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Abstract

Hydrogen isotope separation using Proton Exchange Membrane (PEM) based

electrochemical cells represents a potentially attractive process in both scientific and

industrial arenas. Historically, Chemical Vapor Deposited (CVD) graphene’s role in

this separation process has been acknowledged as significant. However, this disserta-

tion contends with the traditional understanding by focusing on the role of uninten-

tional introduction of other cations besides proton and deuteron, particularly ammo-

nium and copper, during the CVD graphene transfer onto PEMs like Nafion. Through

rigorous examination and experimentation, it was discerned that these cations might

have profound implications on observed proton/deuteron transportation within mem-

brane based electrochemical cells.

A comprehensive literature review revealed a striking absence of discourse on

the possible role of unintended cation introduction during graphene transfer. More-

over, while prior literature has lauded the high selectivity ratios linked with graphene,

recent studies, including this one, suggest that the previously reported high isotopic

selectivity values might be influenced more by catalysts and the overlooked presence

of alternate cations from proton/deuteron, rather than graphene alone.

Central to this research is the hypothesis that the challenges in reproducing

previously reported high H/D selectivities stem from methodological inconsistencies.

As such, an integral objective of this study was to develop a reliable, reproducible pro-
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cedure for evaluating CVD graphene-deposited PEMs. Time-dependent studies were

conducted using a custom-built Online Electrochemistry Mass Spectrometry (OEMS)

system to discern whether the observed selectivity was transient or permanent and

to address direct separation of H and D from feed mixtures of H2 and D2 rather than

independent observations of cell currents and H vs D transport rates from cells with

feeds of only H2 and D2 that were not mixed.

The findings presented in this dissertation provide insights into the roles of un-

intentionally introduced cations in hydrogen isotope separation and suggest a refined

methodological approach for future research in this domain. This work contributes

to the ongoing discourse about CVD graphene’s role in electrochemical hydrogen iso-

tope separation, highlighting the value of a comprehensive and thorough scientific

approach.

Keywords: Hydrogen Isotope Separation, Proton Exchange Membranes, OEMS,

CVD graphene, Nafion, Cation Exchange.

iii



Dedication

This work is dedicated to the cherished memories of Ariyapala Fernando and

Yasawathi Fernando, whose lessons and love shaped my journey.

iv



Acknowledgments

First and foremost, I wish to express my profound gratitude to my advisor,

Prof. Stephen Creager, whose wisdom, guidance, and unwavering support have been

pivotal throughout this research journey. Working under your mentorship has been

both an honor and a privilege, one that I will cherish throughout my career.

I would also like to extend my appreciation to my committee members: Prof.

Ken Marcus, Prof. George Chumanov, and Dr. Steve Xiao. Their feedback and

academic perspectives have been invaluable in refining this dissertation and enhancing

my academic growth.

My sincere thanks go to our research collaborators at SRNL and Vanderbilt

University. The collaboration enriched our work and provided valuable perspectives

that significantly elevated the quality of our research.

I am grateful to the Department of Energy (DOE) for their financial support,

which was essential in carrying out this research.

On a personal note, my profound gratitude goes to my wife, Thashmi Manee-

sha, whose unwavering love, patience, and support have been my bedrock throughout

this journey. To my parents, Shiromi Priyadarshani and Upul Pushpakumara, and

my brothers, Lahiru Umesh and Shanu Heshan, your faith in me and your constant

encouragement have been my guiding light. Your belief in my potential has been the

wind beneath my wings.

v



I also want to acknowledge my former group members, Dr. Saheed Bukola,

Bryan Bill, Kyle Beards, and Mansour Saberi, whose friendship, shared experiences,

and insights have enriched both my research and my time at Clemson.

A special shoutout to Tony Slapikas, whose knowledge was instrumental in set-

ting up the QMS, and whose guidance has been essential in setting up and navigating

the intricacies of our research equipment.

Dr. Haijun Qian, your expertise during the EDX and SEM imaging sessions

at the Clemson Electron Microscope Laboratory was invaluable.

Lastly, I’d like to thank the Department of Chemistry at Clemson. Being a

part of this Ph.D. program has been a transformative experience. The conducive

academic environment, coupled with the immense support from faculty and peers

alike, has made this journey both challenging and fulfilling.

To everyone mentioned and many others who have been a part of this journey:

Thank you. Your contributions, both big and small, have culminated in the realization

of this dissertation.

vi



Table of Contents

Title Page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . i

Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ii

Dedication . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iv

Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xii

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Research Context . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2.1 State of Knowledge . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2.2 Research Gaps and Challenges . . . . . . . . . . . . . . . . . . 4

1.3 Research Motivation and Aims . . . . . . . . . . . . . . . . . . . . . . 5
1.3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.2 Research Aims . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3.3 Anticipated Contributions . . . . . . . . . . . . . . . . . . . . 7

1.4 Methodological Overview . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.5 Dissertation Structure . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Kinetic Isotope Effects in the Electrolysis of Water and Heavy
Water: A Comparative Study in Different Electrolyte Environments 13
2.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.3.1 Catalyst Preparation . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.2 Electrode Preparation . . . . . . . . . . . . . . . . . . . . . . 16
2.3.3 Electrochemical Experiments . . . . . . . . . . . . . . . . . . 17

2.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 18

vii



2.4.1 Hydrogen and Deuterium Evolution Reactions in liquid elec-
trolytes utilizing in three-electrode cells . . . . . . . . . . . . . 18

2.4.2 Examination of OER in H2O and D2O in acidic conditions Uti-
lizing Three-Electrode Cells . . . . . . . . . . . . . . . . . . . 20

2.4.3 Examination of Water and Heavy Water Electrolysis in PEMWE 23
2.4.4 Examination of Kinetic Isotope Effects . . . . . . . . . . . . . 25
2.4.5 Implications and Potential Applications . . . . . . . . . . . . . 28

2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

3 Development and Application of a Novel Electrochemical Hydro-
gen Pump Cell Technique for Accurate Through-Plane Proton
Conductivity Measurements of Ionomer Membranes . . . . . . . . 32
3.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
3.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
3.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3.1 Preparation of Electrodes and Membranes . . . . . . . . . . . 37
3.3.2 Cell Assembly Procedure . . . . . . . . . . . . . . . . . . . . . 37
3.3.3 Experimental Operating Conditions . . . . . . . . . . . . . . . 37
3.3.4 Electrochemical Analysis . . . . . . . . . . . . . . . . . . . . . 38
3.3.5 Determination of Resistance and Proton Conductivity . . . . . 39

3.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 39
3.4.1 Corrected Resistance Analysis . . . . . . . . . . . . . . . . . . 41
3.4.2 Overview of Corrected Resistance Findings for Nafion N117,

N211 and N212 . . . . . . . . . . . . . . . . . . . . . . . . . . 41
3.4.3 Implications of Methodological Contributions . . . . . . . . . 46

3.5 Conclusions and Future Directions . . . . . . . . . . . . . . . . . . . 47
3.6 Real World Applications . . . . . . . . . . . . . . . . . . . . . . . . . 49

