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ABSTRACT 
 
 

Two-dimensional nanomaterials such as graphene and hexagonal boron nitride are 

being intensively studied as selective barriers in separation technology owing to their 

unique subatomic selectivity. In their pristine forms, they are impermeable to atoms, 

molecules, and ions except for thermal protons. Graphene, with its angstrom-scale 

thickness, is regarded as the thinnest membrane so its transport selectivity comes from 

the selectivity of active sites at which permeant transmission occurs. This dissertation 

tested the hypothesis that the selectivity ratio of hydrogen isotopes (protium, Deuterium, 

and tritium) through membrane could be improved by incorporating graphene and related 

2D materials in the membrane electrode assembly of a polymer electrolyte membrane 

electrolysis cell. The mechanism by which protons or deuterons traverse the energy 

barrier of 2D materials was also investigated with a focus on the temperature dependence 

of isotopic selectivity in crossing rates. By carefully positioning a 2D material within the 

ionomer membranes of a membrane electrode assembly, the isotopic ion filtering 

functionalities of graphene and analogs were enhanced. Proton transmission through 

graphene was found to occur at a very high rate (1.0 A cm-2 achieved at a potential bias 

of < 200 mV) with a selectivity ratio of at least 10 compared to deuteron transmission. 

The transmission rates of Protons and deuterons across single-layer graphene were 

measured as a function of temperature. An electrochemical model based on charge-

transfer resistance was invoked to estimate standard heterogeneous ion-transfer rate 

constants. An encounter pre-equilibrium model for the ion-transfer step was used to 

estimate rate constants which provide values for activation energies and exponential pre-
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factors for proton (or deuteron) transmission across graphene. Activation energies of 48 ± 

2 kJ mole-1 (0.50 ± 0.02 eV) and 53 ± 5 kJ mole-1 (0.55 ± 0.05 eV) were obtained for 

protons and deuterons respectively, through single-layer graphene. The difference of 50 

meV is in good agreement with the expected difference in vibrational zero-point energies 

for O-H and O-D bonds. 

This work is an important harbinger for the prospects of developing graphene-

based PEM electrochemical cell ion filters for fuel cells, electrolysis cells, gas separation 

and purification, and desalination applications. 
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         CHAPTER ONE 

ION TRANSMISSION IN TWO-DIMENSIONAL MATERIALS 

1.0 INTRODUCTION 

Graphene, a two-dimensional hexagonal carbon network with a honeycomb lattice 

has received considerable research attention owing to its unique properties. It is one-atom 

thick, making it the thinnest membrane with unprecedented ultra-high carrier mobility 

(10000 cm2 V-1 s-1), 1,2 high surface area (2630 m2 g-1),3,4 electrical conductivity (104.36

S cm-1),3,5 chemical and thermal stability. It has a breaking strength as high as 42 N m-1

with its‘ Young‘s modulus of about 1.0 x 1012 Pa6 Its optical property came from its

ultrathin thickness (1.0 Å) with ≈ 97 % of white light being able to be transmitted through 

it.2 Graphene has become a paradigm for other 2D materials such as hexagonal boron

nitride (hBN), transition metal dichalcogenides (TMDs), layered double hydroxide 

(LDH) and so on. These aforementioned properties of graphene and related 2D materials 

have been instrumental in their consideration for wide range of applications such as 

electronics / optoelectronics, electrode materials, batteries, sensors, and supercapacitors.7–

13

 More importantly, recently discovered high proton conductance at ambient 

temperature will make these materials revolutionary for energy storage devices and 

separation technologies.14–16 Graphene, with its angstrom-scale thickness is impermeable

to any molecules, atoms, and ions. This unique impermeability of graphene and other 2D 

materials is rooted in their atomic/electronic structure. For example, the hexagonal 

hollow graphene pore has a size of about 0.064 nm.6,17,18 This size is far less than the van
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der Waals radius of the smallest monatomic gas He (0.28 nm) and molecular hydrogen 

(0.314 nm).6 The hexagonal carbon network in graphene is dominated by π electrons that

form a dense electron cloud encapsulating the graphene layer making it impermeable to 

any known permeant species. As a result of this impermeability, graphene has previously 

being used as a selective barrier by intentionally creating artificial defects into the 

graphene sheet. 

Precisely, four years following mechanical exfoliation of free-standing single-

layer graphene,1 Michael and co-workers19 reported a successful creation of nanometer-

scale pores into graphene with a controlled focused beam of a transmission electron 

microscope. In a similar work, Koenig et al.20 demonstrated the use of ultraviolet-induce

oxidative etching to create certain micrometer pore sizes in graphene sheets. The 

defective graphene sheet was then used as a molecular sieve for gas separation.  In 

separate but related work, Du and co-workers designed a series of porous graphene of 

various pore sizes and shapes to separate hydrogen and nitrogen gases.21 Surprisingly,

recent experimental findings have demonstrated the possibility of thermal proton 

transmission through pristine graphene at ambient temperature using an electrochemical 

hydrogen pump method.16,22 This experimental finding was unexpected because of the

high energy barrier (> 1.0 eV)23 predicted by computational studies for proton permeation

through graphene would make such transmission impossible. 

Area-normalized proton conductance values of 3-90 mS cm-2 were obtained from

prior work through single-layer graphene with proton selectivity being favored over 

deuteron by at least a factor of 10.24 This range values is high compared to the
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expectation of zero proton permeability through graphene sheet but however, still low 

when compared to the proton conductivity of PFSA membrane (12-15 S cm-2 at ambient 

temperature).16 For practical application, the graphene areal conductance for proton 

transport still needs further improvement before electrochemical hydrogen isotope 

separation can become a viable separation option. It has long been desired to have a 

viable hydrogen isotope separation technology. Hydrogen isotopes are useful in nuclear 

fission reactors, contrast agents in neutron scattering,22 labeling agents in NMR and in 

many other applications. 

 Existing technologies for hydrogen isotope separation such as cryogenic 

distillation,25,26 water-sulfide exchange,27  and thermal cycling absorption process28 are 

highly energy intensive with a selectivity factor less than 2.5.29 An electrochemical 

hydrogen pump with graphene embedded within the membrane electrode assembly 

(MEA) may offer a cost effective alternative with a much better selectivity factor. 

Though such an electrochemical technique for hydrogen isotopic separation seemingly 

looks promising and attractive, the requirement of having pristine graphene free of 

defects in the MEA to achieve better selectivity on a large scale remains a greater 

challenge. The first demonstration of this exciting idea was done on a micrometer-size 

2D graphene of highest quality.24 The major disadvantage of this approach is that it is not 

scalable. A modern technique for large scale production of high-quality 2D materials 

(including graphene) is needed before an electrochemical technique could become the 

next generation hydrogen isotope separation technology. 
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 The synthetic routes to produce 2D materials can be categorized into two: (1) the 

top-down approach and (2) the bottom-up method.2,6,30 The prominent top-down method 

is the micromechanical exfoliation, the original approach that led to the discovery of free 

standing single-layer graphene. This is done by the application of a mechanical force 

through the use of adhesive tape to weaken the van der Waals forces of attraction 

between the graphite layers without disrupting the in-plane covalent bonds network of 

individual layer. Only a few to tens of micrometer size of 2D material can be produced 

with this technique and for which large scale production is not possible. Other methods in 

this category are oxidation-assisted liquid exfoliation9,31,32, ion exchange-assisted liquid 

exfoliation, and ion intercalation-assisted liquid exfoliation.30,31 The bottom-up category 

includes the chemical vapor deposition (CVD) method and wet chemical synthesis.35–40 

Large area 2D materials can be produced with the bottom-up technique but the growth 

may lead to defective graphene. The extent of the defects depends on the growth 

conditions, substrate and precursors, and expertise of the developer.  

 The most common methods (in the bottom-up category) of large area production 

of 2D materials are the epitaxial growth of 2D material on a SiC substrate6 and CVD 

method on transition metal substrates using CH4 as a precursor.41–46 The CVD method 

remains the most effective and scalable way of growing high quality graphene and other 

2D materials for large-scale application.47,48 Two metal substrates, Ni and Cu are usually 

used for catalytic growth of graphene. Because it is difficult to completely suppress the 

precipitation of carbon on Ni as compared to Cu, Cu remains the most preferable metal 
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substrate for growing graphene. Carbon solubility is high on Ni (about 0.6 wt. % at 

1326oC), whereas it is relatively low on Cu (about 0.008 wt. % at 1084°C).6,42 

 Despite recent advances in growing large area graphene on Cu, CVD graphene 

still has some intrinsic defects. The abundance of defects and their nature depend on 

growing conditions. These defects may not be easily detected spectroscopically and if not 

properly controlled may alter the outstanding quality of these 2D materials especially for 

ion transmission application. The most common defects are enumerated below. 

(1) Point defects: These include the ―Stone-Wales defect” in which the rotation of two π-

bonded carbon atoms by 90° creates two pentagons and two heptagons. This modification 

to the perfect hexagonal crystal structure in graphene still retains the pristine number of 

carbon atoms and does not lead to any dangling bonds. The other is called the ―Vacancy 

defect” in which the rotation leads to a missing number of carbon atoms at lattice sites. 

50–52 Such a defect might lead to creation of dangling bonds especially, if it involves an 

odd number of carbon atoms.  

 (2) Line defects: These defects include “Gain boundary” which are normally described 

as topological defects that can arise as a result of the occurrence of concurrent 

nucleations at different lattices during the growth of 2D materials by the CVD method. 

The other line defect is called the “edge defect” as is the result of the way 2D crystals 

end with a dangling bond.53 The common edge structures in graphene are usually zigzag 

and armchair.  

These types of defects in graphene will affect the quality of graphene and other 

2D materials for their application toward hydrogen isotopes separation. Such a defect 
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could occur during the growth of the 2D crystals on substrates or during the transferring 

of graphene to another substrate for experimental studies. 

 

1.1 Scope of the Dissertation 

 The overall objective of the research described in this dissertation was to study 

the effect of incorporating 2D materials in a membrane electrode assembly of a polymer 

electrolyte membrane electrolysis cell with the aim to increase the separation factor of 

hydrogen isotopes separation. Another objective was to investigate the mechanism by 

which a proton or deuteron traverses a 2D material with a focus on studying the 

temperature dependence of isotopic selectivity in crossing rates. By carefully positioning 

a 2D material within the ionomer membranes of an MEA, the isotopic ion filtering 

functionality of graphene and related 2D material was enhanced, and proton transmission 

through graphene occurred at a very high rate with a selectivity ratio of 14 when 

compared to deuteron transmission. 

 This dissertation is written in the following sequence:  

Chapter 1 is an overview of the work with a discussion on the general background of 2D 

materials. 

Chapter 2 includes a discussion on the development of a small-scale electrochemical cell 

for fuel cell exploratory research.  

Chapter 3 is a discussion on the modification of the miniature cell to be adaptable for 

studying hydrogen isotope selectivity through a layer of graphene in an MEA in both 

asymmetric and symmetric electrochemical hydrogen pump modes.  
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Chapter 4 includes a discussion on efforts to gain fundamental knowledge on the 

mechanism by which protons traverse a 2D energy barrier. The concept, which is based 

on the Arrhenius analysis for a thermally-activated process, involves measurement of 

proton and deuteron transmission rates across single-layer graphene as a function of 

temperature.   

Chapter 5 includes a discussion on measurement of alkali cation including ammonium 

ion transport in aqueous electrolytes to understand the nature of defects in a CVD 

graphene. 

Chapter 6 includes a discussion on a comparative study of proton and deuteron transport 

in single-layer vs multi-layer graphene. 

Chapter 7 includes a discussion on the use of the atomic layer deposition technique to 

seal the defect in CVD graphene. The latter part of this Chapter covered a discussion on 

other 2D materials (i.e. hexagonal boron nitride) and related pyrochlore oxide materials. 

Chapter 8 is a discussion on the author‘s perspective on the future work on 2D material 

for ion transmission and potential applications of this class of materials in separation 

technologies. The readers are referred to the list of publications in the appendices and 

also the papers appended at the end of this dissertation for further technical discussion on 

this work.  
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CHAPTER TWO 
 

A MINIATURIZED ELECTROCHEMICAL CELL FOR FUEL CELL 
EXPLORATORY RESEARCH 

 
2.0 SYNOPSIS 

The work described in this chapter has been published with the following 

bibliographical details, Journal of Electroanalytical Chemistry (2017) 797, p. 8-15.  It 

describes a miniaturized electrochemical cell that allows replicating studies on a very 

small amount of materials. This is particularly useful for studies on new ionomer and 

electrode materials that may be available only in small quantities from new research. It is 

a complete revision from the prior work of a former student. This work addresses the key 

challenges of prior cell design and fabrication including reproducibility, better 

performance, and control of cell geometric area.  

 

2.1 INTRODUCTION 

Proton exchange membrane (PEM) fuel cell technology has been envisioned to be 

an energy source target, especially for the automotive application as an alternative to the 

internal combustion engine (ICE) that uses fossil fuel.54,55,64, 65,56–63 A fuel cell generally 

is similar to a battery; both fuel cells and batteries covert chemical energy into electrical 

energy.66,67 Unlike a battery, that needs to be discarded when chemical fuels are 

exhausted (e.g. primary battery, except dry cell) or recharged using an external source of 

power (e.g. secondary battery), a fuel cell can supply electricity indefinitely when there is 

a fuel (hydrogen) and an oxidant (oxygen or air).68–71 
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In a typical PEM fuel cell device, the major component is the membrane electrode 

assembly (MEA) that comprises (1) the anode, where the fuel (hydrogen gas) is oxidized 

by the catalyst layer to generate proton (H2                2H+ + 2e-),   (2) the 

perfluorosulfonic ionomer membrane (a cation conductor) that allows proton through it to 

the cathode compartment and (3) the cathode, where the fuel combines with the oxidant 

(air or oxygen gas) to produce electricity and water (O2 + 4H+ + 4e-                        

2H2O). The beauty of a fuel cell is that the end product of the electrochemical reaction 

between the oxidant and fuel is water making it a zero-emission and environmentally 

friendly source of energy.72–75 

 Research in PEM fuel cells has been very active during the last few decades as a 

result of efforts to address the key challenges impeding the full commercialization of this 

technology.76 These challenges include developing active electrocatalysts with the high 

kinetic facility to address the issues of slow oxygen reduction reaction, replacing precious 

metal catalysts (platinum group metals) with cost-effective and earth-abundant 

electrocatalysts. While the last two decades of research has led to a significant 

understanding of materials properties and device behavior, current research efforts focus 

on the development of cost-effective new ionomer materials and electrocatalysts.77–81 

These materials are usually synthesized in small quantities from early research and need 

to be appropriately characterized in order to understand how they will behave in real 

application testing. Real application testing involves preparing the catalyst supports and 

the ionomer material as an MEA. The MEA is then subjected to proper gas 
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humidification (to avoid drying out) as a function of temperature while evaluating 

material properties and behavior in a fuel cell device. 

 MEA fabrication for real fuel cell application is intricate, time-consuming and 

requires a very large amount of both ionomer material and electrocatalyst for a single 

measurement.66 More importantly, PEM fuel cell testing requires special training and 

skills in addition to the fact that the testing is usually done on a specialized instrument 

that is not generally available in most electrochemical labs.  As a result, a fast catalyst-

screening technique is desirable especially for characterization of new ionomer materials 

and newly developed catalysts from early research. To circumvent the aforementioned 

challenges, the thin-film rotating ring-disk electrode (TF-RRDE) was developed as a fast 

and convenient electrochemical technique to characterize supported catalysts for fuel cell 

applications in an aqueous electrolyte.82–85 The technique, which was developed in the 

early 1950s by Alexander Frumkin and Benjamin Levich, is still widely used today to 

characterize catalyst support for fuel cell applications.86  

In RRDE, usually, catalyst powders are dispersed in a mixture of water and 

alcohol with a binder (Nafion® solution) by sonication to form a homogeneous ink. The 

ink is then prepared as a catalyst film by deposition on a glassy-carbon electrode using 

micropipette or other similar methods. As powerful as this technique is, and its 

advancements in testing PEM fuel cell catalysts, only very few catalysts demonstrate 

identical behavior when tested in real fuel cell conditions. The real fuel cell testing 

requires an aqueous-free electrolyte whereas TF-RRDE is a flooded electrochemical 

technique. Some critical issues that are pertinent to fuel cell devices such as flooding in 
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the electrodes, drying out of the membrane (humidification effect), mixed electron / 

proton conduction through the ionomer membrane are far beyond practical understanding 

with the TF-RRDE technique. 

 The contribution from this work involves the development of a small-scale test 

platform that utilizes a small amount of catalyst support similar to TF-RRDE while 

allowing catalyst evaluation in an environment that will exist in a real fuel cell. The 

supported catalysts together with the ionomer membrane are prepared as MEA identical 

to the standard protocol of fabricating conventional MEA. The key advantage of this 

miniature test platform is that material utilization for both the electrode and ionomer 

membrane requires just a few tens of micrograms. For example, the amount of ionomer 

membrane material required to fabricate a conventional MEA of size 8.0 x 8.0 cm2 for a 

single measurement would be adequate enough to fabricate at least 50 MEAs for this 

miniature cell. Other advantages of this small-scale test platform are as follow: (1) MEA 

assembly and fabrication are uncomplicated and require little training. (2) Compatibility 

with the most common electrochemical workstation and thus save cost. (3) 

Reproducibility of measurements can be achieved easily with little or no variation from 

different independently prepared MEAs, and (4) enables very small quantities new 

ionomers and electrode materials to be screened for fuel cell application. This miniature 

cell is complimentary to the TF-RRDE but in an aqueous free electrolyte, where a solid 

ionomer membrane is in direct contact with the electrode catalyst support as is expected 

in a real fuel cell testing. 
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 The overall objective of developing a miniature cell for any application is to 

reduce material utilization, which will allow replicate studies with a better understanding 

of material properties.87 Miniature cells are usually developed either to scale down the 

traditional large device or to incorporate new technologies such as nanoimprint 

lithography technology,88 ink-jet printing,89 and micro-electro-mechanical systems90 

Lohoff and co-workers88 fabricated the first miniature cell for PEM water electrolysis 

using metal flanges for the anode and cathode components of the cell with an active area 

of 1.2 cm2. Although this is considered as a miniature cell, it is still very large when 

compared to a TF-RRDE that has an active area of 0.196 cm2 or less. The miniature test 

platform that we have developed during this work allows for PEM fuel cell testing with 

good reproducibility over an area less than 0.1 cm2. The cell design operates with an 

efficient gas delivery with proper humidification over an electrode area for efficient 

catalysts utilization. 

 

2.2 MATERIALS AND METHODS 

2.2.1 Cell Design, Fabrication and Assembly 

The miniature cell body used for the fabrication of this test platform is a 

commercial plastic tube fitting made from perfluoroalkoxy alkane (PFA) resin. The 

dimensions of this straight union compression fitting are 1.5" x 0.79" (3.8 cm x 2.0 cm) 

with an internal diameter of 0.5" (1.27 cm). Other cell components are: 

(1) The graphite rods: These serves as current collectors in the anode and cathode 

compartments. Each of these has a length of 1.97" (5 cm) with a diameter of 0.375" 
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(0.953 cm). A hole of 0.125" (0.318 cm) diameter was bored through the rod to allow gas 

delivery from a humidifier bottle to the MEA. To allow for the gas exit, three grooves 

were incised onto the external part of the graphite rods. 

(2) The PTFE sleeves: These accommodate the graphite rods. They are made from 

poly(tetrafluoroethylene) otherwise known as PTFE. The sleeve has a length of 1.46" (3.7 

cm) with an internal diameter of 0.375" (0.953 cm) and outer diameter 0.5" (1.27 cm), 

and fit comfortably into the main cell body. 

(3) Butyl rubber O-rings: The O-ring on each side of the cell provides cushion support 

for the MEA against the hard contact of the sleeve and current collector. It also serves a 

vital role of securing a gas-tight seal. The O-ring has an internal diameter of 0.375" 

(0.953 cm) and outer diameter of 0.5" (1.27 cm). 

(4) Nickel foam and carbon paper: Both nickel foam gas diffuser element and carbon 

paper serve as gas diffusion layers (GDLs). They primarily permeate the diffusion of 

gases to the active area of the catalyst layer in the MEA. They also facilitate current 

collection by providing an electronic path between the graphite rod current collectors and 

catalyst supports in the MEA. Both are 0.375" (0.953 cm) in diameter. Figure 2.1 shows 

the graphical representation of the cell, disassembled cell parts and assembled cell 

showing gas tubing and electrical connections. 

The assembly of the cell components is aided with the use of PTFE rod having 

0.5" diameter. First, the rod is pushed through the center of the straight union 

compression fitting and clamped at the cathode side. The MEA is carefully inserted 

through the anode side into the cell body using tweezer with the cathode side of the MEA 
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Figure 2.1. Top: Graphical representation of the miniature cell; middle: photomicrograph 

of disassembled parts of the cell; bottom: the photomicrograph of assembled cell in 

operation. 
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facing the PTFE rod.  This is followed by the introduction of an O-ring, and a piece of 

nickel foam. The anode graphite rod inside the sleeve is pushed gently to make contact 

with the nickel foam and MEA and then clamped tightly to the cell body. The PTFE rod 

is then removed and similar procedures are repeated for the cathode side with the addition 

of a piece of carbon paper. The cell is then connected to humidified bottles of oxygen and 

hydrogen using gas tubing as well as electrode leads as shown in Figure 2.1 above. 

 

2.2.2 Small-Scale MEA Fabrication 

The small-scale MEAs used during this work in the miniaturized cell were 

fabricated from commercial platinum-decorated carbon cloth (Fuel Cell Store) and 

Nafion®-212 ionomer membranes (Fuel Cell Store). The cathode was 0.09375" (0.238 

cm) diameter with 0.3 mg cm-2 Pt on 40 % Vulcan carbon was cut from a large piece 

using an arch punch.  One microliter of Nafion® solution (from 5 wt. % Nafion® solution) 

was deposited onto it and allowed to dry at ambient conditions. The anode was 0.3125" 

(0.794 cm) diameter with 4 mg cm-2 Pt catalyst loading cut from Pt carbon black carbon 

cloth. Seven microliters of Nafion® solution again, was deposited on it and allowed to 

dry.  

Higher catalyst loading on the anode than the cathode was chosen to ensure 

adequate proton flux from anode to cathode and also to avoid a well-known edge effect. 

Prior to the hot press step, the electrodes (anode and cathode catalysts) and a Nafion®-

212 ionomer membrane, 0.5" diameter (1.27 cm) were assembled in a silicone rubber 

template and a fiberglass sample holder. The assembly was hot pressed at 140°C, 100 lbf 
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(445 N) for 5 min on a Carver hot press (model 3851-0). Figure 2.2 shows the fabricated 

MEA for a miniature cell used in this work. 

 

 

 

 

 

 

          

Figure 2.2. Photomicrographs of MEA prepared for a miniature PEM fuel cell: (A) 

Cathode side and (B) Anode side. See the text for the detailed description of the MEA 

dimensions. 

 

2.2.3 Large-Scale MEA Fabrication 

 A large-scale MEA was fabricated for use in a conventional fuel cell test station 

(Scribner Fuel Cell test station model 850C) in order to compare with the results from a 

similar experiment using our in-house developed miniature test platform. For a fair 

comparison, similar catalyst loadings on both the anode and cathode electrodes were used 

for the large MEA as it was for the small-scale MEA. Pt catalyst loading on the cathode 

was 0.3 mg cm-2 while it was 4.0 mg cm-2 on the anode albeit on a large catalyst surface 

area. The large-scale MEA was also fabricated from a Nafion®-212 with a total 

membrane area of 7.5 cm x 7.5 cm (56.25 cm2). The geometric electrode area was 2.5 cm 

A B 
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x 2.5 cm (6.25 cm2) on anode and cathode. Then, 139 μL of a 5 wt. % Nafion® solution 

was added to each side of the electrodes, which were dried under ambient conditions. The 

electrodes and the Nafion® ionomer membrane were assembled in a similar silicone 

rubber / fiberglass template used for the small-scale MEA. The assembly was again hot 

pressed at 140°C, 400 lbf (1180 N) for 5 min on a Carver hot press. Figure 2.3 shows the 

fabricated large-scale MEA. 

 

 

Figure 2.3. Photomicrograph of the large-scale MEA fabricated for a conventional fuel 

cell station. The MEA has been used on a Scribner model 850C fuel cell test station. See 

detailed description of the MEA dimension in the text. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 SEM and EDS Analyses of Platinized Electrode Surface 

Figures 2.4 and 2.5 show the scanning electron microscope (SEM; model 

TM3000 Tabletop Hitachi) images and SEM mapping that shows a homogenous 
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distribution of elements on the surface of Nafion® coated platinum-on-carbon electrode 

and uncoated samples, respectively. Elemental analysis was conducted on Pt-on-carbon 

 

 

Figure 2.4. (A) SEM micrograph of Nafion® coated Pt-on-carbon electrode used in a 

miniature cell. SEM elemental mapping showing (B) carbon, (C) oxygen, (D) fluorine, 

(E) sulfur, and (F) platinum.   

 

electrode with and without the addition of the Nafion® solution using energy dispersive 

X-ray spectroscopy (EDS, Oxford Instruments). The spectra obtained are shown in 

Figures 2.6. The elemental compositions from the spectra are presented in Table 2.1. 

Addition of Nafion® solution to the catalyst layer on the electrode helps to bind the 

electrode to the ionomer membrane and to provide intimate contact between the catalyst 

support and the membrane, which helps to promote faster ionic transport 
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Figure 2.5. (A) SEM micrograph of a Pt-on-carbon electrode without Nafion® solution. 

SEM elemental mapping showing (B) carbon, (C) oxygen, (D) fluorine (E) sulfur, and (F) 

platinum. 

 

 

Figure 2.6. Energy dispersive x-ray spectra for platinum-on-carbon cloth electrode (A) 

with addition of 1.0 μL 5 wt. % Nafion® solution and (B) without Nafion® solution  
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2.3.2 Open Cell Voltage (OCV) Measurement 

 The OCV (potential of the cell when no load is applied) of the assembled 

miniature cell as described in Section 2.2.1 was determined by flowing humidified 

oxygen gas at the cathode and hydrogen gas at the anode. Prior to the evaluation of the 

fuel cell performance on the miniature cell, the OCV of the cell as shown in Figure 2.7 

was established to ensure proper cell assembly, no fuel crossover or pinhole in the MEA. 

The cell voltage was almost constant for a duration of 2 min. The obtained value of ≈ 

0.975 V is reasonable and is close to the theoretical prediction of ≈ 1.0 V for PEM fuel 

cell.  
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Figure 2.7. OCV of miniature PEM fuel cell; gas feed at the cathode is oxygen gas and at 

the anode is hydrogen gas, humidified at 30°C. 

