dissolved in 

solution to maintain a poised potential to form a UPD layer of a sacrificial metal to then 

exchange at open circuit for the desired more noble metal.  Using these controlled growth 

reactions, EL-ALD offers another electroless method to control deposit thickness at the 

atomic layer level.  

This dissertation describes aqueous solution based atomic layer deposition 

techniques, E-ALD, ALED, and EL-ALD, for Pd, Rh, and Pt growth in an automated 

electrochemical flow cell system (Electrochemical ALD, L.C.) on powdered Pd and 

planar Pd substrates.  The flow cell system consisted of a variable speed pump, solenoid 

selection valve, solution reservoirs, potentiostat, and a three electrode flow cell (Figure 

1.1).  Sequencer 4.0 (Electrochemical ALD, L.C.) control software was used to control 

the flow cell system both manually and through programmed deposition cycles.  The 

typical flow cell for planar films, used for the majority of the experiments, is described in 

Chapter 3. Chapter 2 used a new flow cell designed to contain powders. 

Chapter 2 of this dissertation features the adaptation of E-ALD to a Pd powder 

substrate, building off of previous work where Rh deposition was used to enhance the 

kinetics of H sorption and desorption from Pd films.33  A new flow cell design was 

implemented in order to allow the use of a powder, as was a method for immobilizing 

mg-scale quantities of powder for use in the traditional flow cell.  Rh was deposited on 

the Pd powder by 1, 3, and 6 cycles of E-ALD.  The resulting deposits were analyzed 
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using cyclic voltammetry (CV), X-ray photoelectron spectroscopy (XPS), scanning 

transmission electron microscopy with energy dispersive X-ray spectroscopy (STEM-

EDS).  Pt was also deposited and studied by XPS and STEM-EDS.  Kinetics of hydrogen 

transport were shown to be enhanced by the presence of Rh on the powder surface for 

mg-scale quantities of powder. The Rh and Pt deposits were uniform over the surface of 

the powder particles regardless of surface morphology.  The films grew thicker with 

increasing numbers of deposition cycles.   

Chapter 3 of this dissertation demonstrates the adaptation of a recent technique, 

atomic layer electroless deposition (ALED), to the flow cell system.35  A method for 

forming surface hydride using dissolved H2 in solution was optimized to create a 

deposition cycle that could be repeated to form a sequence.  Samples of Pd on Pd and of 

Rh on Pd created by ALED were analyzed by cyclic voltammetry and by linear sweep 

voltammetry to examine the kinetic characteristics and quantitative characteristics of the 

films.  CV results are consistent with layer-by-layer deposition.  Linear sweep 

voltammetry quantified the amount of deposition generated per growth cycle.  ALED was 

determined to deposit Pd at a lower rate compared to E-ALD.  The ALED technique was 

proved possible, however, in a flow cell, leaving room for future comparison to modified 

films generated by E-ALD.  

Chapter 4 compares Rh-modified Pd films generated in the flow cell system using 

atomic layer electroless deposition (ALED) and electrochemical atomic layer deposition 

(E-ALD).  Voltammetric stepping is used to examine the rate of hydrogen desorption 

from saturated films generated by both methods.  Decay curve fitting from the 

voltammetric profiles showed that the hydrogen desorption process occurred was best fit 
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to a biexponential decay.  The decay profile indicates that the process involves rapidly 

desorbing hydrogen initially, and quickly transitioning to a slower rate. This can likely be 

explained by hydrogen from the bulk structure of the Pd leaving rapidly, while the more 

stable surface hydride leaves more slowly.  Surface modification with Rh increased the 

rate at which the hydrogen was desorbed across the Pd both by ALED and E-ALD, 

though more cycles of ALED were required to obtain the same rates as E-ALD, in 

agreement with the conclusion from Chapter 3 that ALED deposits less metal per cycle 

than E-ALD.   

Finally, Chapter 5 of this dissertation exhibits preliminary studies of another 

deposition technique, electroless atomic layer deposition (EL-ALD).  Redox couples in 

solution are explored as a method of setting a controlled potential for electroless UPD 

formation.  Growth of Pt on Pd is demonstrated using a poised potential in blank solution 

before going to open circuit and exchanging the blank for a Pt ion solution.  Electrolessly 

deposited UPD Cu is shown to be attained using a ferrocyanide/ferricyanide solution.  

Cyclic voltammetry of both the Pt grown on Pd from poised-potential blank and Pd 

exchanged for the electroless UPD Cu is shown. 
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Figure 1.1: Schematic of the flow cell system used. 
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CHAPTER 2 

ENHANCED KINETICS OF ELECTROCHEMICAL HYDROGEN UPTAKE AND 

RELEASE ON PALLADIUM POWDERS MODIFIED BY ELECTROCHEMICAL 

ATOMIC LAYER DEPOSITION1 
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Cappillino, and J. Stickney, To be submitted to ACS Materials and Interfaces (2015) 
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Abstract 

Electrochemical atomic layer deposition (E-ALD) is a method for the formation 

of nanofilms of materials, an atomic layer at a time.  It uses the galvanic exchange of a 

less noble metal, deposited by underpotential deposition (UPD), to produce an atomic 

layer of a more noble element by reduction of its ions.  This process is referred to as 

surface limited redox replacement (SLRR), and can be repeated in a cycle to grow thicker 

deposits.  It was previously performed on nanoparticles and planar substrates. In the 

present report, E-ALD has been applied to coating a sub-micron sized powder substrate, 

making use of a new flow cell design.  E-ALD was used to coat a Pd powder with 

different thicknesses of Rh or Pt by exchanging it for Cu UPD.  Scanning transmission 

electron microscopy with energy dispersive X-ray spectroscopy showed conformal 

deposition across all surface features.  Cyclic voltammetry and X-ray photoelectron 

spectroscopy indicated an increasing Rh coverage with increasing numbers of deposition 

cycles performed, in a manner consistent with an ALD mechanism.  Cyclic voltammetry 

also indicated increased kinetics of H sorption and desorption into and out of the Pd 

powder with the Rh present, relative to unmodified Pd.  

Introduction 

Atomic layer deposition (ALD) makes use of surface limited reactions in a cycle, 

to form nanofilms conformally on a substrate.1  The result is material formation one 

atomic layer at a time, where an atomic layer is no more than one atom in thickness.  

ALD is generally performed in a gas or vacuum phase reactor, and has been remarkably 

successful in forming oxide nanofilms.2,3 
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Electrochemical atomic layer deposition (E-ALD) is a condensed phase version of 

ALD, based on the use of underpotential deposition (UPD), 4-6 an electrochemical form 

of surface limited reaction.7-9  UPD results from the favorable free energy of formation of 

a compound or alloy and involves the deposition of one element on a second at a 

potential prior to (“under”, generally meaning more positive than) that needed to deposit 

the element on itself.  UPD generally results in the deposition of an atomic layer, with a 

maximum coverage of about one monolayer (ML), defined in this report as one adsorbate 

atom per substrate surface atom. E-ALD cycles consisting of surface limited redox 

replacement (SLRR) were employed to deposit Rh.  SLRR involves first depositing an 

atomic layer of a sacrificial metal by UPD, which should be less noble than the metal to 

be deposited.10-14  The solution is then exchanged, at open circuit, for one containing an 

ionic precursor for the desired element.  The depositing element is reduced using 

electrons from the sacrificial UPD layer, the coverage of which accounts for limiting the 

amount of the desired element formed.  Rinsing with blank completes the SLRR cycle, 

which can be repeated to form thicker deposits.15-17  E-ALD has been used in the present 

study because of the control it offers over Rh nanofilm deposit coverages.  SLRR on 

nanoparticles was previously demonstrated by Pt deposition on Au nanoparticles for 

oxygen reduction.18 

Studies of E-ALD have, thus far, primarily involved deposition on flat surfaces,19-22 

except for studies using SLRR, which was initially developed in order to coat the 

surfaces of nanoparticles with minimum quantities of catalytic metals.11,23  Previous work 

has shown that modification of the surface of a Pd nanofilm with Rh resulted in enhanced 

rates for H absorption and desorption.24  That study involved deposits formed on flat Au 
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on glass substrates.  The present studies were undertaken to investigate similar deposits 

on the surfaces of three-dimensional materials, in the form of submicron-sized powders.  

Such powders have applications in hydrogen separations, fuel cells, sensors, and 

catalysts.25-28  Prior work on hydrogen reactions with powders has involved both 

elemental and alloy powders.29-31  Powders typically allow for a much larger 

electrochemical surface area, for a given superficial surface area, compared to a planar 

substrate, increasing the rates of interfacial reactions.32  Powders have been studied as 

media for storage or separation of bulk amounts of hydrogen.33,34  

Two of the mechanisms for H absorption proposed in the literature are direct and 

indirect absorption.   In the direct absorption mechanism, hydrogen is absorbed by Pd in 

one step, where H3O
+ + e-  Habs + H2O.35  The indirect mechanism suggests that 

hydrogen first forms a surface hydride prior to moving into empty subsurface sites, then 

finally diffuses into the bulk Pd.32,36  Recent publications theorize that modification of Pd 

surfaces with submonolayer amounts of another element may destabilize the surface 

hydride, allowing an increase in the rate for adsorbed hydrogen being transferred from 

the surface into the bulk.35,37  Reports in the literature supporting that theory suggest that 

Pd powders with a surface modified by Rh or Pt enhance both hydrogen absorption and 

desorption.38  This report investigates the effect of Pd surface modification with SLRR 

Rh on the rates of hydrogen absorption and desorption, to ask whether the effect seen on 

films also applies to the more complex geometries and surface microstructures of 

powders.39,40  If so, it would suggest that the indirect mechanism is relevant in this case.  