4 Mitigating the Effects of Cation Contamination in Nafion Mem-
branes for Improved Hydrogen/Deuterium Separation in Electro-
chemical Hydrogen Pump Cell Experiments . . . . . . . . . . . . . 54
4.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
4.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
4.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.3.1 Membrane Preparation . . . . . . . . . . . . . . . . . . . . . . 59
4.3.2 Fabrication of Membrane-Electrode Assemblies (MEAs) . . . . 59
4.3.3 Proton Exchange Membrane (PEM) Cell Assembly . . . . . . 60
4.3.4 Controlled-Potential Amperometric Analysis . . . . . . . . . . 60
4.3.5 Deuterium-Pump and Hydrogen-Pump Experiments . . . . . . 62
4.3.6 Electrochemical Analysis . . . . . . . . . . . . . . . . . . . . . 62
4.3.7 Reprotonation/Redeuteration . . . . . . . . . . . . . . . . . . 62
4.3.8 Post-Treatment Validation . . . . . . . . . . . . . . . . . . . . 63

viii



4.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 63
4.5 Proposed Standard Procedure for Evaluating CVDGraphene Deposited

Membranes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
4.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

5 Reevaluating Graphene’s Hydrogen-Deuterium Selectivity: An In-
vestigation Using Decontaminated Membranes . . . . . . . . . . . 77
5.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 81

5.3.1 Preparation of Nafion—Graphene—Nafion MEAs . . . . . . . 81
5.3.2 Preparation of Decontaminated NGN MEAs . . . . . . . . . . 81
5.3.3 Proton Exchange Membrane (PEM) Cell Assembly . . . . . . 83
5.3.4 D-Pump Time-Dependent Resistance Analysis . . . . . . . . . 83
5.3.5 Amperometric Analysis under Interchanging Hydrogen and Deu-

terium Feed Gases . . . . . . . . . . . . . . . . . . . . . . . . 84
5.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 84
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6 Real-Time Analysis of Electrochemically Evolved Gases: Design,
Operation, and Applications of an Integrated OEMS System . . . 95
6.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
6.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
6.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 98

6.3.1 Extrel MAX300-CAT Quadrupole Mass Spectrometer: Descrip-
tion, Operation, and Advantages . . . . . . . . . . . . . . . . 98

6.3.2 Mass Flow Controllers and Tubing: Selection, Operation, and
Benefits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

6.3.3 Electrochemical Cell: Design, Components, and Function . . . 102
6.3.4 Calibration Process, Role of Argon, and Its Importance for

Data Accuracy . . . . . . . . . . . . . . . . . . . . . . . . . . 103
6.4 Data Acquisition and Safety Measures . . . . . . . . . . . . . . . . . 106

6.4.1 Real-Time Data Acquisition . . . . . . . . . . . . . . . . . . . 106
6.4.2 Safety Measures and Considerations . . . . . . . . . . . . . . . 106

6.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 107
6.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
6.7 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

7 Impact of CVD Graphene-Embedded Nafion Membranes on Hy-
drogen Isotope Selectivity . . . . . . . . . . . . . . . . . . . . . . . . 120
7.1 Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120
7.2 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121
7.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . . . . . . 123

ix



7.3.1 Revised Procedure for Fabrication of NGN Membranes . . . . 123
7.3.2 Preparation of Control Membranes: NN Membranes in H and

D Forms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124
7.3.3 Collaborative Efforts: Preparation of Samples from Vanderbilt

University . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
7.3.4 OEMS Analysis of Output Gas Mixtures . . . . . . . . . . . . 125

7.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.4.1 Experimental Demonstration of Absence of Graphene’s Isotope

Selectivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
7.4.2 Summary of Key Findings with Graphs and Tables . . . . . . 128

7.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . 128
7.5.1 Interpreting the Findings in Light of Study Objectives . . . . 128
7.5.2 Comparison with Previous Research . . . . . . . . . . . . . . . 135
7.5.3 Discussion on the Observed Isotope Selectivity . . . . . . . . . 136
7.5.4 Implications for the Field of Hydrogen Isotope Separation . . 138

7.6 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

x



List of Tables

3.1 Summary of proton conductivity calculation. . . . . . . . . . . . . . . 41
3.2 Proton conductivities of sample membranes measured under hydrated

conditions at room temperature using the developed method. . . . . . 50

5.1 Determination of Graphene’s Area Conductance for Proton and Deuteron
Transport. This table compiles resistance data derived from the LSV
curves presented in Figures 5.4A and 5.4B, comparing the performance
of NN and NGN membranes in both H and D forms. The graphene’s
resistance is calculated by subtracting the resistance of NN from that
of NGN. The active area of the electrode is used to derive the area
resistance and area conductance of the graphene. . . . . . . . . . . . 88

5.2 Comparison of Experimental Results for H/D Separation by the Graphene
Sieving Membrane . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90

6.1 Input H2 and D2 gas mixtures for the calibration of OEMS. The mix-
tures were created in different ratios (90:10, 80:20, 70:30, and so on,
up to 10:90) using mass flow controllers. Each mixture maintained a
total flow rate of 2 SCCM. For example, a 90:10 H2:D2 mixture was
prepared by combining 1.8 SCCM of H2 with 0.2 SCCM of D2. A con-
sistent flow of 20 SCCM Argon was used as a carrier gas to transport
each of these mixtures to the QMS. . . . . . . . . . . . . . . . . . . . 103

6.2 Overview of the steady-state concentration percentages of H2, D2, and
HD gases, as detected by the QMS. . . . . . . . . . . . . . . . . . . . 113

7.1 Results of QMS analysis. This table presents and compares the output
gas mixtures’ isotopic composition from the QMS analyses for both
the graphene-embedded and non-graphene control membranes. * The
NGvN set of membranes represents the membranes that were prepared
from CVD graphene grown in Vanderbilt University’s laboratory. . . . 131

xi



List of Figures

2.1 Actual water flow rates measured at various peristaltic pump speeds. 18
2.2 Polarization curves and Tafel plots highlighting the different electro-

chemical behaviors of the Hydrogen and Deuterium Evolution Reactions. 19
2.3 HERmechanism for acidic conditions[17]. The Volmer-Heyrovsky mech-

anism involves a single electron, faster Volmer step to produce a surface
M-H species followed by a concerted Heyrovsky step involving a second
proton reduction coupled with H-H bond separation and H2 release. . 21

2.4 Polarization curves and Tafel plots illustrating the performance of the
OER in H2O and D2O. . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2.5 Polarization curves and Tafel plots for water and heavy water electrol-
ysis in PEMWE. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.6 A condensed representation of the OER on a metal catalyst surface,
denoted as ’M’[9]. While the conventional mechanism typically involves
an OH* intermediate, here, we depict a direct conversion of water to the
O* species for clarity of presentation. The subsequent steps, involving
coordinated electron and proton transfers, culminate in the evolution
of molecular oxygen. . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.1 Schematic of the modified and miniaturized symmetric hydrogen pump
cell. Research-grade H2 gas, stored in a tank, was employed in this
study. Prior to introduction into the cell, the H2 gas was humidified
by being bubbled through deionized water. The hydrogen pump cell
was assembled in a symmetric configuration, enabling hydrogen feed
from both ends. This was facilitated by the anode side outlet being
connected to the cathode side inlet via a looping tube. . . . . . . . . 38

3.2 Comparative LSV plots for varying layers of Nafion N117(A), N211(B),
and N212(C). These graphs illustrate the LSV curves recorded for 1,
2, 3, and 4 layers of each Nafion membrane type under identical exper-
imental conditions in an electrochemical hydrogen pump cell. . . . . . 40