 

2.3.3 In-situ Voltammetry 

 In-situ voltammetry provides a reliable way to diagnose intrinsic electrocatalyst 

performance in the electrodes (anode or cathode) of an MEA. One way to understand 

how an electrocatalyst may catalyze a specific electrochemical reaction, is to examine the 

three-phase boundary otherwise known as ‗triple region‖. This triple region consists of 

reactant molecules, the active sites on the electrocatalyst and the ionic conducting 

material (here, Nafion® ionomer membrane). It is important that the three boundaries 

remain in close contact. One way to diagnose this intimate contact and overall active sites 

in an MEA is to determine the ECSA. 
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To characterize the electrochemical surface area (ECSA) of the electrocatalyst 

layer in an MEA of a miniature cell, in-situ voltammetry was used in a two-electrode 

configuration. The anode of the miniaturized cell was used as a pseudo-reference 

electrode and counter electrode (CE / RE), and the cathode was used as the working 

electrode (WE). The two-electrode system was connected to a potentiostat (CHI 1140B 

electrochemical analyzer). The cathode of the miniature cell was bathed with humidified 

argon gas supplied through tubing connected to the humidifier bottle held at 30°C. The 

anode, on the other hand, was fed with humidified hydrogen gas from humidifier bottle 

similarly held at 30°C to maintain ≈ 100 % relative humidity. 

Figure 2.8 shows the in-situ cyclic voltammogram obtained for one of the three 

MEAs prepared as described in section 2.2.2. The cyclic voltammogram was obtained by 

sweeping the potential between 0.05 to 0.60 V at a scan rate of 50 mV s-1. In the forward 

scan (anodic direction; more positive potential), the adsorbed hydrogen on Pt 

electrocatalyst undergoes oxidation to form H+ as represented by equation 2.1. This 

portion of the cyclic voltammogram is represented as the hydrogen adsorption peak 

(Hads). In the reverse scan, the electrochemical reduction of protons (H+) occurs on the Pt 

surface as indicated in equation 2.2. This portion again is represented as the hydrogen 

desorption peak (Hdes). This cycle (Hads-Hdes) is repeated until a stable cyclic 

voltammogram is obtained from which the ECSA is determined.        
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Figure 2.8. In-situ cyclic voltammogram of representative MEA used in a miniaturized 

cell. Gas feed at the anode is humidified H2 and at the cathode is Ar at 100 % RH. 

Geometric active area of MEA is 0.045 cm2 with Pt catalyst loading of 0.3 mg cm-2. 

 

               Pt…Hads                                 Pt  +   H+  +   e-                                             eqn 2.1 

    Pt  +  H+  +  e-                                Pt…Hads                                                                       eqn 2.2 

 

From Figure 2.8 the area marked green can be integrated to estimate the ECSA. 

The charge density associated with the Hads peak can be obtained from the integrated 

region (green; inset) following correction from the capacitive current arising from the 

double layer charging by setting appropriate baseline as indicated in Figure 2.8. The 



 24 

obtained hydrogen adsorption charge density can then be used to estimate ECSA using 

equation 2.3 below 

 

      ECSA (m2 g-1.Pt) = Q / (Г. Lcatalyst)                                                          eqn 2.3 

 

where Q = hydrogen adsorption charge density, Г = literature value (210 μC cm-2) for the 

charge required to reduce a monolayer of protons on the surface of Pt, Lcatalyst  = Pt 

electrocatalyst loading obtained from 0.3 mg cm-2 Pt carbon cloth and MEA geometric 

area (0.045 cm2). 

In addition to estimating ECSA using the Hads-des technique, electrochemical CO 

oxidation otherwise known as ―CO stripping‖ is another alternative to quantify the active 

sites on the Pt catalyst in the MEA. The CO stripping method is similar to the Hads-des 

method with regards to cell configuration for in-situ voltammetry. However, while 

humidified hydrogen gas is being fed to the anode, argon gas is being interrupted with a 

brief flow of CO gas through the cathode. The CO adsorbed on the surface of the Pt 

catalyst and the excess of it is purged out using Ar gas. Electrochemical oxidation of the 

adsorbed CO on the surface of Pt is observed by scanning the potential of the working 

electrode from 0.0 to 1.1 V at a scan rate of 50 mV s-1. The obtained CV is shown in 

Figure 2.9. The CV shows interesting features. In the first forward scan (towards 0.0 V) 

as indicated by the blue arrow, the usual characteristics shapes of Pt disappear. This is 

expected due to CO adsorption on Pt surface, as CO deactivates Pt active sites. 

Interestingly, in the reverse scan, the adsorbed CO was stripped off by oxidation in the 
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potential window between 0.7-1.0 V giving rise to a large oxidation peak. Also, the 

characteristics features of Pt became apparent in the second forward scan indicating the 

complete removal of adsorbed CO by stripping. 

 

Figure 2.9. CO stripping cyclic voltammogram of representative MEA used in a 

miniaturized cell. Gas feed at the anode is humidified H2 and at the cathode is Ar with an 

interruption by CO gas exposure at 100 % RH. Geometric active area of MEA is 0.045 

cm2 with Pt catalyst loading of 0.3 mg cm-2. 

 

 Similar to Hads-des, the CO oxidation peak can be integrated to estimate the 

associated charge density. ECSA can be determined from equation 2.3 above with the 

valid assumption that Г = literature value (420 μC cm-2); the charge required to oxidize 
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adsorbed CO on Pt surface. Table 2.2 summarizes the obtained ECSA for both Hads-des 

and CO techniques using a miniaturized electrochemical cell for three MEAs. The highly 

reproducible data from both techniques for the three independently prepared MEA 

validate the use of the miniature cell developed during this work for fuel cell catalysis. 

Higher ECSA values from CO stripping compared to Hads-des might suggest difficulty in 

setting an appropriate baseline, to remove the double layer contribution which may 

eventually lead to underestimation.  

 

 

 

  2.3.4 Ex-situ Voltammetry 

 In ex-situ voltammetry, the proton conducting medium is the liquid electrolyte. 

During this work, the carbon cloth electrode with 0.3 mg cm-2Pt was mounted onto a 

glassy carbon electrode by using a binder (1.0 μL 5 wt. % Nafion® solution). The 

electrode was immersed in 0.5 M H2SO4 in a three-electrode cell. This is in contrary to 

miniature PEM fuel cell testing where the catalyst is in contact with Nafion® membrane 

(a solid proton-conducting material). ECSA was determined using Hads-des technique and 
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CO stripping method as described under Section 2.3.3. Figures 2.10 and 2.11 show the 

obtained cyclic voltammograms for Hads-des and CO stripping respectively. The 

characteristic features of Pt are similar to what we observed in in-situ voltammetry. The 

ECSA values for Hads-des and CO stripping methods are 74.1 m2 g-1Pt and 87.3 m2 g-1Pt, 

respectively. 

 

Figure 2.10. Ex-situ cyclic voltammogram for ECSA determination using Hads-des method 

in 0.5 M H2SO4.  A scan rate of 50 mV s-1 was used during the potential scan. The 

electrolyte was purged with Ar prior to measurement.      

 

It should be noted that the ECSA determination in ex-situ was somewhat higher 

than that of in-situ using miniature PEM fuel cell. The discrepancy may be as a result of 

how the electrocatalyst was in contact with the proton-conducting medium (liquid Vs 

solid electrolyte). In a miniature cell, only a fraction of electrocatalyst that has contact               
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Figure 2.11. Ex-situ cyclic voltammogram for ECSA determination using CO stripping 

method in 0.5 M H2SO4 with Ar and CO purging. A scan rate of 50 mV s-1 was used 

during the potential scan.      

              

with the ionomer membrane in the MEA may be accessible. The importance of this work 

is the demonstration of a simple way of conducting PEM fuel cell testing in the absence 

of liquid electrolyte using very small quantities electrode and electrolyte materials. The 

ECSA determination can be improved, and the active sites can be made more accessible 

by proper impregnation of proton conducting electrolyte into the catalyst. 
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2.3.5 Oxygen Reduction Reaction (ORR) Testing 

In a PEM fuel cell device, the two most impotant electrochemical reactions are 

hydrogen oxidation at the anode and oxygen reduction reaction (ORR) at the cathode as 

discussed in Section 2.1. ORR is the reaction of interest at the cathode because of its 

sluggish kinetics. To characterize the performance of the miniature PEM fuel cell, 

polarization curves for the oxygen reduction reaction were acquired while humidified O2 

gas is being fed to the cathode and H2 gas to the anode. Both gases are maintained at ≈ 

100 % RH by passing the gases over humidifier bottles kept at 30°C. A break-in 

experiment (from 1.0 to 0.5 V) was first conducted to prepare the MEA for a polarization 

experiment. This is a series of repeated potential cycling within the potential window for 

polarization experiment (0.3 to 1.0 V) to ensure performance stabilization for a duration 

of 1-3 hr. 

 To demonstrate reproducibility, polarization curves were recorded on each of the 

three independently prepared MEAs as shown in Figure 2.12. The results show a very 

slight variation in the three MEAs indicating how efficient the cell is for fuel cell studies.   

The above polarization curves in Figure 2.12 show the expected current-voltage (I-V) 

characteristics similar to the polarization curve obtained from a conventional fuel cell test 

station. In order to further evaluate the performance of the MEA, one of the polarization 

curves from the three MEAs above was recreated alongside its power density curve as 

shown in Figure 2.13. The maximum power density can be extrapolated from the curve 

and was estimated to be 0.71 W cm-2 at 0.45 V.  
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Figure 2.12. Polarization curves for three MEAs (0.3 mg cm-2 Pt) btw 1.0 V and 0.30V; 

scan rate 1 mV s-1; Cell temp of 30 °C; gas feeds are humidified (~100 % RH) H2 at 

anode and O2 at the cathode. 

 

Similarly, the same electrode material albeit on a large carbon cloth as described 

in Section 2.2.3 was tested on a conventional single PEM fuel cell hardware (Scribner 

850C compact fuel cell test station). Figure 2.14 shows the obtained polarization curve. 

Although the current density obtained is relatively lower in the conventional cell when 

compared to a miniature cell, this might reflect the gas flow pattern design in a miniature 
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cell vs conventional cell. The flow pattern in the miniature cell is uniform with circular 

gas delivery to and from the cell, whereas, in the large-scale cell, the gas flow pattern 

        

Figure 2.13. Polarization curve (black) and power density curve (red) for miniature PEM 

fuel cell testing. 

 

has a serpentine design. This kind of serpentine flow pattern might result in an uneven 

gas distribution thus creating an inefficient catalyst utilization of active sites in the MEA.  

 In-situ ECSA on the large-scale MEA was also determined. The obtained 

voltammogram shown in Figure 2.15 reveal lower ECSA value of 34.25 m2 g-1 Pt than 

those obtained in the miniaturized cells. The unexpected lower ECSA value might reflect 

the difficulty in the background subtraction of the appropriate double layer charging 

through baseline correction. It may also indicate inaccessibility of all active sites on the 
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large MEA to the reactant molecules or contact between the catalyst and the ionomer 

membrane. 

              

Figure 2.14. Polarization curve (black) and power density curve (blue) obtained from 

large-scale MEA conducted with conventional 850C compact fuel cell station. See 

section 2.2.3 for MEA fabrication.  
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Figure 2.15. In-situ cyclic voltammogram on large-scale MEA used in conventional 

hardware. Gas feed at the anode is humidified H2 and at the cathode is Ar at 100 % RH. 

Geometric active area of MEA is 6.25 cm2 with Pt catalyst loading of 0.3 mg cm-2. 

            

2.3.6 Multi-Potential Step Testing 

 The polarization curves presented in Figures 2.12 and 2.13 can be deconvoluted to 

understand how the cell performance fluctuates with time. The multi-potential step 

experiment enables examination of steady-state behavior during the oxygen reduction 

reaction in a miniature PEM fuel cell. The potential step was applied in descending order 

from 1.0 to 0.3 V by 50 mV while the potential was held for a duration of 20 s. This type 

of fuel cell performance monitoring as a function of time offers a deep understanding of 

what is happening in the fuel cell device during the electrochemical oxygen reduction 

reaction. It is well-known that water formation from ORR can lead to device flooding. 
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The formation of such flooding and its overall effect on the current response can be 

traced using multi-potential step experiment. This is an additional diagnostic tool for the 

evaluation of PEM fuel cell performance that may be difficult to study in the flooded 

electrode system.  

 Figure 2.16 shows the potential step response (current vs. time) from three 

independently prepared MEAs. A closer look of the staircase waveform responses from 

the three MEAs reveals steady-state behavior for the first 100 s for the three MEAs. 

Slight fluctuation with time can be observed at higher current densities (from 40- 80 

mA). Overall, this shows a good steady-state behavior indicating efficient gas transport 

and water management owing to a well-designed test platform. 

 

Figure 2.16 Multi-potential step curves in miniature PEM fuel cell on three MEAs from 

1.0 to 0.3 V with potential held for 20 s at each potential adjusted by 0.05 V; cell 

temperature 30 °C; cathode: O2; anode: H2; 100 % RH. 
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2.4 CONCLUSIONS 

In summary, a novel miniature electrochemical cell was developed for fuel cell 

performance testing. The key advantage of this test platform is that it utilizes small 

amounts of new ionomer membranes, new electrocatalysts, and catalyst supports. The 

small membrane electrode assembly (MEA) for this cell (1.27 cm2) behaves similarly to 

large MEAs (56.25 cm2) tested in conventional test hardware, albeit with the amount of 

material utilization less than a tenth to hundredth in the miniature cell as compared to the 

conventional cell. Cell design and MEA fabrication are quite straightforward, and it is 

compatible with a common electrochemical workstation. It is highly indispensable to 

have a test platform that utilizes smaller quantities of materials while still allowing fuel 

cell testing in an environment that will exist in a real fuel cell. This miniature cell will be 

beneficial to further the development of the fuel cell because new ionomer materials and 

newly developed electrocatalysts from early research, which are usually obtained at small 

quantity, can be screened and their properties evaluated for fuel cell application. 
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CHAPTER THREE 

PROTON AND DEUTERON TRANSPORT THROUGH SINGLE-LAYER 

GRAPHENE  

3.0 SYNOPSIS 

The work described in this chapter has been published in the Journal of the 

American Chemical Society (JACS) with the following bibliographical details, J. Am. 

Chem. Soc. 2018, 140, p.17438-1752. It involves selective separation of hydrons (proton 

and deuteron) by single-layer graphene embedded in MEA in an electrochemical 

hydrogen pump cell. Proton transmission through graphene occurs at a high rate (with a 

current density of about 1.0 A cm-2 at a potential bias less than 200 mV) with a selectivity 

over deuteron by a factor of 14. 

 

3.1 INTRODUCTION 

A growing interest exists in developing a viable technological process that can 

efficiently and effectively separate hydrogen isotopes.16,22,50,91–93 Hydrogen isotopes 

(protium, deuterium and tritium) are of particular interest in analytical and tracing 

technologies. For example, deuterium oxide is used as a solvent and as a labeling agent in 

NMR. It is also used as a contrast agent in neutron scattering, and also as a label in drug 

metabolism. Hydrogen isotopes are also useful in nuclear fission reactors. Deuterium 

oxide (D2O) is used in nuclear fission reactors as a neutron capturing agent.22 Tritium is 

used as an autoradiography label in medical imaging and pharmacology.  
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Existing technologies to achieving the isotopic separation, such as cryogenic 

distillation, H2O-sulfide exchange, and thermal cycling absorption process have been 

characteristically marked as extremely energy intensive with significant low separation 

factor.25–28 A promising alternative that offers remarkable separation and selectivity is the 

use of 2D crystalline material such as graphene for electrochemical hydrogen isotope 

separation. 

The micromechanical exfoliation of graphite to produce a monolayer of one atom-

thick 2D crystal (i.e., graphene) with unique properties has opened opportunity for 2D 

graphene-based and non-graphene based materials to be considered for the next 

generation separation technologies.50,94,95 Earlier work that involved the use of 2D 

graphene for transport phenomenon was focused on deliberate creation of defects into the 

graphene crystal in order to act as size-selective membrane.96 Following the discovery of 

free standing graphene, experimental findings from Michael et al.97 showed successful 

creation of nanopores into graphene sheet using the controlled focused beam of a 

transmission electron microscope.  

Since then, significant efforts have been made to develop a porous graphene for 

use as a selective membrane in separation technology.  Koenig and co-workers were able 

to employ ultraviolet-induce oxidative etching to perforate graphene sheet with a 

micrometer pore-size.20 The perforated graphene was then used as a selective molecular 

sieve for gas separation. Similar work was also demonstrated by H. Du et al.21 by 

designing a series of porous graphene of various pore sizes and shapes to separate 

hydrogen and nitrogen gases.  
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The rationale behind having a porous graphene for separation was because 

graphene (with each hexagonal lattice geometric area of approximately 5 Å2) at the time 

was known to be impermeable to atoms and molecules even the smallest ones (He and 

H2) because of the enormous repulsive interactions between the electron cloud of 

graphene and that of the permeant.6,98,107–109,99–106 It has been recently demonstrated that 

defect-free monolayers of 2D crystalline materials (graphene and hexagonal boron nitride 

<hBN>) that are impermeable to molecules and most atoms can be used to separate 

thermal hydrogen isotopes (i.e., protium, deuterium, and tritium).24,29 

 To accomplish this separation, usually a bias voltage is applied across the 

electrochemical cell that consists of anode and cathode electrodes and a polymer 

electrolyte membrane (PEM) as an ionic conductor together with the 2D material 

embedded within the cell. The anode side is fed with feed sample (either gases or water 

containing hydrogen isotopes of varying composition). The hydrons (proton, deuteron, or 

triton) are transported through the 2D crystalline material and membrane where they 

undergo selective separation based on their zero point energies. At the cathode end, the 

evolved gases are analyzed to estimate the selectivity and separation factor.  

The transport of hydrogen isotopes through graphene is a thermally activated 

process110, so the selectivity was thought to reflect the difference in energy barriers for 

H+ and D+ posed by the 2D crystalline materials. This exciting discovery might be an 

important path to an industrial-scale electrochemical hydrogen isotopes separation 

technology over the existing technologies. The early work by Geim and co-workers,24 

which described the phenomenon of hydrogen isotope separation by electrochemical 
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means utilized microfabricated devices of less than 50 μm in size. While the transmission 

of protons through graphene was favored over deuterons by a factor of 11, the reported 

proton conductance value of 3 mS cm-2, at ambient temperature, through graphene, would 

be considered very low when compared to area normalized proton conductance of the 

well-known Nafion® membrane.  

More recently, the same group reported a higher area normalized proton 

conductance of 90 mS cm-2 through graphene than their earlier work (3 mS cm-2). 

Fundamentally, this reported value is still significantly low for proton transport through 

2D crystalline material, if this approach would be considered for practical applications 

for hydrogen isotopes separation technology.  As an example, a typical Nafion® 

membrane (say 25 μm thick) has an area normalized proton conductance of about 10-15 

S cm-2. 111,112 Thus, incorporating a 2D crystalline material into a Nafion® membrane 

would suppress the proton conductance of Nafion® and would eventually lead to overall 

poor efficiency and selectivity for hydrogen isotopes transport across the 2D materials. 

Thus, much research attention is needed to make the electrochemical hydrogen isotope 

separation using 2D crystalline materials (graphene and related 2D materials) a viable 

technology for the next generation hydrogen isotopes separation. 

In this work, proton and deuteron transmission through single-layer graphene 

embedded in an MEA were studied using the miniaturized electrochemical cell discussed 

in details in Chapter One of this dissertation. The MEA fabrication and cell design were 

reconfigured to allow for efficient hydrogen evolution and deuterium evolution reactions 

in a PEM hydrogen / deuterium pump cells. Single-layer graphene made by the chemical 
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vapor deposition (CVD) method was obtained from a commercial source (ACS Materials 

LLC.). The CVD single-layer graphene was then transferred onto Nafion® membrane via 

hot pressing and chemical oxidative etching. The MEAs in proton-form and deuteron-

form with and without single layer graphene were characterized using electrochemical 

hydrogen pump cells. Areal-normalized proton and deuteron conductances though single-

layer graphene were estimated following corrections from contributions to the ionic 

conductance by electronic resistances and ionomer membrane resistance. Butler-Volmer 

theory was invoked to develop an electrochemical model to provide rate constants for 

proton and deuteron transmission through hexagonal graphene hollow sites. 

 

3.2 RESULTS AND DISCUSSION 

3.2.1 Electrochemical Hydrogen / Deuterium Pump Cell in Asymmetric Mode 

A modified miniature cell (see method section for the discussion on the 

modifications made to the previous version) was used to accomplish hydrogen evolution 

and deuterium evolution reactions in asymmetric mode. An electrochemical hydrogen 

pump cell in an asymmetric mode was achieved by feeding the anode compartment of the 

cell with the humidified hydrogen gas from humidifier bottle and the cathode with the 

humidified Ar gas. The pseudo-reference / counter electrode (anode) oxidizes hydrogen 

gas to protons and then the protons move through the Nafion® membrane to undergo 

hydrogen evolution reaction as illustrate in equations 3.1 and 3.2 below. 

 

        Anode:       H2                               2H+  +   2e-                                                   eqn 3.1 
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        Cathode:   2H+ + 2e-                            H2                                                                                        eqn 3.2 

 

 The MEA is also made in asymmetric mode such that the hydrogen evolving 

electrode is made relatively smaller (0.094 inch diameter) than the hydrogen source 

electrode (0.31 inch diameter). The smaller electrodes were used to ensure small amount 

of evolving gas can be produced within the limitation of current output of an ordinary 

electrochemical workstation. Figure 3.1 shows the modified version of the miniature cell 

and schematic representation of the cell in asymmetric mode. 

 

 

Figure 3.1. Schematic representation of miniature cell in an asymmetric mode (left) and 

photomicrograph of the miniature cell in operation (right). 

 

To show reproducibility with the MEA fabrication and this miniature cell, three 

independently prepared MEAs were fabricated. The MEAs were made without single 

layer graphene with two Nafion®-211 membranes discs sandwiched together with the 

electrodes using the hot press technique and were tested for hydrogen evolution reaction 

in asymmetric hydrogen pump cell. Figure 3.2 shows the polarization curves for the 

hydrogen evolution reaction (HER) for the three MEAs. 
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Figure 3.2 Polarization curves for HER for three independently prepared MEAs. 

 

 The cathode catalyst in the MEA was 0.03 mg cm-2 Pt on a microporous layer 

carbon cloth with 0.5 μL of 5 wt. % Nafion® solution and 4 mg cm-2 Pt on the anode with 

the addition of 3.5 μL of 5 wt. % Nafion® solution. Polarization curves were acquired at a 

scan rate of 20 mV s-1 between 0.3 to -0.15 V. The gases were humidified at both the 

anode and cathode at 30 °C (≈ 100 % RH).  Figure 3.2 shows expected polarization curve 

with near zero baseline at potential positive of zero and a rising cathodic current at 

potential negative of zero. The polarization curves for the three MEAs show high level of 

reproducibility achievable by this miniature cell. It also indicates good reproducibility  of 

the MEAs, validating a good MEA fabrication technique. The onset potential for the 
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three curves is somewhat identical at ≈ 0.05 V. It is interesting that the current density 

approaches 1.0 A cm-2 at modest bias voltage of just -150 mV. 

Similarly, for comparison, two MEAs were prepared one from Nafion®-212 

membrane (nominal thickness of 50.8 μm) and the other from two Nafion®-211 

membranes (each has nominal thickness of 25.4 μm). The results are presented in Figure 

3.3 for the hydrogen evolution reaction with very slight variation. The indistinguishable 

nature of the polarization curves from both MEAs indicates that the hot press technique 

produces a sandwich structures in which MEA made from one Nafion® membrane of 

certain nominal thickness is similar to the MEA made from two Nafion® membrane discs  

 

 

Figure 3.3. Polarization curves for HER on MEAs comparing effect of Nafion® nominal 

thickness. 

of identical nominal thickness.  
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This was done by boiling the membrane in 1.0 M H2SO4 and 1M D2SO4 for 1 hr 

and subsequently boiling in DI H2O and D2O with proper rinse to remove excess acid, 

respectively. Figure 3.4 presents results for a comparison of proton and deuteron 

transmission through an MEA without layer of graphene in an asymmetric mode 

configuration. Humidified hydrogen gas or deuterium gas was fed to the anode side from 

different humidifier bottles connected from the gas main line and humidified Ar gas was 

fed to the cathode at 30 °C, ≈ 100% RH. It is quite interesting to see that the I-V curves 

for the hydrogen evolution reaction (HER) and the deuterium evolution reaction (DER) 

are similar with slight variation though. The current density of the HER approaches 1.0 A 

cm-2 whereas DER is around 0.9 A cm-2 at a similar bias of -150 mV.  

 

 

Figure 3.4. Polarization curves for HER and DER in two similar MEAs but in different 

cationic forms (proton vs deuteron).  
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The similar polarization curves are expected owing to the fact that the solvated proton 

(H3O
+) and deuteron (D3O

+) have similar ionic conductivity and not very different 

masses.  The MEAs were pretreated to ensure they are in full proton form and deuteron 

form.  

           More importantly, the high kinetic facility for HER and DER through a Nafion® 

membrane with current density near 1.0 A cm-2 suggests proton / deuteron transmission 

through the Nafion® membrane may be occurring through the well-known Grotthuss 

mechanism113–122 otherwise known as ―hopping mechanism‖ as represented in Scheme 

3.1 below. In the Grotthuss mechanism, the protons (or deuterons) traverse the membrane 

through the formation of hydrogen-bonded clusters. A Proton (deuteron) hops from one 

water molecule to another through the water network formed by hydrogen bonding. 

 

 

Scheme 3.1. Models of Grotthuss mechanism for H+ (or D+) transport through Nafion® 

membrane in MEAs without graphene.  

 

 This hydrogen bond creates a path that shortens the distance between two oxygen 

atoms (O··· ·O) in the clusters and allows high proton mobility and thus enhances its 



 46 

migration through the Nafion® membrane matrix. The exchange of a hydrogen bond with 

a covalent bond in a solvated proton is the basis of the Grotthuss mechanism that 

facilitates high proton diffusion through an ionomer membrane. Although another 

mechanism such as the vehicle mechanism is possible for proton transport, this 

mechanism is thought to only occur when the membrane is becoming dehydrated. 

 Figure 3.5 shows very interesting results, in which the HER and DER were 

compared on MEAs with and without single-layer graphene. It is obvious from Figure 

3.5A that single-layer graphene has very little effect on proton transmission. On the other 

hand, in the Figure 3.5B, the deuteron transmission was significantly attenuated by 

single-layer graphene. This description of higher proton transmission through graphene 

than deuteron is represented in Figure 3.6. It is also important to mention that the proton 

transmission across single-layer graphene occurs at a very high rate (≈1.0 A cm-2) than  

was previously reported on a similar phenomenon but different device architecture and 

design.22,24 The bias voltage (-0.15 V) to obtain a rate of ≈1.0 A cm-2 is also smaller than 

the previously reported voltage.29 This finding is very important for applications that 

might benefit from using graphene as an ion filter such as a PEM fuel cell device or water 

electrolyser. The improved performance uncovered here might be due to how our device 

was fabricated in which single-layer graphene was positioned in between two Nafion® 

membrane disks. Previous studies have had cells in which the hydrogen evolving catalyst 

was decorated on the graphene layer placed on the surface of a Nafion® membrane. 
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Figure 3.5. Polarization curves on MEAs with and without single-layer graphene (A) 

HER and (B) DER 
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Figure 3.6. Schematic representation of attenuation of deuteron and proton through 

graphene. 
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3.2.2 Electrochemical Hydrogen / Deuterium Pump Cell in Symmetric Mode 

To better quantify the transport phenomenon of proton/ deuteron through single-

layer graphene, an electrochemical hydrogen / deuterium pump cell was configured in the 

symmetric mode from our miniature cell as shown in the Figure 3.7. The cell is 

symmetric such that humidified hydrogen gas or deuterium gas (at 30°C; ≈ 100% RH) is 

supplied to both the anode and the cathode. The MEA was also symmetric in which both 

the anode  

 

 

Figure 3.7. Schematic representation of miniature cell in symmetric mode (left) and 

photomicrograph of the miniature cell in operation with the heat tape (right). 

