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ABSTRACT 
 
This work aims to advance the scientific and engineering understanding of galvanic 
displacement reactions as buffered by a monolayer of graphene, specifically by investigating 
palladium deposition on graphene on a copper foil substrate via galvanic displacement between 
the copper and palladium (II) ions in solution. To understand palladium nanoparticle deposition 
and determine how this process can be controlled, electrochemical thermodynamics and 
classical nucleation theory are first synthesized into a thermodynamic model of the system. 
Next, scanning electron microscopy is used to characterize palladium deposition on the 
graphene/copper surface after galvanic displacement. Copper etch pits are observed to form 
during the reaction, maintaining contact between the deposition solution and the copper and 
thereby ensuring that the reaction is not self-limiting under the conditions studied. Palladium is 
observed to preferentially deposit along atomic steps in the copper foil, at graphene defects 
where the copper is exposed to the deposition solution, and at etch pits. The effects of varying 
palladium concentration and graphene/copper surface treatments are characterized, and these 
results are synthesized to propose a mechanism of palladium deposition via galvanic 
displacement through graphene. Finally, galvanic displacement is investigated in a novel 
engineering application, as a method of sealing graphene defects for the synthesis of 
centimeter-scale nanoporous atomically thin membranes. Palladium nanoparticles deposited 
on the graphene surface are observed to largely survive graphene transfer to a support 
membrane substrate, as well as mounting and use in aqueous diffusion cell experiments. 
However, diffusion experiments show that graphene treated via galvanic displacement has 
higher leakage than untreated graphene, indicating that under the reaction conditions studied 
here, galvanic displacement has a net effect of graphene defect enhancement rather than 
defect sealing. This work contributes new insights regarding galvanic displacement as a method 
of modifying monolayer graphene, as well as exploring this method in the novel application of 
membrane separations. With further development, this simple, quick, and inexpensive 
technique for the fabrication of 2D material/nanoparticle composites may have a myriad of 
possible applications relevant to medicine, sustainability, and beyond. 
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1. Introduction 
1.1. Motivation 

 

Engineering and science at the smallest physical scales can be instrumental to addressing the 

world’s largest, most complex challenges. In the two decades since the isolation of graphene in 

20041, a family of diverse two-dimensional (2D) materials has emerged, attracting intense 

research interest due to their exciting physical, chemical, and electrical properties. 2D materials 

functionalized or otherwise modified with nanostructures have a range of applications relevant 

to diverse fields, from biomedicine to sustainability and beyond. Typically synthesized with 

techniques such as electrodeposition, electroless deposition, and hydrothermal synthesis, 

nanocomposites of 2D materials with nanoparticles of metals, metal oxides, and other 

materials have been studied for use in applications including biomedical imaging and 

theraputics2; electrochemical biomolecule detection3,4; aqueous and gas-phase sensing3,5; 

energy conversion and storage6,7; and catalysis, including hydrolysis and CO2 conversion6. 

 

This thesis intends to advance the understanding of galvanic displacement as a facile and 

versatile method of fabricating nanostructures on 2D materials. The deposition of palladium on 

single-layer graphene via galvanic displacement between palladium ions in solution and the 

graphene’s copper substrate is studied, with palladium being a relevant material for catalysis, 

sensing, and hydrogen storage applications8,9 and graphene being the prototypical 2D material 

with a host of superior physiochemical properties10. 

 

This study aims to both elucidate the mechanisms of palladium nanoparticle deposition in this 

system and explore the knobs available to tune the deposition process, including reaction 

conditions, palladium concentration, and graphene pre-treatment. By developing and applying 

a conceptual model informed by electrochemical thermodynamics and classical nucleation 

theory, experimental results are connected to the underlying physics to understand how and 

where the nanoparticles are fabricated on the graphene surface. Furthermore, practical use of 
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the palladium-decorated graphene is explored. Its robustness to handling is investigated, and it 

is used for the first time in the application of nanoporous atomically thin membranes. 

 

 

1.2. Literature review 
1.2.1. Corrosion 

 

Galvanic reactions, or spontaneous reduction-oxidation reactions driven by differences in 

reduction potential between materials, have been thoroughly studied for hundreds of years. 

The physicist Alessandro Volta, who discovered in 1800 the production of electric current by 

dissimilar metals connected by an electrolyte11, coined the term galvanism to describe this 

phenomenon, in tribute to his contemporary Luigi Galvani and his famous experiments using 

electricity to reanimate frogs’ legs12,13. 

 

In a modern context—besides batteries, where the reduction and oxidation reactions are 

separated and harnessed for electric power—galvanism is typically understood in the context of 

corrosion. Corrosion, or the process of metal degradation via oxidation in the environment, has 

been estimated to cost 3-4% of a nation’s gross domestic product14, and much effort has been 

devoted to alleviating its effects. Broadly speaking, corrosion is fundamentally 

thermodynamically favorable, as metals experience a strong driving force to return to their 

native oxide state15. Typically, corrosion mitigation strategies focus on slowing the kinetics of 

this degradation rather than attempting to alter the thermodynamics, with strategies including 

applying protective coatings, exploiting natural oxide layers (such as the extremely thin 

protective oxide film formed on aluminum), and sacrificial anodization (such as the zinc applied 

to make galvanized steel)15,16. 
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particles, and dendrites, can be achieved by carefully adjusting the galvanic displacement 

reaction conditions; in a systematic analysis of the reaction between a copper nanoparticle 

substrate and silver ions in solution, Liu and Sen showed that a high cell potential tends to 

result in kinetic control and (in extreme cases) dendrite-type deposition, while conditions closer 

to equilibrium result in thermodynamic control and film-type deposition28. Beyond its facile and 

versatile nature, galvanic displacement exhibits several additional advantages. It is highly 

selective to the substrate and can closely conform the deposited metal to complex geometries 

(for example, to pattern semiconductor surfaces or fabricate extended surface 

catalysts)17,22,29,30; it is advantageous for fabricating bimetallic or alloyed 

nanostructures20,29,31,32; it can be tuned to produce films with good mechanical properties (such 

as strong adhesion to the substrate)17,19,23,30; and it can form self-limited and even epitaxial 

layers under the correct conditions19,23,24,33. 

 

Galvanic displacement can be controlled by adjusting the cell potential of the relevant 

reduction-oxidation reaction, i.e. by changing the composition of the substrate or the 

composition or concentration of the ion in solution. However, galvanic displacement’s primary 

disadvantage, compared to other nanofabrication techniques, is that tight control of the 

morphology of the deposited nanostructures can be difficult to achieve, in part due to how 

quickly the reaction progresses once the substrate is exposed to the deposition solution17,18,22. 