3.3 Membrane resistance (corrected) with increasing thickness/layers. The
membrane’s real resistance was calculated from cell/residual resistance
subtracted from the total resistance measured. . . . . . . . . . . . . . 43

3.4 The conductivity of each Nafion membrane type with 95% confidence
intervals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

xii



4.1 Structure of Nafion (M+ = H+, Na+, K+ etc.) . . . . . . . . . . . . . 56
4.2 A. Schematic Diagram and B. Real-World Image of the PEM Cell

Assembly. The A. diagram delineates the arrangement of various com-
ponents of the swage-style fuel cell used for our experiments. The cell
incorporates two Titanium current collectors two AvCarb P50 GDLs
and two O’ rings. The MEAs, fabricated in prior steps, are nestled
between these GDLs. B. depicts a real-world image of the assembled
electrochemical pump cell, visually illustrating the compact and inte-
grated design of the PEM cell assembly. . . . . . . . . . . . . . . . . 61

4.3 Resistance Analysis of NN MEA under Alternating Feed Gas Strategy.
The graph depicts the resistance fluctuations of the NN MEA during
chronoamperometry at a fixed potential of -70 mV. . . . . . . . . . . 64

4.4 Electrochemical profiles from LSV tests on different MEA configura-
tions for H-pump (A) and D-pump (B) conditions. Variations include
two layers of either H or D-Nafion, a hybrid of one layer of H or D-
Nafion with one layer of AC-Nafion, and two layers of AC-Nafion. The
results highlight the influence of ammonium and copper contamination
on the resistance to hydrogen isotope transport across the tested MEAs. 66

4.5 Comparison of LSV curves obtained for ammonium and copper con-
taminated NN membrane before and after reprotonation treatment in
H-pump conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

4.6 EDX analysis of membranes prepared via two distinct methods. (A)
presents the EDX results for a membrane treated with the previously
documented etching and DI water rinsing procedure, highlighting the
presence of ammonium, copper ions, and other elements. (B) showcases
the EDX outcomes for a membrane prepared using the modified etching
technique, which includes the recommended reprotonation step. . . . 69

5.1 NGN Fabrication Method: A comparison of the procedure outlined by
Bukola et al.[4] with the supplementary steps proposed in Chapter 4. 82

5.2 CV Scan Comparisons Between NN and NGN Membranes (prepared
using the conventional procedure) for D-pumping: These side-by-side
graphs represent the CV scans conducted on both NN and NGN mem-
branes at a rapid scan rate of 20 mV/s. A. presents the results for
NN membranes, where the consistent current indicates steady resis-
tance to deuteron transport over time. In contrast, B. demonstrates
the outcomes for NGN membranes. Here, multiple segments portray
a time-dependent behavior, with a gradual increase in current and a
corresponding decrease in resistance over time. . . . . . . . . . . . . . 85

xiii



5.3 Amperometric Resistance Analysis of NGN MEA under Alternating
Feed Gas Strategy. This graph illustrates the changes in resistance of
NGN MEA subjected to chronoamperometry at a fixed potential of -70
mV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.4 Comparative Analysis of Post-Treated Linear Sweep Voltammetry (LSV)
Curves for H-Pump and D-Pump Experiments Using NGN and NN
MEAs. These side-by-side graphs illustrate the LSV curves of post-
treated NGN and NN MEAs under both H-pump and D-pump con-
ditions, highlighting changes in resistance and, consequently, conduc-
tance. A. shows the comparison for D-pump conditions, with distinct
lines representing the LSV curves for NGN and NN MEAs. Similarly,
B. depicts the comparison for H-pump conditions, using unique lines
to differentiate the LSV curves for NGN and NN MEAs. . . . . . . . 87

5.5 Comparison of Calculated Resistances for Post-Treated NGN and NN
MEAs in H-Pump and D-Pump Experiments. This graph presents
the calculated resistances derived from the LSV curves of post-treated
NGN and NN MEAs under both H-pump and D-pump conditions. . . 88

6.1 The photo provides a view of the integrated Online Electrochemical
Mass Spectrometry (OEMS) system housed within the fume hood. Key
components showcased include the Extrel MAX300-CAT Quadrupole
Mass Spectrometer, the Pine Research WaveDriver 20 Potentiostat, the
mass flow controllers (MFCs), and the electrochemical H/D pump cell,
which are vital components for our real-time, continuous monitoring
of hydrogen isotope evolution. . . . . . . . . . . . . . . . . . . . . . . 99

6.2 OEMS System: A Schematic Illustration of the Online Electrochem-
istry Mass Spectroscopy Setup. . . . . . . . . . . . . . . . . . . . . . 100

6.3 Display of the tuning screen in Questor 5 software, showcasing the
peaks for H2, HD, and D2. . . . . . . . . . . . . . . . . . . . . . . . . 107

6.4 Time-resolved simultaneous recording of the relative intensities of H2

(2 m/z) and D2 (4 m/z) (A), alongside the instrument-detected con-
centration (%) of H2 and D2 for each calibration gas mixture (B),
represented side by side. The gas mixtures were varied step-wise from
a ratio of 90:10 to 10:90. The change in ratio was implemented once
the system reached steady-state readings, demonstrating the system’s
response to changes in gas composition. This graph correlates the
relative intensity measurements with the accurate detection and con-
centration determination of H2 and D2 in each mixture, providing a
comprehensive visualization of the step-wise variation of gas ratios. . 108

xiv



6.5 This combined multi-axial graph, split into A and B, represents the cor-
relation between H2 and D2 relative intensities (A), and the instrument-
detected concentrations (expressed as percentages) (B) against their
corresponding flow rates and concentrations (dual X-axes). From the
perspective of H2, the X-axes extend from 0 to 2 sccm (flow rate) and 0
to 100% (concentration). In contrast, for D2, the X-axes are interpreted
in the reverse direction, from 2 to 0 sccm and 100 to 0%. This arrange-
ment allows simultaneous evaluation of both H2 and D2 dynamics and
the instrument’s accuracy in recording H2 and D2 concentrations under
varying flow rates and concentrations. . . . . . . . . . . . . . . . . . . 109

6.6 Gas output and calibration model validation over time in a NN mem-
brane. (A) Temporal variation in relative intensities of output gas mix-
ture from the electrochemical pump cell when humidified H2 and D2

were supplied. (B) Evolution of instrument-detected output gas con-
centrations over time. (C-E) Validation of calibration model with H2,
D2, and HD respectively, comparing calculated (from CC) vs. modeled
percentages (m, n, and o). Alterations in the feed gas mixture ratios
and flow rates were made at the 8 and 13-minute marks. . . . . . . . 110

6.7 (A) A time-series graph displaying the relative intensities of m/z values
2, 3, and 4, corresponding to H2, HD, and D2 gases, detected by the
QMS during a -40 mA chronopotentiometry test on an MEA [Anode
(Pt/C) — Nafion 211 *2 — Cathode (Pt/C)] using a humidified 50:50
H2 and D2 mixture. (B) Time-dependent variations in concentrations
of H2, D2, and HD, corrected using calibration curves. This offers in-
sights into the changing composition of output gases transported by
an Ar carrier over time. (C) A depiction of the steady-state concen-
tration percentages of the gases when the system reaches equilibrium,
providing a concise view of the gas mixture composition. . . . . . . . 112