  

and the cathode have equal geometric size of 0.1875 inch diameter (0.4763 cm) and 

similar catalyst loading. The cathode and anode catalyst loading in the MEA was 0.3 mg 

cm-2 Pt on microporous layer carbon cloth respectively. An amount of one microliter of 5 

wt. % Nafion® solution was added to each of the electrodes which were allowed to dry at 

ambient conditions. Polarization curves were acquired at a scan rate of 1 mV s-1 at a ± 
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0.07 V bias. The miniature cell in this mode is the classic hydrogen / deuterium pump 

configuration.123 The overall cell potential in this configuration is zero. The response 

from such a cell gives linear current-voltage curve with zero current at zero potential 

from which ohmic resistance can be obtained.  

 Unlike the asymmetric hydrogen pump cell that involves non-linear I-V curves 

(Figure 3.5), the linear I-V curve in symmetric hydrogen pump cell makes estimation of 

resistance due to just graphene easy as it can be computed from the slope of the I-V 

curve. This determination is somewhat complicated in case of asymmetric hydrogen 

pump cell because the rising portion (close to the onset potential) of the curve contains 

contributions of membrane resistance and graphene ionic resistance and also from 

reduction of proton / deuteron charge-transfer resistance on the supported catalyst. 

Figures 3.8 and 3.9 present polarization curves from hydrogen / deuterium pump cell in a 

symmetric configuration from two sets of MEAs. The first set of MEAs are those where 

the Nafion® membranes have been converted to the fully protonated form (Figure 3.8), 

whereas the second set are MEAs in the deuterated form (Figure 3.9). From the I-V 

curves in Figure 3.8, the green linear curve is the electronic resistance (i.e. cell without 

MEA), the black curve represents the MEA with single Nafion®-211 membrane, and the 

red I-V curve represents the MEA with two Nafion®-211 membrane disks. The MEA 

with two Nafion®-211 membranes in which single-layer graphene has been sandwiched 

between these Nafion® disks is the blue color. The I-V curves for the deuterated MEAs in 

Figure 3.9 are similarly represented as discussed above. 
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 It is obvious from Figure 3.8 and 3.9 that the effect of doubling Nafion® 

membrane can be seen clearly (from black to red). However, the effect of graphene is 

more significant in the deuterium cell than in the hydrogen cell (from red curve to blue). 

This observation is in agreement with the asymmetric cell measurements (Figure 3.5). To 

estimate the ion transport resistance rate, quantitative data obtained from Figure 3.8 and 

3.9 are summarized in Table 3.1. The resistances obtained from the slopes of the curves 

were normalized to the geometric area of the electrode. The area-normalized resistances 

for both protons and deuterons were corrected by subtraction of the electronic resistance 

(i.e. cell without MEA that includes resistance due to graphite rod, O-ring, gas diffusion 

 

 

Figure 3.8. Symmetric hydrogen pump polarization curves 
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Figure 3.9. Symmetric deuterium pump polarization curves 

 

layer, and compression cell body). Following this correction, the area-normalized 

resistance due to just graphene can be obtained by simple subtraction of the resistance 

from the MEA with and without graphene as represented in Table 3.1.  

The graphene area-normalized resistances for the two ions (H+ and D+) were 

converted to graphene areal conductance by taking the reciprocal of the former. The 

obtained values for proton and deuteron transmission through graphene are 29 S cm-2 and 

2.1 S cm-2, respectively. The graphene areal conductance values for protons and 

deuterons obtained during this study shows that proton transmission across single-layer 

graphene is favorable over deuteron by a factor of 14. This value is similar to the reported 

value of ratio 1:11 in the literature but somewhat slightly larger than prior studies on 

related cells. It is also important to mention that the graphene areal conductance for 
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proton obtained in this work is 10,000 times larger than what was reported in the prior 

work studying similar phenomenon.24 

 

 

 

3.2.3 Confocal Raman Microscopy on Nafion | graphene | Nafion Composite 

 Raman spectroscopy is a powerful technique for the characterization of graphene 

signatures.124,125,134–143,126,144–153,127,154–163,128,164–167,129–133 The  confocal Raman 

microscopy facility at the University of Utah was used to investigate the quality of 

graphene transferred onto Nafion® membrane. The as-prepared Nafion® | graphene | 

Nafion® composites were probed for the buried graphene layers. Descriptions of the 

samples, measurements, and spectrometer are discussed in details in the methods section. 
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Figure 3.10 shows the confocal Raman spectra obtained for the Nafion® | graphene | 

Nafion® sandwich structure before the hot press step of the anode and the cathode 

electrodes to make the MEA. 
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Figure 3.10 Confocal Raman spectra of a Nafion® | graphene | Nafion® structure. 
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 In Raman spectroscopy, graphene usually shows two most important principle 

bands. The first band is designated as the G-band (1584 cm-1),168,169 which is an in-plane 

vibrational mode, and it involves the sp2 hybridized carbon atoms in graphene. The 

second band is the 2D band (2660 cm-1), which is an overtone of the D-band.136,170,171  

These two bands (G-band and 2D-band) are extremely indicative of the graphene layer. 

The presence of a third band, denoted as the D-band (around 1334 cm-1), indicates a ring 

breathing mode, which suggests a disorder or defect in graphene.172–175 The D-band is 

usually a weak signal in high-quality graphene. In Figure 3.10, the bottom spectrum 

(black color) represensts Raman signature of just Nafion® membrane which has no peak 

above 1400 cm-1. The blue, red, and navy-blue spectra represent various stages as the 

interrogation volume was stepped towards the graphene. The expected G and 2D peaks 

match well with the literature for single-layer graphene. The full width height maximum 

(fwhm) of the 2D peak as indicated in Figure 3.10 was estimated to be 31 cm-1. Also, the 

ratio of the intensities of G peak to 2D peak in the uppermost spectrum (navy-blue color) 

was ≈ 0.2. These values are in agreement with the literature for single-layer 

graphene.126,176,177 

With a closer look of Figure 3.10, it is reasonable to conclude that the graphene 

prepared in this sandwich structure is relatively free of defect. Although, this must not be 

over-emphasized because the Nafion® membrane also has peaks in this region (D-peak). 

However, absence of a strong D-peak is indicative of the absence of macroscopic defects 

in graphene, which would have resulted into a large D-peak. Thus, the graphene survived 
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the hot press technique used to make this Nafion® | graphene | Nafion® sandwich 

structure. 

 

3.2.4 Confocal Raman Microscopy on Electrolyzed MEAs 

 It is instructive to examine graphene Raman spectra after electrochemical 

characterization, i.e., when an ample of currents (well above 1.0 A cm-2) has been passed 

through it. Taking a heuristic approach, a special MEA was fabricated that incorporated 

the use of fiberglass as a guard to protect the graphene sandwiched between two Nafion®-

211 discs,  as shown in the Figure 3.11.  The use of fiberglass enabled easy separation of 

the anode and the cathode electrodes from the Nafion | graphene | Nafion sandwich 

structure. The graphene sample was analyzed for its Raman signature as described in 

Section 3.2.3. 

 

 

Figure 3.11 MEA fabricated for Raman spectroscopy analysis following electrolysis 

experiment. 
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Figure 3.12 shows the acquired confocal Raman spectra of the electrolyzed 

sampled compared to the sample before electrolysis (see also uppermost spectrum of 

Figure 3.10). It should be noted that the peaks below 1400 cm-1 are typical of Nafion® 

membrane‘s Raman signature and should be carefully interpreted for the presence of 

defects (i.e., D-peak). The observed peaks below 1400 cm-1 in an electrolyzed sample are 

similar to those obtained for Nafion® membrane alone (see bottom spectrum of Figure 

3.10, black color). It is obvious however that the peak positions (both G-peak and 2D-

peak) shifted when compared to the sample before electrolysis. For example, the G-peak 

shifted from  1584 cm-1 to 1603 cm-1 (hypsochromic shift) and the 2D-peak shifted from 

2660 cm-1 to 2654 cm-1 (bathochromic shift). 

 

 

Figure 3.12 Confocal Raman spectra of a Nafion® | graphene | Nafion® sanwich structure 

before and after electrolysis experiment. 
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 The shifting of peak positions could be a result of passage of ionic currents 

through the MEA through the graphene sheet. It is however interesting that the peaks of 

2D and G are consistent with the expectation for a single-layer graphene and that the 

passage of ionic currents did not create additional defect in graphene. For a more detailed 

comparison, Figure 3.13 shows the Raman spectra of the electrolyzed MEA in two 

different spots. The first spot was at the center of the MEA within the electrode area 

where high ion flux passed through the graphene sheet. The second spot was outside the 

electrode area but still within the area covered by the graphene sheet around the edge of 

MEA. Little or no ion flux is expected through this region. Interestingly, the graphene 

Raman spectra from both areas are almost identical which suggest that ion flux through 

graphene did not create additional defect and that the ion transmission through graphene 

must be occuring through hexagonal graphene hollow sites. 
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Figure 3.13. Confocal Raman spectra of Nafion® | graphene | Nafion® structure on 

electrolyzed MEA at different regions. 

 

3.2.5 Silver/ Silver-Chloride Cells 

 Conventional knowledge suggests that single-layer of pristine graphene should 

block the transport of all ions, molecules, and even atoms except thermal protons due to 

the high energy barrier required for such transmission to occcur. The graphene used 

during this work was prepared through the CVD method on a metal substrate (Cu). 

Investigating how ions other than protons traverse a graphene sheet is important to 

understand the origin of high proton transmission observed in this study for the HER. The 
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miniature PEM cell used was re-modified to study the transport of other cationst as 

shown in Figure 3.14. The graphite rod was attached to a Ag disk electrode and the 

surface was converted to Ag-AgCl by a brief anodization in a solution of 0.1 M HCl. The 

Nafion® | graphene | Nafion® sandwich structures were converted to each ion studied and 

were placed within microporous filter papers. The microporous filter papers were soaked 

in their respective electrolytes prior to use. 

From Figures 3.15A (for potassium ion) and 3.15B (for proton), it can be seen 

that proton and potassium ions transmit through the Nafion® membrane with no 

pronounced observable selectivity. However, with single-layer graphene in the MEAs, 

potassium ions were a lot more attenuated as compared to protons which are similar 

either with or without graphene. Single-layer graphene almost completely blocks the 

transport of K+ while allowing high proton transmission through it.  

 

          
Figure 3.14. Cell representation used for cation measurement in Nafion®/graphene 
sample 
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Figure 3.15 Polarization curves for aqueous solution of ion transport in Ag-AgCl PEM 

style cell (A) K+ and (B) H+ 

 

Similarly, other ions (Na+, Li+ and NH4
+)  were investigated as shown in Figure 

3.16 below. Again, Na+, Li+, and NH4
+ were largely attenuated by graphene, although not 

totally blocked.This shows that CVD graphene may not be a perfect barrier. But, it is 

interesting to see that transport of ions other than the proton through graphene is 

infinitesimal, which indicates that rare defects may be resposnible for the observed very 

low ion transport in other cations.  
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Figure 3.16. Polarization curves for aqueous ion transport in Ag-AgCl PEM style cell: 

(A) Na+, (B) Li+, and (C) NH4
+ 

 

3.2.6  The Electrochemical Model for Proton Transport 

The observed high proton transmission through graphene could mean that protons 

traverse the hexagonal hollow graphene structure. An electrochemical model was 

proposed that accounts for the observed proton transport rate through the graphene sites. 

Such a model is useful in understanding the role of activation energy on the rate of 

proton/deuteron transport across graphene sandwich structures.  A regular hexagonal 
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graphene structure with a carbon-carbon bond distance of 0.142 nm, will have a 

geometric area of 5.24 Å2 (5.24 x 10-16 cm2) in each hollow site. The graphene area-

normalized resistances for protons (34 mΩ cm2) and deuterons (467 mΩ cm2) in Table 

3.1 correspond to a per site proton-/ deuteron- transfer resistance of  65 x 1012 Ω and 891 

x 1012 Ω respectively. The obtained per site transfer resistances for both the proton and 

the deuteron can be considered as charge-transfer resistances using the well-known 

Butler-Volmer equation below. 

 

                                                  - 
]                              eqn 3.3 

                               

where i = the net current, i0 = the exchange current, α = transfer coefficient, f is a term 

that corresponds to F/RT (F = Faraday‘s constant, R = gas constant and T = absolute 

temperature), and ƞ = overpotential.  

From the above equation 3.3, if the overpotential (ƞ) is sufficiently small and it 

was the case for the electrode kinetics that involves hydrogen oxidation and reduction 

reactions. The electrode process for hydrogen oxidation / reduction is usually facile and 

the activation overpotential is always small. Hence, the equation 3.3 above can be 

approximated to give equation 3.4 below: 

                                                                                                          eqn 3.4 

This equation shows that the net current is related linearly to the overpotential, which is 

usually observed in the symmetric experiment described above. The ratio (-ƞ/i) has the 
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same unit as resistance and is usually called charge transfer resistance (Rct). By re-writing 

the equation 3.4 above, one can obtain the equation 3.5 below: 

                                                                                                               eqn 3.5 

Parameter Rct is an index that illustrates the kinetic facility of electrode process. Equation 

3.5 can then be expressed as equation 3.6 below. Recall, that Q (charge) = current (i) x 

time (s), 

                                                                                                 eqn 3.6 

where e = charge on proton per site, and krxn = first-order rate constant for proton transfer 

per site (that has unit per second). By substituting proton (or deuteron) per site transfer 

resistance into equation 3.5, charge-transfer resistance (Rct) can be obtained. 

Consequently, equation 3.6 can be solved to determine the first-order rate constant for 

both the proton and the deuteron which are ≈ 2500 and ≈ 180 s-1, respectively. 

 

3.3 MATERIALS AND METHODS 

3.3.1 Materials 

 Chemical vapor deposition (CVD) single-layer graphene on Cu was purchased 

from ACS Material LLC. Nafion®-211, carbon cloth electrodes, and gas diffusion layer 

(GDL) were purchased from The Fuel Cell Store. High purity hydrogen gas and research 

grade deuterium gas were provided from large cylinders and connected to the test station 

through humidifier bottles. Ammonium persulfate was purchased from Beantown 

Chemical. Deionized water was used throughout the experiment. 
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3.3.2 Fabrication and Transfer Technique of Single-Layer Graphene onto Membrane 

 Figure 3.17 shows various stages of transfer of single-layer graphene onto 

Nafion® membrane. First, the CVD graphene on Cu substrate was hot pressed onto 

Nafion® membrane supported with PTFE reinforced fiberglass (Figure 3.17A). This was 

 

 

Figure 3.17. Photomicrographs of various stages of single layer graphene transfer onto 

Nafion® disk 

 

followed by immersion in a solution of 0.3 M ammonium persulfate (etchant) . Figure 

3.17B shows the bubbles as the etchant removes the adlayer Cu. The graphene that had 

been transferred onto Nafion® disk is unaffected by this treatment. Figure 3.17C shows 

clearly the region of graphene on Nafion®  membrane with wrinkles due to absorbed 

moiture. A dried sample obtained afterwards is shown in the Figure 3.17D prior to 

making the MEA.     
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3.3.3 Fabrication of Nafion® | graphene | Nafion® Sandwich Structure MEAs     

 Figure 3.18 presents the schematic representation of the transfer and making of 

Nafion® | graphene | Nafion® sandwich structures and the application of carbon-cloth 

electrodes.    

         

 

Figure 3.18. Making of Nafion® | graphene | Nafion® sandwich structures MEA. 

 

The first three steps in Figure 3.18 illustrate what was described in Section 3.3.2. 

Moving from that step, a second piece of Nafion® disk was hot pressed to make the 

sandwich structure together with Pt on carbon-cloth electrodes. For the asymmetric 
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electrochemical hydrogen pump (HER and DER), the anode catalyst was 5/16 inch 

diameter carbon cloth containing 4 mg cm-2 Pt and the cathode was 3/32 inch diameter 

carbon cloth containing 0.03 mg cm-2 Pt. Prior to hot pressing the carbon-cloth electrodes, 

0.5 μL of Nafion® solution 5 wt. % was coated on the cathode catalyst surface and 3.5 μL 

of the same solution on the anode electrode. This was necessary to ensure proper 

interfacial contact between the electrode catalyst layers and the Nafion® membrane. The 

cathode in the MEA is smaller than the anode electrode to avoid edge effect during 

electrochemical measurements. The size of the Nafion®-211 membrane used was 3/4 inch 

diameter. For the symmetric electrochemical hydrogen pump experiments, the anode and 

cathode electrodes were of the same size, 3/16 inch diameter carbon cloth electrode 

containing 1 μL Nafion® solution (taken from 5 wt. % Nafion® solution bottle). The 

whole assembly was hot pressed together as shown in the Figure 3.18 using the Carver 

hot press (model No 3851-0) for 5 min at 140 °C, 600 lbf (2.67 kN). 

 

3.3.3 Cell Assembly and Testing 

The cell assembly and components are similar to the miniaturized cell described 

in Section 2.2.1.  The major different is the cell body is ¾ inch diameter. Also, the 

graphite rods are 5/8 inch diameter with two holes (1/8 inch diameter) bored through the 

rods. The cell testing was conducted in two modes. The first mode is the asymmetric 

configuration in which the anode was bathed with humidified hydrogen or deuterium gas, 

while the cathode was bathed argon gas. For the symmetric hydrogen / deuterium pump 

mode, both the anode and the cathode compartments were bathed with humidified 
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hydrogen or deuterium gas. All gases were humidified at 30 oC. The polarization curves 

were acquired using cyclic voltammetry (scan rate 5 mV s-1) in asymmetric mode and 

linear sweep voltammetry (scan rate 1 mV s-1) in symmetric mode.  All electrochemical 

experiments were performed on electrochemical analyzer CH Instruments (model No 

CHI 1140B). 

 

3.3.4 Raman microscopy/spectroscopy 

Confocal Raman microscopy experiments were performed using a facility at the 

University of Utah. The details of operation  are given in the reference 178. In brief, 

Raman scattering excitation was acquired using a monochromatic diode laser at 638 nm 

(Innovative Photonic Solutions, Monmouth Junction, NJ). The optical power of the laser 

was filtered and was allowed to fill an oil immersion objective (Nikon, Plan APO VC). 

The oil immersion objective was mounted on an inverted fluorescence microscopy frame 

(Nikon Eclipse TE-200). From this objective, the laser beam was directed through an 

immersion-oil coupled coverslip and was made to focus within the Nafion® membrane 

sandwich structure just a little below where the graphene was located at the center of the 

membrane sandwich (ca. 20 μm above the coverslip). The probe volume was scanned 

slowly until the graphene peaks became evident. 

 

3.4 CONCLUSIONS 

In summary, proton transmission through single-layer CVD graphene was demonstrated 

to occur at a high rate in a Nafion® | graphene | Nafion® sandwich structure. The proton 
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transmission through graphene was much faster than deuteron with a selectivity factor of 

14. The higher proton transmission observed in this study might reflect better cell 

assembly, design and improved interfacial contact between the graphene carbon network 

and protogenic group of the perfluorosulfonic acid (PFSA) ionomer membrane. This 

exciting observation might suggest good prospects for electrochemical devices such as 

fuel cells and electrolyzers that operate at higher current densities that will make use of 

the exciting properties of graphene‘s subatomic selectivity. 
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CHAPTER FOUR 

ARRHENIUS ANALYSIS FOR PROTON / DEUTERON TRANSMISSION 

THROUGH GRAPHENE 

4.0 SYNOPSIS 

The work described in this chapter has been published in Elsevier Journal of the 

Electrochimica Acta with the following bibliographical details, Electrochimica Acta 

Volume 296, 10 February 2019, Pages 1-7. It involves measurement of proton and 

deuteron transmission rates across single-layer graphene as a function of temperature. An 

electrochemical model based on charge-transfer resistance was invoked to estimate 

standard heterogeneous ion-transfer rate constants. An encounter pre-equilibrium model 

for ion-transfer step was used to estimate rate constants which provide values for 

activation energies and exponential pre-factors for proton (or deuteron) transmission 

across graphene. 

 

4.1 INTRODUCTION 

 Micro-mechanically exfoliated graphene in its pristine form has long been 

described as an impermeable 2D material.17,179–181 The smallest molecule such as 

hydrogen and monatomic helium gas with Van der Waal radii of 0.314 and 0.28 nm 

respectively cannot traverse pristine graphene huge electron cloud. Hu and co-workers24 

in their work demonstrated a lack of detection of helium when a positive bias or no bias 

was applied to Pt decorated graphene electrode that faces vacuum chamber equipped with 

https://www.sciencedirect.com/science/journal/00134686
https://www.sciencedirect.com/science/journal/00134686/296/supp/C
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a mass spectrometer. Proton however, being a nuclear particle with no accompanied 

electron cloud may at least pierce through the dense graphene electron cloud. 

Recent experimental findings have established high proton transmission across 

single-layer graphene despite this conventional understanding of impermeability of 

graphene electron cloud.15,16,22,24,182–185 It is important to mention also, that deuteron 

transmission does occur but at a much slower rate when compared to that of proton. The 

theoretical prediction of activation energy (1.2-2.2 eV) from computational studies186–193 

would mean near-zero proton transmission across single-layer graphene at room 

temperature, otherwise, the activation energy must be smaller than the predicted value for 

such transmission to occur. One possibility for such occurrence is proton transmission 

through graphene hexagonal hollow site. Another possibility is the transmission through 

rare scale-atomic defect sites that are undetected by spectroscopic methods.194,195 If the 

latter is the case, the defects must be rare enough that will support high proton 

transmission with pronounced selectivity to deuteron and at the same prevent other large 

ion species from going through it. 

 Hydrogenated defect or hydroxylated defect sites were also reported by Achtyl 

and co-workers183 for possible high proton transmission through graphene. Other atoms 

placement defects that are equally observed that can contribute to ion transmission across 

graphene are the point defects (such as Stone-Wales defect or vacancy defect) or line 

defects (such as gain boundary or edge defect).158,196,197 The actual mechanism of high 

proton transmission across graphene will continue to be a topic of debate and will require 

further research efforts. The aforenoted notion that proton transmission occurs through 
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graphene without any structural defect will be fascinating. This is because it will change 

the previous understanding that the graphene and related 2D materials are impenetrable 

materials. 

In order to understand the mechanism by which high proton flux occurs through 

single-layer graphene, we used our miniaturized electrochemical cell in a symmetric 

hydrogen pump configuration. Electrochemical symmetric hydrogen pump has been 

discussed in chapter three of this dissertation.16 It generally, consists of platinum catalysts 

layer on carbon cloth electrode for both the anode and the cathode of the same size and 

catalyst loading. The electrodes are then hot pressed with perflourosulfonic acid ionomer 

membranes with and without single-layer graphene. Hydrogen oxidation occurs at the 

anode and reduction reaction takes place at the cathode using a slow scan linear sweep 

voltammetry. From the slope of the I-V curves, the resistance due to ion transport is then 

estimated. It was demonstrated in chapter three that high proton transmission (in excess 

of 1.0 A cm-2) through graphene occurs at very small applied bias (< 200 mV). This 

observed high proton transmission requires estimation of activation energy to understand 

the fundamental ion transmission step across the graphene.  

 As a result, variable temperature measurements were conducted in a thermal cell 

version of electrochemical miniaturized cell for proton and deuteron transmission through 

single-layer graphene. The graphene-based MEAs were prepared as sandwich 

composites. The obtained symmetric I-V curves were analyzed to estimate the ion 

transfer resistance and interpreted through a model that considers proton (or deuteron) 

transport through graphene as an interfacial charge-transfer resistance. This charge-
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transfer resistance may be described as heterogeneous rate constant and first-order rate 

constant by the application of this electrochemical model. Overall, the analysis provides 

values for activation energies and exponential pre-factors for both proton and deuteron 

across single-layer graphene. The treatment described here provides mechanistic insights 

into which reaction pathways are involved for hydrons transmission through single-layer 

graphene.  

 

4.2 EXPERIMENTAL 

4.2.1 Materials 

Nafion®-211 (25.4 μm) PFSA membrane was purchased from Fuel Cell Store and were 

converted to proton or deuteron form before use. CVD Single-layer graphene on Cu was 

purchased from ACS Materials LLC. The anode and the cathode electrode catalysts (0.3 

mg cm-2Pt on carbon cloth) were obtained from Fuel Cell Store. Ammonium 

peroxydisulfate (APS) was purchased from Beantown Chemicals. Deuterium gas 

(research grade) and hydrogen gas (Ultra high purity-200) were purchased from Air gas 

in small cylinder and large cylinder respectively, and then connected through the gas line 

to the flow meter (from Dwyer). Gas humidification was achieved by connecting the gas 

from the Dwyer rotameter to humidifier bottles maintained at set temperature (30-60oC). 

 

4.2.2 Cell Design and Fabrication 

The cell design is similar to the miniaturized cell described in chapter three. The major 

differences are illustrated below. The cell body used for variable temperature studies was 
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made from stainless steel. The cell body is ¾ inch diameter. The current collectors are 

made from titanium rods of size 5/8 inch diameter. Two holes (1/8 inch diameter each) 

were bored through the center of the rods for gas entry and exit. The gas diffusion layers 

are platinized and unplatinized titanium mesh. A thermocouple was mounted onto the cell 

body which was wrapped around with the heat tape to control and monitor the cell 

temperature. Another thermocouple is occasionally inserted into the inner cell body to 

monitor the temperature where MEA is located. Humidified hydrogen or deuterium gas is 

supplied to the cell at different set temperature (30-60oC). Figure 4.1 shows the 

description of the cell and the cell in operation in a symmetric mode. 

 

 

Figure 4.1. (A) Schematic representation and (B) cell in operation for variable 

temperature in symmetric mode. 
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4.2.3 Membrane Electrode Assembly Fabrication 

Prior to making MEA, single-layer graphene was transferred to Nafion® membrane 

similar to the transfer technique described in chapter 3 and as shown in the Figure 4.2. 

First, 4.0 cm2 CVD graphene on Cu was cut from a large CVD graphene sample, a thin 

layer of Nafion® solution (3.5 μL from 5 wt. % Nafion® solution) was coated on the 

surface of graphene on Cu and was allowed to dry at ambient condition. Thereafter, the 

CVD graphene was placed on Nafion® -211 membrane supported by a fiberglass and hot 

pressed for 2 min at 600 lbf, 140 oC.  0.3 M (NH4)2S2O8 was used to etch out the 

underlying Cu overnight. The second disk of Nafion® membrane was then hot pressed at 

the same condition as above. This step may sometime be combined with the application 

of 0.3 mg cm-2 Pt carbon cloth electrodes to make the MEA at the said hot press 

conditions but over a period of 5 min. 