Interfacial defects or impurities such as step edges in the substrate typically have a high level of 

impact on the deposition reaction and the deposited metal’s morphology17,34. Furthermore, 

while metals deposited via galvanic displacement can exhibit advantageous mechanical and 

structural properties, this is dependent on the ion-substrate pair and the reaction conditions 

and is not observed in all cases. Structures deposited via galvanic displacement have exhibited 

mechanical failure35, poor adhesion to the substrate27,30, and unwanted oxides at the structure-

substrate interface22,23. In order to fully benefit from the advantages of galvanic displacement 

for fabricating metal nanostructures, it is necessary to engineer the system to achieve as much 

control as possible over the reaction. 
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1.2.3. Galvanic reactions and 2D materials 
 

Galvanic reactions through 2D materials have largely been studied in the context of assessing 

2D coatings for metal corrosion mitigation. 2D materials are theoretically good candidates for 

corrosion mitigation coatings because of their thinness, strength, and impermeability, but 

defects from the growth and transfer processes can compromise their effectiveness by creating 

pathways for oxidizing species to access the substrate36. Much of the research in this space has 

focused on graphene, the prototypical 2D material since its isolation in 20041. 

 

Much optimism initially surrounded graphene as a corrosion mitigation coating; promising 

results demonstrated corrosion mitigation of metals coated with chemical vapor deposition-

grown graphene monolayers37,38,39,40,41,42 and coatings derived from reduced graphene oxide 

powder43,44,45, with the coating effectively isolating the metal from its environment. However, 

graphene’s electrically conductive nature means that it easily promotes localized corrosion at 

any scratches or hole-type defects that expose the metal to its environment, in addition to 

graphene itself being cathodic to many metals36,45,46,47,48. Alternate 2D materials, particularly 

less electrically conductive ones such as hexagonal boron nitride or molybdenum disulfide, may 

therefore be better situated as coatings to suppress galvanic reactions36,49,50. 

 

In contrast to corrosion, metal nanostructure fabrication via galvanic displacement through 2D 

materials is much less well understood. While researchers have exploited galvanic displacement 

between an ion in solution and the 2D material itself to deposit nanoparticles on nanoflakes of 

molybdenum disulfide51 and made composite catalysts via galvanic displacement between 

dissimilar metals, both supported by a substrate of reduced graphene oxide powder32,52, only a 

few studies explicitly explore galvanic displacement as buffered by a layer of a 2D material 

separating the substrate and the ion in solution. 

 

Ho et al. utilized galvanic displacement between chemical vapor deposition-grown graphene’s 

copper substrate and gold ions in a chloroauric acid solution to deposit gold nanoparticles along 
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cracks and bare patches in the graphene’s surface53. In addition to the crack-filling effect 

achieved by a direct galvanic displacement reaction between gold ions and the exposed copper, 

they observed a few nanoparticles deposited on the graphene surface between cracks, which 

they attribute to a separate, slower reaction between the gold ions and the graphene itself. 

However, this explanation fails to take into account the excellent electrical conductivities of 

both graphene and copper. The researchers transferred the gold-decorated graphene from the 

copper substrate with a polymer-assisted transfer technique and ultimately used the material 

as a transparent electrode for solar cells, taking advantage of its improved sheet resistance due 

to the crack filling effect. 

 

Hong et al. published two studies exploring galvanic displacement through 2D materials in more 

detail, specifically within a palladium/graphene/copper model system. This group decorated 

graphene with palladium via galvanic displacement by submerging graphene on copper in a 

solution of palladium chloride and sodium chloride, with their proposed reaction mechanism 

indicating oxidation from the underside of the copper to support the reduction of palladium 

into nanoparticles or nanolayers on the graphene surface54,55. FE-SEM and TEM imaging were 

used to characterize the resulting palladium deposition patterns, and graphene defects were 

identified as crucial to palladium nanoparticle nucleation below a posited critical concentration, 

above which palladium would deposit in a homogeneous layer over the graphene surface55. 

They identified several types of defects at which the palladium preferentially deposited: 

graphene grain boundaries, graphene wrinkles, line-shaped formations identified as fatigue 

cracks in the copper substrate, and areas where the CVD had produced multiple graphene 

layers55. Raman analysis was used to argue that the galvanic displacement reaction produced 

minimal damage to the structure of the graphene itself54,55. The group exploited palladium’s 

hydrogen-absorbing properties, specifically the change in sheet resistance of the palladium-

decorated graphene upon exposure to hydrogen gas, to build a hydrogen sensor54 and used the 

improved sheet resistance of the palladium-decorated graphene to make a transparent and 

flexible heater device55. 

 



 13 

The effectiveness of galvanic displacement between ions in solution and graphene’s copper 

substrate for decorating the graphene with nanoparticles has been established by this prior 

work. However, the mechanisms of these reactions have not yet been fully elucidated, and 

open questions include how to control deposition and what other applications may be 

promising for graphene prepared with this nanofabrication technique. 

 

 

1.3. Model system 
 

This study concerns the galvanic displacement between palladium (II) ions in solution and 

copper foil through a centimeter-scale single layer of graphene. 

 

Palladium is a favorable material for a wide range of catalysis applications, including 

hydrogenation, oxidation, organic coupling, and reactions relevant to different types of fuel 

cells8,9. Being more abundant on Earth than the typically used electrocatalyst platinum, 

palladium is a more cost-effective material9, and nanoparticles’ high surface area to volume 

ratio make them particularly effective for catalysis8. Furthermore, palladium’s ability to adsorb 

hydrogen makes it ideally situated for hydrogen sensing, separations, and storage applications 

relevant to the hydrogen economy8,9. 

 

Graphene’s extraordinary physiochemical properties, including its Young’s modulus of 1 TPa, 

strength of 130 GPa, flexibility, optical transparency, high electrical and thermal conductivities, 

impermeability to gases, and readiness to functionalization, make it an exciting material for any 

number of applications10. 

 

Nanoparticles of palladium and palladium alloys synthesized on powders of two-dimensional 

graphene-related materials such as reduced graphene oxide have been demonstrated on the 

benchtop scale for catalyzing oxidation reactions56,57,58, oxygen reduction59, and organic 

synthesis60, as well as enabling hydrogen storage61 and glucose sensing62,63 applications. 
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Copper is a convenient reducing agent for the galvanic displacement reaction, as graphene is 

commonly commercially manufactured via chemical vapor deposition (CVD) on a copper foil 

substrate due to copper’s low cost and low carbon solubility64,65. 

 

The principles explored by studying this palladium/graphene/copper model system are relevant 

to other systems in which galvanic displacement occurs through single-layer graphene. 

 

 

1.4. Research questions 
 

This thesis aims to address two broad questions. 

 

Firstly, to advance the scientific understanding of galvanic displacement through graphene: In 

what morphologies are the palladium nanoparticles deposited, and how can this process be 

controlled? 