7.1 Process of CVD graphene transfer onto Nafion 211 membranes. A.
CVD graphene on copper sheets hot-pressed onto single layers of Nafion
211 membranes. Teflon-reinforced fiberglass sheets were placed from
either side of it prior to hot-press. B. Copper—graphene—Nafion com-
posites were immersed in 0.3 M APS solution. C. and D. Post-etched
graphene-deposited membranes. . . . . . . . . . . . . . . . . . . . . . 124

7.2 Schematic of the hydrogen pump cell setup. Diagrammatic represen-
tation of the deuterium/hydrogen pump cell setup. . . . . . . . . . . 127

7.3 Time-dependent variations in concentrations of output gases from each
MEA type. A. NN (H), B. NGN (H), C. NN (D), D. NGN (D). . . . 129

7.4 Sample time-dependent variations in concentrations of output gases
from NGvN (H) MEA. . . . . . . . . . . . . . . . . . . . . . . . . . . 130

xv



7.5 Isotopic composition of output gas mixtures from OEMS analyses across
all MEAs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

7.6 Average H/D selectivity for each type of membrane with 95% confi-
dence intervals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

7.7 Scanning Electron Microscopy (SEM) Images of CVD-Graphene on
Nafion 211 Membranes. These high-resolution images obtained from
the Hitachi S-4800 SEM showcase the microstructure of the CVD-
graphene on Nafion 211 membrane. The darker regions represent the
Nafion substrate, whereas the lighter areas depict the graphene layer. 134

xvi



Chapter 1

Introduction

1.1 Background

As nuclear fusion reactors relying on the efficient production of stable hy-

drogen isotopes, deuterium and tritium emerge as potential solutions for looming

energy crises, the importance of hydrogen isotope separation escalates[1][2][3]. Be-

yond its role in energy production, deuterium’s particular use in isotope tracing,

nuclear magnetic resonance spectroscopy, as neutron moderators in nuclear reactors,

and in medical applications emphasizes the depth and range of its significance across

both scientific research and industrial domains[4][5]. Over the years, a multitude of

techniques for separating hydrogen isotopes have been developed. These include tra-

ditional methods such as cryogenic distillation[6] and the Girdler-Sulfide process[7].

These techniques often require substantial energy inputs and sophisticated infrastruc-

ture, posing significant limitations in terms of cost-efficiency and scalability[8].

Against this backdrop, membrane-based separation methods have emerged as

a promising alternative. This approach, based on the use of proton exchange mem-

branes (PEMs), a material that facilitates proton movement while inhibiting the mi-
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gration of electrons to separate isotopes, is appreciated for its relative simplicity, lower

energy demands, and potential for scaling[9]. Recent advancements in nanomateri-

als have further propelled research interest in this field. Notably, graphene, a single

layer of carbon atoms arranged in a two-dimensional honeycomb lattice, has captured

the scientific community’s attention due to its exceptional electrical, mechanical, and

thermal properties[10]. Notably, the inclusion of graphene within PEM membranes

specifically Nafion membranes has been explored due to graphene’s reported selective

permeability towards hydrogen isotopes[9][11][12].

However, as with any burgeoning field of research, the integration of graphene

into PEMs and its implications on hydrogen isotope separation are not without com-

plexities and ambiguities[13]. While the promise of graphene-enhanced PEMs is tan-

talizing, it is imperative to dissect and understand the complexities, gaps, and poten-

tial misconceptions that might cloud our understanding of this sophisticated interplay

between materials science and electrochemistry. By diving into this intricate land-

scape, this dissertation aims to clarify on the potentialities, challenges, and enigmas

surrounding hydrogen isotope separation in Proton Exchange Membranes, laying the

groundwork for future innovations and technological advancements.

1.2 Research Context

The journey of understanding hydrogen isotope separation within graphene-

integrated PEMs is rich and multidimensional, having evolved over the years as tech-

nology and knowledge advanced[9][10][11][12][13][14][15]. The research landscape has

been shaped by multitude explorations, innovations, and questions, some of which

remain unanswered.
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1.2.1 State of Knowledge

Initial investigations into hydrogen isotope separation within PEMs high-

lighted the transformative potential of this approach. With the introduction of

graphene into the equation, excitement in the scientific community reached new

heights. Early studies, particularly those analyzing monolayers of exfoliated graphene,

reported a H/D separation factor of 10[11], suggesting that graphene’s unique struc-

ture and properties could enhance isotope selectivity within PEMs. The major dis-

advantage of exfoliated graphene is that it is not scalable, prompting scientists to

turn to Chemical Vapor Deposition (CVD) as a more viable technique for large-scale

production of high-quality graphene. This culminated in a series of studies that ex-

tensively explored the deposition of CVD graphene onto Nafion, further emphasizing

the synergistic benefits. In 2017, Lozado-Hidalgo and colleagues demonstrated that

a CVD graphene-embedded Nafion membrane could effectively differentiate between

hydrogen isotopes, achieving a separation factor of around 8 despite cracks and imper-

fections in graphene[12]. Building on this, Bukola et al. in 2018 achieved a separation

factor of roughly 14 using Nafion — Graphene — Nafion sandwich membranes in an

electrochemical pump cell while acknowledging similar imperfections in the graphene

layer[9].

However, as with any evolving domain of scientific inquiry, subsequent research

has brought forth a mix of corroborations and contradictions. The work of Xue et

al. (2022) stands out in this context, presenting a counternarrative that challenges

the previously accepted prominence of CVD graphene in determining H/D selectivity.

Their findings underscored the influence of catalysts, suggesting that they play a more

vital role than graphene in the selectivity process[13].
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1.2.2 Research Gaps and Challenges

Despite the comprehensive research conducted to date, notable gaps and chal-

lenges persist. A glaring omission from current literature is the consideration of

unintentional cation introduction during the graphene transfer process onto Nafion

membranes. The implications of exchanged cations in the PEM, particularly ammo-

nium and copper, remain completely unexplored in the domain of graphene-integrated

PEMs, presenting a potential blind spot in our understanding of their impact on hy-

drogen isotope separation.

Moreover, the methodologies employed to assess graphene-deposited PEMs

vary significantly across studies. The absence of a standardized, reproducible proce-

dure to prepare graphene-integrated Nafion membranes has led to inconsistent find-

ings, incorrect control experiments. This inconsistency is further exacerbated by the

lack of time-dependent studies which would provide insights into the long-term ef-

ficacy reported isotopic separation and stability of these graphene-embedded Nafion

membranes.

Lastly, the discourse’s prevailing ambiguity surrounding the exact role and

impact of graphene in PEMs, as evidenced by the conflicting findings of multiple

studies, signifies the need for further systematic, unbiased, and in-depth investigation.

In conclusion, despite preliminary investigations into hydrogen isotope separa-

tion in CVD graphene-integrated PEMs, the domain remains characterized by notable

ambiguities, discrepancies, and unresolved queries. It is within this context of estab-

lished knowledge and existing gaps that the present dissertation situates itself, aiming

to untangle complexities and pave the way for a clearer, more holistic understanding

of the subject.
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1.3 Research Motivation and Aims

1.3.1 Motivation

The advancement of knowledge in academia has historically oscillated between

important discoveries and inherent challenges. Nowhere is this more evident than

in the field of hydrogen isotope separation within graphene-integrated PEMs. The

prevailing research presents a blend of key discoveries alongside areas that remain

clouded in ambiguity. This duality forms the underpinning for our present inquiry.