In the present study, hardware and methodologies for surface modification using 

E-ALD of Rh and Pt on high surface area powders were investigated.  Typical powder 
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samples, such as those considered here, have much larger electrochemically active 

surface areas per unit volume compared with planar films.  Use of E-ALD to modify 

powders will result in a much greater yield of modified surface area than it would on 

planar substrates, but requires certain considerations to ensure that reactions can proceed 

uniformly and completely. 

Experimental Methods 

All solutions were prepared using 18 MΩ cm water from a water filtration system 

(Milli-Q Advantage A10).  The Rh solution contained 0.1 mM RhCl3 (Sigma-Aldrich, 

99.9%, trace metals basis) in 0.1 M H2SO4 (Fisher, analytical grade).  Pt solution was 0.1 

mM H2PtCl6 (Fisher, ultrapure grade) with 50 mM HClO4 (J.T. Baker, A.C.S. reagent 

grade).  The sacrificial metal solution was 2 mM CuSO4 (J.T. Baker, 99.8%) in 0.1 M 

H2SO4.  The blank solution was 0.1 M H2SO4.  During use, and for at least 60 minutes 

prior, all solutions were degassed with N2 to remove dissolved O2.  

E-ALD experiments were performed using an automated flow cell system 

(Electrochemical ALD, L.C.) consisting of a variable speed pump, solenoid selection 

valve, solution reservoirs, potentiostat (PARR), and a three electrode flow cell.  

Sequencer 4.0 control software (Electrochemical ALD, L.C.) was used to form the 

deposits.  The flow cell (Figure 2.1) was designed to hold powdered substrates and 

allowed solution exchange while under potential control.  The design consisted of two 

sides, each with flat silica frits. The sample was placed between the frits, inside of two 

pieces of nitrocellulose filter paper (Millipore, 0.45 µm).  Two rubber gasket rings were 

placed around the substrate and prevented leaking at the joint.  Electrical contact was 

made using a piece of Teflon-coated Pt wire (Med Wire), where the stripped end was 
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placed inside the Pd powder substrate, and the Teflon-coated region passed between the 

two gaskets.   The entire ensemble was held together with a metal clamp.  A Pt mesh cage 

(diameter 0.5”, length 2”) served as the auxiliary electrode and was housed in the upper 

column. A reference electrode compartment, containing an Ag/AgCl (3 M KCl) electrode 

(Bioanalytical Systems, Inc.), was located at the ingress to the cell. All potentials were 

reported vs. the Ag/AgCl reference.  Solutions were drawn from reservoirs, through a 

valve block, and then pumped past the reference and through the powdered working 

electrode.  After the working electrode, the solutions entered the auxiliary electrode 

compartment, from which they were pumped to waste, along with any gaseous products 

produced at the auxiliary electrode.  All cyclic voltammograms were collected at a scan 

rate of 10 mV/s in 0.1 M H2SO4.  

In each experiment, 50 to 300 mg of Pd powder (Sandia National Laboratories 

Powder Metallurgical Facility) was placed in the flow cell and soaked in 0.1 M H2SO4 for 

approximately 30 minutes to ensure uniform wetting of the membranes and the powder, 

promoting uniform solution flow, and ensuring  complete electrical connection.  A 

voltammetric cleaning method similar to that used for planar Au41 substrates was applied 

to clean the Pd powder, though the upper potential limit was decreased from 1.4 V to 1.2 

V to avoid oxygen evolution. After cycling the potential between -0.2 V and +1.2 V in 

0.1 M H2SO4 to clean the Pd surface, the potential cycling was stopped at 0.15 V and 

held, prior to the experiment. 

The procedure for Rh deposition by E-ALD is illustrated in Figure 2.2.  A typical 

cycle involved first flowing the Cu2+ ion solution into the cell at a rate of 2 mL/min with 

the potential held at 0.15 V, until the solution was at equilibrium with the substrate, 
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indicated by the absence of Cu deposition current.  The potential was then allowed to go 

to open circuit, and Rh solution was flowed through the cell.  The Rh3+ solution was 

pumped through the cell until the potential increased to 0.39 V, a pre-determined “stop” 

potential, in order to avoid Pd oxidation.  Reaching the stop potential is assumed to 

indicate that the Cu UPD atomic layer had been completely exchanged for 2/3 as many 

atoms of Rh, based on the expected stoichiometry.  In the final step of the cycle, the Rh3+ 

solution was rinsed out with blank solution.  Thicker Rh films were deposited by 

repeating this cycle on the Pd substrate the desired number of times.  Deposits were 

performed where the Rh SLRR cycle was repeated 1, 3, 6, and 20 times on Pd powders.  

The same deposition method was applied using Pt4+ solution in place of the Rh3+ to create 

Pt deposits on Pd powder.  After deposition the samples were rinsed with purified water 

and dried under vacuum.  

Studies of the kinetics for hydrogen absorption and desorption were performed 

with much smaller quantities of Pd powder, using a different flow cell configuration due 

to mass transport limitations that become important on fast timescales.  This approach 

used a  glassy carbon electrode, a GLAS-10 grade 1 cm2 substrate (SPI Supplies), which 

had an exposed surface area of 0.71 cm3, defined by Poly Donut masking tape (EPSI). 

The studies of kinetics were performed in a standard E-ALD flow cell, with a few 

mg of Pd powder. 42 To hold the small amounts of powder, the procedure shown in 

Figure 2.3 was developed.  To prepare the sample, a well was created using tape with a 

hole of the desired size punched in the center. This was applied to the Au slide surface.  

The Au served as a contact for the Pd powder working electrode.  The powder was placed 

on the exposed Au, then covered with a piece of nitrocellulose membrane filter, which 
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was held down with a piece of double sided tape. This sample was then placed in the flow 

cell on a 1.5 mm thick gasket (defining the solution volume) to perform electrochemical 

experiments.  It was found, however, that the fragility of the nitrocellulose membrane 

often caused it to tear or rupture, allowing some powder to escape, thereby introducing 

inconsistency in mass from one sample to the next.  Additionally, some Pd was observed 

to strongly bond or alloy with the Au, forming dark areas on the Au surface.  

 In order to maintain greater control and reproducibility with small quantities of 

Pd powder, a different containment method was implemented where 1 mg sample of Pd 

powder was studied by pressing it into the glassy C electrode surface prior to inserting it 

into the cell.42 This sample was then placed in the flow cell on a 1.5 mm thick gasket to 

perform electrochemical experiments. 

Scanning electron microscopy (SEM) was performed using an FEI Inspect F 

system at 20 kV.  X-ray photoelectron spectroscopy (XPS) data was obtained at the 

Advanced Light Source at Lawrence Berkeley National Laboratory (XPS endstation at 

beam line 9.3.2)43 and a laboratory spectrometer with an Omicron DAR400 Al K-alpha 

X-ray source and Physical Electronics 10-360 electron energy analyzer. Further details 

are available in previously published work by Cappillino, et al.38 

The compositional distribution of PdRh powder particles was imaged by scanning 

transmission electron microscopy (STEM).  Following published literature44,45, the 

particles were mounted in epoxy (Struers), then sectioned using a diamond knife with a 

Leica EM UC6 ultramicrotome. The resulting electron-transparent samples were 

subjected to compositional analysis using a probe-corrected FEI Titan G2 80-200 with a 

large-area silicon drift EDS (energy dispersive X-ray spectroscopy) detector 
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(ChemiSTEM).  Individual EDS spectra were acquired at every image pixel for the EDS 

spectrum images.  The Cliff-Lorimer k factor method was applied for quantitative 

compositional analysis.46  The k factor was obtained from measurements of a known 

reference material (8 at. % Rh-Pd), the composition of which was verified by X-ray 

fluorescence.  

Results 

An estimate of the surface area expected for a given powder mass of particles is 

described using Table 2.1.  The estimate assumed the powder particles were spherical 

with a diameter of approximately 1 µm.  A mass of 50 mg was used in the initial 

calculation.  Using the density of Pd, and both the volume and surface area for a sphere, 

estimates were made of the volume a given mass of powder should occupy, how many 

particles would be present, and the corresponding surface area.  For a 50 mg sample of Pd 

powder, the surface area was estimated to be 250 cm2, or 0.5 m2/g of Pd powder, 

comparable to the measured 0.4 m2/g, noted below.    