 

Secondly, to apply this nanofabrication technique in a novel engineering context: Can this 

galvanic displacement reaction be exploited to improve transport through graphene as a 

membrane material?  
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2. Materials and methods 
2.1. Materials 

 

All graphene used in this study was CVD-grown monolayer graphene on copper foil 

manufactured by Graphenea65. When directly comparing nanoparticle deposition between 

samples, every effort was made to use graphene from the same batch to eliminate the effects 

of between-batch inconsistencies in graphene quality. In this study, when graphene is from a 

different batch in side-by-side comparisons, this is explicitly noted. All samples of graphene on 

copper, with and without palladium nanoparticles, were stored in a vacuum chamber at < 17 

kPa when not actively in use for experiments or imaging to minimize oxidation of the copper 

foil. 

 

Palladium (II) chloride was 99% purity (Sigma-Aldrich) and sodium chloride was ACS reagent 

grade, ³ 99.0% purity (Sigma-Aldrich). Two molecular weights of poly(methyl methacrylate) 

(PMMA) were used in the polymer-assisted graphene transfer process, 15 kDa (Sigma-Aldrich) 

and 495 kDa (Kayakli), both dissolved in anisole. Ammonium persulfate used for copper etching 

was APS Copper Etchant 100 (Transene). Potassium chloride used for diffusion tests was 

BioUltra grade (Sigma-Aldrich). 

 

For the transport experiments, ipPORETM polyimide track etched membranes manufactured by 

It4Ip were used as support membranes, with pore diameter 20 nm, pore number density 6 x 

109 / cm2, and thickness 8 µm66. 

 

All water used in this study was ultrapure (type 1) deionized (DI) water at 18.2 MΩ×cm 

resistivity from the Direct-Q® 3 UV water purification system (Millipore)67. 
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2.2. Methods 
2.2.1. Palladium deposition 

 

A stock solution of 5 mM PdCl2 and 0.15 M NaCl (pH = 4.35) was prepared, and various dilutions 

of this solution were used for deposition. Palladium was deposited via galvanic displacement by 

either submerging the graphene on copper in the deposition solution (typically 5 or 20 mL) or 

by applying a droplet of the deposition solution (typically 20 µL) to the surface of the graphene 

on copper in a closed Petri dish, in the presence of a Kimwipe wet with DI water to minimize 

evaporation. After nanoparticle deposition, each sample was rinsed three times by submerging 

in DI water for five minutes, and subsequently air dried in the ambient lab environment. This 

rinsing procedure was intended to ensure that no excess PdCl2 or NaCl from the deposition 

solution contaminated the surface of the graphene during sample analysis. 

 

 

2.2.2. Scanning electron microscopy 
 

All scanning electron microscopy (SEM) micrographs for this work were collected using a Zeiss 

Merlin high-resolution scanning electron microscope at 1-3 kV accelerating voltage, 100 pA 

current, and 3-4 mm working distance. Conductive samples (i.e. graphene on copper) were 

affixed to the metal SEM stub with nonconductive tape at the corners to minimize damage to 

the samples, while nonconductive samples (i.e. graphene transferred to a PI membrane 

support) were affixed to the stub with conductive carbon tape to maximize electron flow for 

imaging. 

 

 

2.2.3. Image analysis 
 

Number densities and size ranges of nanoparticles were obtained by counting by hand and 

comparing pixel numbers to SEM scale bars, within 1 µm2 or 9 µm2 areas of raw SEM images, 
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using the Adobe Illustrator software68. Therefore, all nanoparticle number densities and size 

ranges presented in this work are approximate and represent data from a small part of the 

sample, and are thus useful for rough comparison purposes only. While the author attempted 

to automate nanoparticle extraction from SEM images, this proved to be difficult due to the 

small size of the nanoparticles and the presence of background features in the images, such as 

copper atomic step edges. Further image analysis was conducted using the OpenCV computer 

vision library in the Python programming language69,70. 

 

 

2.2.4. Graphene transfer 
 

Graphene was transferred to the polyimide support membranes using a polymer-assisted 

transfer process. Briefly, centimeter-scale samples of graphene on copper foil were spincoated 

with three layers of the 15 kDa PMMA and one layer of the 495 kDa PMMA. Typically in the 

transfer process, the samples were then briefly floated on 100% APS to remove any material on 

the bottom of the copper foil. However, it was discovered that the samples that were treated 

via submersion in the deposition solution were weakened, and the copper foil crumpled after 

even brief treatment with 100% APS. Therefore, this step was skipped for samples that had 

been deposited with palladium nanoparticles via submersion. 

 

The samples were next floated on diluted APS overnight to slowly etch away the copper foil. 

After floating on DI water to remove residual APS, the samples were scooped from beneath 

with the polyimide support membrane, which had been pre-treated with brief oxygen plasma 

exposure to improve its hydrophilicity. The samples were then left to dry, after which the 

PMMA support layer was dissolved by submerging the samples in acetone and isopropanol. 
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2.2.5. Plasma treatment 
 

Plasma treatment was conducted using a Harrick Plasma PDC-001 expanded plasma cleaner 

with PlasmaFlo gas mixer71 on the lowest plasma intensity setting. Oxygen used during plasma 

treatment was ultra high purity 100% compressed oxygen (Airgas). 

 

 

2.2.6. Focused ion beam treatment 
 

Focused ion beam milling was done using an FEI Helios Nanolab 600 Dual Beam System, with 

gallium ions at 30 kV voltage, 9.7 pA current, and 1 µs dwell time. In silicon multipass milling 

mode, a grid of cylindrical volumes from 10 nm to 1 µm in diameter and 0.1 nm to 200 nm in 

depth was programmed to be milled out of the graphene/copper surface. 

 

 

2.2.7. Diffusion testing 
 

For the transport tests, 7 mL PermeGear Side-Bi-Side glass diffusion cells with a 4.78 mm orifice 

diameter were used72. Membranes were mounted between the feed and permeate sides using 

silicone gaskets and pre-treated with ethanol to ensure full wetting for the diffusion tests. After 

the wetting treatment, 6 mL of 0.5 M KCl and 6 mL of DI water were simultaneously introduced 

to the feed side and permeate side, respectively. Conductivity on the permeate side was 

monitored using a Mettler Toledo SevenCompact conductivity meter73 to obtain the 

concentration of KCl over time as it diffused through the membrane from the feed side to the 

permeate side. During all diffusion tests, both sides were well-stirred with magnetic stir bars at 

800 rpm to minimize boundary layer effects at the membrane interfaces. Diffusion test 

conductivity data were converted into membrane permeance values using a Python script. 
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3. Understanding palladium deposition 
3.1. Thermodynamic theory 
3.1.1. Electrochemical reaction 

 

Neglecting any side reactions, the standard cell potential of the galvanic displacement reaction 

can be found using the standard reduction potentials of palladium (II) and copper: 

 

𝑃𝑑!" + 2𝑒# → 𝑃𝑑	(𝑠)																															𝐸$ = 0.951	𝑉		𝑣𝑠. 𝑆𝐻𝐸	

𝐶𝑢	(𝑠) → 𝐶𝑢!" + 2𝑒#																					𝐸$ = 0.3419 𝑉	
	

𝑃𝑑!" + 𝐶𝑢	(𝑠) → 𝑃𝑑	(𝑠) +	𝐶𝑢!"												𝐸%&''$ = 0.6091	𝑉 

 

To prepare the deposition solutions used in this study, PdCl2 is dissolved in an excess of NaCl, as 

PdCl2 is well known to be insoluble in water but soluble in chloride solutions75. The actual 

speciation of the palladium is partitioned between PdCl42-, PdCl3-, hydroxopalladium, and mixed 

chlorohydroxopalladium complexes, depending on NaCl concentration and pH76,77, and is 

unlikely to include the Pd2+ ion itself in significant concentrations. The assumption that the Pd2+ 

ion is reduced in the reaction with the copper substrate for thermodynamic modeling purposes 

is in line with the larger galvanic displacement for nanofabrication literature, which often 

neglects detailed speciation considerations in favor of simplified models that use standard ion 

reduction potentials9,20,22,23,26,29,30,51,55,78. 