The ongoing discourse on hydrogen isotope separation in PEMs, particularly

in relation to the influence of graphene, reveals a split in findings. Initial research

highlighted the promising potential of graphene, emphasizing its role in H/D separa-

tion[12]. However, subsequent investigations by Xue et al. (2022) presented contrast-

ing views[13]. A perplexing element in this discourse is how isotope separation has

been achieved by various researchers, even when acknowledging cracks and imperfec-

tions in CVD graphene. These discrepancies, exacerbated by difficulties in replicating

the graphene-integrated PEM experiments conducted by a former group member, Dr.

Saheed Bukola, who reported a H/D separation factor of 14[9], and the previously

overlooked concern of unintentional cation introduction during graphene transfer, em-

phasize considerable gaps in our current understanding and underscore the need for

further investigation.

1.3.2 Research Aims

• Investigating Cation Impacts: Our research aims to lead investigations into

the unintentional presence and role of specific cations, namely ammonium and

copper, and their potential impact on hydrogen isotope separation. These efforts
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are intended to deepen our understanding of the subtleties in PEM performance.

• Evolving Standardized Evaluation Protocols: Given the diversity in existing

evaluation mechanisms, our inquiry aims to curate and propose a harmonized,

rigorous, and replicable assessment paradigm for graphene-integrated PEMs.

Simultaneously, we wish to embark on the exploration of the long-term reliabil-

ity of these separation techniques, addressing an evident gap in the literature.

• Temporal Assessment: A key facet of our study encompasses time-anchored

evaluations to discern the persistence of observed selectivity—whether it re-

mains transient or establishes permanence.

• Reassessing Graphene’s Functionality: Amidst the array of interpretations, it

becomes imperative to rigorously reevaluate graphene’s efficacy and role in the

hydrogen isotope separation spectrum within PEMs. Through meticulous ex-

aminations of pristine Nafion Graphene (NGN) membranes, we aim to present

a holistic and grounded perspective on graphene’s utility.

The present study intends to build on and challenge the current discourse on hydrogen

isotope separation in PEMs, with a particular focus on the potential roles of graphene

and introduced cations. Our study will be the first to specifically address the issue of

unintentional cation introduction during graphene transfer. Furthermore, we aim to

develop a reliable and reproducible method of evaluating graphene-deposited PEMs,

thus addressing a significant gap in current research methodologies. In doing so, we

hope to provide a more accurate understanding of hydrogen isotope separation within

PEMs, correct misconceptions, and fill gaps in the current literature.
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1.3.3 Anticipated Contributions

This research transcends mere academic exploration, poised to offer transfor-

mative insights. Through rigorous evaluations of graphene’s contributions and the

potential ramifications of inadvertent cation introductions, we anticipate furnishing

the academic community with enhanced clarity and direction. Our endeavors also

seek to harmonize prevailing research methodologies, fostering cohesiveness in future

empirical studies. It is our aspiration that this comprehensive inquiry not only eluci-

dates current understandings but also charts an informed trajectory for forthcoming

studies within the domain.

1.4 Methodological Overview

The complexity and multifaceted nature of hydrogen isotope separation in

PEMs require an interdisciplinary approach that straddles the boundaries of tradi-

tional scientific domains. This dissertation champions such an approach, merging

insights and techniques from a range of scientific disciplines to offer a richer, more

holistic understanding of the subject.

• Electrochemistry: At the core of our investigation lies electrochemistry, a piv-

otal discipline that provides the fundamental principles governing the behavior

and interaction of charged particles within our chosen system. Through elec-

trochemical techniques, we’ve been able to scrutinize the behavior of hydrogen

isotopes during various processes, giving us valuable insights into their separa-

tive characteristics.

• Mass Spectrometry: Complementing our electrochemical analyses, mass spec-

trometry offers an analytical tool to discern the exact composition of our sam-
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ples. This method allows for precise identification of the evolved gases from

electrochemical reactions, ensuring our conclusions are firmly rooted in empiri-

cal data.

• Materials Science: The introduction and evaluation of materials like graphene

and Nafion in our research necessitate an understanding of materials science.

By diving into the structural and compositional attributes of these materials,

we’re better positioned to infer their roles in the isotope separation processes.

1.5 Dissertation Structure

Navigating through this dissertation, readers will embark on a structured jour-

ney that delves into the depths of hydrogen isotope separation within graphene-

integrated PEMs. Here is a concise overview of the organization of this dissertation:

Chapter 2: “Kinetic Isotope Effects in the Electrolysis of Water and Heavy Water:

A Comparative Study in Different Electrolyte Environments”

An introduction to the kinetic isotope effects observed during the electrolysis

of water and heavy water, focusing on the differential environments in which this

phenomenon occurs.

Chapter 3: “Development and Application of a Novel Electrochemical Hy-

drogen Pump Cell Technique for Accurate Through-Plane Proton Conductivity Mea-

surements of Ionomer Membranes”

This chapter unveils a novel technique designed to gauge proton conductivity

within PEMs, offering readers insight into an innovative approach with the potential

to reshape fuel cell technology assessments.

Chapter 4: “Mitigating the Effects of Cation Contamination in Nafion Mem-

branes for Improved Hydrogen/Deuterium Separation in Electrochemical Hydrogen
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Pump Cell Experiments”

A deep dive into the implications of cation contamination in Nafion membranes

during the graphene transfer process. This chapter not only highlights the significance

of considering contamination during membrane preparation but also presents a novel

post-treatment process to optimize hydrogen/deuterium pump cell experiments.

Chapter 5: “Reevaluating Graphene’s Hydrogen-Deuterium Selectivity: An

Investigation Using Decontaminated Membranes”

Here, we challenge established beliefs by rigorously reevaluating the role of

graphene in hydrogen isotope selectivity. The insights gleaned from this investiga-

tion serve to redirect current understandings and chart a new trajectory for future

explorations.

Chapter 6: “Real-Time Analysis of Electrochemically Evolved Gases: De-

sign, Operation, and Applications of an Integrated OEMS System”

This chapter presents the comprehensive design, calibration, and application

of an integrated EC-MS system, showcasing its potential contributions to the analysis

of gases evolving from electrochemical reactions.

Chapter 7: “Impact of CVD Graphene-Embedded Nafion Membranes on

Hydrogen Isotope Selectivity”

Building on previous insights, this chapter delves into the profound impact of

CVD graphene on hydrogen isotope selectivity, offering a refined and evidence-backed

perspective on this critical topic.

Collectively, these chapters enhance our understanding of hydrogen isotope

separation in CVD graphene-embedded PEMs, offering an extensive exploration of

this vital subject. This dissertation serves not only as a document of our research

but as a platform for future inquiry into the fascinating and ever-evolving field of

hydrogen isotope separation.
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In addition to the studies discussed above, I collaborated on a published

project involving electrochemical characterization of GADIPY (dipyrrin complexes

of dichlorogallate) through cyclic voltammetry for Dr. Rhett Smith from the Depart-

ment of Chemistry. The citation for the manuscript is as follows:

1. Wan, W.; Silva, M. S.; McMillen, C. D.; Creager, S. E.; Smith, R. C.,

Highly Luminescent Heavier Main Group Analogues of Boron-Dipyrromethene. Jour-

nal of the American Chemical Society 2019, 141 (22), 8703-8707.