 

 

Figure 4.2. Fabrication of Nafion® | graphene | Nafion® sandwich and the making of 

MEA. 
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4.2.4 Electrochemical characterization 

 Variable temperature measurements were performed in a symmetric mode where 

both the anode and the cathode were bathed with humidified hydrogen or deuterium gas. 

The temperatures of the cell and humidifier bottle were varied from 30 to 60oC. The 

MEAs were converted to their respective ionic forms (H+ or D+) by boiling in H2SO4 / 

H2O and D2SO4 / D2O. Two independently prepared MEAs were tested at each set 

temperature for both proton and deuteron. The polarization curves were acquired using a 

linear sweep voltammetry with a scan rate of 1 mV s-1. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Variable Temperature Measurement 

 The polarization curves for proton and deuteron transmission through graphene at 

variable temperature are presented in the Figures 4.3 and 4.4 respectively. All the 

polarization curves for MEAs with no graphene for proton and deuteron were 

characterized in duplicate runs on independently prepared MEAs. This was also the case 

for MEAs with graphene as indicated in the figure at the indicated temperature. As can be 

seen from the Figures 4.3 (A, B) and 4.4 (A, B) for MEAs with no graphene, the proton 

and deuteron transmission through Nafion® membranes are quite similar on the current 

axes though deuteron being slightly lower as compared to proton. This observation is 

consistent to the fact that proton and deuteron are solvated and are transported through 

the water clusters channel as discussed in Chapter Three.198,199 Also, the molar masses of 
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both are quite similar compare H3O
+ to D3O

+. Deuteron being heavier would be expected 

to transmit slower as compared to proton. 

 

Figure 4.3. I-V curves for proton transmission in symmetric cell at variable temperature 

(A, B) MEAs with no graphene and (C, D) MEAs with graphene 
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More importantly, proton transmission occurs at a high rate considering the absolute 

current of ≈ 40 mA at just bias of ± 30.0 mV. 

 

Figure 4.4. I-V curves for deuteron transmission in symmetric cell at variable temperature 

(A, B) MEAs with no graphene and (C, D) MEAs with graphene 

  

Interestingly, when compared the same Figures 4.3 (C, D) and 4.4 (C, D) for 

MEAs with graphene, it is easy to see that the I-V curves increase with increase in 
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temperature consistent with the notion that proton transmission through graphene is a 

thermally activated process.24,200,201 More striking though is the fact that deuteron is a lot 

attenuated when compared to proton at each temperature. This can be seen from the 

comparison of the absolute current axes of Figures 4.3 and 4.4.  From the slopes of all of 

these curves, the resistance due to proton or deuteron transmission can be computed as 

presented in Table 4.1 and 4.2, respectively. 
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4.3.2 Charge-Transfer Resistance Model 

The measured resistances for proton and deuteron in MEAs with and without 

graphene can be further analyzed. The average resistance at each temperature for each ion 

with and without graphene can be subtracted to get resistance due to just graphene. The 

obtained resistance data can be normalized by multiplication with the geometric area of 

the MEA to give area normalized resistance. Uncertainties in the measurement are 

calculated for the MEAs with and without graphene for proton and deuteron. These 

uncertainties are quite low overall for proton transmission just through Nafion® 

membrane but a little bit more for deuteron. They are however, a bit more for MEAs with 

graphene regardless of the ions. This might be as a result of contamination of D2O in H2O 

and vice versa. Overall the relative uncertainty is quite small for MEAs in cell without 

graphene (less than 5%) and is less than 20 % for MEAs with graphene. Table 4.3 shows 

the average resistance and uncertainties in the measurements with other analyses of the 

measured resistance data. 
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 The calculated area normalized resistance due to just graphene for proton or 

deuteron can be considered as area normalized charge-transfer resistance using equation  

4.1. The charge-transfer resistance can then be expressed as exchange current density 

using the right hand side of equation 4.1. 

                                                                                                                                   eqn 4.1 

 

Where RCT = area normalized charge-transfer resistance, Δi/Δ𝛈 is the slope of the 

symmetric curve; io= exchange current density; F= Faraday constant, R= Gas constant 

and T= Temperature. From the equation 4.2, the exchange current density can be 

conveniently expressed as the standard heterogeneous ion-transfer rate constant (ko, cm s-

1), which is a measure of kinetic facility of electrochemical reaction 202. 

                                                                                     eqn 4.2 

Where CH
+ = concentration of proton or deuteron of the ionic group of Nafion® 

membrane at the interface between graphene and membrane. This value can be obtained 

by considering the ion-exchange capacity of Nafion® membrane (0.91 meq/g for 1100 

EW series) and then multiplied with the specific gravity of Nafion membrane taken from 

the literature value (1.77 g cm-3).198,199 The obtained ko in Table 4.3 for both proton and 

deuteron can be further expressed as the first-order rate constant (kPT, s-1) using the 

equation 4.3 below.204–209              

                                       eqn 4.3 

       

 

io = Fk
o
CH

+
 

k
o
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where KP = equilibrium constant for the precursor complex where ion transfer occur at 

the interface between the Nafion membrane and graphene, δ = the thickness of the layer 

at the interface of Nafion and graphene where reaction occurs (taken to be 1.0 Å), WP = 

average energy required to transfer ion (proton or deuteron) from the bulk of Nafion® 

membrane to the interface between the Nafion® membrane and the graphene (this is taken 

be zero). Applying this equation yields values for first-order ion-exchange rate constants 

for proton and deuteron listed in the last column of Table 4.3. 

 

4.3.3 Arrhenius Analysis of ion transmission 

Further analysis of variable temperature data in Table 4.3, by plotting the natural 

logarithm of first-order rate constant against the inverse of temperature yielded Arrhenius 

plots presented in Figures 4.5 for proton and 4.6 for deuteron transmission across single-

layer graphene. These plots are linear over the range of temperature studied indicating 

that proton and deuteron transmission through graphene is a thermally-activated process. 

Activation energies and pre-exponential frequency factors for proton and deuteron can be 

computed from the slope of the curves from Figure 4.5 and 4.6 respectively. These values 

are presented in Table 4.4. The activation energy values obtained during this work are 

somewhat lower than those reported in the literature on a similar phenomenon for proton 

and deuteron (0.78 ± 0.03 eV) 24. The lower activation energy values we obtained are in 

agreement with our observation of high proton transmission across single-layer graphene 

at near ambient temperature and are much lower than the values (above 1.0 eV) predicted 

theoretically by computational studies.100,195,218–224,210–217 The disagreement between the 
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theory and the experimental data at this time remains unsolved and will continue to be the 

topic of debate and further research. 

 

Figure 4.5. Arrhenius plot for proton transport through single-layer graphene 

The difference in calculated activation energy values between proton and 

deuteron was 50 meV (5 kJ mol-1). This value is reasonable compared to the expectation 

of 50-60 meV for the difference in vibrational zero-point energy which is responsible for 

kinetic isotope effect usually observed between proton and deuteron in chemical 

reactions.214–218 The observed difference in transmission rates for proton and deuteron 

across single-layer graphene is caused as a result of difference in activation energy. The 
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obtained 50 meV during this work is in agreement with the literature value (60 meV) 

reported on a similar studies on a micro-fabricated devices 24. 

 

Figure 4.6 Arrhenius plot for deuteron transport through single-layer graphene 
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 The pre-exponential factors given in the Table 4.4 are reasonable for proton and 

deuteron transmission through single-layer graphene based on the rate model adopted for 

the interpretation of areal normalized resistances obtained from symmetric H/D pump 

experiments. In theory, Eyring-Polanyi equation predicted that the pre-factor for a 

thermally-activated process should be on the order of kkBT/h.230–232 In this term, k is the 

transmission coefficient, kB Boltzmann constant, h Planck‘s constant which relates the 

energy carried by a photon to its frequency and T is temperature. At ambient temperature, 

the value predicted by Eyring-Polanyi for the pre-factor should be 6.2 x 1012 s-1. 

Although, the values in the Table 4.4 are somewhat higher than the value predicted by 

theory which may suggest that the thermally activated process for proton and deuteron 

transmission through single-layer graphene may assume transmission coefficient near 

unity and may be adiabatic. This means at the activated complex, the reacting species at 

the intermediate cross the energy barrier to form product with a high probability. 

 The difference in frequency factors between proton and deuteron was not 

predicted by Eyring equation. However, the vibrational frequencies for oxygen-hydrogen 

and oxygen-deuterium bonds may be considered to gain insights into the difference of 

two pre-factors. Both the symmetric and asymmetric O-H stretching and symmetric and 

asymmetric O-D stretching of the vibrational modes (which are infrared active) occur at 

3400-3600 cm-1 and 2500-2600 cm-1 respectively.233–239 By converting these vibrational 

frequencies in units of s-1 by multiplying it with the speed of light (c = 3.0 x 1010 cm s-1) 

yields 1.0 x 1014 s-1 for O-H bond and 7.5 x 1013 s-1 for O-D bond. These obtained 

vibrational frequencies are similar in order of magnitude to those estimated from 
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symmetric H / D pump experimental data presented as pre-factors in Table 4.4. This 

result may suggest that the proton and deuteron transmission across single-layer graphene 

may proceed with reaction pathway such that bond stretching (O-H or O-D) is strongly 

involved. The slight higher value of the vibrational frequencies for O-H and O-D bonds 

than those values of pre-exponential factors might indicate contribution of other modes of 

vibration to the former aside bond stretching (such as rotation or bending). The ratio of 

O-H and O-D vibrational frequencies of 1.3 and that of pre-factors of 1.8 are in good 

agreement for proton and deuteron transmission through single-layer graphene.240 

 Figure 4.7 presents the proposed reaction coordinates for proton and deuteron 

transmission through single-layer graphene. Nearly the same activated complex for both 

proton and deuteron suggest that O-H and O-D bond breaking is the determining factor 

for the observed difference in the activation energy and must be broken before 

transmission occurs. This bond breaking along the reaction coordinates at the transition 

state has been the root cause for the well-known kinetic isotope effect. 
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Figure 4.7 Reaction coordinates for proton/deuteron transmission across graphene 

 

4.4 Conclusions 

 In summary, we have demonstrated through variable temperature measurement in 

a symmetric cell the estimation of activation energy and pre-factors for proton and 

deuteron transmission through single-layer graphene. The work described here will 

provide input into an ongoing computational and experimental research efforts in 

understanding the mechanism and nature of active sites by which proton transmit through 

graphene. The obtained activation energy values are relatively low which may suggest 

high proton transmission confirming prior work. Overall, the data support a model that 

proton and deuteron transmission through single-layer graphene are largely adiabatic and 

that the selectivity between proton and deuteron is due to the difference in activation 

energies  
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CHAPTER FIVE 

AQUEOUS ION TRANSPORT THROUGH GRAPHENE 

5.0 SYNOPSIS 

The work described in this chapter has been published in American Chemical 

Society (ACS) Journal with the following bibliographical details ACS Appl. Nano Mater., 

Volume 2, issue. 2, (2019), Pg. 964-974. It involves measurement of proton, deuteron 

transmission and other alkali cations including NH4
+ in aqueous electrolytes through 

graphene using a DC technique in four-point probe configuration and electrochemical 

impedance spectroscopy. Proton transmission through graphene was found to be at least 

more than 100 times faster than for any other cation. Detailed characterization studies 

including confocal Raman spectroscopy, X-ray photoelectron spectroscopy for graphene 

on Nafion membrane, and defect visualization on chemical vapor deposition graphene on 

Cu were studied. 

 

5.1 INTRODUCTION 

 Monolayer 2D graphene initially conceived to be impermeable to atoms, 

molecules, and ions was recently demonstrated to show ionic conductance for thermal 

proton and deuteron.14,16,22,24  Latest research finding has shown that not only is this 

phenomenon possible but it can occur at a rate higher than we previously thought.16,185,241  

These exciting research findings suggest that 2D graphene-based and non-graphene based 

2D materials may be considered for the next generation separation technologies. The 

prevention of fuel crossover in fuel cell technologies,242–251 hydrogen isotope 
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fractionation in nuclear waste treatment, gas purification, wastewater treatment, 

desalination, and salt splitting are a few examples of fast-growing research areas that 

would benefit immensely from graphene. 

Since in real application, a large area of graphene will be in contact with the 

electrolyte solution containing different ions,252 it is essential to investigate the 

permselectivity of graphene toward other aqueous ions in addition to proton and 

deuteron, as well as to assess the overall quality of graphene.   2D materials are 

atomically thin and their selectivity comes from the active sites where permeation 

through the electron cloud occurs.241 They are however different from the conventional 

polymer-based separators in which their selectivity is only a thin bulk of polymer layer 

accessible to permeant ions (e.g. Nafion® membrane, membrane for reverse osmosis for 

water desalination). These polymers do support low ion flux especially for the relatively 

thick membrane.  Much higher flux will be beneficial to the state-of-the-art devices that 

require membrane to achieve better ionic separation. The ultra-thin 2D material such as 

graphene will be suitable to provide much needed higher flux with improved selectivity. 

Some recent findings on the application of graphene for such purpose have been 

demonstrated at the laboratory scale. 14,188, 241 

 The use of graphene for ion transmission when driven by a bias (electrical 

potential) is of great importance to several applications highlighted above.91,253,262, 254–261 

Previous studies conducted on graphene and related 2D materials were often involved 

free-standing graphene suspended over a nanopore (e.g. nanofabricated SiN).263 

Transmembrane potential difference is sensed when electrical potential is applied across 
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the layer of graphene separating aqueous electrolytes containing cations of interest. Ion 

flux can be improved by artificially creating nanosize defects into graphene such as the 

use of ion plasma, electron or ion beams. Study on proton transmission through graphene 

unlike other ions is unique because in an aqueous environment, proton is highly solvated. 

Exceptionally high proton transmission occurs through the extended water clusters 

through a channel that involves hydrogen bonding via a well-known Grotthuss 

mechanism or vehicular mechanism.117,119,120,264–267 This is in contrary to other ions that 

transmit through vehicle mechanisms (see chapter three for the discussion on the 

mechanism).268–270 Although, high proton transmission through single-layer graphene has 

been experimentally demonstrated, the actual mechanism for which that takes place is 

still uncertain. This will require further research work. Possibilities include transmission 

through the graphene hexagonal hollow structure, or through defects sites that are rare 

enough which are not easily detectable spectroscopically. Proton tunneling is another 

possibility. 

 Unlike electrochemical hydrogen pumping or deuterium pumping that studies 

transport phenomenon of only proton or deuteron in a gas-adapted cell,16,123,185 the 

method described here is a convenient technique to study the proton or deuteron 

transport, and also transport of alkali cations and ammonium ion. In this work, we have 

studied a wide range of ions transmission through graphene, all studied in a similar test 

environment. This will particularly be useful because it would show the selectivity of 

graphene for ion transport without unnecessary limitation from the cell design and testing 

that might affect one measurement from the other. All membrane composites, with and 
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without graphene, were characterized using two-probe electrochemical impedance 

spectroscopy (EIS) and a customized Devanathan-Stachurski electrochemical cell (D-S 

cell) in a four-probe electrode configuration measurement. 

We have elected to study the transport phenomenon of aqueous ions (H+, D+, Li+, 

Na+, K+, Rb+, Cs+, and NH4
+) through graphene transferred onto a perfluorinated 

sulfonic-acid (PFSA) ionomer membrane in a Nafion® | graphene | Nafion® composite. 

Following the same transfer protocol to make Nafion® | graphene | Nafion®, we modified 

the composite to include polyethylene terephthalate with the aim to rule out the 

contribution of the Nafion® membrane towards the ionic transport. This research study 

was undertaken to investigate how aqueous ions traverse the energy barrier posed by 

CVD graphene.  In four point-probe (DC) measurement, a pair of platinum electrodes 

(drives electrodes) drive ions through graphene and a pair of Ag-AgCl reference 

electrodes (sense electrodes) in Luggin-capillaries sense the transmembrane potential 

difference induced by the ion flow. This method is attractive because it does not involve 

any electrode reactions. So any membrane and any electrolyte can be used to accomplish 

measurement. Ion concentration was kept low to avoid contribution from counter ions or 

Donnan failure.271–274 

Similarly, electrochemical impedance spectroscopy (EIS) in two point-probe 

configuration was also used to examine ion transport through graphene in samples 

prepared as MEAs. Research studies over the last few decades have been conducted using 

high-frequency AC impedance to study the proton transport / conductivity in PFSA 

membranes.252,275,284–286,276–283 The unambiguity and good reproducibility of estimating 
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membrane proton conductivity from the real part of impedance, Zreal (ohms) at high 

frequency when a small amplitude voltage, AC modulation is applied to the cell makes 

this technique attractive. Both the EIS and DC techniques276, 287–295 have been explored 

for proton and few alkali cations (Li+, Na+, and K+) conductivities measurements in 

PFSA membranes.  While these two methods (AC impedance and DC) are reliable 

techniques to study ions transport phenomenon in PFSA membranes, wide variations in 

the reported conductivities, even for proton, have been attributed to factors that have 

direct influences on the membrane.287 These factors include but are not limited to water 

uptake of the membrane, temperature, membrane handling, and pretreatment, electrolyte 

concentration (counter-ion effect), experimental technique and cell design.284 The use of 

DC technique using linear sweep voltammetry (LSV) to measure through-thickness 

resistances of ions transport in membranes with and without graphene reveals high 

selectivity factor between a proton and a deuteron. The transmission rate for protons is 

also significantly higher as compared to other alkali cations and ammonium ion. 

Following correction from the contribution of background resistances, proton transport 

through single-layer graphene occurs at a high rate, in agreement with the previous 

report.  The proton transmission rate was however significantly higher as compared to 

other alkali cations (Li+, Na+, K+, Rb+, and Cs+), and NH4
+. Also, the ratio of proton 

conductance to deuteron in aqueous electrolytes through single-layer graphene was ca. 

12:1. This value is in good agreement with values reported for gas-phase studies for 

similar ions.16,22,185 Proton transmission rate through graphene was about 150-350 times 

larger than for any other alkali cations and ammonium ion. 
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 The data from EIS showed much lower resistances for ion transmission as 

compared to DC technique. This finding might reflect a situation in which there is a 

capacitive coupling of mobile ions with graphene layer during amplitude perturbation at 

such high frequency. It thus shows that near steady-state DC technique is indispensable in 

measuring true ionic resistance through graphene. 

 

5.2 RESULTS AND DISCUSSION 

5.2.1 Electrochemical Impedance Measurements in a Miniaturized Cell    

EIS was used to measure ion transport through ionomer membranes prepared as 

MEA. The PFSA membrane is regarded as a resistor representing ion motion in series 

with two capacitors represented by the interface between the two conductive-carbon cloth 

electrodes and the ionomer membrane. Applying an AC signal over the range of 

frequencies will yield Nyquist and Bode plots. In the Nyquist plot, from the real vs. 

imaginary components of the impedance, resistance at high frequency can be obtained by 

extrapolation to the real impedance axis. 

Details of the miniaturized cell used for AC impedance measurements have been 

discussed in previous chapters. Figures 5.1A and 5.1B show the exploded cell 

components and photomicrograph of the miniature cell. In brief, the cell consists of a 

plastic commercial compression fitting made from perfluoroalkoxy alkane (PFA) and 

PTFE sleeves. The other major parts are: (1) the graphite rod current collector of length 

2.24 inches (5.7 cm), (2) the sleeve made from poly(tetraflluoroethylene) to hold the 
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graphite rod current collector, (3) the butyl rubber ―O-ring‖ to ensure proper seal between 

the PTFE sleeve and the MEA, and (4) the P50T carbon gas diffusion layer.  

 Nafion® | graphene | Nafion® composites are prepared in form of MEAs in which 

electrodes are in direct contact with the Nafion® membranes (Figures 5.2A and 5.2B). 

See method section for the details sample preparation. The area covered by the graphene 

is visible to the eye. To establish measurement accuracy, AC impedance measurements 

were conducted on two standard resistors (10 Ω and 20 Ω). Figure 5.3 shows the 

expected spectra and values from the Nyquist plots for the two resistors.   

 

 

Figure 5.1 Miniature cell for EIS measurement (A) Exploded diagram (B) 

photomicrograph of the cell 
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Figure 5.2 MEA for EIS measurement (A) without graphene (B) with graphene 

 

 

Figure 5.3 Nyquist plot showing the Rs values at high frequency obtained for standard 

resistors (10 and 20 Ω) 
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Figure 5.4 presents the Nyquist plots at high frequency for the MEAs in different 

cationic forms (H+, D+, Li+, Na+, K+, Rb+, Cs+, and NH4
+) that contain no graphene.  

Impedance measurements were taken on two independently prepared MEAs for each ion. 

An AC amplitude of 50 mV was used during data acquisition between 1 kHz and 100 

kHz at 0V DC voltage. The electronic resistance (cell resistance with no MEA) = 0.12 Ω; 

MEA area = 0.178 cm2. The inset shows the Nyquist plot for the indicated cations (H+, 

D+, Li+, Na+, and NH4
+) as a result of spectra overlapped.  Ionic resistances (R, ohm) can 

be obtained from where the spectra intercept the real axis (Zreal, ohm) from the complex 

plane plots. The Measured average resistances, area normalized average resistances and 

MEA conductivity of each ion are presented in Table 5.1. 

 

 

Figure 5.4 The Nyquist plot at a high frequency obtained for MEAs in different cationic 

forms with no graphene. 
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From the measured average resistances (Column 2) for all ions (H+, D+, Li+, Na+, 

K+, Rb+, Cs+ and NH4
+),  the area normalized resistances (Column 3) can be obtained by 

the product of the difference between the average of measured resistances and the 

electronic resistance (0.12 Ω) and MEA geometric area. The electronic resistance consists 

of the contributions from two gas diffusion layers (P50T carbon), two current collector 

graphite rods, two rotor clips, carbon cloth with a microporous layer, and perfluoroalkoxy 

alkane compression plastic cell (miniaturized cell). 

  

 

 

 

 

 

 

 

 

The ionic conductivities of MEAs (column 4) in different cationic forms were estimated 

using the equation below. 

                                                                     eqn 5.1 

σ = conductivity,  Ɩ = membrane thickness (50.8 μm, obtained from two Nafion®-211 

membranes), R = measured resistance from real impedance axis at high frequency; Area 

= geometric area of the MEA (0.178 cm2), X+ = H+, D+, Li+, Na+, K+, Rb+, Cs+ and NH4
+. 

MEA(w/o graphene) R(average) R(area normalized) MEA(conductivity)Electrolyte σ MEA(With graphene) R(average) Rgraphene Rgra (area normalized) Graphene (areal Conductance)

        Ω       Ω cm2
   (mS cm

-1
)    (mS cm

-1
)       Ω     Ω         Ω cm2

     S cm
-2

H
+

0.74 0.11 46 36              H
+

1.61 0.87 0.15 6.5

D
+

1.26 0.2 24.95 17.1              Li
+

6.48 2.22 0.4 2.5

Li
+

4.26 0.74 6.9 8.1              Na
+

4.98 1.21 0.22 4.5

Na
+

3.77 0.65 7.8 9.2              K
+

31.71 4.11 0.73 1.4

K
+

27.6 4.89 1.04 11.4

Rb
+

124.91 22.21 0.23 9

Cs
+

405.04 72.08 0.07 8.2

NH4
+

4.31 0.75 6.8 10.6

Table 5.1: Resistance and conductivity values of MEAs of different ionic forms with and without 

graphene obtained from EIS at high frequency 
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Interestingly, the proton conductivity for Nafion® membrane reported here (46 

mS cm-1) is well within the range of the reported values for ionic conductivity 

measurement that involves MEA in which electrodes are in contact with the membranes 

288. The obtained Nafion conductivities for other ions (Li+, Na+, and K+) are also close to 

the reported values in the literature. See Table 5.2 for the comparison between the 

obtained data and literature values. A slight variation in the measured data when 

compared to the literature data reflects some of the earlier noted factors. Similarly, the 

measured electrolytes conductivities (column 5), 0.1 M HCl, 0.1M DCl and 0.1M XCl 

(X+ = Li+, Na+, K+, Rb+, Cs+ and NH4
+) used during this work at 22 oC are in good 

agreement with the work reported by Xie and co-workers 296. 

 

 

 

 

 

 

 

 

 

 

 

 

MEA form Technique σ (mS cm-1
) Rarea normalized (Ω cm2

) Temp (
o
C) Reference

H
+

AC impedance 46 0.11 22 This work

H
+

AC impedance 34 0.53 25 J. Membr. Sci. 185 (2001) 95

H
+

AC Coaxial probe 24                                    - 22 J. Electroanal. Chem. 449 (1998) 209

H
+

AC impedance 49 0.375 25 J. Power Sources, 134 (2004)18

H
+

AC impedance 83 0.22 30 Desalination 147 (2002) 191

Na
+

AC impedance 7.8 0.65 22 This work

Li
+

AC impedance 6.9 0.74 22 This work

K
+

AC impedance 1.04 4.89 22 This work

Na
+

AC impedance             ≈10.8                                    - 20 J. Electroanal. Chem. 428 (1997) 81

Na
+

AC impedance 7                                    - 27 J. Electroanal. Chem. 505 (2001) 24

Li
+

AC impedance 6 J. Electroanal. Chem. 505 (2001) 25

K
+

AC impedance 4                                    - 27 J. Electroanal. Chem. 505 (2001) 26

Table 5.2 Conductivities of MEAs in different cationic forms with 
electrodes in contact with the membranes 
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Figure 5.5 shows the Nyquist spectra and quantitative data (from Table 5.1) 

obtained for the selected ions (H+, Li+, Na+, and K+) transport through Nafion® | graphene 

| Nafion® composite using the AC impedance at high frequency on two independently 

prepared MEAs for each ion. The ionic resistance due to graphene (Rgraphene) can be 

obtained by the difference between the average resistances from Nafion® / graphene  

  

 

Figure 5.5. The Nyquist plot at a high frequency obtained for MEAs in different cationic 

forms with single-layer graphene. 

 

sandwich (column 7) and those without graphene (column 2). From Rgraphene (column 8) 

data, graphene area normalized resistances (column 9) were estimated, taking into 

consideration the geometric area of MEA. Area normalized graphene conductance 
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(column 10) is the reciprocal of graphene area normalized resistance. The obtained 

graphene area normalized conductances for these ions (H+, Li+, Na+, and K+) through the 

single-layer graphene range between 6.5 to 1.4 S cm-2. These results seem to suggest that 

ions (Li+, Na+, and K+) conductances through single-layer graphene are not substantially 

attenuated when compared to proton. The results are unexpected, owing to the fact that 

ions transmission other than proton across single-layer graphene would be theoretically 

almost impossible considering the energy barrier required for such a transmission to 

occur.  