 

The Nernst equation can then be used to model the reaction driving force under non-standard 

conditions. Assuming activities of unity for solid palladium and copper and taking the activities 

of the dissolved species to be their concentrations: 

 

𝐸%&'' 	 = 𝐸%&''$ 	+ 	
𝑅𝑇
𝑛𝐹 ln A

∏ 𝑎()!*&+%,+-,.

∏ 𝑎()!/*012%,.
D	

= 0.6091	𝑉	 + 	
𝑅𝑇
2𝐹 ln	 A

[𝑃𝑑!"]
[𝐶𝑢!"]D 

(1) 

(2) 

74 
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 where 𝑎( 	= activity of species i 

𝜈(  = reaction quotient of species i 

  R = gas constant, 8.3145 3
40'∙6

 

  T = temperature 

  n = number of electrons transferred in the reaction 

  F = Faraday’s constant, 96,485 7
40'

 

 

This can be converted to the Gibbs free energy of reaction: 

 

∆𝐺*8- = −𝑛𝐹𝐸%&'' 	

= 	∆𝐺*8-$ 	− 	𝑅𝑇𝑙𝑛 A
∏ 𝑎()!*&+%,+-,.

∏ 𝑎()!/*012%,.
D	

= −117.54	
𝑘𝐽
𝑚𝑜𝑙 	− 	𝑅𝑇𝑙𝑛 A

[𝑃𝑑!"]
[𝐶𝑢!"]D 

 

(3) 

(4) 

 

(5) 

This simple model provides insight into how the reaction driving force scales with the 

concentrations of the species involved. 

 

 

3.1.2. Classical nucleation theory 
 

In addition to this favorable electrochemical driving force, there are surface energies associated 

with nanoparticle formation that oppose the introduction of a new solid species in contact with 

the deposition solution and substrate. Classical nucleation theory is a framework that is 

commonly used to conceptualize these opposing energies, but it had not before this study been 

applied to nanoparticle deposition via galvanic displacement across 2D materials. 

 

Pioneered by Volmer and Weber79 and Becker and Döring80, among others, classical nucleation 

theory is used to model the kinetics of the nucleation of new phases, both homogeneous81,82 
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and heterogeneous83,84,85. This approach involves several assumptions that limit the predictive 

power of first-principles calculations, including the major assumption that the properties (bulk 

and surface energies) of substances at the sub-nanometer scale of the nucleus are the same as 

their macroscopic properties. This assumption breaks down at very small nucleus sizes86. 

Nucleation rates are extremely sensitive to small changes to these molecular-scale energies, as 

well as to other factors such as temperature and the presence of impurities81,86. Therefore, 

experimental data are typically fit to classical nucleation theory models to find effective surface 

energy values, rather than using the models for first-principles nucleation rate 

predictions83,84,85,87. Nonclassical approaches, such as using density functional theory to predict 

molecular-scale energies, modeling diffuse interfaces between the nucleus and the bulk phase, 

and modeling multistep nucleation, can update the classical model to reflect the underlying 

physics of nucleation more accurately and therefore get closer to experimental results86,88. 

 

For the purposes of this study, the classical nucleation theory framework is used to understand 

the competing energies associated with nanoparticle formation, and qualitative agreement is 

reached between this framework and the experimental results. A detailed study of the 

nucleation kinetics of the palladium/graphene/copper model system, including the fitting of 

experimental data to the classical nucleation theory model to obtain effective surface energies, 

is left to future work. 

 

For general nanoparticle nucleation on a substrate submerged in a fluid, the Gibbs free energy 

of nanoparticle formation can be modeled by the following expression: 

 

∆𝐺9:	 = 	𝑉-∆𝑔	 + 𝐴-;𝛾-; + 𝐴-.(𝛾-. − 𝛾;.) 

 

(6) 

 where 𝑉-	= nanoparticle volume 

∆𝑔	= ∆="#$
>%

 = Gibbs free energy of reaction per unit volume 

  𝑉4 = molar volume of nanoparticle material 

  𝐴-; = contact area between nanoparticle and fluid 
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  𝐴-. = contact area between nanoparticle and substrate 

𝛾-;, 𝛾-., 𝛾;. = interfacial energies between nanoparticle material (n), fluid (f), 

and substrate (s) 

 

In the palladium/graphene/copper galvanic displacement system explored in this study, copper 

is being dissolved at the same time as the palladium deposits, resulting in the formation of etch 

pits in the copper which presumably provide some surface energy contribution due to the 

increase in area of the substrate-fluid interface. In this analysis, surface area changes due to 

substrate dissolution are neglected for simplicity, and also with the consideration that the etch 

pits are large in size relative to the palladium nanoparticles and therefore provide a smaller 

surface energy contribution. While this assumption is not entirely physical, it is acceptable for 

the purpose of this analysis, which is to understand the basic energy competition underlying 

nanoparticle deposition. Due to classical nucleation theory’s inherent limitations as discussed 

above, it is often most helpful for such basic arguments rather than for developing detailed 

models of particle nucleation. 

 

Further assuming that the particles are hemispherical, again for simplicity, 

 

∆𝐺9: = 	
2
3𝜋𝑟

?∆𝑔 + 	𝜋𝑟!(2𝛾-;+	𝛾-. − 	𝛾;.) 

= 	∆𝐺*8-@ +	∆𝐺.2*;+%& 

(7) 

(8) 

 

where r = nanoparticle radius 

 

The overall Gibbs free energy of nanoparticle formation can therefore be decomposed into two 

contributions. The free energy of the electrochemical reaction, ∆𝐺*8-@ , which scales with the 

nanoparticle volume, is opposed by the free energy associated with interfacial energies, 

∆𝐺.2*;+%&, which scales with the nanoparticle surface area (see Figure 2). It should be noted 

that ∆𝐺*8-@  has units of energy, in contrast to ∆𝐺*8-, the free energy change of the reaction on 

a per mole basis. 
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 where ∆𝐺% = ∆𝐺9:(𝑟%), activation energy of nanoparticle nucleation 

  𝑁 = 𝑁(𝑡), number of nucleated nanoparticles over time 

  𝐴 = pre-exponential factor 

  𝑘C = Boltzmann constant, 1.38 x 10-23 3
6
 

 

More favorable thermodynamics, from a more negative ∆𝐺*8-@  or more favorable ∆𝐺.2*;+%& 

(see Equations 7 and 8), correspond to a smaller critical radius and lower activation energy, and 

therefore faster nucleation at a given temperature. 