I have also collaborated on published projects involving measuring through-

plane proton conductivities of PFSA nanocomposites containing silica nanoparticles

with Dr. Eric Davis from Department of Chemical and Biomolecular Engineering.

The citations for these manuscripts are as follows:

1. Domhoff, A.; Martin, T. B.; Silva, M. S.; Saberi, M.; Creager, S.; Davis, E.

M., Enhanced Proton Selectivity in Ionomer Nanocomposites Containing Hydropho-

bically Functionalized Silica Nanoparticles. Macromolecules 2021, 54 (1), 440-449.

2. Domhoff, A.; Wang, X.; Silva, M. S.; Creager, S.; Martin, T. B.; Davis, E.

M., Role of nanoparticle size and surface chemistry on ion transport and nanostruc-

ture of perfluorosulfonic acid ionomer nanocomposites. Soft Matter 2022, 18 (17),

3342-3357.

These publications are not discussed further in this dissertation.
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Chapter 2

Kinetic Isotope Effects in the

Electrolysis of Water and Heavy

Water: A Comparative Study in

Different Electrolyte Environments

2.1 Abstract

This study undertakes a comprehensive exploration of the impact of isotopic

substitution on the kinetics of the Hydrogen Evolution Reaction (HER), Deuterium

Evolution Reaction (DER), and Oxygen Evolution Reaction (OER) in acidic medi-

ums. Experiments were conducted in two distinct electrochemical environments: reg-

ular water (H2O) and heavy water (D2O). Utilizing both three-electrode and two-

electrode systems, we observed distinct reaction dynamics in these environments.

Results indicated that both HER and DER operate under the Volmer-Heyrovsky

mechanism, emphasizing the role of electrochemical desorption in hydrogen and deu-
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terium evolution. Notably, a more pronounced overpotential difference was observed

for OER in H2O versus D2O than between HER and DER at a given current den-

sity, highlighting the significant influence of the kinetic isotope effect on the OER’s

energy barrier. These findings have profound implications for the optimization of

electrochemical systems, particularly in the domain of isotope separation and energy

conversion technologies. The insights from this study serve as a foundation for ad-

vancing both theoretical understanding and practical applications in electrochemistry.

2.2 Introduction

The escalating global demand for energy, coupled with the urgent need to

transition from fossil fuels to sustainable energy resources, has highlighted the critical

importance of energy conversion and storage technologies[1][2][3][4]. Among various

strategies, a particularly promising technique that has surfaced is the electrochemical

splitting of water, a process that facilitates the transformation of electrical energy

into chemical energy stored within hydrogen[4][5]. Hydrogen, an energy carrier par

excellence, can be efficiently converted back into electricity in fuel cells, offering the

prospect of a closed-loop, carbon-neutral energy cycle[6]. Moreover, hydrogen is a

versatile chemical feedstock that has significant roles in various industrial processes,

thereby making its generation via water splitting an essential aspect of the global

sustainable energy landscape[7].

The application of water electrolysis also extends beyond clean energy genera-

tion. An intriguing and important facet of this process is the separation of hydrogen

isotopes. Hydrogen has two stable isotopes, protium (H) and deuterium (D), the

latter of which is used extensively in scientific research, nuclear power, and various

industrial applications[8]. The efficient separation of these isotopes is therefore of
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high value.

Water electrolysis involves two half-cell reactions: the HER at the cathode

and the OER at the anode[7]. Despite the seemingly straightforward nature of these

reactions, they encompass complex multi-electron-transfer processes that proceed via

intricate intermediate species and pathways. Given their inherently slow kinetics,

these reactions are typically accelerated by catalysts, with Platinum (Pt) and Irid-

ium Oxide (IrO2) recognized as the state-of-the-art for HER and OER, respectively[6].

While offering superior catalytic activity and stability, these materials are also asso-

ciated with high costs. Consequently, extensive research has been dedicated to the

design and synthesis of efficient, cost-effective catalysts[9][10][11][12][13].

Advancing water electrolysis systems necessitates not just superior catalysts

but also an in-depth understanding of the intrinsic reaction mechanisms and kinet-

ics. For instance, HER and OER proceed via specific pathways: the Volmer-Tafel

or Volmer-Heyrovsky mechanisms in HER[14] and the formation of various surface-

bound intermediate species in OER[6]. The overall kinetics of these reactions are

dictated by the rate-determining step, the stage with the highest activation energy

barrier.

The objective of this study is to investigate the KIEs in water and heavy water

electrolysis in both liquid and solid electrolyte environments using a three-electrode

cell with reference electrode to reveal the degree to which kinetic selectivity for H2O

vs D2O electrolysis resides at the HER or OER electrode. We aim to highlight

the isotopic effects at both the anode and cathode reactions and understand their

implications on the overall isotope separation process. The insights from this study

may serve to enhance the efficiency of hydrogen isotope separation and further our

understanding of the fundamental processes involved in water electrolysis.
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2.3 Materials and Methods

2.3.1 Catalyst Preparation

For this investigation, we carefully prepared the catalysts to ensure optimal

catalytic performance. Drawing from a previously published procedure[10], we pre-

pared the anode ink by mixing 25 mg of IrO2 (FuelCellStore) with 152 µL of a 5

wt% Nafion solution (FuelCellStore), 1 mL of deionized water, and 3 mL of isopropyl

alcohol. The cathode ink was prepared in a similar fashion, but with the use of 25 mg

of 40% Pt on Carbon XC-72 (FuelCellStore) instead of IrO2. These mixtures were

sonicated for an hour to ensure a homogenous dispersion, resulting in a uniformly

dispersed catalyst ink. We utilized Nafion as an ionomer to enhance the integrity of

the catalyst layer, and chose isopropanol for its quick evaporation property, assisting

in the drying process.

2.3.2 Electrode Preparation

The working electrodes for the three-electrode cell experiments were prepared

using the catalyst inks described above. The process involved depositing the catalyst

ink onto glassy carbon electrodes via direct casting. Precisely, a 5 µl volume of

the catalyst ink was pipetted onto the polished surface of the glassy carbon electrode,

which was then left to dry at room temperature. The loaded catalyst layer’s thickness

was kept constant across all the electrodes to maintain uniformity. (Active surface

area of approximately 0.071 cm2) It is noteworthy that this is the geometric area, and

the actual active surface area might be significantly larger due to the nano-structured

catalysts’ high surface area-to-volume ratio. Nonetheless, the geometric surface area

provided a reasonable basis for comparison across different experiments.
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2.3.3 Electrochemical Experiments

We conducted electrochemical experiments using a three-electrode cell config-

uration, comprising a reversible hydrogen electrode (RHE, Gaskatel, HydroFlex) as

the reference electrode (RE), a platinum wire as the counter electrode (CE), and our

prepared catalyst-coated glassy carbon as the working electrode. For HER and OER,

we utilized 0.2 M H2SO4 in H2O as the electrolyte, while 0.2 M D2SO4 in D2O was

employed for DER and OER. We recorded polarization curves using PineResearch’s

WaveDriver 20 potentiostat with a scan rate of 5 mV/s, under ambient tempera-

ture and pressure conditions. All the potentials in three-electrode experiments were

recorded with respect to the RHE.