Scanning electron microscope (SEM) images indicated the particles were between 

0.2 and 0.4 µm (Figure 2.4).  As expected, the Pd powder exhibited much higher currents 

than Pd films with an equivalent cross section, due to their greatly increased surface 

areas.  Cyclic voltammograms were performed on 50 mg (black) and 300 mg samples of 

bare Pd powder (Figure 2.5, top).  Starting at open circuit potential around 300 mV, the 

potential was scanned to -0.25 V.  Hydrogen adsorption peaks begin just positive of 0 V, 

and the absorption peak begins at -0.1 V in the black plot for the 50 mg sample, but 

initially overlaps with the adsorption peak in the red plot for the 300 mg sample. The 

scan was reversed at -0.25 V. Hydrogen desorption was evidenced by the rapid increase 
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in current, which decays and nears 0 mA around 0.1 V.  Pd oxidation features are seen 

during the positive scan starting at about 0.35 V and continuing until the scan was 

reversed at 1.2 V.  Surface areas were measured by integration of the Pd oxide reduction 

peak47 at 400 mV, and found to be proportional to the mass of powder (Figure 2.5, 

bottom).  This suggests that the surface areas were equally accessed by solution.  

Comparing the charges for oxide reduction of SLRR Pd on Au and of powder samples to 

a PVD Pd film on a Si wafer allowed an estimate of the surface area per unit mass of 

powder: 0.4 m2/g (Table 2.2).  

Potential and current-time traces for Cu deposition on Pd powder for Rh exchange 

are shown in Figure 2.6. For this 300 mg Pd powder sample, a maximum of 

approximately 20 mA of current is observed. About 2 minutes was the time required to 

completely deposit the Cu, as indicated by the current returning to zero.  

During SLRR on powder, it was observed that the time required for Rh to 

exchange with the Cu UPD increased with each cycle, as did the subsequent cycle’s 

charge for Cu UPD (Figure 2.7).  Those results suggest an increase in surface area, 

possibly due to Volmer-Weber growth of Rh on the Pd particles, though it may also 

indicate an increase in wetted surface area. 

Cyclic Voltammetry (CV) of coated samples 

CV was performed on Pd powder samples coated with Rh, using the powder flow 

cell (Figure 2.1), to compare with uncoated Pd powder (Figure 2.8).  The loss of Pd 

surface hydride peak area around 0 V indicates that the Rh is covering the Pd surface, 

preventing H adsorption. No kinetic enhancements in the rate of hydrogen absorption or 

desorption were observed from the CVs. This can be concluded because the CV profiles 
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for proton reduction and hydrogen oxidation were essentially the same before and after 

the Rh SLRR cycles. It is possible that, in both of these CVs, current is limited by mass 

transport effects and solution resistance rather than surface kinetics.  CVs using smaller 

quantities of powder can be expected to allow more rapid transport into the interior of a 

powder mass, and might yield observable kinetic effects, such as those previously shown 

on planar substrates,38 so we have performed these experiments. 

CVs of a powdered sample pressed into glassy carbon were run both prior to and 

following three Rh SLRR cycles (Figure 2.9).  As with Rh deposition on Pd films, the Pd 

surface hydride peaks at -0.05 V were diminished, indicating partial coverage of the 

surface by Rh, while the H absorption and desorption peaks showed higher currents that 

occurred earlier in the potential cycle.  This demonstrates that, on a 1 mg sample, H 

sorption kinetics were faster when the surface was modified with Rh. 

Scanning Transmission Electron Microscopy with Energy Dispersive X-ray Spectroscopy 

(STEM-EDS) 

Figure 2.10 (middle row) shows an overlay map of rhodium and palladium 

STEM-EDS signals for epoxy-embedded, microtomed Pd powder samples on which one 

and six SLRR cycles for Rh had been performed.  In both cases there is an elevated Rh 

signal that follows the contour of the surface of the particle, including concave regions.  

The thickness was uniform to within a few nanometers in each case.  Large bare regions 

with no rhodium are not observed here.  It is apparent that the rhodium was not 

depositing as isolated islands on the length scale of these particles, but was instead 

forming a uniform layer to within the resolution of the instrument, which approaches 
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atomic dimensions.  The quantity of rhodium at the interface for the 6x case is higher 

than the 1x case, but not by a factor of 6.    

X-Ray photoelectron spectroscopy (XPS) 

XPS is complementary to STEM-EDS, because it provides surface-specific 

information from a much larger volume of sample.  Lower incident photon energies have 

lower escape depths, so measuring spectra at several photon energies provides greater 

detail concerning the surface structure than measurement at a single photon energy.  Pd 

powder samples on which 1, 3, and 6 Rh cycles had been performed were measured using 

450 and 850 eV synchrotron photons, as well as using 1487 eV photons obtained on a 

laboratory instrument.  The NIST software package SESSA was used to compute 

simulated spectra for a bare Pd film and an 8 nm Rh film (essentially an infinitely thick 

Rh sample), and a 0.24 nm Rh layer on Pd, representing approximately one atomic 

layer.48  Linear combinations of those spectra were compared with the experimental data 

to determine the best fit. The experimental and simulated spectra were background 

corrected and integrated in CasaXPS software using the Shirley method.49 

Figure 2.11 displays experimental and best-fit simulated data for one, three, and 

six cycles of Rh deposited on Pd.  The amount of Rh increased with the number of cycles 

for both the simulations and experiments.  The differences between the 450 eV spectra 

and those at higher incident energy were larger than the differences between 850 and 

1487 eV, especially for the thicker films. This is due to the significantly lower electron 

escape depth for the 450 eV spectra.  

The simulations (Figure 2.12) suggest that the 1 cycle sample surface consisted of 

a mix of about 80% bare Pd and 20% thin Rh, and the 3 cycle sample showed only 
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slightly more thin Rh.  It is interesting to note that gas-phase ALD of Pd on alumina was 

reported to produce only about 20% coverage after 200 cycles.50  The 6 cycle sample, 

however, showed a significantly larger fraction of Rh, and required ~2% coverage of 

thick Rh to obtain a best fit.  While the STEM-EDS images suggest that the layers are 

uniform and conformal on the scale of tens of nanometers, the XPS analysis suggests that 

some nonuniformity is present at different length scales. The average Rh thickness is 

primarily in the submonolayer regime for the few cycles performed in this study.  If much 

three-dimensional growth had been occurring, the fits to the XPS experiments would 

have appeared more like that of the 8.0 nm Rh simulation, and we would expect to see 

larger islands or dendrites in the STEM images.  The simulated amounts of bare Pd are 

qualitatively consistent with the results from cyclic voltammetry, which showed a 

decreasing Pd surface hydride peak with increasing thickness, though some Pd surface 

hydride was still formed after 3-cycles of Rh deposition. 

Platinum deposited on Pd 

Platinum deposits that were created using the same deposition sequence 

parameters as the Rh samples were examined using STEM-EDS (Figure 2.13). High-

angle annular dark field spectroscopy is shown in the left column, with highlighted boxes 

depicting the areas enlarged in the right column as a Pt (red) on Pd (green) overlay map. 

The images zoom in on the same particle moving downward through the figure. Similar 

to the results for Rh deposition, the Pt is shown to cover the Pd particle surface regardless 

of morphology without significant gaps in coverage or variance in thickness.  

XPS data indicates increasing Pt signal for both the 4f3/2 (69 eV) and 4f5/2 (72.5 

eV) peaks with increased Pt deposition cycles (Figure 2.14, top). The image was 
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processed using CASA software for background subtraction, and Origin software to 

complete a 4 point Savitzky-Golay smoothing routine.  Data collected using an excitation 

energy of 850 eV for samples of 1, 3, and 6 cycles of Pt SLRR on Pd powder are shown 

in black, red, and blue, respectively. The Pt 4f peak heights and areas increase with 

subsequent deposition cycles while the Pd 3d peaks decrease (Figure 2.13, bottom), 

consistent with increasing surface coverage with increasing deposition. A table of both 

Rh 3d peak area and Pt 4f peak area vs the number of Rh and Pd SLRR deposition cycles, 

respectively, (Table 2.3) was created with the Rh 3d and Pt 4f peak areas normalized to 

the Pd 3d peak area. At all excitation energies, the peak area for deposited Pt increases 

with increasing number of deposition cycles. This same trend is observed for the 

deposition of Rh. For each deposited metal, Rh and Pt, the peak areas are largest for data 

collected at the excitation energy of 450 eV and smallest for the data collected at 850 eV. 

The decrease in peak area with increasing excitation energy corresponds with the deposit 

remaining on top of the Pd surface, as higher energy X-rays penetrate more deeply, 

giving larger peaks for the internal Pd, and smaller peaks for the elements deposited on 

the surface: Rh and Pt. The XPS plots and the peak area values in the table both indicate 

that the Rh and Pt thickness does increase with increasing deposition cycles, and it 

appears to do so with an increased rate as cycles continue. These data indicate that SLRR 

has been successfully applied to a powder substrate. 

Conclusion and outlook 

The use of E-ALD to grow Rh and Pt nanofilms on a powdered electrode has 

been demonstrated.  The rates of hydrogen absorption and desorption by Pd powder 

increased after monolayer-scale amounts of Rh were deposited, as observed using cyclic 
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voltammetry.  The voltammetry also indicated the presence of Rh on the surface by a 

decrease of the Pd surface hydride peaks.  XPS analysis showed evidence of monolayer-

scale Rh and Pt present on the surface, which increased with the number of cycles.  

STEM-EDS elemental mapping showed Rh and Pt confined to the outer surface of the Pd 

particles, in a uniform, conformal coating on the nanometer length scale.  The enhanced 

H absorption and desorption kinetics support an indirect mechanism for H transport, 

occurring via a surface hydride intermediate.  The presence of Rh appears to affect that 

intermediate. Pt kinetics on powder have not yet been examined. 