 

In this system, ∆𝐺*8-@  can be modulated by adjusting the concentrations of the species in the 

deposition solution, in accordance with Equation 5. ∆𝐺.2*;+%& can be expected to be more 

favorable at features on the graphene/copper substrate that have a higher interfacial energy 

with the deposition solution. Substrate defects, such as atomic step edges, grain broundaries, 

and point vacancies, are known to encourage heterogeneous nucleation due to such surface 

energy effects82,89. 

 

 

3.2. Graphene features 
 

Typical features and defects of the as-purchased graphene/copper matrix as observed by SEM 

are shown in Figure 3, including graphene wrinkles, multiple graphene layers from CVD that 

proceeded slightly too far, SiO2 contamination from the quartz CVD tube in the form of bright 

nanoscale particles embedded in the surface, and grain boundaries and atomic steps in the 

underlying copper foil90,91,92. Smaller graphene defects, such as grain boundaries or point 

vacancies of the carbon lattice, are in all likelihood present but would not be visible via SEM 

imaging. 
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Figure 3. Unaltered, commercially grown graphene on copper. Features visible include 

graphene wrinkles, patches of multiple graphene layers, SiO2 contamination, a copper foil grain 

boundary, and copper atomic steps. Images are from different graphene batches. 

 

 

3.3. Effect of limiting contact 
 

Unaltered CVD-grown graphene on copper exhibits both hole-type and non-hole-type features 

and defects. In previous studies with this system, palladium nanoparticles were deposited on 

the graphene surface by submerging the graphene on copper in the deposition solution. 

Nanoparticles were observed depositing preferentially not just on graphene holes directly 

exposing copper to the deposition solution, but also on features such as graphene wrinkles, 

graphene grain boundaries, edges of areas with multiple graphene layers, and copper fatigue 

cracks; copper dissolved from the exposed underside of the foil55. For separations-focused 

defect sealing applications, however, the relevant features upon which to deposit nanoparticles 

are graphene holes, including both intrinsic hole-type defects from the CVD process (such as 

point vacancies and holes resulting from SiO2 contamination) and larger graphene scratches 

associated with handling. 

 

To better understand the factors controlling galvanic displacement through graphene and 

investigate the possibility of depositing palladium at only the hole-type graphene defects, 

where the graphene blocking the deposition solution’s access to the copper substrate is 
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physically missing, different reaction conditions were tested. The galvanic displacement 

reaction was conducted by submerging centimeter-scale graphene on copper in the deposition 

solution and by applying a 20 µL droplet of the deposition solution to the surface of the 

graphene. For the droplet reaction, the deposition solution could only access the copper 

substrate through hole-type defects in the graphene, whereas the intent for the submerged 

reaction was to expose the deposition solution to the same area of copper foil (on the bottom 

of the sample) as graphene-covered copper (on the top). 

 

Two competing hypotheses were proposed. For the droplet reaction, either nanoparticles 

would largely be deposited at hole-type defects and the reaction would be limited by their 

sealing, or the copper would be etched aggressively enough from initial holes that etch pits 

would form that keep the deposition solution in contact with copper. In this scenario, electrons 

would flow to support deposition at non-hole-type features of the graphene. 

 

The SEM imaging results support this second hypothesis (see Figure 4). Large, micron-scale etch 

pits control deposition, with nanoparticles deposited in similar morphologies between the two 

samples. Unexpectedly, however, under these reaction conditions, etch pits are also observed 

on the submerged sample. This had not been reported in previous studies, in which graphene 

on copper was also submerged in the deposition solution. 
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According to Equation 9, the critical radius of nanoparticle formation should decrease with an 

increased driving force of the reaction. The smallest nanoparticles observed decrease in size 

with greater palladium concentration until the entire surface is covered at 5 mM PdCl2, 

corresponding to a smaller critical radius of formation. Furthermore, the largest nanoparticles 

similarly increase in size with greater palladium concentration, excluding the 5 mM data point, 

indicating faster nanoparticle growth during the 5 min reaction time. Approximate nanoparticle 

number density increases with greater palladium concentration, reflecting a higher nucleation 

rate as predicted by Equation 11. 

 

Overall, these results qualitatively support the basic relationships between energies and 

nanoparticle nucleation as predicted by the framework of classical nucleation theory. 

 

 

3.6. Effect of surface treatment 
3.6.1. Oxygen plasma 

 

Plasma is a commonly used tool for graphene modification, introducing defects and/or doping 

the graphene and thereby altering its physiochemical properties. Hui et al. found that when 

graphene is still attached to its copper CVD substrate during oxygen plasma exposure, a 

synergistic oxidation process occurs; oxidation of the copper through graphene defects 

happens simultaneously with graphene modification, prolonging the graphene’s survival93. With 

increasing plasma exposure time, the graphene first experiences oxygen doping (the formation 

of epoxides, enolates, and hydroxides); the copper then scavenges oxygen atoms from these 

functional groups to support its own oxidation, which proceeds in conjunction with graphene 

damage until eventually the graphene is totally removed from the substrate in the form of 

carbon dioxide93. 

 

To investigate the effects of graphene surface treatment on palladium deposition, samples of 

graphene on copper were briefly exposed to O2 plasma in a plasma chamber prior to the 
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With 5 s of O2 plasma pre-treatment, palladium was deposited as fewer and larger 

nanoparticles when compared to galvanic displacement on untreated graphene. While galvanic 

displacement after 0 s of O2 plasma pre-treatment yielded roughly 170 nanoparticles per µm2, 

between 8 and 119 nm in diameter (see Figure 7), galvanic displacement after 5 s of pre-

treatement yielded 6 nanoparticles per µm2, between 27 and 255 nm in diameter (from 

analysis by hand of a 9 µm2 region of the image). Furthermore, they were not observed to align 

with the atomic steps of the underlying copper, and copper etch pits were not observed. When 

the plasma pre-treatment time was increased to 10 s, these large nanoparticles were observed 

to cluster in ~1 µm regions, with a few nanoparticles deposited on the graphene surface 

between clusters. Similarly to the 10 s O2 plasma sample, the 20 s sample also showed ~1 µm 

clusters of palladium nanoparticles, but more nanoparticles were observed between the 

clusters, and evidence of copper oxidation beneath the graphene layer was pronounced (dark 

mottling in the SEM image). 