For the two-electrode water and heavy water electrolysis, a proton-exchange

membrane water electrolyzer (PEMWE) was assembled using a membrane electrode

assembly (MEA). The MEA was composed of a 0.5 mg/cm2 platinum electrode (Pt

on C cloth, Pt/C) and a 2 mg/cm2 iridium oxide electrode (IrO2 on C cloth, IrO2/C)

affixed to two Nafion 211 membranes via a hot-press method (140 °C and 600 psi).

The active area of the electrode was 0.49 cm2. This MEA was then integrated into

a custom-built, swage-style PEMWE that used titanium rods as current collectors.

Both regular water and heavy water were fed through designated inlets using a peri-

staltic pump at a pump speed of 4 (∼0.1 mL/s). Figure 2.1 shows how the rate of

water varied with pump speeds.
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Figure 2.1: Actual water flow rates measured at various peristaltic pump speeds.

2.4 Results and Discussion

2.4.1 Hydrogen and Deuterium Evolution Reactions in liquid

electrolytes utilizing in three-electrode cells

The central focus of our exploration in the three-electrode system was to elu-

cidate the impact of isotopic substitution on the kinetics of the HER and OER in

regular and heavy water, each contributing their unique influence on the experiment.

As demonstrated in Figure 2.2, the polarization curves at the Pt/C electrode exhibited

distinct variations during the HER and DER. While the initiation of both HER and

DER displayed similar patterns in the low overpotential stages, a noticeable diver-

gence was observed at higher overpotentials. Notably, HER presented higher current

levels compared to DER for similar overpotentials. Our examinations revealed dif-

ferences in the overpotentials for HER and DER at a current density of 10 mA/cm2;
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Figure 2.2: Polarization curves and Tafel plots highlighting the different electrochem-
ical behaviors of the Hydrogen and Deuterium Evolution Reactions.
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we observed 43.2 mV in the H2SO4 solution (0.2 M in H2O) for HER and 48.8 mV

in the D2SO4 solution (0.2 M in D2O) for DER. These findings are indicative of a

slightly increased energy barrier in the evolution reaction when it involved the heavier

isotope, deuterium.

The Tafel slopes for the reactions, also shown in Figure 2.2, mirrored these

observations. We recorded a Tafel slope of 49 mV/dec for HER and 57 mV/dec for

DER, representing a difference of 8 mV/dec. The observed Tafel slope values appear

to corroborate the predominance of the Volmer-Heyrovsky mechanism in both HER

and DER. As shown in Figure 2.3, the concerted electrochemical reduction/desorption

of hydrogen or deuterium gas is the rate-determining step in these processes. This

conclusion is in harmony with the theoretical Tafel slope for HER under acidic con-

ditions (Tafel slope of 40 mV/dec at low current densities and of 120 mV/dec at high

current densities), as proposed by Prats et al., when the reaction mechanism proceeds

via the Volmer and Heyrovsky steps, with the latter being rate-determining[15]. This

finding reinforces the universal applicability of the Volmer-Heyrovsky mechanism in

both HER and DER[16].

2.4.2 Examination of OER in H2O and D2O in acidic condi-

tions Utilizing Three-Electrode Cells

We also undertook a comprehensive investigation of the OER in both H2O

and D2O under acidic conditions. The results of this exploration are depicted graph-

ically in Figure 2.4. The polarization curves demonstrate that OER demands greater

overpotentials than HER. However, within OER, the overpotential for H2O is notably

less than for D2O. This suggests that the reaction progresses more efficiently in H2O.

In our detailed analysis, we recorded an overpotential of 394.2 mV for OER in a
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Figure 2.3: HER mechanism for acidic conditions[17]. The Volmer-Heyrovsky mech-
anism involves a single electron, faster Volmer step to produce a surface M-H species
followed by a concerted Heyrovsky step involving a second proton reduction coupled
with H-H bond separation and H2 release.

H2SO4 solution (0.2 M in H2O at a current density of 10 mA/cm2. By contrast, we

observed a much higher overpotential of 454.46 mV for OER in a D2SO4 solution (0.2

M in D2O at the same current density. The distinct discrepancy observed between

the overpotentials in H2O and D2O for OER, as compared to those of HER versus

DER, emphasizes the influence of the isotopic pattern on the reaction rate for both

electrode reactions.

The evidence suggests that the reaction involving D2O is marked by a slower

rate-determining step as compared to its counterpart involving H2O. This insight

underscores the profound influence of isotopic substitution on the kinetic behavior

for water electrolysis.

This kinetic influence of isotopic substitution is further manifested in the dis-

tinct Tafel slopes calculated for each system. We recorded a Tafel slope of 77 mV/dec
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Figure 2.4: Polarization curves and Tafel plots illustrating the performance of the
OER in H2O and D2O.
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for H2O and a relatively elevated value of 89 mV/dec for D2O, thus demonstrating

a difference of 12 mV/dec. Interestingly, this higher Tafel slope for OER in D2O as

opposed to H2O can be directly attributed to the kinetic isotope effect. This effect

arises due to the variation in zero-point energy between the isotopes, culminating in

a slower reaction rate for the heavier isotope, which is D2O in this context. The Tafel

slope increase to 89 mV/decade in D2O is due to the slower transfer of the deuteron

compared to the proton, making the rate-determining step even more sluggish and

thus affecting the observed Tafel slope. This type of kinetic isotope effect is a valuable

tool in mechanistic studies as it provides direct evidence for the involvement of pro-

tons/deuterons in the rate-determining step. This further highlights the relationship

between isotopic substitution and the kinetic behavior of electrochemical reactions.

2.4.3 Examination of Water and Heavy Water Electrolysis

in PEMWE

A parallel experimental investigation was carried out to analyze water elec-

trolysis in a PEMWE, with the results being presented in Figure 2.5. Importantly,

we observed an overall higher current density for similar applied potentials in the

PEMWE system compared to the three-electrode system. This disparity can be

attributed to several factors, including the more efficient cell design, superior elec-

trolyte conductivity, rapid gas diffusion, larger effective reaction area, and optimal

mass transport in PEMWE. Each of these features collectively enables a PEMWE to

facilitate faster reaction rates, leading to higher current densities.

Throughout these trials within the PEMWE, we noted that the overpotential

required to reach a current density of 10 mA/cm2 was 350.9 mV for regular water

electrolysis, compared to a significantly higher value of 417.6 mV for heavy water
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Figure 2.5: Polarization curves and Tafel plots for water and heavy water electrolysis
in PEMWE.
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electrolysis, suggesting a more significant energy barrier for the latter process.

Adding this understanding to our previous observations, we can conclude that

the Tafel slopes, which were 63 mV/dec for H2O and 82 mV/dec for D2O in our

PEMWE system, provide further confirmation of the influence of isotopic substitu-

tion on reaction kinetics. In particular, the steeper Tafel slope for D2O electrolysis

signifies slower kinetics, which can be traced back to the kinetic isotope effect and

the associated differences in zero-point energy between hydrogen and deuterium. No-

tably, the Tafel slope for water electrolysis agrees with the typical Tafel slope of 60

mV/dec for commercial IrO2 under OER in acidic conditions[11]. In our study, we

observed a Tafel slope of 63 mV/dec for the OER. This value is closely aligned with

the theoretical prediction from the literature, where a Tafel slope of 60 mV/dec is ex-

pected when the rate-determining step is a chemical reaction following a one-electron

transfer[9].