This report suggests that the broad range of cycle chemistries accessible to the E-

ALD method51,52 are applicable to powdered conductive substrates.  Scale up to larger 

quantities of powder may require a larger flow cell and counter electrode, and 

potentiostat that can deliver adequate current. The presented experiments produced 

approximately 50 µA of current per mg of powder during Cu deposition, and the current 

can be expected to scale with the mass of the batch, assuming constant particle size, 

although mass transport limitations and solution resistance may result in lower currents 

and longer cycle times.  A similar and potentially more scalable deposition method, 

atomic layer electroless deposition (ALED), has recently been developed.38  This method 

applies a similar method to SLRR, except it uses hydrogen adsorbed or dilutely absorbed 

at open circuit to act as a sacrificial element to allow a metal such as Rh to exchange and 

form a deposit on the metal surface.53  While ALED is less likely to suffer from such 

scaling limitations, its versatility is limited by the number of substrates that can form 

surface hydrides.  E-ALD has been demonstrated to form deposits in other potential 

ranges, not only where hydrides form.  This work has helped establish that E-ALD is 
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versatile not only in the materials that can be deposited, but also in the substrates that can 

be used. 
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Figure 2.1: Powder flow cell 
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Figure 2.2: Rh deposition by SLRR 
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Figure 2.3: mg-scale powder experimentation method. 
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Table 2.1: Pd powder estimated surface area 
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Figure 2.4: SEM images of unmodified Pd powder particles at two different scales. 
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Figure 2.5: Pd powder CVs (top), and oxide reduction peak charges (bottom). 10 mV/s 

scan rate. 
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Table 2.2: Comparison of Pd oxide reduction peak charge and calculated surface area for 

various samples. Surface area is normalized against the 2 cm2 Pd on Si wafer, by 

assuming that it represents complete Pd surface coverage. 

  

  

Pd oxide reduction peak charge for surface area comparison vs Pd on Si 

Sample Charge (mC) Normalized surface area (cm2) 

Pd on Si wafer (2 cm2) 2.5 2 

15 cycle Pd SLRR on Au film (2 cm2) 2.2 1.8 

3.5 mg Pd powder 12 9.6 

   5 mg Pd powder 19.5 16 

 50 mg Pd powder 262 210 

 300 mg Pd powders 1410 1130 
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Figure 2.6: Current (solid line) and potential (dashed line) during Cu deposition on Pd 

powder. 
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Figure 2.7: Plot of Cu deposition charge (black circles) and exchange time (green 

crosses) for a 20 cycle Rh deposition by SLRR on 350 mg Pd powder. 
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Figure 2.8: Overlaid CVs of 350 mg bare Pd (black), then modified by 10 (red) and 20 

(blue) cycles of Rh SLRR. 
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Figure 2.9: CV of Pd powder bare (red) and modified by 3 cycles of Rh SLRR (black). 

10 mV/sec scan rate. 
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Figure 2.10: (Top) high-angle annular dark field scanning transmission electron 

micrograph, (middle) STEM-EDS rhodium (red) and palladium (green) overlay map, and 

(bottom) Rh atomic fraction map of (A) 1x Rh on Pd, and (B) 6x Rh on Pd. Scale bars are 

100 nm. 
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Figure 2.11: Experimental and simulated spectra at 450, 850, and 1486 eV for, top to 

bottom, 1, 3, and 6 cycles of Rh deposited on Pd powder.  All spectra were background-

subtracted and normalized to the area of the Pd peaks. 
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Figure 2.12: Contributions of each component to the best-fit simulation for each sample. 
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Figure 2.13: High-angle annular dark field scanning transmission electron micrograph 

(left column) and STEM-EDS platinum (red) and palladium (green) overlay map (right 

column) of 6x Pt on Pd.  



 

51 
 

 

 

Figure 2.14: XPS data shows increasing Pt signal (top) and decreasing Pd signal 

(bottom) with increasing deposition cycles. 
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Table 2.3: XPS peak area comparison for Rh and Pt by number of deposition 

cycles. 

 

 

 

  

Normalized XPS peak areas for deposited metals 

 Rh: 3d peak area Pt: 4f peak area 

Excitation energy 450 eV 650 eV 850 eV 450 eV 850 eV 

1x SLRR 185 162 89 143 29 

3x SLRR 288 287 123 318 81 

6x SLRR 955 1073 414 1217 296 
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CHAPTER 3 

ATOMIC-LAYER ELECTROLESS DEPOSITION IN A FLOW CELL1 
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1 D. Benson, K. Jagannathan, D. Robinson, and J. Stickney, To be submitted to Journal of 

the Electrochemical Society (2015) 
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Abstract 

 The goal of this study is to evaluate whether the flow cell platform can be used to 

implement a version of the atomic layer electroless deposition (ALED) procedure 

reported in our 2014 Langmuir paper.  ALED is an electroless analog to electrochemical 

atomic layer deposition (E-ALD).  Where E-ALD uses surface limited redox replacement 

(SLRR) of underpotential deposition (UPD) amounts of a sacrificial metal such as Cu, 

ALED uses dissolved hydrogen to form a surface hydride which is exchanged to deposit 

the metal ion of interest an atomic layer at a time.  Deposits created are studied by cyclic 

voltammetry (CV) and linear sweep voltammetry.  CV results show results consistent 

with successful deposition of Pd and Rh in a layer by layer manner. Linear sweep 

voltammetry is used to strip the deposit from the substrate in order to integrate the charge 

associated with the ions leaving the surface. It is determined that ALED deposits Pd at 

about 1/8 the rate of E-ALD.  In summation, ALED is shown to be effective in a flow cell 

for the deposition of Pd on a Pd seed layer, as well as for deposition of Rh on Pd.  

Introduction 

 Palladium is a continued source of scientific interest in areas that include 

hydrogen storage, fuel cells, sensors, and catalysts.1-4  Deposition of atomic-scale layers 

of other metals has been targeted as a promising method to achieve improved properties 

for these materials.5-8  Atomic layer deposition is a gas-phase technique that is commonly 

used to achieve atomic-scale growth by using surface limited reactions in a cycle,9 but it 

suffers the drawbacks of requiring high temperature and high vacuum.  Electrochemical 

atomic layer deposition (E-ALD) is a condensed phase equivalent of ALD that is carried 

out using ambient operating conditions that has been used to deposit numerous elements 
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on several substrates.10  E-ALD has the advantage of its unrestrictive operating 

conditions, but requires that the substrate be in electrical contact to an instrument to 

control the potential.  The amount of current required from the instrument scales with the 

surface area of the substrate.  This limits the applicability of E-ALD as it pertains to 

materials with high surface areas or materials on non-conducting substrates.  

 A new technique, atomic layer electrodeposition (ALED), has been introduced 

that yields atomic-scale material growth at ambient conditions and that does not require 

electrical connection.11  As it was initially reported, ALED used H2 gas at a specific 

partial pressure being bubbled into a vessel containing the substrate immersed in solution 

to form a surface hydride, and then adding aliquots of metal ion precursor and 

exchanging the hydride by reducing the metal. The cycle was repeated to grow the 

deposit in thickness. This process is similar to E-ALD. E-ALD utilizes an 

electrochemical surface limited reaction called underpotential deposition (UPD).12-16  

UPD creates a deposit of an atomic layer, with no more than one monolayer (ML), 

defined here as one adsorbate atom per substrate atom. The UPD metal is exchanged at 

open circuit for a more noble metal,17-19 in a surface limited redox replacement (SLRR), 

creating a deposit limited by the amount of sacrificial metal present. The E-ALD cycle is 

completed after a rinse with blank solution. Repeating the cycle increases deposit 

thickness.20-22  SLRR using UPD hydrogen has been reported recently as the first 

example of a nonmetal used as a sacrificial element.23  An electroless deposition method 

for atomic layer deposition has been introduced in a technique called electroless surface 

limited redox replacement (ESLRR).24,25  ESLRR, however, uses electroless formation of 

a UPD layer of a metal to then exchange for the more noble metal ion of interest.  ALED 



 

56 
 

combines desirable features from both of these: a nonmetal element for exchange, and a 

completely electroless deposition process. 

 In order to be able to automate the growth procedure, the ALED process was 

herein modified to operate in a flow cell.  In this modified technique, ALED began by 

creating an adsorbed layer of hydrogen from a sparged solution of H2 gas dissolved in 

blank. The solution was then exchanged, at open circuit, for one containing ionic 

precursor for the element to be deposited, Rh or Pd. The ion of interest was reduced by 

electrons from the adsorbed hydrogen, which acted as a sacrificial layer and was rinsed 

away as protons. The coverage of the sacrificial adsorbed hydrogen layer limited the 

amount of elemental deposition. The ionic precursor solution was rinsed out with a blank 

solution to complete the cycle. The cycle was repeated a number of times to grow 

deposits of desired thickness. In addition to providing automation, using a flow cell to 

create ALED deposits will also allow a direct comparison to E-ALD flow cell deposits. 

The deposits were analyzed by cyclic voltammetry (CV) and by linear voltammetry 

stripping for charge integration.  