To fathom the origin of such ionic conductance through graphene from Li+, Na+ 

and K+ ions; a deeper analysis is required. Considering the Nafion® | graphene | Nafion® 

structure represented in Scheme 5.1 below, before the application of small amplitude AC 

voltage, the  ionic group, SO3
-X+ (X+ = H+, Li+, Na+ or K+ ions) at the surface of 

hydrophobic Nafion® membrane matrix are in close proximity to the graphene on both 

sides. Upon the application of AC modulation, at high frequency, since graphene has high 

 

 

Scheme 5.1. Schematic representation of ion motion near graphene/Nafion membranes 

interface. 
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electronic conduction properties; the ionic clusters in the Nafion® membrane are 

reoriented. This ion motion indicates a capacitive coupling between the graphene sheet 

and Nafion® membranes. Thus creating a double layer feature at the Nafion® | graphene | 

Nafion® interface in which its impedance becomes insignificant at high frequency. As a 

result, the effectual attenuation of ions transport across the graphene layer becomes 

infinitesimal.  

 

5.2.2 Four-probe Devanathan-Stachurski (D-S) Cell Measurement 

 To better understand the ionic transport through graphene layer, a DC technique 

was employed using a customized Devanathan-Stachurski electrochemical cell (D-S cell). 

Figure 5.6A depicts the pictorial representation of the D-S cell. Figure 5.6B shows the 

major components of the cell. See the method section for a detailed description of the 

cell. The D-S cell is an easy-to-use electrochemical cell for measuring a reproducible 

through-plane ionic resistance of the membrane. The four-probe electrode configuration, 

with the Luggin capillaries, minimizes the contribution from the ohmic drop in an 

aqueous electrolyte.  

The as-prepared samples (Nafion® | graphene | Nafion® composite, with and 

without graphene) were placed in the sample holder of the cell, followed by the clamping 

together of the two half-cells. See method section for the fabrication and transfer of 

graphene onto the membrane and the making of the composite. The measurements were 

performed in potentiostatic mode, with a DC technique using linear sweep voltammetry 

(LSV).  A potential bias of ± 0.1 V at a scan rate of 5 mV s-1 was used to acquire the 
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current-potential (I-V) curves. Two samples were prepared for each cation studied, and 

the I-V curves obtained for each ion are shown in Figure 5.7 for Nafion | graphene | 

Nafion  sandwich structure. It is evident from Figure 5.7 that aqueous proton 

transmission through single-layer graphene is noticeably higher as compared to deuteron. 

Whereas the transmission effects of other cations (Li+, Na+, K+, Rb+, Cs+, and NH4
+) 

through graphene are significantly attenuated.   

 

 

Figure 5.6. Devanathan-Stachurski (D-S) electrochemical cell (A) Pictorial representation 

(B) Graphical illustration of the cell components. 

 

This observation is, in fact, consistent with the recent findings for similar studies 

for proton and deuteron transmission across single-layer graphene in hydrogen pump 

cells.16,185 It is important to note that computational studies on ion transport through 

single-layer graphene, especially the pristine graphene, predicted total ion blockage, even 

for proton transport. Due to the theoretical calculation of the proton transmission energy 
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barrier 1.17-2.21 eV, proton transmission across the single-layer graphene should be 

almost totally prevented from occurring at ambient temperature. 

 

 

Figure 5.7 : I-V curves in D-S cell for alkali cations and ammonium ion transport through 

the single layer graphene 

 

In contrary to the above theoretical prediction, S. Hu and co-workers24 

demonstrated the possibility of proton transport across monolayer graphene. Despite the 

fact that the results in Figure 5.7 show significantly lower ionic currents through the 

single-layer graphene for Li+, Na+, K+, Rb+, Cs+, and NH4
+; it is still not expected, 



 103 

theoretically, for aqueous ions, other than protons to circumvent the graphene electron 

cloud that would make such transmission possible.  

The results presented in Figure 5.7  are interesting for the following reasons: (1) 

the I-V curves for all cations except for proton and deuteron show very similar ion 

transport behavior across  graphene; (2) it underscores the quality of CVD graphene 

toward ions transport; (3) it demonstrates that defects alone, in CVD graphene, cannot be 

responsible for high proton transmission; (4) it indicates that the CVD graphene does not 

contain rips, holes, cracks, and tears that would allow high flux of any ion through it; and 

(5) CVD graphene is not a perfect barrier that would completely block any ion through it. 

The origins of these low ionic currents, from other cations, across the single layer 

graphene will be discussed in details later in the text.  

The statistical data from the I-V curves in Figure 5.7,  are presented in Table 5.3, 

that show the areal resistances and conductances obtained for each ion transport through 

graphene in a Nafion® | graphene | Nafion® composite. Column 2 in Table 5.3 shows the 

solution resistances of each electrolyte without the membrane. Column 3 shows the 

obtained ionic transport resistances for both aqueous solution and Nafion® membrane. 

The values in parentheses for H+ and Na+   in Column 2 and 3 are those obtained at 1.0 M 

electrolyte concentration. Column 4 shows the ionic transport resistances for each ion 

through graphene in a Nafion® | graphene | Nafion® composite. The estimation of the 

ionic areal resistances, due to contributions from graphene only, for each ion can be 

easily obtained by subtraction of Column 3 from Column 4, and then multiplied by the 

geometric area of the cell 1.98 cm2. The results obtained are given in Column 5 of Table 
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5.3. The graphene areal conductances, shown in Column 6, is the inverse of the graphene 

areal resistances presented in Column 5.  

 

Table 5.3. Areal  resistances and conductances for alkali cations and NH4
+  in a  Nafion®|graphene|Nafion® composite 

Cations      R(soln) R(soln+ N-211) R(soln + N-211 + graphene) Graphene(areal resistance) Graphene(areal conductance)

     (Ω)         (Ω)                 (Ω)            (Ω cm2
)          (S cm

-2
)

H
+

1.08 (0.11)   1.32 (0.15) 1.64 0.63 1.6

D
+

1.3 1.59 5.52 7.78 0.13

Li
+

4.67 6.67 118 220                      4.55 X 10
-3

Na
+

5.95 (0.75)    7.68(1.09) 53 90                      1.12 X 10
-2

K
+

6.57 9.83 56 92                      1.09 X 10
-2

Rb
+

7.04 47.39 106 117                      8.56 X 10
-3

Cs
+

9.85 48.31 119 140                      7.14 X 10
-3

NH4
+

5.63 28.01 56 110                       9.1 X 10
 -3

PET* 1.08 (50 x 10
6
 )*

*PET is polyethylene terephthalate used as a control experiment to demonstrate  the total blockage of  H+   

transport and any other ions when incorporated into the composite  

 

It is worth mentioning that the aqueous ion transport through the Nafion® 

membrane has been well studied and similar reported results can be inferred from 

Column 2 and Column 3 in Table 5.3. For example, at 1.0 M electrolyte concentration 

(values in parentheses for H+ and Na+ as noted above), using equation 5.1 above, the 

conductivity, σ (mS cm-1) = 78 for proton  and σ (mS cm-1) = 8 for sodium ion. These 

values are in good agreement with the reported work. See Table 5.4, for the comparison 

of our work with some of the reported data. However, the values obtained at low 

electrolyte concentration (0.1 M) are somewhat lower, for example, σ (mS cm-1) = 11 for 
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proton and σ (mS cm-1) = 1.5 for sodium ion using the data in Column 2 and 3 in the 

Table 5.3. 

 

 

 Estimating ionic conductivity of Nafion® membrane using DC technique at low 

electrolyte concentration to measure ions conductivities might be challenging owing to 

the fact that Nafion membrane has ionic conductivity value similar to the electrolyte 

conductivity value at such low concentration. Other techniques such as AC impedance 

might be suitable at such low concentration as we have shown in our AC impedance 

measurements. We used low electrolyte concentration during ions transport studies 

through graphene so as to avoid the well-known Donnan effect at high electrolyte 

concentration in membrane conductivity measurement, where counter-ion contribution 

has an effect in the overall ionic conductivity values.297–301 
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 Interestingly, the graphene areal conductance for proton (1.6 S cm-2) in 0.1M HCl 

is high, suggesting a high rate of proton transmission across the graphene. Deuteron, on 

the other hand, shows much lower graphene areal conductance value of 0.13 S cm-2 in 

0.1M DCl. The proton graphene areal conductance ratio to deuteron across the graphene 

in an aqueous electrolyte is ca. 12:1. This value is in agreement with the previous 

reports.15,16,22,24. However, as evident from column 6 in Table 5.3, other cations show 

significantly lower graphene areal conductances with at least two orders of magnitude 

lower compared to proton transmission across single-layer graphene. 

 Figures 5.8 and 5.9 show the I-V curves for all the cations with and without 

graphene. Figures 5.10A and 5.10B show the I-V curves for the modified forms of the 

Nafion® | graphene | Nafion® composites for H+ and Na+ that incorporate polyethylene 

terephthalate (PET). As can be seen in Table 5.3 and Figure 5.8A, proton transport 

through PET was blocked entirely indicating a lack of ion transmission through this 

polymer matrix. The properties of this polymer were utilized to modify the Nafion® | 

graphene | Nafion® composite, this prevented the contribution of the ionic transport by 

the Nafion® membrane (see method section for a detailed description of the fabrication 

process). 
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Figure 5.8 I-V curves in D-S cell with and without Nafion® /or graphene in 01. M 

electrolyte (A) HCl, (B) DCl, (C) LiCl, and (D) NaCl  

The only exposed area to the electrolyte from the membrane that contains the 

single-layer graphene was just a half-inch diameter (1.27 cm). Every other part of the 

Nafion® membrane was completely covered with PET. In the Figure 5.10, the I-V curves 

are for two samples, H+ and Na+ respectively, in each case. The first sample is a    
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Figure 5.9. I-V curves in D-S cell with and without Nafion® /or graphene in 0.1 M 

electrolyte: (A) KCl, (B) RbCl, (C) CsCl, and (D) NH4Cl  

 

Nafion® | graphene | Nafion® composite with PET and the second sample is without PET. 

There is no significant difference for either H+ or Na+ in both samples. These results 

suggest a near zero contribution from the Nafion® membrane to ion transport. Thus, the 

observed high proton transmission is actually through graphene hollow sites, whereas the 
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low ionic currents for Na+ and the other cations, maybe due to the intrinsic CVD 

graphene defects. 

 

Figure 5.10 I-V curves for H+ transport (A) and Na+ transport (B) in a modified Nafion | 

graphene | Nafion composite with and without polyethylene terephthalate (PET). 

 

To gain insight into the observed low ionic currents for the other cations, and the 

nature of the defects in CVD graphene, we conducted a series of comparative studies on 

H+ transport through CVD graphene composed of the single-layer versus a double layer. 

Figures 5.11 presents the I-V curves obtained for the proton transport through the 

Nafion® | graphene | Nafion® composite, containing the single-layer graphene and the 

double-layer graphene, respectively. To conceptualize the proton transmission in the 

single- versus double-layer graphene, one might need to consider the crystallographic 

structures of these graphene layers. The single-layer graphene has an array of carbon 

atoms in a honeycomb lattice. 
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Figure 5.11. I-V responses for comparison of proton transport through (A) the single-

layer graphene and (B) the double-layer graphene in 0.1M HCl electrolyte. 

 

The double layer graphene has an AB stacking arrangement of carbon atoms, such 

that the hollow site of the first layer coincides with the carbon atom of the second layer. 

The arrangement of the carbon atoms increases the electron cloud of the double layer, 

and theoretically, the double layer graphene is expected to block proton transmission. 

Contrary to this theoretical understanding, the experimental results presented in Figure 

5.11B show non-zero ionic current for proton transport through double-layer graphene. 

This again, strongly indicates that the same kind of intrinsic defects that are responsible 

for all other alkali cations and NH4
+ transport in the single-layer graphene might be the 

same defects that are responsible for proton transmission through the double layer 

graphene. This result also rules out the possibility of cracks, tears, holes, or macroscopic 
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defects; otherwise, a large proton transmission would have been observed in the double-

layer graphene.  

 

5.2.3 Confocal Raman microscopy 

 To further investigate on the nature of active sites where ion transmission occurs 

in Nafion® | graphene | Nafion® composite, we used confocal Raman microscopy. Raman 

spectroscopy was previously discussed in the section 3.2.3 on samples for H / D 

electrochemical pumping. The samples characterized with this technique are fresh 

samples prepared for aqueous ion studies. Raman spectroscopy is a versatile 

spectroscopic technique for elucidating the Raman signatures of graphene. It is powerful 

to diagnose the presence of defect site on graphene samples.302,303 The most important 

Raman peaks are D-band (around 1350 cm-1), G-band (around 1580 cm-1) and 2D-band 

(around 2650 cm-1).304 The D-band is an indication of defective graphitic structure which 

is usually considered for graphene with defect sites.305 The G and 2D peaks have width, 

position and shape and intensity that are indicative of graphene layer and thickness, 

doping effects, and mechanical strain effects.303,305 It is important to mention that all 

Raman spectra were conducted at University of Utah in Dr. Joel M. Harris‘s lab with the 

help of Dr. Korzeniewski. 

 Figure 5.12 shows Raman spectra acquired on single-layer graphene on a glass 

microscope coverslip and Nafion® | graphene | Nafion® sandwich composites. 

Acquisitions of spectra were achieved using oil-immersion optics to localize the detection 

volume on the graphene layer within the Nafion® membranes sandwich. The sample was 
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staged against the coverslip and the probe volume was stepped manually through the 

coverslip and Nafion membrane, towards the region where graphene layer is located. The 

summary of the graphene peaks positions from the Figure 5.12 spectra and other samples 

are presented in Table 5.5. 

 

 

Figure 5.12 Confocal Raman spectra of single-layer graphene on microscope coverslip 

and Nafion® | graphene | Nafion® composites. 
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 The Figure 5.12a and b are spectra of single-layer graphene on coverslip and 

Nafion-211 only without graphene. It is clear that single-layer graphene on coverslip 

shows no D-peak indicating lack of defect. However, the Nafion® -211 membrane Raman 

spectra show peaks at 1299 and 1371 cm-1. These peaks are well within the region of D-

peak. So caution must be taken while analyzing graphene spectra on Nafion® membrane. 

The spectra labeled (c) and (d) are for single-layer graphene in a Nafion® | graphene | 

Nafion® sandwich structure. Figure 5.12c is the composite in which Nafion membrane is 

in sodium form and Figure 5.12d is the composite in which Nafion one side is in sodium 

form and the other side is in tetraethylammonium (TEA) form. This conversion of Nafion 

form is necessary to prevent background fluorescence. The spectra show the expected G 

peak and 2D peak with only slight variation. The average widths are 17 cm-1 for G peak 

and 33 cm-1 for 2D peak. The ratios of the intensities of 2D peak to G peak lie between 4 

and 8. The confocal Raman signatures obtained are quite consistent with the single-layer 

graphene.  
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With a closer look at the Raman data in Table 5.5, there is a clear slight variation 

in the graphene spectra though all are within the range that would be considered as 

single-layer graphene. However, Nafion® | graphene | Nafion® sandwich structure in 

which one side of Nafion® is in sodium form and the other side in TEA-form (i.e. NGN 

TEA2) was the only spectrum that shows very evident of D-peak as indicated in the 

Table 5.5. It is however difficult to establish the absence of defect in CVD graphene and 

also sample treatment during analysis might also be responsible for the observed 

variation most especially, during conversion of Nafion® membrane from one ionic form 

to another. This kind of treatment might give rise to electronic doping or mechanical 

strain. Raman imaging may be suitable to address absence or presence of defect of 

graphene layer on Nafion® membrane. 

 

5.2.4 X-ray Photoelectron Spectroscopy 

 X-ray photoelectron spectroscopy (XPS) is a powerful surface-sensitive 

quantitative analytical tool to measure elemental composition at ppt level. Chemical 

environment (bonding nature) and electronic state of very near-surface region can be 

probed accurately [307–310]. By irradiating material with the x-ray beam, the XPS 

spectra can be obtained and at the same time measuring the kinetic energy and escape 

electrons from near-surface region (usually, 0-10 nm). Figures 5.13 and 5.14 present the 

XPS spectra acquired on Nafion® membrane and Nafion® membrane with a single-layer 

graphene respectively. The XPS surveys from the two spectra (Figures 5.13A and 5.14A) 
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show the expected elements in Nafion® membrane (i.e. carbon, oxygen, fluorine and 

sulfur). 

 The C1s region in the Figures 5.13B and 5.14B show some interesting results. For 

example, considering the carbon peak in Nafion®-only spectrum, the spectrum shows a 

large carbon peak with a high binding energy (BE) at 291 eV and a smaller peak of 

carbon with a low BE at 284.5 eV.32,311 The higher BE at 291 eV is associated with 

carbon bonded with fluorine atoms (either CF2 or CF3) and this is typical of Nafion® 

membrane XPS signature.312 The lower BE peak at 284.5 eV is due to adventitious 

carbon.  

 

Figure 5.13 XPS survey (A) and carbon-only spectra (B) for Nafion® membrane 
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Figure 5.14. XPS survey (A) and carbon-only spectra (B) for 1L graphene on Nafion® 

membrane 

Interestingly, the XPS spectrum of C1s from Nafion® membrane with a single-

layer graphene is different from that on Nafion® membrane without graphene. In Figure 

5.14B for Nafion® with single-layer graphene, the carbon peak still has two peaks at high 

and low binding energies. The most striking difference is the prominent peak at low BE 

(284.5 eV) which is larger in the sample with graphene than in the one without. This peak 

is definitely coming from graphene peak on the Nafion® membrane since Raman spectra 

confirmed the presence of graphene on Nafion® membrane. Table 5.6 presents the 

quantitative data from the XPS spectra from Figures 5.13 and 5.14 showing the peak 

intensities and elemental composition for Nafion® membrane with and without single-

layer graphene. 
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The elemental composition as presented in Table 5.6 for Nafion® membrane are 

within the range expected for typical Nafion® membrane EW1100 series. It is obvious 

again, that there is higher atom percent of carbon in the sample that has single-layer 

graphene as compared to the carbon percentage from Nafion® membrane only. The 

diminishing content for all the elements beside carbon is reasonable because of the 

addition of graphene on the surface of Nafion® membrane. Exception to that is the 

oxygen which may be due to contamination due to exposure to the air prior to XPS 

measurement. 

 

5.3 METHODS AND MATERIALS 

5.3.1 Materials.  

Chemical vapor deposition (CVD) Graphene on copper was obtained from ACS 

Materials, LLC. Nafion® 211 membrane was purchased from the Fuel Cell Store. CeTech 



 118 

carbon cloth with a microporous layer (W1S1009) was purchased from Fuel Cell Store. 

Hydrochloric acid and deuterium chloride solution were purchased from Alfa Aesar and 

Sigma-Aldrich, respectively. Lithium chloride (from Alfa Aesar), sodium chloride (from 

Mallinckrodt Chemicals), rubidium chloride (from Beantown Chemical), cesium chloride 

(from Beantown Chemical), and ammonium chloride (from Acros Organics) were used as 

purchased. Deionized water was used throughout the experiment. 

 

5.3.2 Membrane Pretreatment and Ion-Exchange Process  

Prior to electrochemical measurement, all membranes used were pretreated to 

convert them into their respective cationic forms. For the proton-form, the membrane was 

immersed in 0.1 M sulfuric acid at 80 oC for 1 h and then boiled in DI H2O for 1 hr. 

Thereafter, the membrane was soaked in 0.1 M HCl for 24 h. The membrane was further 

rinsed in DI H2O copiously to remove any impurities and air-dried at ambient 

temperature. For the deuteron-form, the above procedural steps were followed except, 

sulfuric acid was replaced with deuterated sulfuric acid, and deionized water was 

replaced with deuterated water (D2O) and HCl was replaced with DCl. 

For conversion of the membrane to the other cationic forms, the Nafion®-211 

membranes were soaked in 0.1 M XCl electrolyte (X+ = Li+, Na+, K+, Rb+, Cs+, and 

NH4
+) solution. The electrolyte solution was replaced with fresh solution at least three 

times, and the pH of the rinse solution was continuously monitored until the pH did not 

show the presence of H+. Thereafter, the membrane was further soaked in the XCl 

electrolyte that had been preheated to 80 oC for 1 h and then left in the solution for at 
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least 48 h. This was done to ensure complete ion-exchange of the membrane to the 

desired cation form and to improve the membrane‘s water uptake and expansion of its ion 

cluster that would facilitate faster ion transport. Finally, the membranes were rinsed 

thoroughly in DI H2O and allowed to dry at ambient temperature. 

 

 5.3.3 Nafion® | graphene | Nafion® Composite MEA Fabrication for Electrochemical 

Impedance Measurements   

All the samples for EIS measurements were prepared identically to the standard 

protocol of making membrane electrode assembly (MEA) in which membranes are in 

direct contact with the electrodes. First, CVD graphene on copper was first transferred to 

one side of the pretreated membrane (already converted to different cationic forms as 

discussed above) following a fabrication / transfer technique recently reported.16 In brief, 

3/4 inch diameter (19.1 mm) size membrane was cut using an arch punch. CVD graphene 

on Cu of size 1.5 x 1.5 cm was cut, and hot pressed (at 140 oC, 600 lbf, for 2 min) on the 

membrane.  

The Cu was removed by chemical etching using ammonium peroxydisulfate 

{(NH4)2S2O8)}, leaving the graphene on one side of the membrane. This was followed by 

a thorough rinse with deionized water and then allowed to dry under ambient condition. 

The two carbon cloth electrodes (CeTech MPL), 3/16 inch diameter (0.48 cm) together 

with the second Nafion® membrane disc were then hot pressed (at 140 oC, 600 lbf, for 5 

min) on the first membrane that has graphene on it to form the said Nafion® | graphene | 

Nafion® composite. The MEA active area is ca. 0.178 cm2. Prior to impedance 
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measurement, the MEA in different cationic forms (H+, D+, Li+, Na+, K+, Rb+, Cs+ and 

NH4
+) with and without single-layer graphene were soaked in DI H2O to ensure that they 

are in wet form.  

 

5.3.4 Nafion® | graphene | Nafion® Membrane Fabrication for Four-Electrode 

Devanathan-Stachurski (D-S) Cell Measurements.  

Sandwich structures containing single-layer graphene positioned between Nafion® 

membranes were fabricated following our previously published method, adapted for the 

D-S cell. First, two one-inch-diameter Nafion® membrane disks were cut from a Nafion®- 

211 membrane sample in the desired ionic form using an arch punch. Next, a one-inch-

diameter sample of CVD graphene on copper foil was cut and hot pressed (at 140 oC, 600 

lbf, for 2 min) onto one of the Nafion® membrane disks. The Nafion® and graphene-on-

Cu-foil were placed between two sheets of PTFE-coated fiberglass during hot-pressing to 

avoid direct contact with the hot-press plates.  

The Cu was then removed by chemical etching using a 0.3 M aqueous ammonium 

peroxydisulfate solution, leaving the graphene on one side of the membrane. The sample 

was then thoroughly rinsed with deionized water and allowed to dry under ambient 

conditions. Next, the second Nafion® disk was hot-pressed onto the graphene side of the 

first disk, using the hot-press conditions noted above. After cooling, the sample was then 

ready to use in electrochemical or other characterization experiments.  
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5.3.5 Polyethylene terephthalate (PET) Modified Nafion® | graphene | Nafion® 

Fabrication 

Similar to the above procedure for Nafion® | graphene | Nafion® composite 

fabrication, two separate pieces of PET with a one-inch diameter (2.54 cm) were cut 

using an arch punch. From the center of each PET sample, exactly a half-inch diameter 

(1.27 cm) hole was cut out using an arch punch. The PET samples were then hot pressed 

together with the Nafion® | graphene | Nafion® composite leaving a half-inch diameter 

area (1.267 cm2) of the membrane exposed to the aqueous electrolyte. 

 

5.3.6 Electrochemical Measurements with Two-Electrode Electrochemical Impedance 

Spectroscopy (EIS) Cell 

The cell used in this work is similar to that used in our recently reported work on 

hydrogen pump cells with Nafion® / graphene membranes. For the present work, the cell 

consists of two 5/8 inch diameter graphene rod current collectors fitted into ¾ inch outer 

diameter PTFE sleeves which are then fitted into a 3/4 inch diameter swage-style 

compression fitting.  The MEA in appropriate ionic form with carbon electrodes on each 

side is placed in the center of the cell and the cell is then assembled by pressing the 

graphite rods against the two sides of the membrane.  

EIS measurements were conducted in a two-electrode mode configuration using a 

Solartron 1287 electrochemical interface and Solartron 1260 impedance/gain-phase 

analyzer in the high-frequency range from 1 kHz to 100 kHz. AC amplitude voltage of 50 

mV was applied at DC potential of zero volts to ensure accurate measurement. Each 
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measurement takes approximately two minutes. Membrane resistance was taken as the 

high-frequency intercept on the real axis of a Nyquist plot.  

 

5.3.7 Electrochemical Measurements with Four-Electrode Devanathan-Stachurski (D-S) 

Cell 

The D-S cell configuration is a four-electrode cell consisting of two platinum wire 

drive electrodes that drive current flow through a membrane, and two reference 

electrodes in Luggin capillaries the tips of which are positioned very close to the 

opposing surfaces of the membrane. This cell configuration is commonly used to study 

hydrogen permeation through metal samples, but it may also be used to study ion 

transmission through membranes, as long as the membrane ion transmission rates are 

significantly different from the ion transmission rates through the liquid electrolyte.   

The cell used in this work was fabricated by Adams and Chittenden Scientific 

Glass (model 949838). It consists of two electrolyte chambers (approximate volume 50 

mL) separated by a membrane held in a membrane mount. The membrane size is 1 inch 

diameter disk but the active area is a 5/8 inch (1.98 cm2) diameter disk. Each 

compartment of the cell was filled with 50 mL of an electrolyte solution (0.1 M HCl and 

0.1 M XCl where X+ = Li+, Na+, K+, Rb+, Cs+ and NH4
+). Homemade Ag/AgCl 

electrodes filled with a saturated KCl solution were used as the reference electrodes.  All 

of the four electrodes were connected to the Galvanostat / Potentiostat Solartron 

Instrument (Model No: 1280B).  The reference electrode leads were connected to the two 

reference electrodes, and the working and counter electrode leads were connected to the 
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two drive electrodes. Ion transmission measurements were performed in potentiostatic 

mode using linear sweep voltammetry (LSV) at 5 mV s-1 to measure the through-plane 

resistance to ion transport through membranes with and without single-layer graphene.  

Membrane resistance was obtained from the slope of the current-voltage curves. 

 

5.3.8 Raman Spectroscopy/Microscopy Measurement.  

Raman spectra were acquired using a confocal Raman microscope system at the 

University of Utah that has been previously described in detail.16,178,313  In brief, the 

excitation source was a Kr+ laser (Coherent, Santa Clara, CA, USA) operating at 647.1 

nm and 3 mW power. The confocal probe volume, defined by the excitation beam focus 

(ca. 600 nm diameter) together with the collection aperture, was within a depth along the 

z-dimension of 1200 nm (90 % collection efficiency). Samples containing Nafion® were 

ion-exchanged into the sodium ion form prior to Raman characterization. Just prior to 

spectral measurements, to eliminate background fluorescence, membrane samples were 

hydrated by brief (ca. 120 s) immersion in 0.5 M NaCl containing 0.3 % H2O2 followed 

by rinsing in deionized water. Both solutions were at 60 C. 