 

These results broadly agree with the mechanism of graphene/copper modification by O2 plasma 

as reported by Hui et al.93 Nucleation being thermodynamically favorable at sites of chemical 

reactivity on the graphene surface and at exposed copper, palladium tends to deposit both at 

locations where the graphene is modified with functional groups and at locations where the 

graphene is removed. If the graphene functional groups formed during the initial stage of 

oxygen plasma exposure are mobile and tend to agglomerate, this would explain the formation 

of progressively larger regions of palladium deposition between 0, 5, and 10 s of O2 plasma 

exposure. In the 20 s sample, nanoparticles are distributed over more of the graphene/copper 

surface, perhaps corresponding to progressive graphene damage after initial surface 

functionalization. 

 

The darkening of the copper observed in the 20 s sample does not appear to be due to direct 

oxidation of the copper by the O2 plasma, since it was only visible on the portion of the 

copper/graphene that was exposed to the droplet of the deposition solution. This may instead 

be due to greater oxidation of the copper during galvanic displacement, exacerbated by 
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damage done to the graphene during plasma treatment. The absence of copper etch pits in all 

of the plasma-treated samples is not fully explained but may be because of greater access of 

the deposition solution to the copper substrate due to graphene damage during plasma 

treatment, as compared to samples that received no plasma treatment prior to nanoparticle 

deposition. 

 

 

3.6.2. Focused ion beam milling 
 

Focused ion beam (FIB) milling with gallium ions was also investigated as a surface treatment 

prior to palladium nanoparticle deposition. A grid of cylindrical volumes, with diameters ranging 

from 10 nm to 1 µm and depths from 0.1 nm to 200 nm, was attempted to be milled from the 

graphene/copper surface before the galvanic displacement reaction (see Section 2.2.6 for 

detailed FIB milling methods). While the intent was to remove the graphene layer and 

underlying copper in a controlled manner to assess how the palladium deposited in the 

presence of such defects, the method did not work as expected. The graphene/copper surface 

did appear to be damaged by the FIB treatment, but cylinders of controlled dimensions were 

not milled into the surface. Visible holes in the copper were observed at higher gallium doses 

(larger programmed cylinder diameter and/or depth), but the holes were not cylindrical and 

were larger in diameter than they had been programmed to be. 

 

Furthermore, SEM imaging after galvanic displacement showed that palladium was in fact 

largely blocked from being deposited near the sites where FIB milling had been done. A halo of 

little to no palladium deposition was observed around sites of FIB milling, with the effect being 

more pronounced at higher gallium doses (see Figure 9). 
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Figure 9. Palladium deposition after FIB pre-treatment, showing larger areas of little to no 

palladium deposition with higher gallium dose. Where a 3x3 grid of cylinders 1000 nm in 

diameter and 100 nm in depth was programmed to be milled, leading to visible holes in the 

copper/graphene, a large halo can be observed surrounding the grid (left, outlined by dashed 

circle). The site where a 3x3 grid of cylinders 200 nm in diameter and 10 nm in depth was 

programmed to be milled had a smaller halo around each point where the gallium ions had 

been directed (right). Submerged in 0.1 mM PdCl2 + 3 mM NaCl, 5 min reaction time. 

 

 

3.7. Proposed deposition mechanisms 
 

Synthesizing these observations, a detailed mechanism of nanoparticle deposition via galvanic 

displacement through graphene can be proposed when a graphene/copper surface exhibiting 

some hole-type and non-hole-type features is exposed to a palladium deposition solution 

through the graphene layer (see Figure 10). 
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the graphene functionalized/damaged by the plasma treatment, and copper etch pits are not 

observed. 

 

In any case, under typical reaction conditions and in accordance with the thermodynamics of 

the electrochemical reaction and with classical nucleation theory, the free energy of the 

electrochemical reaction modulates the particle size distribution and the kinetics of nucleation. 

A greater ∆𝐺*8-, in this study achieved with a higher palladium concentration in the deposition 

solution, leads to a smaller critical radius of nucleation, a larger range of nanoparticle sizes, and 

faster nucleation. 
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4. Engineering palladium deposition for graphene membranes 
4.1. Theory 

 

Membrane separation is an energy- and space-efficient alternative to other commonly used 

industrial separations methods, such as distillation and absorption95, and has been deployed at 

the industrial scale for applications including water treatment, chemical processing, and 

dialysis96,97. When compared to conventional dense polymeric membranes, nanoporous 

atomically thin membranes—made of 2D materials with nanoscale pores, typically layered over 

another porous membrane for mechanical support—have the advantages of ultimate thinness 

and therefore minimal resistance to transport; chemical and mechanical robustness; and 

theoretically high selectivity if pore sizes are tightly controlled and unintended defects are 

minimized96,97,98. The presence of hole-type defects in the 2D material is therefore deleterious 

to membrane performance, and methods of defect sealing have been investigated in an effort 

to realize the impressive theoretical selectivites of nanoporous atomically thin 

membranes99,100,101. 

 

In the model system investigated in this study, the galvanic displacement reaction has some 

competing effects of graphene sealing (via nanoparticle deposition at defects, including hole-

type defects) and defect enhancement (via micron-scale copper etch pit formation at least, and 

possibly smaller-scale damage as well). To assess the potential of metal deposition via galvanic 

displacement as a method of defect sealing for graphene membranes, the presence of hole-

type defects on treated and untreated graphene was investigated with a series of diffusion 

tests. 

 

A porous membrane mounted between two well-stirred chambers at known concentrations of 

some species, 𝐶;&&1  and 𝐶/&*4, has a concentration gradient within each of its pores (see 

Figure 12). In the absence of a pressure difference across the membrane, the species in solution 

will therefore experience diffusive transport through the membrane pores from the feed side 

to the permeate side. 
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If the feed and permeate sides have equal volumes and the rates of change of their 

concentrations are therefore equal and opposite, 

 

𝑑𝐶/&*4
𝑑𝑡 	= 	−

𝑑𝐶;&&1
𝑑𝑡 	= 	

𝐽𝛼𝐴4&4𝐴/0*&
𝑉  (14) 

 

 where 𝛼 = pore number density per unit membrane area 

  𝐴4&4 = total membrane area 

  𝐴/0*& = area of one pore 

  𝑉 = feed side volume = permeate side volume 

 

The membrane permeance can be defined as the mass transfer rate per unit area of membrane 

per unit driving force (the driving force for diffusive transport being the concentration 

difference), 

 

𝑃	 = 	
𝐽𝛼𝐴4&4𝐴/0*&
𝐴4&4Δ𝐶(𝑡)

 

=	
𝐷 Δ𝐶(𝑡)Δ𝑥 𝛼𝐴4&4𝐴/0*&

𝐴4&4Δ𝐶(𝑡)
 

=
𝐷𝛼𝐴/0*&
𝛥𝑥  

 

(15) 

(16) 

(17) 

 where 𝑃 = permeance, a4
.
b 

 

This expression can be rewritten in terms of quantities known or measured in diffusion cell 

experiments, 

 

𝑃	 = 	

𝑑𝐶/&*4
𝑑𝑡 𝑉

𝐴4&4∆𝐶(𝑡)
 (18) 
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where 𝐶 = coverage 

  𝑃.2//0*, = support membrane permeance, a4
.
b 

 

 

4.2. Nanoparticle survival 
 

In the few existing studies investigating galvanic displacement between ions in solution and 

copper foil across single-layer graphene, researchers used polymer-assisted and/or direct 

transfer methods to remove the decorated graphene from the copper substrate and transfer it 

to SiO2/Si for imaging and Si, PET, and glass for use in devices53,54,55. Images as well as device 

performance data indicate that the deposited nanostructures remain on the graphene surface 

after these transfer processes53,54,55, suggesting that the nanoparticles’ attachment to the 

graphene substrate is not too fragile for use of the decorated graphene in device applications. 