Experimental Methods 

 All solutions were prepared using 18 MΩ-cm water from a water filtration system 

(Milli-Q Advantage A10).  Hydrogen gas was 1% in Ar (Airgas).  The Pd solution was 

0.1 mM ultrapure-grade PdCl2 (Aldrich) in 50 mM HCl (Fischer Scientific) and 0.1 M 

H2SO4 (Fisher Scientific, analytical grade).  The Rh solution contained 0.1 mM RhCl3 

(Sigma-Aldrich, 99.9%, trace metals basis) in 0.1 M H2SO4.  The sacrificial metal 

solution for E-ALD was 2 mM CuSO4 (J.T. Baker, 99.8%) in 0.1 M H2SO4.  For ALED, 

the sacrificial hydrogen solution was 0.1 M H2SO4 which was sparged with the 1% H2 in 



 

57 
 

Ar for at least 2 hours.  The blank solution was 0.1 M H2SO4.  Prior to use, all solutions, 

except for the H2 solution, were degassed with N2 for one hour to remove dissolved O2. 

 Experiments were performed using an automated flow cell system 

(Electrochemical ALD, L.C.) consisting of a variable speed pump, a solenoid selection 

valve, solution reservoirs, a potentiostat, and a three electrode flow cell (Figure 3.1).  

Sequencer 4.0 control software (Electrochemical ALD, L.C.) was used for making the 

deposits. Solutions were sucked from bottles, through the valve block, and upward 

through the cell before being pumped into the waste.  The gold electrode used was 

polycrystalline Au on glass purchased from Evaporated Metal Films.  The substrate 

surface area for deposition was 2 cm2.  All potentials are reported vs the Ag/AgCl (3 M 

KCl) reference electrode (Bioanalytical Systems, Inc.).  All cyclic voltammograms were 

collected at a scan rate of 10 mV/sec in 0.1 M H2SO4.  Solution flow rate during 

deposition cycles was 17 mL/min.  During CVs, the flow rate was 2 mL/minute. 

 As illustrated in Figure 3.2, the ALED procedure began as hydrogen (1% in Ar) 

gas was bubbled through 0.1 M H2SO4 to create a hydrogen saturated solution. This 

solution was flowed over a Pd film on gold to cause hydrogen sorption.  The Pd film was 

prepared by 5 cycles of electrochemical atomic-layer deposition.  The hydrogen solution 

was flowed over the substrate for 60 seconds, where the desired potential was reached.  

The substrate was then exposed to Rh solution at open circuit for 45 seconds, allowing 

the Rh to exchange for the adsorbed hydrogen, resulting in Rh deposition on the Pd 

surface.  After the Rh exchange step, the cell was rinsed for 60 seconds with blank, 

completing the cycle.  This cycle was repeated the desired number of times to create 

various deposit thicknesses (see schematic cartoon, Figure 3.2).  The method for growing 



 

58 
 

films using surface limited redox replacement (SLRR) has been reported previously.8  It 

is similar to the ALED method but uses an electrochemically deposited UPD layer of Cu 

as the sacrificial element.  

 The ALED procedure was also used to deposit Pd in the same manner as Rh. 

Rather than depositing on a 5 cycle Pd SLRR substrate, however, the Pd deposits were 

grown on a 1 cycle Pd SLRR substrate to mimic growth on a seed layer. The Pd deposits 

were examined by cyclic voltammetry in order to observe the response to increasing the 

number of deposition cycles. Additionally, the deposited Pd was stripped 

electrochemically using linear sweep voltammetry.  In order to strip the Pd, the potential 

was ramped from 150 mV to 750 mV at a rate of 5 mV/s in HCl solution and the 

resulting charge was integrated in order to determine the amount of Pd that was being 

deposited with each cycle. The Pd stripping charge was integrated using the “Integrate” 

tool in OriginPro 9.0.  

Results 

 In order to optimize the deposition cycle, the potential at the Pd substrate was 

observed as a function of flow time using the dissolved H2 solution (Figure 3.3).  It was 

observed that the potential reached a plateau at -0.225 V after about 50 seconds of 

solution flow, after which point the potential would not drop further.  For this reason, a 

flow time of 60 seconds was used during each cycle to ensure H saturated the Pd 

consistently prior to exchange for the metal salt.  

 A potential-time trace for a Pd deposition cycle using ALED is shown in Figure 

3.4.  In this figure, a hydride formation potential of 0 V had been used.  After the initial 

rise in potential due to clearing blank solution through the tubes during approximately the 
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first 4 seconds, the potential is shown decreasing as the solution containing dissolved H2 

reaches the cell until a time of about 15 seconds.  Upon reaching 0 V, blank flowed for 1 

second to rinse the H2 solution from the cell, before solution flow was switched to the 

Pd2+ solution for 10 seconds, then stopped.  The increase in potential occurs as Pd2+ ions 

are reduced onto the substrate. The solution was held in the cell for 45 seconds to ensure 

the exchange was complete, as evidenced by the plateau in the potential around 425 mV.  

The Pd-containing solution was then rinsed from the cell with blank for 60 seconds, 

before the cycle was repeated.  

Pd Deposition 

 A substrate of 1 cycle of Pd SLRR was scanned by cyclic voltammetry to provide 

a baseline for subsequent deposition of Pd by ALED (Figure 3.5).  Scans were obtained 

by sweeping from the initial potential of +150 mV negative to -300 mV, and then 

reversing direction and sweeping back to +150 mV.  1, 5, 10, and 15 cycles of 

electrolessly deposited Pd are plotted.  With the first cycle (red), the hydrogen absorption 

and desorption peaks near -250 mV are seen to increase in size, indicating that the Pd is 

growing in thickness, allowing a greater amount of H to absorb.  As with CV of the 

single Pd SLRR substrate layer, the H waves which typically appear at 0 V are not yet 

apparent, indicating that the surface coverage remains low.  As the number of deposition 

cycles increases to 5, 10, and 15, the H waves at 0 V grow in size, indicating an 

increasing surface coverage with Pd as more H is able to adsorb.  As the adsorption peak 

grows as the number of cycles increases from 10 to 15, it can be understood that the 

surface is still not completely covered with Pd after 10 cycles. Similarly to the continued 
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increase in adsorption peak size, the H absorption and desorption peaks around -250 mV 

continue to grow as the increased Pd thickness allows greater amounts of H absorption.  

 Linear sweep voltammetry was used to strip the Pd from the Au surface of one 

sample after 12 Pd ALED cycles (Figure 3.6).  The charge from the Pd leaving the 

surface was integrated for a total of 1355 µC, which gave an average charge of 

approximately 55 µC/cm2 per deposition cycle. Using the established value of 220 

µC/cm2 for a 1 ML26 deposit on Au for a 1 e- process and taking into account that Pd  

Pd2+ + 2 e- is a 2 electron process, it is estimated that each ALED cycle deposited about 

1/8 ML (0.12 ML) of Pd.  It has previously been established that Pd grown using E-ALD 

deposits 0.8 ML per cycle.21  Comparing these values indicates that ALED for Pd 

deposits about 15% of the amount of material compared to E-ALD.  

Rh Deposition on Pd 

 Cyclic voltammetry was performed on a bare Pd substrate for comparison once 

the substrate was subsequently modified with Rh by ALED (Figure 3.7).  The potential 

was scanned beginning at +150 mV moving negative to -225 mV, then reversed and 

scanned in the positive direction back to +150 mV.  Arrows indicate the direction of peak 

growth as a result of additional deposition cycles.  The peaks near -200 mV in Figure 3.7 

show that with continued Rh deposition cycles, hydrogen absorption occured at more 

positive potentials and desorption also occured more reversibly, both effects due to the 

kinetic enhancement provided by Rh. The simultaneous decrease in the H waves around -

20 mV further evidences the surface becoming covered by Rh, causing it to behave more 

as a Rh surface than a Pd surface, as Rh will not adsorb H in this potential range.8  
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Conclusions 

 It has been demonstrated that atomic layer electroless deposition (ALED), which 

uses hydrogen in place of a sacrificial metal for open circuit exchange of metal ions, can 

be applied in the flow cell system. Nanofilms of Rh and Pd have been grown using 

ALED in the flow cell. Cyclic voltammetry indicated that both films behaved as 

expected, increasing the amount of hydrogen sorption with increasing thickness for Pd, 

and enhancing the kinetics of H sorption and desorption as Rh was deposited. By 

integrating the current obtained as a result of stripping the deposited Pd, ALED of Pd was 

determined to deposit about 15% as much material per deposition cycle compared to E-

ALD. While it appears to result in less deposition, ALED offers the advantage of not 

requiring electrical contact with the substrate, making it a potentially more scalable 

technique for larger samples and metals supported by nonconductors. The adaptation of 