After removal from water, the membrane was set on a Kimwipe tissue to remove 

surface water droplets before placing the sample on a glass coverslip (BK-7 glass, No. 

1.5 thickness) positioned on the microscope stage. A glass microscope slide was placed 

on top of the membrane to hold it firmly against the coverslip and maintain constant 

hydration. In some cases, one side of a sample was ion-exchanged into a 
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tetraethylammonium (TEA) form. This exchange had no significant effect on the spectra 

other than to cause appearance of some Raman peaks for TEA. 

 

5.3.9 X-ray Photoelectron Spectroscopy (XPS)   

XPS characterization of graphene on Nafion® samples was performed using a PHI 

5000 VersaProbe III (Ulvac PHI Inc.), equipped with a monochromatic, micro-focused 

Al Kα  X-ray source  operating at 25 W, under a vacuum chamber pressure of 1 × 10-8 Pa. 

The micro-focused raster X-ray beam was scanned across the sample surface. The survey 

scans were collected at fixed analyzer pass energy of 112 eV and quantified empirically 

with the sensitivity factors provided by Ulvac PHI Inc. For XPS spectroscopy of 

localized regions of the sample, the X-ray probe beam diameter was 100 micrometers.   

 

5.3.10 XPS Imaging / Spot Analysis 

Spot analysis on XPS spectra were acquired on a Nafion®-211 membrane sample 

for which the surface was partially coated with graphene that has been applied using the 

hot-press / etching procedure described in the Methods section of the paper.  The X-ray 

spot size was approximately 100 μm. Figure 5.15 is an optical micrograph of the sample 

obtained from the microscope in the sample chamber of the XPS spectrometer, showing 

where the graphene is present, and where the spectra were acquired. Arrows point to the 

edge of the Nafion membrane, and the edge of the graphene deposited on Nafion. Images 

taken on spots 1-9, 13-22, and 24-31 are in areas where a graphene coating is present 
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over the Nafion. Images 11, 12, 23, and 32 are in the regions where there is no graphene 

coating.  

The XPS spot analysis on a different sample in addition to the sample described in 

the main text was undertaken to show clearly the effect of single-layer graphene on the 

photoelectron attenuation on the elements on Nafion® membrane. The effect of graphene 

can be seen clearly in portions where graphene is on the membrane from where it was 

not. The attenuation of C1s peak at 291.2 eV (carbon bonded to fluorine atom) by 

graphene became evident. The C1s peak at 284.5 eV due to graphene became prominent 

on the spots where graphene was covered. Figures 5.16 to 5.18 show the C1s peaks for 

the low and high BE that show the effect of single-layer graphene on Nafion® membrane. 

 

 

Figure 5.15. Optical micrograph of the Nafion® sample with graphene covering part of 

the sample surface.  

Graphene 

Membrane 
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Figure 5.16 Localized C 1s XPS spectra from sample in Figure S10. Spot 25 is from the 

graphene area on the membrane; Spot 32 is from the area outside the graphene area i.e. 

on the Nafion® membrane only.  
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Figure 5.17 Localized C 1s XPS spectra from sample in Figure S10. Spot 3 is from the 

graphene area on the membrane; Spot 12 is from the area outside the graphene area i.e. 

on the Nafion® membrane only.  
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Figure 5.18 Localized C 1s XPS spectra from sample in Figure S10. Spots 13 and 18 are 

from the graphene area on the membrane; Spots 22 and 23 from the area outside the 

graphene area i.e. on the Nafion® membrane only.  

 

5.4 CONCLUSIONS 

 In summary, we have investigated the aqueous ion transport through CVD 

graphene in a Nafion® | graphene | Nafion® composite. Unlike electrochemical hydrogen / 

deuterium pumping, exclusively used for gases, the method described here can be used 

for any ion. Two-probe electrochemical impedance spectroscopy (EIS) and a customized 
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Devanathan-Stachurski electrochemical cell (D-S cell) in a four-probe electrode 

configuration are easy-to-use, and allow for a reproducible through-plane resistance 

measurement. We have shown that the aqueous proton transmission through the 

single-layer graphene occurs at a higher rate than deuteron and 100 times faster than for 

any other cation. Both the electrochemical and spectroscopy characterization revealed 

that the graphene transferred onto a Nafion® membrane does not contain any macroscopic 

defects that could impact the selectivity of proton transport toward other aqueous cations. 

Although, very small defects were occasionally observed which thought might be 

responsible for the transmission of other cations. High-quality CVD graphene, if properly 

handled and transferred to a final substrate, may not contain macroscopic defects such as 

tears, rips, cracks, and holes that would significantly impact graphene‘s selectivity 

towards ion transport. 
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CHAPTER SIX 

ELECTROCHMICAL HYDROGEN/DEUTERIUM PUMP IN SINGLE VS MULTI-

LAYER GRAPHENE 

6.0 SYNOPSIS 

The work described in this chapter involves comparative studies of proton and 

deuteron transmission through single vs. multi-layer graphene. Proton transmission other 

than single-layer graphene is theoretically forbidden. However, the studies here 

demonstrate non-zero proton and deuteron transmission rates through bi- and multi-layer 

CVD graphene. All findings including spectroscopic characterization are consistent with 

a defect-based mechanism for ion transmission through bi-layer and tri-layer CVD 

graphene. The findings from this work indicate that CVD graphene is not a perfect barrier 

for ion transmission, although even in the presence of defects it still exhibits 

extraordinary subatomic selectivity. A manuscript is under preparation that will soon be 

submitted on this Chapter. 

   

6.1 INTRODUCTION 

 Thermal protons have been experimentally shown to traverse single-layer 

graphene electron cloud at ambient temperature. Several recent experimental reports have 

confirmed this phenomenon with a much lower energy barrier (0.55-0.78 eV) in contrary 

to what was predicted (> 1.0 eV) by computational studies.15,16,22,29,241,314 Graphene 

produced by the chemical vapor deposition (CVD) method has good prospects to be 

considered for the next separation technologies. Although the CVD method can be used 
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to produce graphene on a large-scale, pristine graphene is yet to be produced through this 

technique due to the polycrystalline nature of the metal substrate. CVD graphene is 

known to contain some inherent defects such as point and line defects.196, 315–319 Even 

with these defects, single-layer CVD graphene has been experimentally demonstrated to 

be impermeable to the smallest monatomic gas, He (with Van der Waals radius of 0.28 

nm).204,320 Furthermore, it still possesses subatomic selectivity.14 

Chapter Three of this dissertation discussed experimentally observed high proton 

transmission rates through single-layer CVD graphene with a selectivity factor of 14 over 

deuteron measured through electrochemical hydrogen pump. The story is different with 

bi-layer or multi-layer graphene which is expected to have an even greater energy barrier 

for ion transmission than what was predicted for the single-layer graphene. It thus 

theoretically unfavorable for proton to circumvent the huge electron cloud associated 

with bi-layer or multi-layer graphene.24 This is because, multi-layer graphene has AB 

stacking geometry in which the hollow graphene site in one layer coincides with the 

carbon atom of the next layer. No experimental report is known to exist on the proton 

transport through bi-layer or multi-layer graphene at ambient temperature. However, only 

one report has demonstrated high elevated temperature proton transmission through 

multi-layer graphene.320 

 Daming Zhu and co-workers reported thermal proton transmission through multi-

layer graphene (more than 8 layers) on nickel foil at 900 oC using subsecond in-situ time-

resolved grazing incidence X-ray diffraction (2D-GIXRD) technique.320 In that work, the 

authors used 2D-GIXRD equipped with an in-situ CVD chamber to monitor the interlayer 



 131 

spacing during the growth of graphene as a result of proton transmission. Under the same 

test conditions, argon, nitrogen, helium and their corresponding ions transport were 

shown to be blocked by multi-layer graphene at such elevated temperature. 

 Similarly, an in-situ transport measurement using electrochemical technique was 

used as complementary experiment to 2D-GIXRD to establish proton transmission at 

high temperature through multi-layer graphene.320 Current-voltage measurements were 

conducted within potential window of 0−100 V. The gases (CH4, H2, Ar, N2, and He) 

used were thermally cracked at above 600 V while monitoring from the in-situ current 

measurements the protonation or annealing of Ar, N2, and He during the growth of CVD 

graphene on nickel. Again, the results indicate proton transmission through multi-layer 

graphene but no other ions. These experimental findings seem attractive, however, it will 

be practically uneconomical to separate hydrogen from other gases through the above 

process. It must be noted that this phenomenon is impossible theoretically at ambient 

temperature.  

 In this work, we seek to investigate the proton transmission at ambient 

temperature through bi-layer and multi-layer (3-5 layers) graphene produced by CVD 

method on Cu substrate. Study of this kind will reveal the true nature of CVD graphene 

defect and whether its permselectivity is still preserved. Single-, bi- and tri-layer CVD 

graphene on Cu was transferred to PFSA ionomer membrane using the technique 

discussed in Chapters 3, 4, and 5 of this dissertation. Following the transfer technique, 

hydrogen evolving electrodes using platinum-on-carbon cloth were hot pressed onto 

membranes to make the MEAs. The MEAs were studied in both symmetric and 
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asymmetric H / D pump mode while humidified gases were being supplied to the anode 

and the cathode compartments of the miniaturized cell. For the aqueous measurements in 

D-S cell, the graphene was prepared as a sandwich between two Nafion® membrane disks 

without application of electrodes. Measurements were performed according to the 

experimental protocols discussed in Chapter 5.241 

 Spectroscopic characterization including scanning electron microscope (SEM) 

and XPS findings are consistent with a defect based mechanism for ion transmission 

through bi-layer and multi-layer CVD graphene. 

 

6.2 RESULTS AND DISCUSSION 

6.2.1 Asymmetric H/D Evolution Reaction 

The experimental procedures for the electrochemical hydrogen / deuterium pump 

in asymmetric configuration are similar to what was previously described in Chapter 

Three Section 3.2.1.16 The MEAs were prepared asymmetrically in which the anode is 

somewhat larger than the cathode electrode. The anode consists of 4 mg cm-2 Pt carbon 

cloth electrode (5/16 inch diameter) in which 3.5 μL of 5 wt. % Nafion® solution was 

coated and allowed to dry at ambient condition. The cathode electrode was 0.03 mg cm-2 

Pt carbon cloth (3/32 inch diameter) with a coating of 0.5 μL 5 wt. % Nafion® solution. 

Following transfer of single-, bi- and tri-layer graphene onto Nafion® membrane using 

the previously described fabrication and transfer technique (see Chapters 3, 4 and 5), the 

MEAs consisting of two Nafion® membrane disks were prepared as sandwiched 

structures containing single-, bi-, and tri-layer graphene and were hot pressed at 140 oC, 
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600 lbf for 5 min. Nafion® membranes were pre-treated in H2SO4 / H2O and D2SO4 / D2O 

to put them in appropriate proton and deuteron forms. 

The MEAs were then assembled in our previously described miniaturized cell 

(See chapters 2 and 3).76,185 Gas humidification was achieved by connecting the gas from 

the gas line into a humidifier bottle set at 30 oC, at a flow rate of 0.02 SLM. The anode 

was bathed with humidified argon (≈ 100% RH) gas and the cathode was supplied with 

the humidified hydrogen/ deuterium gas (≈ 100% RH). Slow scan cyclic voltammetry 

(CV) experiments were conducted for the hydrogen evolution and deuterium evolution 

reactions between -0.15 to 0.3 V on the MEAs at a scan rate of 20 mV s-1 or 5 mV s-1. It 

should be noted that the CV behavior was independent of scan rate for the hydrogen 

evolution reaction when the response became stabilized after some initial forward and 

reverse scans. 

 

Figure 6.1. I-V curves for HER on MEAs with single-, bi- and tri-layer graphene and 

without graphene. 
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 Figure 6.1 presents the I-V curves for the hydrogen evolution reaction on MEAs 

in proton form with and without graphene. It is interesting that proton transmission 

through single-layer graphene again occurs at high rate (near 1.0 A cm-2) as it was 

previously observed with a little attenuation when compared to the MEA without 

graphene. Surprisingly, non-zero current for proton transmission was observed through 

double- and triple-layer graphene. The results are unexpected and might suggest intrinsic 

defect in CVD graphene. Although the effect of graphene layer addition is obvious, for 

example, proton is more attenuated by tri-layer graphene than bi-layer graphene. While 

high proton transmission can occur through single-layer graphene at ambient 

temperature, proton transmission through bi- or multi-layer graphene (3 or more layers) 

may not occur. The experimental data in Figure 6.1 strongly indicate that the CVD 

graphene is not an ideal or perfect barrier.  

            

Figure 6.2. I-V curves for DER on MEAs with single-, bi- and tri-layer graphene and 

without graphene. 
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 Figure 6.2 on the other hand, presents the I-V curves for the deuterium evolution 

reaction on MEAs in deuteron form. The data also confirmed non-zero current for the 

deuteron transmission across bi- and tri-layer graphene. With closer look at the Figures 

6.1 and 6.2 reveals some interesting facts about the nature of CVD graphene and ion 

transmission through it. It thus reveals again that graphene made through CVD method is 

not a perfect barrier especially for proton transmission regardless of the layers of the 

graphene. More important though is the fact that even in the presence of these defects, it 

still shows selectivity between hydrogen isotopes. For example, irrespective of the 

graphene layer, deuteron is more attenuated than proton. This finding suggests that the 

nature of defect in CVD graphene is not macroscopic defect such as tears, rips or cracks 

that would allow any ion through it. The nature of this defect would be properly 

examined under spectroscopic characterization later in the Chapter. 

 

6.2.2 Symmetric H / D Evolution Reaction 

 The I-V curves for hydrogen evolution reaction and deuterium evolution reaction 

are generally used to see the trend and the overpotential required for such reaction to 

occur. The rising part of the curves (See Figures 6.1 and 6.2) at the onset potential 

includes contributions from activation resistance due to both electron transfer for the 

reduction process and membrane / graphene ionic resistance. To better quantify the 

proton and deuteron transport through graphene layers, a symmetric experiment was 

conducted. See Chapter Three for discussion on the fundamentals of symmetric 
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experiment. Both the anode and the cathode electrodes were made symmetrical with the 

catalyst loading of 0.3 mg cm-2 Pt on carbon cloth. 

 The MEAs are 3/16 inch diameter and consist of two Nafion®-211 membrane 

disks with graphene layer(s) sandwiched in-between. Humidified hydrogen / deuterium 

gas (≈ 100 RH) was fed to both the anode and the cathode so that the cell voltage would 

be zero. This will in turn give rise to a linear I-V curves from which the resistance due to 

ion transport can be computed from the slope of the curves. 

  

Figure 6.3. I-V curves for proton transport in symmetric cell for MEAs with layer(s) of 

graphene. 
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Linear sweep voltammetry (LSV) was used to acquire I-V curves at ± 0.03 V, at a 

scan rate of 1.0 mV s-1. Figure 6.3 presents I-V curves for the symmetric hydrogen pump 

for MEAs with single-, double- and triple-layer graphene and electronic resistance. The 

electronic resistance is the resistance due to just the cell and its components (graphite 

rods, rotor clips, gas diffusion layers, and O-rings) without the MEA. This resistance 

must be subtracted from the overall cell resistance to estimate ionic resistance due to just 

the membrane and the graphene layer(s). The effect of graphene can be seen with 

decrease in the slope as more graphene layers are being added to the MEA. Similar 

effects were seen for deuteron (see Figure 6.4) but with a large attenuation effect for 

deuteron transport when compared to that of proton which strongly indicates selectivity 

of graphene toward hydrons. 

                 

Figure 6.4 I-V curves for deuteron transport in symmetric cell for MEAs with layer(s) of 

graphene. 
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The estimated resistances and conductances for proton and deuteron transport 

through single-, bi-, and tri-layer graphene are presented in the Table 6.1. After 

subtraction of electronic resistance from the measured resistance, it is then normalized to 

the geometric area of the electrode to give MEA area normalized resistances. The 

resistance due to graphene layer(s) can be easily obtained by subtracting the area 

normalized resistances of the MEA with and without graphene to give just graphene areal 

resistance alone. By taking the inverse of graphene areal resistance gives graphene areal 

conductances for proton and deuteron transport across single-, bi-, and tri-layer graphene. 

Ratio of at least 10 between proton and deuteron can be established which confirms prior 

report regarding subatomic selectivity of graphene toward hydrons.16,22,185 
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6.2.3 Selectivity Studies through the Position of Graphene in MEA 

The placement of graphene in the MEA may have an effect on the overall 

selectivity of H / D fractionation. It is important to investigate how the placement of 

graphene within the MEA influences selectivity and to see which configuration leads to 

higher flux and maximum isotopic separation. To test this hypothesis, two single-layer 

graphene placements were compared to the placement of bi-layer graphene placement 

within the MEAs. The MEA consists of three Nafion® membrane disks. The components 

are represented as A (1 = Nafion® membrane disk, 2 = graphene layer, 3 = carbon cloth 

electrode) and B represents the fabricated MEA. The MEAs were prepared as asymmetric 

with cathode being 0.03 mg cm-2 Pt carbon cloth (3/32 inch diameter) and the anode 

being 4 mg cm-2 Pt carbon cloth electrode (5/16 inch diameter). 

 

 

Figure 6.5. Schematic representation of MEA fabrication for graphene placement effect- 

Configuration I 
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 In the first configuration represented in Figure 6.5, for the MEA made from two 

single-layer graphene, the graphene was transferred to two out of the three membrane 

disks. Whereas for the MEA made from bi-layer, the graphene was transferred to one out 

of the three Nafion® membrane disks. Essentially, this is done to compare the effect of 

having two single-layer graphene as compared to just bi-layer graphene. Both hydrogen 

evolution reaction and deuterium evolution reaction were compared to see if two single-  

              

Figure 6.6. HER polarization curves from MEAs comparing two single-layer graphene 

(in contact with each other) with bi-layer graphene 
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Figure 6.7 DER Polarization curves from MEAs comparing two single-layer graphene (in 

contact with each other) with bi-layer graphene. 

layer graphene produces the same structure and selectivity as compared to the bi-layer 

graphene. Figures 6.6 and 6.7 present the polarization curves for HER and DER 

respectively, with the placement of graphene in the MEA as discussed above. It is 

interesting to see how two single-layer graphene sandwiched together attenuates proton 

and deuteron transport more than bi-layer graphene. The reason for the observed 

improved attenuation for two single-layer graphene over the bi-layer graphene might be 

as a result of the overall defect density in these samples. The defects in two single-layer 

CVD graphene may not align over each other and thus leading to a lower defect density 

than bi-layer graphene which makes ion transmission more difficult through the defect 

sites.        

 The second configuration for the placement of graphene in the MEA is 

represented in Figure 6.8.  Unlike Figure 6.5 in which two single-layer graphene were 
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placed in contact with each other that otherwise mimics bi-layer graphene, here two 

single-layer graphene were placed within the three Nafion® membrane disks such that the 

graphene layers are not in contact with each other. Two MEAs were prepared, one in 

proton form and the other in deuteron form. Figure 6.9 presents the polarization curves 

for the HER on MEAs with and without two single-layer CVD graphene. This is 

interesting because it thus confirms previous observation of high proton transmission 

through single-layer graphene. It is important to emphasize that it would not matter for  

            

Figure 6.8. Schematic representation of MEA fabrication for graphene placement effect- 

Configuration II 
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Figure 6.9. HER polarization curves for MEA with two single-layer graphene (not in 

contact with each other). 

 

the proton transmission through single-layer graphene regardless of the number of 

graphene layers in MEA as long as they are not in contact with each other. 

 Similarly, Figure 6.10 presents the DER for MEAs with and without two single-

layer graphene. The results from the Figures 6.10 reveal very important information on 

the selectivity for proton and deuteron transmission through single-layer graphene. For 
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Figure 6.10. DER polarization curves for MEA with two single-layer graphene (not in 

contact with each other). 

 

example, from Figure 6.10, deuteron transmission through graphene was much attenuated 

with the placement of two single-layer graphene in between Nafion® membranes as 

compared to proton. This suggests that optimum proton / deuteron selectivity can be 

achieved by integrating more single-layer graphene within the MEA, since such many 

layers have no significant effect on proton transmission but much attenuation on deuteron 

transmission. 
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6.2.4 SEM Defect Visualization of Graphene on Copper 

It is important that the structural defects in CVD graphene must be accounted for while 

exploring mass transport phenomenon on macroscopic graphene samples. This is 

necessary to understand the role of defect and being able to quantify it in the overall ion 

transmission through CVD graphene. As a result, we conducted a defect visualization 

experiment on as-purchased CVD graphene. The technique was reported by Kidambi and 

co-workers,321 in which aqueous ferric chloride chemical etchant is briefly exposed to the 

CVD graphene and then rinse carefully, followed by examination under scanning electron 

microscope. This is based on the fact that ferric ion can pass through the defect sites, 

which in turn can create etch pits in the underlying copper substrate. 

 In brief, small pieces of CVD graphene samples (single-, bi-, and tri-layer) were 

rinsed in DI H2O and then a drop of 0.1 M FeCl3 was placed on it for a period of 5 s, 

followed by a proper rinse in DI H2O. The samples were then subsequently examined on 

SEM (Hitachi model S-3400N Variable Pressure Scanning Electron Microscope). Figures 

6.11, 6.12, and 6.13 present the SEM images of single-, bi- and triple-layer graphene 

respectively. 
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Figure 6.11. SEM images of defect visualization of single-layer CVD graphene (A) 2 

mm, (B) 50 μm, (C) 40 μm, (D) 20 μm, (E) 10 μm, and (F) 5 μm scale bars 

 

 

Figure 6.12. SEM images of defect visualization of bi-layer CVD graphene (A) 2 mm, 

(B) 50 μm, (C) 40 μm, (D) 20 μm, (E) 10 μm, and (F) 5 μm scale bars 
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Figure 6.13. SEM images of defect visualization of tri-layer CVD graphene (A) 2 mm, 

(B) 50 μm, (C) 40 μm, (D) 20 μm, (E) 10 μm, and (F) 5 μm scale bars 

 

 Low magnification of Figures 6.11A, 6.12A, and 6.13A clearly shows the grain 

structure of the underline copper substrate and on top of that is the circular area where the 

etchant solution was dropped on CVD graphene. Higher magnification clearly reveals 

formation of etch pits. The formation of these etch pits suggest that CVD graphene is not 

a perfect barrier. It is obvious the etch pits can be seen across the CVD graphene surface. 

These etch pits are either points or short lines of less than 1 μm in widths. Interestingly, 

the absence of large etch pits in any of these graphene samples strongly indicate the lack 

of macroscopic defects that would have allowed high flux of other ions through it. With 

close look of the spatial distribution of these etch pits, it can be observed in some regions 
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were etch pits are clearly absent. These regions extend to many micrometers in extent and 

clearly indicate where graphene is pristine that are impenetrable to the ferric ion. Figure 

6.14 shows the defect counting using ImageJ software. Analysis of several regions (40 x 

40 μm2) gives an average estimation of defect density. The average defect density on 40 x 

40 μm2 regions on the SEM images of the CVD graphene layer(s) are presented in Table 

6.2.  

 It is reasonable to conclude that the observed very low ion transport for other 

cations discussed in Chapter 5 and very small proton and deuteron transmission through 

bi-layer and tri-layer graphene were as a result of these CVD graphene defect sites. The 

actual nature of the sites in which proton transmits with very high flux and selectivity as 

compared to other ions is still uncertain and could not be explained based on defect 

mechanism only. It is however certain that proton transmission is occurring through 

graphene at sites where other ions cannot go through. 

 

 

Figure 6.14. Image counting of defect sites in 40 x 40 μm graphene: (A) single-layer (B) 

bi-layer, and (C) tri-layer 
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6.2.5 SEM and EDS Analyses of Graphene on Membrane 

 To further assess the fabrication and transfer of graphene onto Nafion® 

membrane, Nafion® membranes containing single-, bi-, and tri-layer graphene were 

subjected to SEM imaging and EDS analyses. SEM imaging was conducted using an S-

3400N variable pressure scanning electron microscope (Hitachi model) at 5 kV and 

energy dispersive X-ray spectroscopy analysis was performed on EDX, Oxford 

Instrument with X-max detector to provide elemental composition on the samples. Figure 

6.15 presents the SEM image and EDS spectra of single-layer graphene on Nafion®-211 

membrane. 

 

Figure 6.15. SEM and EDS spectra of single-layer graphene on Nafion® membrane 
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Figure 6.16. SEM and EDS spectra of bi-layer graphene on Nafion® membrane 

 

Figure 6.17. SEM and EDS spectra of tri-layer graphene on Nafion® membrane 

 

 Also Figures 6.16 and 6.17 are SEM and EDS spectra for bi- and tri-layer 

graphene on Nafion® membrane. For comparison SEM and EDS analyses on just Nafion® 

membrane were also conducted as shown in  Figure 6.18. The samples were prepared by 
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hot pressing layer(s) of graphene onto Nafion® membrane. The graphene layer was 

placed on the Nafion® membrane to cover only a portion of the Nafion® membrane. The  

 

Figure 6.18. SEM and EDS spectra of Nafion®-211 membrane 

SEM images clearly show the portion of the membrane that was covered and the portion 

that was not. Although, the SEM images of graphene on Nafion® membrane provide no 

useful information on the defect structure in the CVD graphene, it thus clearly indicates 

absence of impurities especially, from Cu substrate that was etched away from graphene.  

 Elemental composition analyses were also conducted on the same surface to 

examine the presence of any impurities that could arise as a result of etching of 

underlying copper. The results were compared to that obtained from Nafion® membrane 

without the graphene. The EDS data show no presence of any impurities which strongly 

suggest high efficient graphene transfer; particularly no residual copper was detected. 
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6.2.6 X-ray Photoelectron Spectroscopy of Graphene on Nafion® Membrane. 

 The basic fundamentals of XPS have been discussed in Chapter 5 (Section 5.2.4). 

The XPS technique was used in that section to show the effect of single-layer graphene 

on Nafion® membrane on the photoelectrons attenuation from the sample elements and to 

confirm the presence of graphene on Nafion® membrane. It was clearly shown how 

single-layer graphene affected the elemental composition of Nafion® membrane most 

especially being able to accurately differentiate adventitious carbon from graphene to the 

carbon bonded to fluorine atoms (CF2 or CF3 group). 

 In this section, the XPS imaging technique was extended to probe the transfer of 

single-, bi-, and tri-layer graphene on Nafion® membrane with a focus on the C1s signal 

transferred from graphene layer(s) to the Nafion® membrane. This technique is a 

complementary tool to traditional Raman spectroscopy, which is mostly ideal to 

undoubtedly probe the graphene layers and thicknesses. Figure 6.19 shows the optical 

micrograph of single-layer graphene on Nafion®-211 membrane. The sample was 

prepared in such a way that graphene layer covers a portion of the Nafion® membrane; so 

that XPS spot analysis can be performed on the same sample so as to simultaneously see 

the effect of graphene on the region that has graphene on it and the one without. This was 

true for the other similar samples studied (bi- and tri layer graphene). 