 

In the context of these established results, the purpose of explicitly confirming nanoparticle 

survival upon transfer to a nanoporous polyimide support membrane in this study is twofold. 

Firstly, only a few studies of this type of system exist, and it is useful to confirm the robustness 

of this nanofabrication method to a different lab’s graphene transfer protocol and to a different 

type of support than previously studied. Secondly, for practical use of the nanoparticle-

decorated graphene as a membrane material, it is important to establish whether nanoparticles 

remain attached to the graphene not just during the process of transferring the graphene to a 

support membrane but also during mounting in a diffusion cell and use as a membrane. 

 

After depositing palladium nanoparticles onto a graphene/copper surface via submersion in the 

deposition solution, the palladium-decorated graphene was transferred to a polyimide support 

membrane with 20 nanometer pores (PI 20 nm) and the resulting membrane was tested in a 

diffusion cell. The membrane was then allowed to fully dry and observed with SEM imaging. 

Graphene transfer, diffusion test, and SEM methods are described in detail in Section 2. 



^_

56E!,8&9,+9!0('&3(#!%12P%!-1&-!8&+#!D&((&B,*8!+&+2D&3-,0('%!%*37,7'!-1'!D2(#8'3Q&%%,%-'B!

-3&+%4'3!D320'%%!&+B!-1'!B,44*%,2+!-'%-!Z%''!G,9*3'!@^[M!N+&(#%,%!"#!1&+B!24!56E!,8&9'%!24!

D&((&B,*8!+&+2D&3-,0('%!2+!93&D1'+'\02DD'3!P,-12*-!-3&+%4'3!-2!&!%*DD23-!8'8"3&+'!%12P'B!

&DD32O,8&-'(#!@a?!+&+2D&3-,0('%!D'3!µ8!=!"'-P''+!b!&+B!@@A +8!,+!B,&8'-'3!Z%''!G,9*3'!a[=!

P1,('!&+&(#%,%!24!-1'!-3&+%4'33'B!%&8D('!%12P'B!@?^!+&+2D&3-,0('%!D'3!µ8!=!-1'!%8&(('%-!

+&+2D&3-,0('!"',+9!a!+8!&+B!-1'!(&39'%-!"',+9!@?A!+8!,+!B,&8'-'3M!]1,('!-1'!02*+-'B!

+&+2D&3-,0('!+*8"'3!B'+%,-#!,%!(2P'3!,+!-1'!-3&+%4'33'B!%&8D('=!-1'!%,.'!3&+9'!,% %,8,(&3=!

,+B,0&-,+9!-1&-!+&+2D&3-,0('%!-2P&3B% "2-1!-1'!%8&(('3!&+B!(&39'3!'+B%!24!-1'!%,.'!B,%-3,"*-,2+!

%*37,7'BM

J7*89(.;5M!F&((&B,*8!+&+2D&3-,0('%!2+!93&D1'+'!2+!F$!>?!+8=!&4-'3!&!B,44*%,2+!-'%-M!

T&+2D&3-,0('%c!&(,9+8'+-!P,-1!P1'3'!-1'!02DD'3!&-28,0!%-'D%!1&B!"''+!0&+!"'!2"%'37'BM!J1'!

B&3<=!7'3#!%8&((!B2-%!&3'!-1'!%*DD23-!8'8"3&+'c%!D23'%M!J1'!3'9,2+!%12P+!,+!-1,%!,8&9'!B,B!

+2-!028'!,+-2!02+-&0-!P,-1!-1'!%,(,02+'!9&%<'-%M!5*"8'39'B!,+!?M@!8E!FB)(! q!K!8E!T&)(=!S!

8,+!3'&0-,2+!-,8'=!-3&+%4'33'B!-2!F$!>?!+8M

$-!%12*(B!"'!+2-'B!-1&-!,-!,%!823'!01&(('+9,+9!-2!,8&9'!93&D1'+'!2+0'!,-!,% -3&+%4'33'B!-2!&

D2(#,8,B'!%*"%-3&-' B*'!-2!D2(#,8,B'!"',+9!+2+02+B*0-,7'=!P1,01!('B!-2!B,%03'D&+0,'%!,+!,8&9'!

I*&(,-#!-1&-!8&#!1&7'!&44'0-'B!-1'!+&+2D&3-,0('!02*+-,+9!&+B!%,.'!3&+9'!B'-'38,+&-,2+!

D320'%%'%M!G*3-1'3823'=!,+!-1'!&"%'+0'!24!&*-28&-'B!,8&9'!D320'%%,+9!8'-12B%=!56E!&+&(#%,%!



 47 

was done by hand on 1 µm2 sections of the images, which does not fully take into account 

spatial heterogeneity in deposition. 

 

Many nanoparticles in the transferred sample can be observed to follow curved lines, indicating 

that the deposited morphology along the atomic steps of the copper substrate was preserved. 

Furthermore, many nanoparticles – as well as much of the underlying graphene, although some 

bare patches were observed – unexpectedly survived in the region of the graphene that had 

been pressed between two silicone gaskets for diffusion cell mounting. 

 

These results demonstrate some degree of robustness of the nanoparticles to graphene 

handling after deposition. Not only did many small and large nanoparticles survive the transfer 

process, they remained after the diffusion test, including the mounting and removal processes. 

While the approximate nanoparticle number density was lower on the transferred sample than 

the untransferred sample, indicating that some nanoparticles may have been dislodged, the 

exact degree of particle dislodgement could not be determined conclusively due to difficulties 

in the imaging and nanoparticle counting processes. Further study using more robust image 

analysis methods may therefore be warranted. 