ALED to the flow cell will allow implementation of customizable automated cycles like 

those used in E-ALD. Additionally, it will allow further studies comparing ALED 

deposits to deposits made by E-ALD. 
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Figure 3.3: Schematic of flow cell system used for E-ALD and ALED (top) and the flow 

cell itself (bottom). 
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Figure 3.4: Atomic-Layer Electroless Deposition reaction scheme. 
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Figure 3.3: Plot of potential reached after set intervals of hydrogen solution flow. 
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Figure 3.4: Potential-time trace for one cycle of electroless Pd deposition where the 

hydride formation potential used was 0 V.   
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Figure 3.5: Cyclic voltammograms of increasing numbers of Pd electroless deposition 

cycles on a base substrate of 1x Pd SLRR on polycrystalline Au. 
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Figure 3.6: Peak integration from stripping of 12 electroless deposition cycles of Pd 

using H2.  
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Figure 3.7: Voltammetry of Pd film with and without Rh coatings deposited by atomic-

layer electroless deposition. 
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CHAPTER 4 

HYDROGEN SORPTION KINETICS OF PALLADIUM NANOFILMS MODIFIED 

WITH RHODIUM DEPOSITED BY ELECTROCHEMICAL ATOMIC LAYER 

DEPOSITION (E-ALD) AND ATOMIC LAYER ELECTROLESS DEPOSITION 

(ALED)1 
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1 D. Benson, K. Jagannathan, D. Robinson, and J. Stickney, To be submitted to Journal of 

the Electrochemical Society (2015) 
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Abstract 

 Rh-modified Pd films were generated in the flow cell system using atomic layer 

electroless deposition (ALED) and electrochemical atomic layer deposition (E-ALD) in 

order to compare the resulting deposits by each method.  Voltammetric stepping was used 

to examine the rate of hydrogen desorption from saturated films generated by both 

methods.  Decay curve fitting from the voltammetric profiles showed that the hydrogen 

desorption process occurred was best fit to a biexponential decay.  This indicated that the 

process involved rapidly desorbing hydrogen initially, and quickly transitions to a slower 

rate.  Surface modification with Rh increased the rate at which the hydrogen was 

desorbed across the Pd grown both by ALED and E-ALD, though more cycles of ALED 

were required to obtain the same rates as E-ALD.  Cyclic voltammetry results indicated 

that in addition to creating thinner deposits, ALED generated less surface coverage than 

E-ALD per cycle. 

Introduction 

 As technology today shifts toward smaller and smaller devices, thin films become 

an attractive target both academically and industrially.  Thin films are desirable both for 

different properties they can possess versus those for bulk materials, as well as for the 

reduced cost associated with using less material.  Palladium has well studied properties 

for the reversible absorption and desorption of hydrogen at ambient conditions, and for 

catalysis of several important reactions.1  Pd thin films have therefore been used in fuel 

cell catalysis,2,3 hydrogen sensing,4 and H storage devices.5  All of these fields have 

shown potential for enhanced qualities through formation of surface layers of other 

metals at the atomic scale.6-8  Previous studies have suggested that these surface layers 
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alter the surface hydride properties compared to Pd, and may be useful in enhancing the 

kinetics of hydrogen absorption and desorption.8  Recent work in this group has shown 

that the kinetics for Pd can be enhanced through surface modification by addition of 

atomic-layer deposits of Rh using electrochemical atomic layer deposition (E-ALD).9   

E-ALD is an aqueous analog of atomic layer deposition (ALD).  E-ALD offers 

low cost due to operating at ambient temperature and pressure, as well as good control 

over deposit thickness.10,11  E-ALD, however, requires electrical connection to the 

substrate in order to control the potential and create deposits.  This works well for small-

scale thin films, but becomes a problem for materials on non-conducting supports.  

Current supply also becomes problematic for samples with large surface areas such as 

powders or nanostructured materials as the current required to form deposits scales with 

surface area.  A potentially more scalable deposition process, atomic layer electroless 

deposition (ALED), has been reported.12  ALED is similar to E-ALD in that it creates 

atomic scale deposits one layer at a time by exchanging for a sacrificial element.  Where 

E-ALD uses electrochemically deposited metal, however, ALED uses electrolessly 

formed hydride to exchange for the metal ion to deposit.  Previous work in this group 

adapted ALED to operate using a flow cell system.   

In the present study, samples created by both ALED and E-ALD have been 

analyzed in order to draw comparisons between the two deposition methods.  Pd films on 

deposited on Au substrates and Rh films grown on Pd substrates are studied using cyclic 

voltammetry (CV) and voltammetric stepping.  Examining the properties of the two types 

of deposits will give insight into possible advantages of creating modified thin films by 

each method.  
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Experimental Methods 

 Hydrogen gas was 1% in Ar (Airgas).  The blank solution was 0.1 M H2SO4. The 

Pd solution was 0.1 mM ultrapure-grade PdCl2 (Aldrich) in 50 mM HCl (Fischer 

Scientific) and 0.1 M H2SO4 (Fisher Scientific, analytical grade).  The Rh solution 

contained 0.1 mM RhCl3 (Sigma-Aldrich, 99.9%, trace metals basis) in 0.1 M H2SO4.  

For E-ALD, the sacrificial metal solution was 2 mM CuSO4 (J.T. Baker, 99.8%) in 0.1 M 

H2SO4.  The sacrificial hydrogen solution for ALED was 0.1 M H2SO4 that was sparged 

with the 1% H2 in Ar for at least 2 hours.  All solutions were prepared using 18 MΩ-cm 

water from a water filtration system (Milli-Q Advantage A10).  With the exception of the 

H2 solution, all solutions were degassed with N2 for one hour prior to use to remove 

dissolved O2. 

All experiments were executed using an automated flow cell system 

(Electrochemical ALD, L.C.) that consisted of solution reservoirs, a variable speed 

peristaltic pump, a solenoid selection valve, a potentiostat, and a three electrode flow cell 

(Figure 4.1).  The flow cell system was connected to a PC and operated using Sequencer 

4.0 control software (Electrochemical ALD, L.C.) to create deposits.  The solutions were 

sucked from the reservoirs, through the selection valve, to the pump, and then pushed 

through the flow cell before going into the waste.  The reference electrode against which 

all potentials are reported was Ag/AgCl (3 M KCl) from Bioanalytical Systems, Inc.  A 

butyl rubber gasket held the polycrystalline gold electrode (Evaporated Metal Films) in 

place within the flow cell, and created a defined surface area of 2 cm2 for deposition.  A 

solution flow rate of 2 mL/min was used during CVs, and a rate of 17 mL/min was used 

for deposition cycles.  



 

77 
 

Schematics for deposition sequences for Rh growth by E-ALD and Pd growth by 

ALED are depicted in Figure 4.2.  Both processes have been reported previously.9,12  The 

figure shows that where E-ALD uses electrochemically formed UPD of a sacrificial 

metal, in this case Cu, ALED instead makes use of electrolessly formed surface hydride 

to exchange for the metal ion of interest.  Linear sweep voltammetry was used to strip Pd 

deposits from the Au substrate.  The stripping cycle used a potential sweep from 150 mV 

to 750 mV at a rate of 5 mV/s in 0.1 M HCl solution. The Pd stripping charge was 

integrated using the “Integrate” tool in OriginPro 9.0 in order to determine the amount of 

Pd that was deposited per cycle.  

Results 

Cyclic Voltammetry 

An overlay of a comparable number of total deposition cycles for ALED and E-

ALD is depicted in Figure 4.3.  The blue scan is a CV of 4 cycles of Pd grown by ALED 

on an initial layer of 1 cycle of Pd SLRR, for a total of 5 Pd deposition cycles.  The 

orange scan is 5 cycles of Pd SLRR.  CVs were typically stopped at -250 mV.  The 

ALED sample, however, was scanned to -300 mV.  Even so, the ALED sample exhibits 

little hydrogen adsorption near 0 V as compared to the E-ALD sample generated by 

SLRR.  While a Au substrate would have had a current near zero, the ALED sample does 

show some slight peaks associated with hydrogen adsorption from the deposited Pd.  The 

SLRR sample’s larger peaks indicate greater surface coverage by the Pd.  Similarly, even 

though the ALED sample was scanned to a more potential 50 mV more negative, the 

hydrogen desorption peak upon reversing the scan, while taller, has a smaller area than 

that for the E-ALD deposit.  Overall, the increased current throughout the CV for the 5 
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cycle SLRR Pd is indicative of a greater amount of hydrogen adsorption and absorption.  

ALED can be concluded to grow less Pd per cycle in both surface area and thickness. 

Kinetics 

 Kinetic studies were performed by charging a bare or modified Pd film with 

hydrogen via the sparged 0.1 M H2SO4 flow at -0.250 V for 5 min to ensure the Pd was 

saturated with H. The Pd film was prepared through 5 cycles of electrochemical atomic-

layer deposition on a gold substrate. The potential was then stepped positive to 0 V and 

held to allow the absorbed H to desorb. The current was monitored as a function of time. 

The current initially spiked due to charging in addition to the desorption of H, then 

decayed as the hydrogen continued to desorb. An overlay of these desorption peaks is 

shown in Figure 4.4. The figure compares bare Pd with Pd substrates that have had 

various numbers of Rh SLRR cycles performed. As the number of Rh deposition cycles 

increased, so did the peak current reached as well as the rate at which the current returned 

to baseline, indicating the role of Rh in increasing hydrogen sorption kinetics in Pd. The 

increase in desorption rate is consistent with previous publications for surface 

modification by Rh9,12 or Pt.6  When all of the current was integrated until a return to the 

baseline is reached, all of the samples gave approximately the same total current, 

indicating that the same amount of hydrogen was desorbed from each, allowing us to 

conclude that the Rh was not absorbing additional hydrogen. 