 



 153 

                          

Figure 6.19. Optical micrograph of single-layer graphene on Nafion® membrane taken on 

the XPS spectrometer. 

 

Figure 6.19 shows clearly region of the membrane that was covered with 

graphene. The spots indicated with the numbers (1-7) are the areas that were analyzed 

which consist a portion of graphene and a portion of membrane. Figures 6.20A and 6.20B 

present the representative XPS survey and C1s spectra on spot 1 (graphene region). 

Similarly, Figures 6.21A and 6.21B show the representative XPS survey and C1s spectra 

on spot 7 (membrane region) outside graphene region but still on the same sample. Both 

the survey spectra show the expected elements in Nafion® membrane (C, F, O, and S). 
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Figure 6.20. XPS spectra of single-layer graphene on Nafion® membrane (A) survey and 

(B) C1s spectra within the graphene region. 

 

 

 

Figure 6.21. XPS spectra of single-layer graphene on Nafion® membrane: (A) survey and 

(B) C1s spectra  on membrane region outside the graphene location. 
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 From Figures 6.20 and 6.21, there are two important obvious C1s peaks. The first 

peak of C1s appears at high BE around 291 eV and the low BE C1s peak at 284.5 eV. 

The high BE carbon peak is associated with the carbon bonded to fluorine atom (either 

CF2 or CF3 group) of the Nafion® membrane and the low BE carbon peak is due to 

adventitious carbon (usually from hydrocarbon). But we are certain this is from graphene 

carbon because our previous work has shown no traces of hydrocarbon on Nafion® 

membrane following transfer of graphene with sample characterization using confocal 

Raman microscopy (see discussion in Chapter 3 and 5).  Figures from 6.20B and 6.21B 

present some useful and interesting data. With close examination of the C1s peaks, it is 

obvious how the dominant carbon peak of high BE (Figure 6.21B) was attenuated when a 

single-layer graphene was added to the sample. This brought about a little more intensity 

of C1s low BE than high BE peak. This is no doubt due to the addition of graphene layer. 

 Similarly bi-layer graphene on Nafion® membrane was also analyzed. Figure 6.22 

presents the optical micrograph of bi-layer graphene on Nafion®-211 membrane. Just like  
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 Figure 6.22. Optical micrograph of bi-layer graphene on Nafion® membrane taken on the 

XPS spectrometer. 

 

the single-layer graphene, the region of graphene can be easily distinguished from the 

region without graphene. Figures 6.23A and 6.23B present the representative XPS survey 

and C1s spectra on spot 13 (graphene region). Similarly, Figures 6.24A and 6.24B show 

the representative XPS survey and C1s spectra on spot 18 (membrane region) outside 

graphene region but still within the same sample. The XPS surveys (Figures 6.23A and 

6.24A) for bi-layer graphene sample on Nafion® membrane again show the expected 

elements on Nafion® membrane just like the single-layer graphene. 
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Figure 6.23. XPS spectra of bi-layer graphene on Nafion® membrane: (A) survey and (B) 

C1s spectra within the graphene region. 

 

Figure 6.24 XPS spectra of bi-layer graphene on Nafion® membrane (A) survey and (B) 

C1s spectra  on membrane region outside the graphene location. 
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Again, the high BE of C1s peak of Nafion® membrane was much attenuated with 

the addition of bi-layer graphene. This is similar to what we have seen in the case of 

single-layer graphene. The striking observation from the XPS spectra of single- and bi-

layer graphene is the fact that the low BE C1s peak due to graphene from bi-layer 

graphene is more as compare to that of single-layer which means more carbon 

photoelectrons from bi-layer graphene carbon. A more detailed quantitative analysis will 

be done later in the text. 

 Finally, tri-layer graphene on Nafion® membrane was also examined. Figure 6.25 

presents optical micrograph of triple-layer graphene on Nafion®-211 membrane. 

                             

Figure 6.25 Optical micrograph of tri-layer graphene on Nafion® membrane taken on the 

XPS spectrometer.  
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Figures 6.26A and 6.26B present the representative XPS survey and C1s spectra on spot 

19 (graphene region). Similarly, Figures 6.27A and 6.27B show the representative XPS 

survey and C1s spectra on spot 25 (membrane region) outside graphene region. The XPS 

surveys in both Figures again also confirm the expected elements in Nafion® membrane. 

 

Figure 6.26. XPS spectra of bi-layer graphene on Nafion® membrane (A) survey and (B) 

C1s spectra within the graphene region. 

 

When XPS C1s spectra of the Figure 6.26B (graphene region) and that of the Figure 

6.27B (membrane region outside graphene area) are compared, it is interesting to see the 

effect of triple-layer graphene on Nafion® membrane high BE C1s peak. This observation 

is similar to that of single-layer and bi-layer graphene on Nafion® membrane high BE 
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C1s peak. However, the attenuation was much greater than that of both the single-layer 

graphene and bi-layer graphene. 

 

Figure 6.27. XPS spectra of tri-layer graphene on Nafion® membrane: (A) survey and (B) 

C1s spectra  on membrane region outside the graphene location. 

 

It is instructive to consider the quantitative data from all these spectra so as to 

compare their relative intensities of the sample with and without graphene. Table 6.3 

presents the XPs peak intensities of C1s from graphene samples (single-, bi- and tri-layer 

graphene). The table includes additional spots analyzed aside from those represented in 

all the spectra above. As earlier noted, the focus was on C1s in order to see the effect of 

graphene carbon peak intensity over the carbon peak intensity of Nafion® membrane. 

From Table 6.3, it is obvious that the peak intensities on different spots of the same 
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sample for C1s regardless of whether it is in the graphene region or membrane area are 

quite similar. For example, the peak intensities of C1s for the single-layer graphene in the 

graphene region are somewhat similar. This is true for all the other graphene layers. It 

can be inferred that the carbon distribution from the graphene is uniform over the 

Nafion® membrane surface though further analysis might be needed to unequivocally 

establish this claim. 

 

Table 6.3  XPS peak intensities of C1s from Nafion®/graphene samples showing effect of graphene layers

                 Single-layer graphene              Bi-layer graphene          Triple-layer graphene

             Spot-1 (2)           Spot-7 (6) Spot-13 (15) Spot 18 Spot 19 Spot 25 (24)

Graphene region membrane region Graphene region membrane region Graphene region membrane region

              Element XPS Peak Intensity XPS Peak Intensity XPS Peak Intensity XPS Peak Intensity XPS Peak Intensity XPS Peak Intensity

Carbon, high BE (291 eV) 29,740 (28,700) 48,140 (42,920) 24,620 (24,960) 18,020 22,740 (24,180) 27,300 (34,180)

Carbon, low BE (284 eV) 32,020 (35,840) 6,380 (6,340) 32,120 (35,140) 2,380 54,000 (56,460) 5,380 (4,460)  

 

 It is clear from the Table 6.3 that the graphene layers did in fact increase the 

intensity of low BE C1s peak and attenuation of high BE C1s peak. To see the effect of 

graphene layers one may need to consider the relative intensities ratio between the low 

BE peak and that of high BE peak. The intensities of the peaks may seem for single-layer 

and bi-layer but the relative intensity of the peak shows clearly the effect of graphene 

layer. For example, in the graphene region, the ratio of low BE peak (at 284 eV) to high 

BE peak (at 291 eV) for single-, bi- and tri-layer graphene are (1.1-1.2), (1.3-1.4), and 

(2.3-2.4), respectively. The increase in the relative intensity clearly indicates addition of 

carbon atoms from the graphene layers. Thus, the XPS data provide valuable information 
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on how graphene layers transferred onto Nafion® membrane can be easily distinguished 

based on photoelectron intensity.  

 

 

 

6.3 CONCLUSIONS 

 In summary, proton / deuteron transmission through single- and multi-layer CVD 

graphene was investigated. While the theory predicted a large energy barrier for proton 

transmission through single- and multi-layer graphene, non-zero ionic currents were 

found for proton transmission through bi- and triple-layer graphene. These findings 

suggest that the CVD graphene is not a perfect barrier that would completely block out 

any ion transmission through it. Both electrochemical and spectroscopic characterization 

data are consistent with a defect-based mechanism for proton transmission through bi- 

and triple-layer graphene. Surprisingly, even in the presence of these rare atomic scale 

defects, CVD graphene still shows subatomic selectivity between proton and deuteron 

with selectivity factor of at least 10 for single-layer graphene and 6 for both bi-layer and 

triple-layer graphene. A Study on graphene placement within an MEA reveals that 

selectivity between proton and deuteron can be increased by using two or more single-

layer graphene within an MEA. It is important that these graphene layers not be in direct 

contact with each other in order to achieve superior selectivity. 
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     CHAPTER SEVEN 

ATOMIC LAYER DEPOSITION OF ALUMINA ON GRAPHENE AND RELATED 

MATERIALS 

7.0 SYNOPSIS 

This Chapter described a study of the effect of alumina treatment on single-layer 

graphene using atomic layer deposition (ALD) technique for protons and deuterons 

transmission in electrochemical hydrogen / deuterium pump cells. Some selected cations 

(H+, K+, and Cs+) were equally studied on the ALD coated samples in liquid electrolytes 

using a Devanathan-Stachurski cell in a four-electrode configuration. Spectroscopic 

characterization including X-ray photoelectron spectroscopy and SEM defect 

visualization studies confirmed a continuous ALD alumina coating on the Nafion® / 

graphene composite. While the ALD alumina coating completely blocked the 

permeability of etchant species (ferric ion), it thus has a very minimal effect on the 

transmission of protons. It also does not completely block transmission of other cations 

studied in liquid D-S cell. The concluding part of this Chapter discussed the proton 

transmission through 2D hexagonal boron nitride (hBN) and pyrochlore oxides. A 

manuscript is under preparation that will soon be submitted on this Chapter. 

 

7.1 INTRODUCTION 

 Atomic layer deposition (ALD) is a versatile technique for a continuous 

deposition of thin-film materials from the vapor phase.322–330 First developed in 1977, its 

industrial evolution began in 1983 for the production of thin-film electroluminescent 
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(TFEL) displays.323 It is a self-limiting process, its superiority over chemical vapor 

deposition (CVD) and physical vapor deposition (PVD) comes from the capability to 

produce conformal films with uniform thickness control at the atom-scale level.324 It has 

found application in the manufacture of semiconductors,328 micro-electro-mechanical 

systems (MEMS), nano-electro-mechanical systems (NEMS), displays, and organic light 

emitting diode (OLED).331–333 

Recently,  the ALD technique has been used to deposit platinum catalyst on 

carbon electrode for fuel cell applications.327 Groner and co-workers334 used ALD 

alumina as a barrier for the permeability of oxygen through flexible organic polymer 

substrate for OLED application. Toikkanen et al.335 demonstrated the suitability of PFSA 

ionomer membrane for ALD alumina coating. The resulting alumina on Nafion® 

membrane was shown to decrease the permeability of O2 by 10.0% and methanol by 30-

50% through the Nafion® membrane. In a similar approach, Wang and co-workers 

explored a coating of ALD alumina on defect-free pristine graphene.336 No evidence of 

coating was seen on the surface of pristine graphene by monitoring the growth of alumina 

using atomic force microscopy (AFM). This is because, ALD coating requires a 

chemisorption or reaction of precursor with the surface functional groups. Such surface 

functional groups are absent in pristine graphene and thus no ALD coating was observed. 

However, there were evidences of ALD coatings on the edges of graphene sheets which 

suggests existence of dangling bond (defect site) and also on the defect site on graphene 

surface. 
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 The fundamental requirements for ALD technique are: (1) a vacuum chamber, 

(2) valves for alternating reactive precursor, and (3) at least two reactive precursors.324 It 

is important that these reactive precursors not be present at the same time in the vacuum 

chamber. Also, they must also have good thermal stability at the growth temperature with 

high vapor pressure. They may be gases, volatile liquid, or solids. The basic processes 

involved in ALD technology can be summarized below: 

(1) A reactive substrate in a vacuum chamber is exposed to the first gaseous 

precursor pulse. 

(2) Chemical reaction between the substrate and the first precursor by chemisorption.  

(3) Inert gas purge to ensure monolayer coating of the first reactive precursor on the 

substrate. 

(4) Exposure of the second gaseous precursor followed by a chemical reaction that 

produces thin film of subnanometer or few nanometers in thickness. 

(5) Final inert gas purge to remove unreactive precursors or by-products of reaction. 

We elected to use ALD technique to coat the graphene layer transferred onto 

Nafion® membrane and also on as-purchased CVD graphene on Cu substrate. We 

anticipated such conformal growth of ALD alumina will selectively seal the defect sites 

in the CVD graphene. Such treatment should allow proton transmission but prevent other 

species from permeating through the ALD alumina coated samples. All the ALD alumina 

coating experiments on our graphene / Nafion® samples were conducted using the ALD 

equipment at Argonne National Laboratory (ANL) by Dr. Alex Martinson and Dr. Cao 

Duyen. Single-layer graphene was transferred onto Nafion®-211 membrane following 



 166 

similar procedures that were previously described in the previous Chapters. Following the 

ALD alumina coating, hydrogen evolving platinum catalysts were applied at both the 

anode and cathode to make the MEAs. The MEAs were tested using PEM-based 

electrochemical hydrogen pump cells in an asymmetric mode to study the proton 

transmission through graphene with and without ALD alumina coating. 

 Similar to the hydrogen pump experiments, ALD coated Nafion® / graphene were 

equally prepared without electrodes and were tested in aqueous electrolytes for proton 

and other cations transmission through graphene with and without ALD alumina coating. 

 

7.2 EXPERIMENTAL 

7.2.1 Sample Preparation and MEA making 

Polyethylene terephthalate (PET) was used as a template support to hold the 

Nafion®/ graphene sample. First, single-layer graphene was transferred onto Nafion® 

membrane using the hot press technique with the aid of fiberglass support. The 

procedures for transferring graphene onto membrane had been discussed in details in the 

previous Chapters. Figure 7.1 presents the stages of the fabrication processes. Figure 

7.1A consists of the Nafion® disk with CVD graphene on Cu that has been hot pressed 

together with the fiberglass. Figure 7.1B shows the second round of hot press step. After 

the etching of underlying Cu substrate and successful transfer of graphene layer onto 

Nafion® membrane, the single-layer graphene on membrane was sandwiched between 

two disks of PET as shown in the Figure 7.1B. The Nafion® membrane disk has 3/4 inch 

diameter and the PET was also 3/4 inch diameter. The uppermost PET was used as a 
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spacer with a hole of 5/8 inch diameter (the area of graphene on Nafion® membrane 

exposed to ALD coating). 

Figure 7.1C presents the PET | Nafion®-graphene | PET sandwich structure that 

has been subjected to ALD alumina coating with occasional change in appearance. The 

color change may reflect the ALD growth temperature (125 oC) effect on PET and 

Nafion® membrane. Figure 7.1D shows the MEA fabricated from the ALD coated 

sample. The ALD coated region is obvious and visible to the eye. For the D-S cell 

experiment in aqueous electrolytes, similar template was used as described above with a 

little modification. The membranes were first converted to their respective cationic forms 

and also the size of the membrane disk was one-inch diameter which is the size required 

for  

 

                         

Figure 7.1. Photographs of Nafion® / graphene MEAs subjected to ALD alumina 

treatment at various stages. 
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the D-S liquid cell experiment. The center hole for ALD alumina treatment was also 5/8 

inch diameter. Nafion® | graphene-ALD alumina | Nafion® composite structures were 

prepared for D-S cell without the application of electrodes. 

 

7.2.2 ALD alumina coating 

 The coating of ALD alumina on Nafion® / graphene samples was conducted (at 

Argonne National Lab equipment by Dr. Cao Duyen and Dr. Alex Martinson) in a ALD 

vacuum chamber using trimethylaluminum (TMA) and water (steam). The ALD growth 

temperature was 125 oC. The stages of coating a film of alumina are represented in the 

Scheme 7.1. The rectangular shape with the wavy bond attached to the sulfonic acid 

group represents the Nafion® structure on which single-layer graphene was attached.  

Four stages are involved. The first stage (step A, Scheme 7.1) was the exposure of 

TMA precursor to the vacuum chamber. Aluminum was able to adsorb onto the surface 

of Nafion®/graphene by chemisorption with the sulfonic acid group of the Nafion 

membrane which are exposed as a result of defect sites on graphene layer. The second 

stage (step B) represents the purging of the chamber with the inert gas (usually N2 or Ar) 

to remove the by-product (i.e. CH4 gas). The third stage (step C) involves the exposure of 

the second precursor (steam). Water molecules react with the aluminum to form 

aluminum oxides with surface terminated hydroxyl group, which can be removed by 

further heat treatment. 
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Scheme 7.1. Schematic representations of stages of ALD alumina coating of 

Nafion®/graphene sample. 

 

The fourth stage (step D) is the final purging with the inert gas to remove by-products 

and unreacted species (such as H2O or CH4). A layer of alumina is formed on the surface 

of Nafion®/graphene sample. This process is cyclic and several layers of alumina can be 

formed by repeating the steps from A to D. Fifty cycles of ALD alumina deposited was ≈ 

≤ 5.0 nm (this value was provided by Dr. Alex Martinson from ANL). 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Asymmetric Hydrogen / Deuterium Pump on ALD Samples 

The fundamentals of asymmetric hydrogen pump have been discussed in Chapter 

Three of this dissertation.16 Here, the hydrogen and deuterium pump experiments were 
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conducted in PEM cell configurations represented in Figure 7.2 with single-layer 

graphene without ALD coating and were compared with the graphene with ALD alumina 

coating. The effect of ALD alumina coating on the proton/deuteron transmission can be 

determined by comparing the IV-curves. 

 

Figure 7.2. Representation of PEM-based cells for hydrogen (or deuterium) pump for 

studying proton transmission through Nafion® / graphene with and without ALD alumina. 

 Figure 7.3 presents the I-V curves for the hydrogen evolution reaction through 

Nafion® / graphene MEAs with and without ALD alumina. Also the I-V curves from 

deuterium evolution reactions studies are represented in Figure 7.4. It is obvious from the 
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Figure 7.3. I-V curves for HER on Nafion/graphene MEAs with and without ALD 

alumina coating.  

 

data shown in Figures 7.3 and 7.4 that the ALD alumina coating did not completely block 

the proton or deuteron transmission through graphene. It does not also show any 

improved selectivity between proton and deuteron when compared with the Nafion® / 

graphene samples without ALD alumina coating. The reduction in current responses 

might reflect an additional resistance from alumina to the ohmic resistance from the 

Nafion® membrane as a result of the ALD alumina coating. The nature of ALD coating 

on graphene needs further spectroscopic characterization. 
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Figure 7.4. I-V curves for DER on Nafion® / graphene MEAs with and without ALD 

alumina coating. 

 

Figure 7.5 presents the results from the studies on the effect of ALD alumina 

coating cycles on HER. The I-V responses from the effect of 50 cycles (Figure 7.5A), 5 

cycles (Figure 7.5B), and 2 cycles (Figure 7.5C) of ALD alumina were compared to 

investigate optimum coating of ALD cycles that would result in better selectivity or total 

blockage of ion transmission. Unexpectedly, the results from Figure 7.5 did not show any 

discernible effect of ALD cycles. The number of cycle seems not to have significant 

effect on the HER performance. 
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Figure 7.5. I-V curves comparing the effect of ALD alumina cycles on HER 

 

7.3.2 Symmetric Hydrogen Pump on ALD Samples 

 In order to quantify the proton transport rate on Nafion® / graphene samples 

MEAs with and without ALD coating were prepared in symmetric mode with the 

geometric area of anode being the same with the cathode. The experimental procedures 

are the same as previously discussed in the previous chapters. Figure 7.6 presents the I-V 

curves obtained for electronic resistance (cell without MEA), two Nafion®-211 

membranes, two Nafion®-211 membrane with graphene, and two Nafion®-211 
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membranes with graphene and ALD alumina. As can be seen from the Figure 7.6, the 

addition of ALD alumina only slightly attenuates proton transmission with a little drop in 

the absolute current. From the slopes of these curves, the resistance due to proton 

transmission with graphene / ALD alumina can be obtained.  

Table 7.1 presents the resistance values from the I-V curves in Figure 7.6. By 

subtracting the electronic resistance value and the membrane resistance, one can estimate 

resistance due to graphene/ALD alumina. The obtained resistance values are normalized 

with the geometric area of the MEA (0.178 cm2). The graphene areal resistance / 

conductance with the addition of ALD alumina caused a drop in value of less than a half. 

This is similar to what we observed in HER in asymmetric hydrogen pump experiment. 

         

Figure 7.6. I-V curves for symmetric H-pump for Nafion® / graphene with and without 

ALD alumina 
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7.3.3 Aqueous ion transport through Nafion®/graphene with ALD alumina  

 Figure 7.7 presents both a representation and a photograph of the D-S cell used 

for cation transport measurement in liquid electrolytes. During the ion transport 

measurement, ion currents are forced through the membrane containing graphene and 

ALD alumina by the drive electrodes (Pt wire) and the potential difference induced as a 

result of the ionic current is monitored between the two luggin reference electrodes.241 
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Figure 7.7. (A) Schematic representation and (B) photograph of D-S cell used for cation 

transport measurment through Nafion®/graphene  with ALD alumina. 

 

 Figure 7.8 presents the I-V curves from D-S cell measurements in four-electrode 

configuration. Selected cations investigated are proton (Figure 7.8A), potassium ion 

(Figure 7.8B), and cesium ion (Figure 7.8C). It is evident that proton transmission occurs 

at a high rate with little attenuation from the ALD alumina coating, which is consistent 

with the previous observation in the symmetric H-pump cell. Transmission of other 

cations (K+ and Cs+) were greatly attenuated but not completely shut down by the ALD 
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alumina coating. The inverse of the slopes from these curves give resistance values for 

ion transmission, and the results are represented in Table 7.2. 

 

 

Figure 7.8. I-V curves for aqueous ion transport in D-S cell for Nafion®/graphene ALD 

alumina: (A) H+, (B) K+, and (C) Cs+ 

As is evident from Table 7.2 the ALD alumina coating on Nafion®/ graphene 

samples did not show any noticeable additional selectivity as regards the ionic size of the 

cations studied. It only increased the resistance to ion transmission with no selectivity. 

For example, in Table 7.2, the graphene areal resistances with and without ALD alumina 

only increased from 0.6 to 1 Ωcm2 for proton. Similar effect is seen for K+ and Cs+. Thus, 
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Table 7.2 Graphene areal resistances with ALD alumina for aqueous ion transport in D-S cell
Resistance          Resistance            Resistance            Resistance

   Cations (solution) (soln+ N211) (soln + N211 + graphene) (soln + N211 + graphene +ALD Al2O3)

     (Ω)         (Ω)            (Ω)            (Ω)

H+ 1.08 1.32 1.64 2

K+ 6.57 9.83 56.18 81

Cs+ 9.85 48.31 119.05 200

    Graphene Graphene
 areal resistanceareal resistance + ALD Al2O3

      (Ω cm2)       (Ω cm2)
H+ 0.6 1

K+ 92 141

Cs+ 140 300  

 

the ALD coating is not effective to seal up the defect sites in graphene but rather 

uniformly contribute to ionic resistance regardless of the ion size. 

 

7.3.4 SEM Defect Visualization of ALD modified CVD graphene  

 It is instructive to examine the nature of the coating of ALD alumina on CVD 

graphene on Cu substrate using the defect visualization method. Figure 7.9 the SEM 

images of the etching of CVD graphene on Cu with and without ALD alumina coating. 

The defect visualization test involves brief exposure of a drop of FeCl3 solution to the 

surface of graphene on Cu sample with and without ALD alumina. The samples were 

then rinsed with DI H2O and examined under SEM microscope. 
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Figure 7.9. SEM images of defect visualization CVD single-layer graphene on Cu with 

and without ALD alumina coating at 2 mm, 50 μm, and 40 μm scale bars. 

 

 Formation of etch pits through the Cu indicate defect sites in the graphene sheet. 

The defect sites on graphene allow the permeation of ferric ion to attack underlying Cu to 

form these etch pits. By close inspection of these images, it is clear that the ALD alumina 

coated samples on graphene completely blocked the ferric ion from attacking the 

underlying Cu substrate. It is interesting that the formation of etch pits is almost abated 

on the ALD alumina coated samples. 
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7.3.5 X-ray Photoelectron Spectroscopy on ALD Modified Samples 

 XPS experiment was conducted on Nafion® / graphene sample with and without 

ALD alumina coating to understand the elemental composition and nature of the bonding 

environment. Fundamentals of the XPS measurement had been discussed in the previous 

chapter. In order to conceptualize the effect of ALD alumina coating on 

Nafion®/graphene samples, surveys of Nafion® membrane, Nafion® membrane with 

graphene, and that of Nafion® with graphene with ALD alumina were compared as 

presented in the  Figure 7.10 survey spectra. 

 

Figure 7.10. XPS survey spectra for (A) Nafion® membrane, (B) Nafion® membrane with 

graphene, and (C) Nafion® membrane with graphene with ALD alumina 
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  Further analysis of the spectra revealed expected elements for Nafion® membrane 

(Figure 7.10A) i.e. C, F, O, and S. It is important to note that the prominent carbon peak 

of Nafion® as it can be seen from the BE is at 291 eV. This carbon high BE is associated 

with the carbon bonded to fluorine atoms as previously noted in the preceding chapter. 

However, upon addition of single-layer graphene (Figure 7.10B), all the aforementioned 

elements were still observed but with a little modification to the carbon peak signal. The 

prominent carbon peak now has changed from 291 eV (high BE) to the 284.5 eV 

adventitious carbon low BE peak. This low BE energy peak of carbon at 284 eV came 

from the graphene carbon. This is similar to what was previously observed. 

Interestingly, Nafion® / graphene sample with ALD alumina XPS survey 

spectrum (Figure 7.10C) reveals Al, C, and O peaks. Two important things can be 

observed from this spectrum. First, there was no fluorine peak which suggests ALD 

alumina coating is continuous over the entire Nafion® / graphene sample. This 

observation is in agreement with the SEM defect visualization that shows complete 

blockage of ferric ion transmission without any noticeable formation of etch-pits. 

Secondly, again, the prominent carbon peak is adventitious carbon from graphene and no 

evidence of presence of carbon high BE peak. C1s spectra for Nafion® membrane, 

Nafion® / graphene and Nafion® / graphene with ALD alumina are presented side by side 

in the Figure 7.11. The figure clearly shows the effect of addition of single-layer 

graphene and subsequent treatment with ALD alumina. 
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 XPS experiment was also conducted on CVD graphene on Cu with and without 

ALD alumina coating to confirm the coating of alumina on graphene. The survey spectra 

for CVD graphene on Cu and CVD graphene on Cu with ALD alumina are represented in  

 

Figure 7.11 XPS C1s spectra for (A) Nafion® membrane, (B) Nafion® / graphene, and (C) 

Nafion® / graphene with ALD alumina 
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the Figure 7.12. The XPS survey spectrum (Figure 7.12A) for graphene on Cu without 

ALD coating shows the expected element Cu and C peaks but also with traces of O1s 

peak. The oxygen peak might be contamination by exposure to the air or from partially 

oxidized graphene carbon. Interestingly, the XPS survey spectrum  (Figure 7.12B) for 

graphene on Cu with ALD alumina coating did not show any evidence of Cu peak and 

also has some pronounced oxygen peaks. These oxygen peaks must be from alumina. The 

fact that photoelectron of Cu was completely attenuated indicates the ALD alumina 

coating is uniform and continuous over the entire surface. Thus, the ALD alumina 

coating did not produce a selective coating only on the defect sites of the graphene sheet. 