 

 

4.3. Defect sealing 
 

Potassium chloride diffusion tests were conducted for a bare PI 20 nm membrane, graphene 

on PI 20 nm, and graphene decorated with palladium nanoparticles via submersion in the 

deposition solution and subsuquently transferred to PI 20 nm. Three separate centimeter-scale 

membranes were synthesized and tested for each of these three membrane types, for a total 

of nine membranes. All graphene was from the same batch to eliminate the effects of 

discrepancies in graphene quality between batches. Conductivity time series data collected at 

the permeate side during the diffusion test were converted to KCl concentration, and the 

resulting curves were fit with Equation 18 to obtain permeance values (see Figure 15). See 
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graphene’s permeance (1.404 x 10-6 m/s) and coverage (42.8%) reflecting a much higher degree 

of leakage (see Figure 16). 

 

    
Figure 16. Membrane permeance and coverage for bare PI 20 nm, nanoparticle-decorated 

graphene on PI 20 nm, and unreacted graphene on PI 20 nm. Error bars show one standard 

deviation. Decorated graphene was submerged in 0.1 mM PdCl2 + 3 mM NaCl, 5 min reaction 

time, and transferred to PI 20 nm. 

 

These results indicate that the galvanic displacement reaction has a net effect of enhancing 

rather than sealing hole-type defects in the graphene. Therefore, under the reaction conditions 

tested here, galvanic displacement was unsuccessful as a method to seal defects for the 

preparation of graphene membranes. However, many nanoparticles did survive the transfer, 

mounting, and diffusion testing processes, as described in Section 4.2, indicating that defect 

sealing may in fact be achieveable using this method. Future sudy should focus on careful 

engineering of the galvanic displacement reaction conditions to control the presence and size 

of etch pits, as well as developing advanced image processing methods to confirm the exact 

degree of nanoparticle survival.  
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5. Conclusion 
5.1. Summary of findings 

 
2D materials modified or functionalized with nanostructures have shown promise in diverse 

applications, from medicine to catalysis to energy and beyond2,3,4,5,6,7. Despite inherent 

challenges in achieving tight control over the deposition process, galvanic displacement has 

garnered research interest as a facile, versatile, and quick method of depositing a wide array of 

metal nanostructures17,18,19,20,21,22,23,24,25,26,27,28, but has not been deeply explored as a method 

of depositing nanostructures on 2D materials in particular. Building upon the work of Hong et 

al., depositing palladium nanoparticles on graphene via galvanic displacement between a 

palladium ion deposition solution and the graphene’s copper substrate54,55, this thesis examines 

two questions: How can palladium deposition in this system be controlled, and can this 

nanofabrication technique be exploited to seal graphene holes for the synthesis of nanoporous 

atomically thin membranes? 

 

First, the effects of limited solution-copper contact, varied palladium concentration, and O2 

plasma and FIB surface pre-treatments were investigated. In accordance with the predictions of 

basic electrochemical thermodynamics and classical nucleation theory, the thermodynamic 

driving force of the galvanic displacement reaction, here modulated via the deposition 

solution’s palladium (II) concentration, determines the nanoparticle size range and speed of 

nucleation, with a higher palladium concentration leading to faster nucleation and a smaller 

critical radius for nanoparticle survival. 

 

Under the conditions tested, micron-scale copper etch pits are found to play a critical role in 

the behavior of the reaction. These etch pits maintain contact between the deposition solution 

and the copper substrate and thus lead to non-self-limited palladium deposition. In conjunction 

with graphene’s high electrical conductivity, this causes preferential deposition not only at 

holes where the copper is directly exposed to the deposition solution but also at non-hole-type 

features where surface energies are presumably favorable for nucleation, namely atomic steps 
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in the copper substrate. The observation of copper etch pits after galvanic displacement 

parallels findings from studies of graphene as a corrosion mitigation material. While graphene 

with zero hole-type defects would theoretically isolate its substrate from the environment and 

thus totally prevent corrosion, graphene’s electrically conductive (and often cathodic) nature 

exacerbates localized corrosion at holes in the graphene layer36,45,46,47,48. 

 

Galvanic displacement was finally investigated as a possible method of sealing graphene defects 

for the creation of nanoporous atomically thin membranes. Centimeter-scale membranes 

fabricated with graphene that had been treated via galvanic displacement experience increased 

leakage, likely due to graphene damage at the etch pits inherent to this deposition mechanism. 

However, membrane imaging did reveal that many palladium nanoparticles survive polymer-

assisted graphene transfer from the copper foil to the porous support membrane, as well as 

mounting and use in diffusion testing. If the issue of copper etch pits were resolved, graphene 

sealing via the deposition of nanoparticles by galvanic displacement may therefore be possible, 

since many nanoparticles do not detach from the graphene during these processes. 

 

 

5.2. Future directions 
 

For future study of this system, a kinetic treatment of palladium nucleation, perhaps in 

conjunction with measurement of the electrical potential at the graphene/copper surface 

during the reaction, would further elucidate the details of palladium deposition. It may also be 

illuminating to further explore the non-contact-limited regime by fully removing graphene from 

one side of the copper foil. This may replicate the preferential deposition patterns observed by 

Hong et al. that were not observed in this study, such as deposition at graphene wrinkles and 

grain boundaries55. Automated image processing methods, while not achieved in this study due 

to background features that made thresholding extremely challenging, would be very useful for 

analyzing SEM images in a consistent manner and extracting complete nanoparticle size 

distributions rather than just approximate size ranges and number densities. 
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To tip the effect of galvanic displacement from net defect enhancement to defect sealing for 

membrane applications, galvanic displacement under less-aggressive conditions (i.e. lower 

deposition solution palladium concentration) may help address the copper etch pit issue, as 

etch pits were observed to be smallest after deposition with the lowest palladium 

concentration used in this study. A non-contact-limited regime, with a larger area of copper 

exposed to the deposition solution, may also help to address this. 

 

Hong et al. fabricated a hydrogen gas sensor54 and transparent, flexible heater55 using graphene 

decorated with palladium via galvanic displacement, in addition to the nanoporous atomically 

thin membrane application explored here. Many other possible applications of this 

nanofabrication technique are open for exploration and development. Depending upon the 

intended functionality, the principles explored in this study may be adapted to easily deposit 

non-palladium noble metals on single-layer graphene via galvanic displacement with the copper 

substrate (e.g. silver nanoparticles for antimicrobial effects2), as demonstrated by silver and 

gold deposition using this method in previous studies53,55. 

 

Finally, galvanic displacement through 2D materials other than graphene is an interesting area 

for further exploration. In particular, nonconductive 2D materials, such as hexagonal boron 

nitride or molybdenum disulfide, may lead to a higher degree of control over deposition. In 

these cases, nucleation may be limited to hole-type defects, as there would be no route for 

electron flow to support deposition at other features of the surface. 

 

While galvanic displacement is challenging to control, as demonstrated by the etch pits 

damaging graphene in this study, its efficacy in decorating graphene with palladium 

nanoparticles has clearly been demonstrated, along with some knobs available to tune this 

process. With further development, galvanic displacement may become a robust 

nanofabrication tool to modify not only graphene but also other 2D materials, helping to unlock 

the combined potential of 2D materials and nanostructures to engineer technologies relevant 

to a healthy, sustainable future.  
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