 Removing the portion of the plot containing the charging current allowed 

investigation of the current decay profile (Figure 4.5). Time constants t1 and t2 were 

determined using the Exponential Fit function ExpDecay2 in OriginPro 9.0. The t1 is the 

decay constant for the first, near-vertical, portion of the plot, and t2 is for the second, 
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more horizontal, portion of the curve. It is possible that the initial, rapid desorption 

profile of t1 is from bulk hydrogen, while the slower process is from more stable H at the 

surface or points of irregularity in the crystal structure. The rate of hydrogen desorption 

was found to be higher for all Rh modified surfaces than for bare Pd. With equal numbers 

of Rh deposition cycles, SLRR-grown Rh on Pd was found to have faster desorption than 

samples created using the electroless hydrogen method (Figure 4.6). The SLRR-grown 

Pd exhibits an exponential decay in time constant immediately, whereas the H2-grown Pd 

requires several deposition cycles before finally dropping to a similar baseline as the 

SLRR method. This indicates that the H2 growth method deposits less Rh per cycle than 

SLRR does. 

Conclusion 

Kinetic studies were performed on planar substrates of Pd grown on Au, further 

modified with Rh by SLRR or by ALED.  CV data shows that ALED successfully 

deposits Pd on Pd, but does not deposit as much Pd as E-ALD in terms of both film 

thickness and surface area covered.  Results from voltammetric stepping indicate that 

increasing the number of Rh deposition cycles increases the rate of H desorption, as both 

time constants t1 and t2 decrease with increasing amounts of Rh deposition.  The time 

constants were attained by decay curve fitting where the best fit was found to be the 

ExpDecay2 function within OriginPro 9.0.  ALED leaves room for optimization, as it 

does not realize the same extent of H transport kinetic increase as SLRR does per 

deposition cycle. 
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Figure 4.5: Schematic of the entire flow cell system (top) and the flow cell alone 

(bottom). 
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Figure 4.2: Schematics for E-ALD (top) and ALED (bottom)  



 

85 
 

 

Figure 4.3: Overlay of 5 cycles of Pd grown by SLRR and 4 cycles of Pd grown by 

ALED on 1 cycle of Pd SLRR. 
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Figure 4.4: Hydrogen desorption currents induced by potential steps for films grown by 

electrochemical atomic-layer deposition: first 5 cycles of palladium, and then varying 

numbers of cycles of rhodium on palladium. 
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Figure 4.5: Hydrogen oxidation current decay after stepping the potential from -0.25 V 

to 0 V (black), and the fit of the exponential decay curve (red). 
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Figure 4.6: Comparison of current decay constants t1 (top) and t2 (bottom) of potential 

step-induced dehydriding currents for varying numbers of cycles of electrochemical 

(“SLRR”) or electroless (“H2”) atomic-layer deposition of rhodium. 
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ELECTROLESS ATOMIC LAYER DEPOSITION1 
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Abstract 

Electroless deposition methods are examined with the goal of creating atomic 

layer deposits.  Electrochemical atomic layer electroless deposition (EL-ALD) is 

introduced as a concept.  EL-ALD aims to use redox couples in solution to poise the 

potential where a metal will form a UPD layer to act as a sacrificial metal in a surface 

limited redox replacement (SLRR).  EL-ALD is implemented to use ferricyanide and 

ferrocyanide solution for Cu UPD followed by exchange for Pd.  Stripping voltammetry 

upon the electrolessly deposited Cu UPD indicates at least 0.7 monolayer is present. 

Cyclic voltammetry performed on the resulting deposit shows only a minimal amount of 

Pd deposition.  Another electrochemical deposition method is employed that holds the 

potential in the presence of blank solution, and then goes open circuit prior to flowing in 

Pt solution to deposit.  Cyclic voltammetry shows that the Pt successfully deposits on the 

Pd, but comparison to Pt grown by E-ALD indicates that the electroless method is much 

slower at depositing Pt. 

Introduction 

Several methods of depositing metals with atomic layer control have been 

presented.1-4 Electroless deposition methods are advantageous in that they can operate 

without requiring an instrument to be connected to the substrate,5 and they do not suffer 

from limitations due to current input requirements that accompany high surface areas.  

Electroless deposition as it currently applies to industry typically uses complex and often 

proprietary solutions to create continuous deposition.  These solutions can contain 

stabilizers, inhibitors, complexing agents, reducing agents, and more.6  Areas of 
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improvement to electroless deposition would be making the plating baths less complex, 

and less expensive.7   

The method presented here, electroless atomic layer deposition (EL-ALD), has 

potential to incorporate these desirable qualities. The concept behind this deposition 

process is that a redox couple in solution, rather than a potentiostat, could poise the 

potential where a specific element such as Cu will form a surface-limited layer via 

underpotential deposition (UPD).  When a solution containing a more noble metal of 

interest then flows into the cell, the UPD metal serves as a “sacrificial” element, leaving 

the surface as the desired metal ions are reduced onto the substrate.8-11  Pd is one 

substrate that can benefit from electroless deposition techniques.  Pd is attractive for its 

hydrogen storage capabilities12 and its catalytic properties.13,14  Studies suggest that 

surface modification of Pd substrates with atomic layer deposits of other metals may 

enhance the surface energetics desired for hydrogen storage and sensing applications.15  

The potential for enhanced kinetics of hydrogen transfer make Pd a compelling target for 

electroless surface modification techniques. 

Experimental 

All solutions were prepared using 18 MΩ cm water from a water filtration system 

(Milli-Q Advantage A10).  Pt solution consisted of 0.01 mM H2PtCl6 (Fisher, ultrapure 

grade) with 50 mM HClO4 (J.T. Baker, A.C.S. reagent grade).  The sacrificial metal 

solution for SLRR was 2 mM CuSO4 (J.T. Baker, 99.8%) in 0.1 M H2SO4.  The blank 

solution was 0.1 M H2SO4 (Fisher, analytical grade).  Ferrocyanide solution was 10 mM 

K4[Fe(CN)6] with 0.1 M NaClO4 for a supporting electrolyte and had a pH of 3.  

Ferricyanide solution was 1 mM K3[Fe(CN)6] with 0.1 M NaClO4 and was pH 3.  The 
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stripping solution was 0.1 M HCl (Fischer Scientific).  During experiments, and for at 

least 60 minutes before, solutions were degassed with N2 to expel dissolved O2.  

Experiments were performed using an automated flow cell system 

(Electrochemical ALD, L.C.), which consisted of a variable speed pump, solenoid 

selection valve, solution reservoirs, potentiostat, and a three electrode flow cell (Figure 

5.1).  The experiments were controlled using Sequencer 4.0 control software 

(Electrochemical ALD, L.C.).  All potentials are reported vs the Ag/AgCl (3 M KCl) 

reference electrode from Bioanalytical Systems, Inc. Cyclic voltammetry (CV) was 

performed at a scan rate of 10 mV/sec unless otherwise noted.  The gold substrate was 

polycrystalline gold on glass from Evaporated Metal Films. 

 Electroless deposition of the Cu was performed by poising the potential of the 

solution at about 0.16 V vs Ag/AgCl using a ferrocyanide/ferricyanide solution in a molar 

ratio of 10:1 (Fe2+:Fe3+) for 15 seconds, then flowing in the solution containing both Fe 

ions and Cu2+ ions for 5 minutes at a flow rate of 2 mL/minute before concluding with a 

60 second blank rinse. The stripping cycle used a potential sweep from 150 mV to 750 

mV at a rate of 5 mV/s in 0.1 M HCl solution. 

 Pd exchange for Cu was done by flowing in the Pd solution for 15 seconds, then 

stopping solution flow and allowing the Pd to exchange until the potential reached a 

predetermined “stop” potential of 0.39 V. The cell was then rinsed with blank solution for 

60 seconds. The Cu deposition and Pd exchange were repeated as a cycle a desired 

number of times.  

The electroless deposition of Pt from a poised-potential blank solution began with 

flowing H2SO4 into the cell and holding the potential at 100 mV for 60 seconds.  The 
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voltage was then released to open circuit and Pt solution flowed into the cell for 15 

seconds. Solution flow was stopped and the solution was held in the cell for 45 seconds 

before being rinsed out by blank solution for 90 seconds.  These steps were repeated as a 

cycle the desired number of times to create a deposit. 

Results 

The proposed mechanism for the EL-ALD cycle using the ferricyanide and 

ferrocyanide couple depositing UPD Cu and exchanging for Pd is depicted in Figure 5.2.  

The potential of the solution is poised at about 0.16 V vs Ag/AgCl using a 

ferrocyanide:ferricyanide (Fe2+:Fe3+) ratio of 10:1.  The potential range for Cu UPD has 

been widely studied, and recent work in this group used 0.15 V to generate Cu 

UPD.11,16,17 A solution containing the Fe ions as well as the Cu2+ ions is then flowed 

through the cell to deposit the Cu.  A blank rinse removes the excess ions from the cell.  

The potential is then released to open circuit and Pd2+ ions flow into the cell, where they 

are reduced onto the Au substrate as the less noble Cu sacrifices its electrons and leaves 

as Cu2+ ions.  Another blank rinse removes the Pd solution and Cu2+
 ions from the cell, 

completing the cycle.  