This is in contrast to the conventional wisdom that ALD alumina only grows on a defect 

site and not on the pristine graphene. 

 

 Figure 7.12. XPS survey spectra for CVD single-layer graphene on Cu (A) without ALD 

alumina coating and (B) with ALD alumina coating 
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7.4 Hexagonal Boron Nitride (hBN)   

 Besides graphene, a related 2D-material that has attracted research attention is the 

hexagonal boron nitride. Monolayer hBN shares unique properties with graphene such as 

its thermal proton conductivity at ambient temperature and stability, and mechanical 

strength.337–344 Boron-nitride bond is polarized with lower energy barrier (0.68-1.02 eV) 

predicted by computational studies for room temperature proton conductivity as 

compared to 2D graphene (1.2-2.2 eV). Scheme 7.2 depicts the structural representations 

of graphene and hBN and their bond lengths.345 These materials are known to be 

insulators, but surprisingly, recent research findings including this dissertation work have 

shown their selective proton conductivity with subatomic selectivity.16, 24 

                          

Scheme 7.2 Structural representations of graphene and hBN with their bond lengths 

 Like single-layer graphene, monolayer hexagonal boron nitride was obtained as 

CVD hBN from a commercial source (ACS Materials, LLC). Following the transfer 
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technique protocol previously described for graphene, hBN was transferred onto 

Nafion®-211 membrane, and its proton / deuteron conductivity was investigated using the 

electrochemical hydrogen / deuterium pump in an asymmetric mode. 

7.4.1 Asymmetric H / D pump in hBN 

 Figures 7.13 and 7.14 present the hydrogen evolution and deuterium evolution 

reaction polarization curves for single-layer hBN. The results were compared to that of 

single-layer graphene in each case. From the two I-V curves, the effect of hBN and 

graphene seems similar with almost the same effect on selectivity between the proton and 

deuteron.  

       

Figure 7.13 I-V curves for HER from MEA with single-layer hBN  
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Figure 7.14. I-V curves for DER from MEA with single-layer hBN 

 

7.4.2 X-ray Photoelectron Spectroscopy of hBN on Nafion® membrane  

 Figure 7.15 presents the optical micrograph of hBN on Nafion® membrane taken 

from the sample chamber of the XPS spectrometer. The edge of hBN is clearly visible. 

Spots 8, 9, and 10 are the areas of the membrane covered by hBN and also spot11 was on 

the boundary between the membrane and hBN. Finally, spot 12 was outside the hBN 

region, but on the membrane. By the placement of the hBN on the membrane described 

here, it was easily demonstrated the successful transferred of hBN on the membrane. 

Figures 7.16 and 7.17 present sets of data on the micrograph in Figure 7.15. Figure 7.16 

shows the XPS survey and C1s peak on the spot 8 (i.e. region covered by hBN). The 
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survey identified the expected elements (C, F, O, and S) in Nafion® membrane just like 

the graphene sample but with the addition of boron and nitrogen which, are definitely 

 

                              

Figure 7.15. Optical micrograph of single-layer hBN on Nafion membrane taken from 

XPS spectrometer 

 

Figure 7.16. XPS spectra of single-layer hBN on Nafion® membrane (A) survey and (B) 

C1s spectra within the hBN region. 
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Figure 7.17. XPS spectra of single-layer hBN on Nafion® membrane (A) survey and (B) 

C1s spectra on membrane outside the hBN region. 

 

elements from single-layer hBN. Conversely, Figure 7.17 presents the XPS survey and 

C1s spectra on the spot 12 (i.e., region on the membrane outside area covered by hBN). 

Interestingly, the survey only identified the elements of the Nafion® membrane (C, F, O 

and S) without elements boron and nitrogen. This again, confirms that the boron and 

nitrogen peaks from Figure 7.16 are truly from hBN transferred onto Nafion® membrane. 

 Furthermore, the hBN XPS data are particularly interesting when C1s peaks from 

hBN region and that of the membrane area outside hBN region are compared. For 

example, the high BE C1s peak at 291 eV in Figure 7.16B still remains the dominant 

peak in Figure 7.17B. These are really interesting results because they corroborate our 
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previous observation on the XPS of Nafion® / graphene samples. In hBN sample, whether 

in the region of hBN or outside it, the high BE C1s peak remains the dominant peak 

because there is no introduction of foreign carbon that does attenuate this peak. Whereas, 

in graphene, the high BE of C1s at 291 eV was the dominant peak in the region outside 

graphene but became less dominant in the region where graphene was located. This is 

because low BE C1s peak at 284.5 eV coming from graphene attenuates the high BE C1s 

peak associated with the fluorine atoms (either in CF2 or CF3). It is not only that the XPS 

data of single-layer hBN confirm the presence of hBN but also reinforced the conclusion 

on Nafion® / graphene XPS data. 

 

7.4.3 SEM Defect Visualization on CVD hBN 

 Similar to the defect visualization experiment discussed on CVD graphene on Cu 

substrate, the same technique was extended to study the formation of etch pits on CVD 

hBN on Cu. From the Figure 7.18, the circular region in which the etchant was dropped 

on the sample can be visualized clearly. The underlying Cu grain boundaries cannot be 

distinguished visibly may be due to the fact the hBN bond is partially ionic and that the 

Cu substrate is somewhat thinner (15-25 μm) than the Cu substrate used in the case of 

graphene sample (45 μm). A spot can also be identified on Figure 7.18A which was due 

to water droplet that adhered to the hBN surface on the Cu. Even after drying, the spot 

still clearly shows this adherence of water droplet as a result of polar nature of hBN bond. 

Other images were acquired at higher magnification with no discernible pattern of defect 

etch pits. The etch pits are short lines often aligned together in a well ordered layer. 



 190 

 

 

Figure 7.18. SEM images of defect visualization of single-layer CVD hBN on Cu: (A) 2 

mm, (B) 50 μm, (C) 40 μm, (D) 20 μm, (E) 10 μm, and (F) 5 μm scale bars. 

 

7.5 Pyrochlore Oxides Based Electronic/ Ionic Conductors 

               Pyrochlore crystal materials are rich inorganic compounds with exciting 

properties that may be tailored for the application of electrochemical hydrogen pump and 

as electrocatalysts.  They occur naturally in pegmatites or in granite. Pyrochlore, a more 

generic term of crystal structure Fd-3m is described generally as A2B2O7, where A and B 

are ―struckturbericht‖ symbols that represent transition metals or rare earth metals.341–345  

While the actual structure of pyrochlore still remains a topic of debate in the literature 
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due in part to the variation in the coordination polyhedra around cations A and B; the 

more established representation describes pyrochlore crystal structure as an 

interpenetrating cuprite A2O tetrahedral with corner sharing BO6 octahedron.351 Figure 

7.19 below shows the schematic representation of the unit cell of pyrochlore crystal.352 

 

Figure 7.19. Unit cell representation of pyrochlore crystal showing (a) cation and (b) 

anion {Recreated from reference [344]} 

             The pyrochlores show varied physical properties such as insulator (La2Zr2O7), 

ionic conductors (Gd1.9Ca0.1Ti2O6.9), metallic conductor (Bi2Ru2O7 ), and some others that 

have mixed ionic and electronic properties Their cations basically exist in two forms: (i) 

(3+, 4+) (represented as A2
3+B2

4+O7) and (ii) (2+, 5+) (represented as A2
2+B2

5+O7). The 

potential transition metals and some alkali-earth metal that fit into this category that were 

studied in this work include: Sr, Zr, Bi, Mn, and Ce. The goal is to study the proton 

transmission characteristics of these pyrochlore oxides materials. Another goal is to 
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transform the pyrochlore oxides materials into carbide / oxycarbides by heat treatment in 

methane atmosphere and investigate their electrocatalytic nature for the hydrogen 

evolution reaction, oxygen evolution reaction, and oxygen reduction reaction. 

 

7.5.1 Synthesis of Pyrochlore Oxides  

              There are quite a few ways to synthesize pyrochlore crystalline materials such as 

solvothermal process, sol-gel, and microwave sintering. These techniques are somewhat 

energy intensive and may be time consuming. The more appropriate technique that was 

employed was the wet chemistry using a co-precipitation approach. This method is more 

benign and environmentally friendly in which the respective salts of the metals were 

dissolved in appropriate solvents and precipitated in hydroxide forms using concentrated 

ammonium hydroxides and were subsequently pyrolyzed. Two sets of pyrochlore oxides 

were developed. The first is bismuth zirconate oxide intended to be used as proton 

conductors. The second set was cerium zirconate oxide on carbon based electrocatalysts 

doped with manganese.  

 

7.5.1.1 Synthesis of Bismuth Zirconate Oxide 

 Materials. Bismuth(III) acetate was purchased from Alfa Aesar and zirconium(IV) 

propoxide was obtained from Alfa Aesar. Nitric acid and ammonium hydroxide were 

obtained from Millipore Sigma and Fisher Scientific, respectively. Deionized water was 

used throughout the experiment. 
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 In a typical experiment, 0.1 M bismuth acetate was prepared by dissolving 0.97 g 

in 25 mL DI H2O and was subsequently nitrated with 25 mL of 1 M HNO3 until a clear 

solution was obtained. Zirconium(IV) propoxide (0.1 M) was hydrolyzed in 25 mL DI 

H2O and the mixture was nitrated again in 25 mL of 1 M HNO3. The solution was left 

stirring for few hours. The resulting bismuth nitrate and zirconium nitrate were then 

mixed together and placed on a magnetic stirrer at 500 rpm for 2 hr. Thereafter, the 

solution mixture was then precipitated as metal hydroxide with 70 mL of 3 M NH4OH. 

The precipitate was then subjected to vacuum filtration and was later dried in an oven at 

80 oC for 4 hours. 

 Subsequently, the obtained dried sample was subjected to heat treatment at 700 oC 

using multi-programmable temperature controller furnace (Thermolyne F79300). During 

the heat treatment, the furnace temperature was ramped at 5 oC min-1 from RT to 100 oC 

and was held at 100 oC for 10 min to purge out adsorbed H2O molecules. Then, the 

temperature was ramped again at 10 oC min-1 from 100 oC to 700 oC. The furnace 

temperature was held at 700 oC for 2 hours and was later cooled down at the ramping rate 

of 20 oC min-1 to RT.  Scheme 7.3 illustrates the synthesis route and the heat treatment of 

bismuth zirconate.  
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Scheme 7.3. Proposed schematic representation for the pyrochlore crystal synthesis of the 

form (A2
+3B2

+4O7) 

Figure 7.20 presents the stages of the sample synthesis. Figure 7.20A shows the 

heat treated sample and Figure 7.20B shows the sample obtained before the heat 

treatment. Thereafter, the obtained sample was grinded into a powder and integrated into 

a MEA by dissolving it in isopropanol (IPA) solvent as slurry. The sample as a slurry was 

sandwiched between two Nafion®-211 membranes and hot pressed together with 0.3 mg 

cm-2 Pt carbon-cloth electrodes 3/16 inch diameter (0.178 cm2) as anode and cathode, 

respectively.  
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Figure 7.20. Stages of bismuth zirconate oxides synthesis: (A) sample obtained after the 

heat treatment at 700 oC and (B) as-synthesized raw sample 

 

7.5.1.2 Synthesis of Cerium Zirconate Oxide / Vulcan Carbon doped with Mn  

Materials. Cerium acetate and zirconium propoxide were obtained from City Chemical 

Corporation and Alfa Aesar, respectively. Manganese acetate was purchased from Alfa 

Aesar. Vulcan XC-72R (Vu) carbon was obtained from Fuel Cell Store. 

 Similar procedures described above were used to prepare Mn doped cerium 

zirconate oxide/Vu samples. All the salts were prepared in nitrate forms from the reaction 

between 0.1 M salt precursors [Ce(OOCCH3)3, Zr(OCH2CH2CH3)4, and Mn(OOCCH3)2], 

and 1.0 M HNO3 and were later precipitated in hydroxide form using about 70 mL of 3 M 

NH4OH. The heat treatment was done at 800 oC using CH4 and H2 gas mixture at a flow 
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rate of 0.33 SLM CH4 and ≈ 0.1 SLM for H2 to transform the sample from oxide to 

oxycarbides / carbide.  

 

7.5.2 Spectroscopic characterization  

 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy 

(EDS) were used to examine the samples morphology and elemental composition. Figure 

7.21 shows the SEM and EDS spectra for the bismuth zirconate oxide comparing the as-

synthesized catalyst and the heat treated sample at 700 oC. A dramatic change exists in 

the morphology from the as-synthesized sample when compared to that of the heat 

treated sample (Figures 7.21A and 7.21C). The particles of the sample in 7.21C are larger 

and sparsely distributed; whereas, the particles in Figure 7.21C for the heat treated 

samples were somewhat evenly distributed and contained less particle agglomeration. 

  As can be seen from the EDS spectra (Figures 7.21A and 7.21D), the elemental 

composition coincidentally seems to follow with what would be expected for pyrochlore 

oxide. However, one cannot be definitive in this conclusion until thorough spectroscopic 

characterization such as XRD (to determine the crystal structure and phase) and XPS are 

conducted. The electrochemical data from the samples are still preliminary and need 

great efforts to improve the performance as a result, further characterization on the 

sample was not pursued. 
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Figure 7.21. SEM images of bismuth zirconate oxide: (A) before the heat treatment, (C) 

after the heat treatment and EDS spectra for (B) before the heat treatment, and (D) after 

the heat treatment. 

 

 

7.5.3 Electrochemical Characterization  

For the bismuth zirconate oxide (BZO), the MEA was tested in a symmetric mode 

with the humidified hydrogen supplied to both the anode and cathode side in a miniature 

hydrogen pump cell. Linear sweep voltammetry (LSV) technique was applied at a 

potential bias of ± 0.07 V and at a scan rate of 1 mV s-1. Figure 7.22 shows the obtained 

I-V curves for the symmetric experiment from the MEA of bismuth zirconate oxide. The 
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inverse of the slope from the curve is the resistance (911.74 Ω) due to proton 

transmission. By correcting the obtained resistance value from the electronic resistance 

(1.266 Ω) one can obtain the proton conductivity of this oxide material. Though, the 

proton conductivity of bismuth zirconate oxide (0.03 mS cm-1) is significantly lower as 

compared to the Nafion® conductivity (50-60 mS cm-1 at ambient temperature), however, 

the result suggests that the obtained oxide is not an insulator and its conductivity can be 

improved by optimizing the synthesis in the future work. 

              

Figure 7.22. Symmetric hydrogen pump I-V curve for bismuth zirconate oxide MEA. 

 

For the Mn doped cerium zirconate oxide / Vu electrocatalyst, the obtained 

catalysts were prepared as thin-film ink. In a typical procedure, 10 mg of the catalyst was 

dispersed in 1 mL DI H2O and 0.5 ML IPA and sonicated for 10 min. This was followed 
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by adding 100 μL 5 wt. % Nafion® solution and mixture was further sonicated for at least 

1 hr until homogeneous well dispersed ink was obtained. Approximate 9 μL thin film ink 

was deposited on a glassy carbon electrode (0.0707 cm2) and dried under ambient 

conditions. The electrodes were tested in 1.0 M KOH for the electrochemical 

performances. Figure 7.23 presents the three-electrode cell used for the electrochemical 

testing. The cell was fabricated from polytetrafluoroethylene (PTFE) polymer. The 

catalyst films on the glassy carbon electrode were investigated for their potential oxygen 

evolution reaction (water splitting), hydrogen evolution reaction, and oxygen reduction 

reaction using a stationary electrode.                        

    

Figure 7.23. Photograph of small liquid electrolyte alkaline PTFE cell. 

           

 Figure 7.24 presents the cyclic voltammograms of cerium zirconate oxide / Vu 

with and without Mn, Pt bulk, and glassy carbon electrode (GCE). The as-prepared 

electrodes containing the catalyst films were cycled in N2 saturated 1.0 M KOH between 
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0.0 to 1.3 V at a scan rate of 50 mV s-1. The electrodes were continuously cycled until the 

CV became stabilized after at least 20 potential cycles. The CV for bulk Pt (black) and 

glassy carbon electrode (red) show the expected characteristics peaks. The cyclic 

voltammograms for Mn doped cerium zirconate oxide/Vu and undoped homologue 

clearly show that the catalysts have some slight redox peaks different from that of the 

glassy carbon electrode in which they were deposited on. Interestingly, the catalysts did 

not show huge capacitive behavior, which may be good for electrochemical processes. 
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Figure 7.24 Cyclic voltammograms in N2 saturated 1.0 M KOH for bulk Pt, GCE, cerium 

zirconate oxide / Vu and Mn doped cerium zirconate oxide / Vu. 

 



 201 

 The cyclic voltammograms in N2 saturated electrolyte are generally good to have 

a glimpse of the redox peaks and the capacitive behavior of catalysts. To better 

understand the reactivity of an electrocatalyst towards a particular electrochemical 

reaction, experimental conditions need to be modified. The catalysts (Mn doped and 

undoped cerium zirconium oxide / Vu) were further investigated for their activities 

toward water splitting (oxygen evolution reaction), hydrogen evolution reaction (HER) 

and oxygen reduction reaction (ORR). Figure 7.25 shows the linear sweep 

voltammograms for Mn doped cerium zirconium oxide / Vu and the undoped 

electrocatalysts for water oxidation or water splitting (also known as oxygen evolution 

reaction) in 1.0 M KOH between 0.0 to 1.9 V at a scan rate of 20 mV s-1. Despite that the 

performances of the two catalysts are not greatly enhanced, the LSV does show that Mn 

doped homologue is a better water oxidation catalyst than the undoped catalyst. 
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Figure 7.25. Linear sweep voltammograms for water oxidation in N2 purged 1.0 M KOH, 

at room temperature for Mn doped cerium zirconium oxide / Vu and the undoped 

homologue. 
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 Furthermore, the catalysts were equally investigated for their hydrogen evolution 

reaction activities. Figure 7.26 presents the cyclic voltammograms for the hydrogen 

evolution reactions in N2 saturated 1.0 M KOH, with the scan rate of 50 mV s-1 for the 

two catalysts. Again, the performances are not greatly enhanced but they do show 

promising potential of being active for alkaline HER. Here, the undoped cerium 

zirconium oxide/Vu demonstrated better HER behavior than the doped counterpart.  
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Figure 7.26. Linear sweep voltammetry for hydrogen evolution reaction in N2 purged 1.0 

M KOH for Mn doped and undoped cerium zirconium oxide / Vu 

 

Finally, the catalysts were equally examined under oxygen saturated 1.0 M KOH 

for their oxygen reduction reaction activity. The CV-based system is a form of stationary 
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electrode in contrast to RDE but capable enough to reveal the catalyst activity towards 

ORR.  The CV is recorded similar to those obtained in Figure 7.24 but in an oxygen 

purged electrolyte. Figure 7.27 presents the CV obtained for Mn doped cerium zirconium 

oxide/Vu and undoped homologue in oxygen purged 1.0 M KOH. The shape of the CV is 

examined for ORR characteristics peaks in ORR potential window to determine the 

catalyst potential of being active towards oxygen reduction reaction. Both catalysts 

demonstrated these properties at potential less than 0.8 V Vs reversible hydrogen 

electrode (RHE). Mn doped counterpart seems to be more active than the undoped 

catalyst. To show this behavior clearly, the CV in N2 saturated was overlaid in each case. 

 Taken together, it is exciting to see a single catalyst demonstrate potential of 

being active for more than one electrochemical reaction. Mn doped cerium zirconium 

oxide/Vu seems to be a better option for water oxidation and oxygen reduction than the 

undoped homologue. Conversely, for the hydrogen evolution reaction, the undoped 

counterpart (cerium zirconium oxide/Vu) would be a better choice. 
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Figure 7.27. Cyclic voltammograms for Mn doped cerium zirconium oxide / Vu and 

undoped homologue in oxygen and nitrogen saturated 1.0 M KOH. 

 

7.6 Polymer-Supported Graphene for Pressure-Driven Water Desalination 

 A study of water flux through polymer-supported graphene was a proof of 

concept to demonstrate the application of graphene for water desalination. These 

experiments were conducted in collaboration with Dr. A. Ladner using pressure-driven 

Amicon® stirred cell apparatus in his laboratory. Nafion® | graphene | Nafion® sandwich 

structure was prepared in an identical way to the sample used for aqueous measurement 

discussed in Chapter 5 in D-S cell. The Nafion®-211 / graphene structure (one inch 

diameter) was compared to that without graphene. Measurements were conducted on 

Amicon® stirred cells (model 8010) by pressuring the cell having membrane with and 

without graphene. A set of pressure values illustrated in the Figure 7.28 was applied to 
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the test samples and was held for duration of 5 min and water flux through the samples 

was monitored by measuring the mass of the effluent. 

 

 

Figure 7.28. Pressure variation program used for water flux measurement 

 

 Figure 7.29 shows the results of water flux measurement against time for Nafion® 

membrane with and without single-layer graphene. It is obvious that the water flux 

through Nafion® membrane increases with increase in pressure. Interestingly, the water 

flux through Nafion® | graphene | Nafion® sandwich structure is invariant with pressure 

increase and no appreciable flux was established. This is particularly useful when 

considering application such as water purification and desalination in which, the use of 

graphene may prevent unwanted crossover contaminants. 
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Figure 7.29. Demonstration of zero water flux through single-layer graphene in Amicon® 

cell 

 

7.7 CONCLUSION 

 In summary, ALD alumina coating on a Nafion® / graphene sample showed little 

effect on proton transmission and did not demonstrate any special selectivity between 

proton and deuteron other than the selectivity from single-layer graphene and also did not 

completely block transmission of other cations in aqueous studies. Surprisingly, it does 

prevent etching of Cu through defect visualization experiment in which etchant species 

can transmit through the defects in CVD graphene on Cu. X-ray photoelectron 
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spectroscopy and SEM defect visualization studies confirm the coating of ALD alumina 

on both Nafion® membrane with single-layer graphene and on Cu substrate. In a separate 

but related study, proton and deuteron transmission through hBN was analogous to 

single-layer graphene with identical selectivity. Also, preliminary studies on other related 

material based on pyrochlore oxides electronic / ionic conductors show very low 

performance and can be further improved with optimization in the synthesis such as 

controlling the stoichiometric of the reaction. Single-layer graphene also demonstrated 

potential application for pressure-driven water desalination from its near zero water flux 

in pressurized water cell. 
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CHAPTER EIGHT 

PERSPECTIVE ON ION TRANSMISSION THROUGH 2D MATERIALS 

8.0 SYNOPSIS 

This Chapter reflects my opinion based on the work that I have done in this 

dissertation and current research status in the literature. The first part highlights the 

challenges ahead that need to be addressed for better application of CVD graphene and 

related materials. The second part discusses the potential applications in which graphene 

and related 2D materials might play a key role to benefit the growing science.  

 

8.1 CHALLENGES AHEAD 

 Pristine single-layer graphene free of defects is impermeable to atoms, molecules, 

ions except thermal proton. The well-known graphene that has this special characteristic 

is the graphene exfoliated mechanically. A disadvantage of this material is that it cannot 

be produced on a large scale. The only efficient way that has been greatly explored to 

develop large area graphene has been graphene made by chemical vapor deposition 

(CVD). There are two challenges associated with the CVD graphene.  

First, the intrinsic defects in CVD graphene may alter its quality. This is as a 

result of the polycrystalline nature of the growing substrate (i.e., Cu or Ni). More 

importantly, the conditions of growing graphene by CVD method need further 

optimization before it can be considered as an ideal membrane for ion transmission. 

Various kinds of graphene flakes have been produced with varying qualities depending 

on the sources of that graphene and the conditions in which it was grown. Raman 
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spectroscopy has been widely used to diagnose the defective graphene structure. 

However, there are still some atomic-scale defects that cannot be easily detected by 

Raman spectroscopy. Another difficulty with the Raman spectroscopy is the substrate in 

which graphene is being transferred onto. For example, graphene transferred onto 

Nafion® membrane or some other fluorinated polymers have Raman characteristics peaks 

in the region where D-band of graphene is usually observed. It is even more difficult for 

hexagonal boron nitride transferred onto PFSA membranes. The Raman peaks peculiar to 

hBN are exactly in the regions where PFSA membranes show Raman signatures. This 

makes it difficult to accurately characterize the defect of CVD graphene or hBN and 

other related 2D materials. 

Secondly, the transfer of CVD graphene to a final substrate where it would be 

used is another challenge. We were lucky to have used the hot press technique to transfer 

CVD graphene onto PFSA membrane that proved efficient and relatively free of defects. 

One can unintentionally create defects into graphene by improper handling and various 

transfer techniques in the literature. Removal of poly(methylmetacrylate) (PMMA) 

usually used as a substrate to support graphene for an easy transfer of graphene to another 

substrate, aggressive oxidative agents (nitric acid and FeCl3 / HCl) may cause major 

damage to the graphene and as well as the substrate (like Nafion® membrane). 

 

8.2 PROSPECTS AND FUTURE WORK 

The major prospects of graphene and other 2D materials as far as ion transmission 

is concerned would be in the area of energy conversion and storage systems. Although, 
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graphene has also found application in optoelectronics / electronics, solar cell, biosensors 

and so on, the growing field of energy storage and conversion systems is seriously in 

need of materials that can prevent the issues related to crossover. This material must 

address this challenge and at the same time not contribute to overall device resistance due 

to ionic transport. It must also support a high  current density through it without 

compromising its properties in solving the contamination issues due to crossover. Almost 

every energy related device suffers from these issues.  

For example, in fuel cell technology, fuel crossover (H2 gas permeation by 

diffusion through membrane) is a major problem that needs urgent solution. In batteries 

technology (either in Li-ion battery or redox-flow battery), crossover of reactive 

electrolyte species (lithium ion or vanadium ion) is also a major issue. In CO2 electrolysis 

to renewable fuel chemical (CO) or formic acid, crossover due to formate ion (HCOO-) 

and formic acid contamination into the anode compartment had reduced the overall 

efficiency of this electrolyzer. In water electrolysis (PEM or AEM), crossover of evolved 

gases (O2 and H2) is also a major problem. In water desalination or salt splitting, 

crossover of counter ions and co-ions is a great challenge for this technology. 

The prospects for graphene are high. What is really amazing about graphene even 

in the presence of these so-called ―atomic-scale defects‖, it still demonstrates superb sub-

atomic selectivity. The incorporation of graphene into device architectures of these 

energy technologies can play a key role in addressing all issues related to crossover and 

expand the full commercialization of the aforementioned technological areas. 



 211 

While research efforts are looking at the possibility of integrating graphene to 

solve the issues of crossover, we must also not forget to develop earth-abundant, highly 

active electrocatalysts that can replace the noble metal catalysts currently in use in most 

of these devices. Many research studies are ongoing in this area in developing non-

precious metal catalysts for energy application. 
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