 After performing the electroless Cu UPD portion of the cycle, the deposited Cu 

was stripped from the Pd surface in order to integrate the charge to determine how much 

had been deposited (Figure 5.3).  The area under the curve is about 650 µC, which is then 

divided by 2 for oxidation of Cu being a 2 e- process, giving about 325 µC.  Dividing 

again by the area of the electrode, 2 cm2, yields a final charge density of about 160 

µC/cm2.  For one monolayer of coverage, about 220 µC/cm2 is expected.18  Even if the 
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peak is extrapolated, the integrated charge from the Cu deposition indicates that less than 

1 ML of Cu is being deposited, in good agreement with a successful UPD process.  

Once it was established that the electroless UPD of Cu was successful, the next 

step was to exchange the Cu for a more noble metal, in this case Pd as depicted in Figure 

5.2.  Cyclic voltammetry was performed on the Au slide after 5 cycles of the EL-ALD Pd 

deposition (Figure 5.4).  A scan rate of 20 mV/sec was used.  The most negative portion 

of Scan 1 (blue) shows excess oxygen due to stagnant solution in the line prior to 

beginning the CV, and can be ignored. The rest of the scans appear very similar to one 

another.  The peak starting at 700 mV as the scan moves in the positive direction is due to 

Pd oxide formation, the peak at 1100 after the scan begins moving negative is the Au 

oxide reduction, and the peak at 700 as the scan continues negative is Pd oxide reduction.  

The appearance of Pd oxide formation and reduction peaks is indicative of successful Pd 

deposition, as is the diminution of the Au oxide reduction peak.  No H absorption or 

desorption is observed, which may mean that the Pd has not yet gotten more than one 

atomic layer thick, as at least 2 layers of Pd are required to absorb H.19,20  The presence of 

the Au oxide reduction peak points to incomplete surface coverage, as surface Au still 

exists.  

Figure 5.5 shows Pd generated by electrochemical atomic layer deposition 

overlaid with the same Pd modified by 10 cycles of electroless Pt deposition.  This Pt was 

generated by holding blank solution at a poised potential prior to allowing the cell to go 

to open circuit and flowing in the Pt solution to deposit.  Periodic spikes in the data 

occurred due to an issue with the electronics and should not be considered as real data 

points.  The hydrogen waves near 0 V accompany hydrogen adsorption on the Pd 
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substrate.  These waves diminish as the Pd surface becomes obscured by deposited Pt.  

Additionally, the hydrogen absorption and desorption peaks are more vertical, indicating 

greater reversibility associated with enhanced H transport kinetics.21 The peak height 

indicates that the electroless deposition did not result in as much Pt deposition per cycle 

as SLRR would generate. 

Figure 5.6 is presented so that a comparison can be made between Pt deposited by 

this poised-potential electroless method and by SLRR.  The figure shows a series of 

overlaid CVs of Pt deposited by E-ALD on a 5 cycle Pd SLRR substrate, the same type 

of substrate upon which the electroless Pt was deposited.  The peaks for hydrogen 

adsorption are similarly decreased for both SLRR and electroless Pt.  The peaks for 

hydrogen absorption and desorption, however, are much taller and sharper for the SLRR 

Pt.  The sharpness is an indicator of the kinetics of absorption and desorption, with 

sharper peaks correlating to faster hydrogen transport.  The peaks for the 10 cycle 

electroless Pt do not deviate much from the bare Pd.  The conclusion can be made that the 

electroless method did not deposit as much Pt per cycle as SLRR does.  This is not 

unexpected, as the electroless method provided little driving force for Pt deposition due 

to the blank solution lacking a method of either maintaining the potential in a range 

where Pt deposition would occur continuously or providing a sacrificial element.  

Conclusion 

Redox couples in solution are explored as a method of setting a controlled 

potential for electroless UPD formation.  Electrolessly deposited UPD Cu is shown to be 

attained using a ferrocyanide/ferricyanide solution.  Pd is grown successfully on Au, but 

the deposition process appears to only put down a minimal amount of Pd.  Growth of Pt 
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on Pd is demonstrated using a poised potential in blank solution before going to open 

circuit and exchanging the blank for a Pt ion solution, and again is slower than E-ALD 

growth.  Cyclic voltammetry data for both the Pt grown on Pd from poised-potential 

blank and Pd exchanged for the electroless UPD Cu are shown. The fact that the 

electroless UPD portion of EL-ALD works is promising.  The next step is to figure out a 

method to get more effective exchange of the Cu for the desired metal.   
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Figure 5.1: Schematic of the flow cell system used for EL-ALD 
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Figure 5.2: Schematic cartoon of EL-ALD mechanism. 
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Figure 5.3: Stripping peak for Cu deposited by electroless UPD (top), and schematic 

diagram of the process leading to the stripping step (bottom). 
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Figure 5.4: CV of Au slide after 5 cycle Pd EL-ALD.  
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Figure 5.5: CV overlay of a 5 cycle Pd SLRR substrate bare and modified with 10 cycles 

of electroless Pt deposition. 
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Figure 5.6: CV overlay of a 5 cycle Pd SLRR substrate and 1, 2, 3, and 5 cycles of Pt 

grown electrochemically on the Pd. 
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CHAPTER 6 

CONCLUSION AND OUTLOOK 

The focus of this dissertation was a variety of electroless and electrochemical 

atomic layer deposition techniques for growing Pd and modifying Pd surfaces with Rh or 

Pt.  Electrochemical atomic layer deposition (E-ALD) and atomic layer electroless 

deposition (ALED) were both shown to successfully create metal deposits with 

submonolayer thickness. Electroless atomic layer deposition (EL-ALD) was also studied 

in an effort to form electroless UPD of sacrificial Cu to exchange for a more noble metal, 

though more work is needed to make EL-ALD competitive with the other methods. 

Chapter 2 examined the adaptation of electrochemical atomic layer deposition (E-

ALD) to a powder Pd substrate.  A new flow cell design was implemented to facilitate 

deposition on powders.  Both Rh and Pt were shown to be effectively deposited in a layer 

by layer method on the Pd powder.  Cyclic voltammetry indicated that kinetic 

enhancement in the rate of hydrogen sorption and desorption could be observed on mg-

scale quantities of power modified with Rh although they could not be observed for the 

bulk 300 mg samples.  X-ray photoelectron spectroscopy (XPS) indicated increasing 

deposit thickness with increasing deposition cycles.  Scanning transmission electron 

microscopy with energy dispersive X-ray spectroscopy (STEM-EDS) on microtomed 

powder particles was used to generate elemental maps that showed conformal deposition 

on the powder surface regardless of morphology. 

Chapter 3 focused on adapting an electroless analog to E-ALD, called atomic 

layer electroless deposition (ALED) to the flow cell system.  Hydride formation was 

optimized using solution flow containing dissolved H2 in blank.  Using cyclic 
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voltammetry, ALED was shown to be effective in creating deposits of Rh on a Pd 

substrate as well as Pd on a Pd seed layer generated by SLRR.  Cyclic voltammetry also 

showed consistent characteristics with layer-by-layer control over growth. ALED was 

found to deposit less material per cycle than E-ALD.  

 Results from Chapter 4 were based on a comparison of deposits made in the flow 

cell system by E-ALD and ALED.  Voltammetric stepping experiments were used to 

generate desorption profiles as hydrogen left the Pd.  Decay curve fitting allowed 

comparison of time constants for desorption.  Deposits of Rh on Pd created by both E-

ALD and ALED showed faster desorption with increased Rh deposition cycles.  ALED 

was again shown to deposit less Rh per cycle than E-ALD in terms of thickness, and was 

also found to generate less surface coverage per deposition cycle.  

Chapter 5 examined preliminary studies into electroless deposition techniques.  Pt 

deposits were created on a Pd substrate at open circuit after applying a poised potential in 

blank solution before flowing in the Pd ions.  It was shown that electrochemical redox 

pairs offer possibility for controlled atomic layer deposition.  UPD Cu was deposited 

using a ferricyanide/ferrocyanide solution.  Exchange for Pd ions provided less exchange 

than was expected as evidenced by CV.  Electroless atomic layer deposition (EL-ALD) 

requires further attention in order to optimize the exchange of desired metal ions for the 

sacrificial metal. 

There are several avenues for future work.  Other powder substrates or 

nanostructured materials may be a target for E-ALD now that it has been shown possible 

to deposit on high-surface area materials.  Deposition of materials for photovoltaics on 

powder would be one such target.  Deposition of other metals such as Ru on Pd powder 
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can also be performed to examine kinetic effects upon hydrogen transport.  Electroless 

deposition methods leave much room to expand.  ALED could be performed on powders 

in the flow cell system to yield a comparison to samples created by E-ALD.  Scale-up of 

the E-ALD on powders is desirable, but would require a larger flow cell, counter 

electrode, and more current.  ALED may be more useful at large scales due to the 

potential difficulty of increasing current.  EL-ALD should be probed in order to facilitate 

exchange of electrolessly deposited UPD Cu for other metals.  The Rh modified Pd has 

yet to be examined for a maximum surface coverage, but it is expected that at some point 

the surface would become sufficiently obscured to hinder hydrogen absorption. 

 