Together, the measurements from our three-electrode and two-electrode system

investigations converge to provide a comprehensive portrait of the kinetic isotope

effects in water and heavy water electrolysis, paving the way for optimized isotope

separation strategies and more efficient water electrolysis techniques.

2.4.4 Examination of Kinetic Isotope Effects

This observed difference in rates for light and heavy water electrolysis is indeed

an exhibition of the kinetic isotope effect (KIE). The KIE is generally described as

the change in the rate of a chemical reaction when one of the atoms in the reactants is

replaced by one of its isotopes. In our case, replacing H with D led to a slower reaction

rate for mainly OER, resulting in increased overpotentials. This can be attributed to

the increased mass of deuterium. Deuterium has an atomic mass of 2.014 u, double
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Figure 2.6: A condensed representation of the OER on a metal catalyst surface,
denoted as ’M’[9]. While the conventional mechanism typically involves an OH*
intermediate, here, we depict a direct conversion of water to the O* species for clarity
of presentation. The subsequent steps, involving coordinated electron and proton
transfers, culminate in the evolution of molecular oxygen.
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that of hydrogen’s 1.008 u. Therefore, it engages in vibrational movements at a

reduced frequency upon forming bonds with other atoms, compared to when protium

forms analogous bonds. This reduction in vibrational frequency consequently induces

a deceleration in the reaction rates when deuterium is a constituent. Additionally, the

bonds involving deuterium exhibit a lower zero-point energy which results in a higher

activation energy required for bond cleavage compared to those involving hydrogen[8].

Zero-point energy refers to the minimum amount of energy that a quantum mechanical

physical system may possess. Essentially, this means that heavier isotopes, such as

deuterium, possess a lower zero-point energy than lighter isotopes like hydrogen. This

difference in zero-point energy leads to heavier isotopes exhibiting slower reaction

rates because they must overcome a greater energy barrier to react.

Therefore, in the case of our PEMWE system, the slower kinetics for the OER

in D2O can be largely attributed to the rate-determining step of the OER, which

involves the breaking of the O-H bonds in H2O or the stronger O-D bonds in D2O.

Given that the O-D bond is stronger due to its lower zero-point energy, it requires

more energy to break, thereby necessitating a higher overpotential to achieve the

same current density during the OER in D2O

The notable differences in overpotential for H2O and D2O electrolysis suggest

that the anodic (OER) reaction is more significantly affected than the cathodic (HER)

reaction by hydrogen isotope substitution. The substantial impact may be attributed

to the OER being a four-electron process, which involves breaking O-H/O-D bonds,

a process that is particularly influenced by isotopic substitution due to the kinetic

isotope effect. This suggests that in the pursuit of enhanced hydrogen isotope sepa-

ration via water electrolysis, there may be great promise in optimizing anodic, and

to a lesser extent, cathodic materials. These findings highlight important avenues for

future research aiming to develop more efficient isotope separation techniques, indi-
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cating a particular focus on the improvement and optimization of anode materials

might provide substantial gains in efficiency.

2.4.5 Implications and Potential Applications

The findings of this study significantly contribute to our understanding of

the role played by anode and cathode in heavy water electrolysis and hence, in hy-

drogen isotope separation. The implications of our study are far-reaching, not only

enriching the current scientific understanding of the kinetics of electrochemical reac-

tions in isotope-rich environments, but also potentially paving the way for impactful

practical applications. Understanding these reaction dynamics is crucial for the sci-

entific community, especially those engaged in research related to energy conversion

and storage, as it can help in designing more efficient and effective electrochemical

systems. Moreover, the significant differences observed in the overpotentials of H2O

and D2O for OER and HER versus DER in different electrolysis systems underscores

the substantial effect of isotopic substitution. This knowledge could be a critical

factor in the design and optimization of anodic and cathodic materials in electro-

chemical systems. Finally, from a practical standpoint, our results have significant

implications in the domain of isotope separation. Efficient isotope separation is of

great interest in various fields such as nuclear energy, environmental monitoring, and

biomedical research. Given the large overpotential differences observed for H2O and

D2O electrolysis, particularly in the PEMWE system, our findings suggest that with

appropriate optimization of anode materials, water electrolysis could be a promising

avenue for more efficient isotope separation techniques.
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2.5 Conclusion

In conclusion, this study provides valuable insights into the kinetic isotope ef-

fects in water and heavy water electrolysis. The use of both three-electrode and two-

electrode (PEMWE) systems allowed for a comprehensive exploration and comparison

of the reaction dynamics. Our investigations revealed that the rate-determining step

in both HER and DER aligns with the Volmer-Heyrovsky mechanism, wherein the

electrochemical desorption of hydrogen or deuterium is the pivotal process. Further-

more, we noted a pronounced rate difference in H2O versus D2O for OER as compared

to HER versus DER, suggesting the kinetic isotope effect significantly influences the

energy barrier of the OER. Our findings bear substantial implications for future stud-

ies, particularly those focused on designing more efficient electrochemical systems for

energy conversion and storage, as well as those aiming at optimized isotope separa-

tion techniques. Our observations underscore the influence of isotopic substitution

on reaction kinetics, highlighting potential optimization targets, particularly the an-

ode materials in water electrolysis systems. In essence, this study provides new and

valuable insights into the role that isotopic environments play in the kinetics of fun-

damental electrochemical reactions, offering a foundation for future scientific research

and technological advancements in the field of electrochemistry.
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Chapter 3

Development and Application of a

Novel Electrochemical Hydrogen

Pump Cell Technique for Accurate

Through-Plane Proton

Conductivity Measurements of

Ionomer Membranes

3.1 Abstract

This study presents a novel approach to measuring proton conductivity in

Polymer Electrolyte Membranes (PEMs), with specific emphasis on Nafion N117,

N211 and N212 membranes commonly utilized in fuel cells. The method combines

Linear Sweep Voltammetry (LSV) and corrected resistance analysis to accurately
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measure steady-state DC currents and through-plane proton conductivity. A distinct

feature of this approach is its capacity to compensate for contact resistance without

necessitating a 4-point probe cell, thereby streamlining the procedure, and improving

its accessibility. In the experimental validation, we demonstrated that this method

not only aligns with the established ranges for proton conductivity but also reveals

the relationship between resistance and membrane thickness. This approach allowed

for an in-depth understanding of the electrochemical properties of the membranes,

paving the way for the strategic utilization of Nafion membranes in fuel cells and

related device applications. The novel method’s utility extends beyond fuel cells;

it was also employed to assess proton conductivity in PEMs synthesized for use in

vanadium flow batteries by a separate research group. This diversified application

further validates the versatility and potential of our novel method. This study has the

potential to significantly impact the field of fuel-cell technology, providing a precise,

accessible, and cost-effective method for assessing PEMs. Future research should

explore its applicability in other electrochemical systems, thereby expanding its scope

and paving the way for further refinements and improvements.

3.2 Introduction

Ionomer membranes play a crucial role in the functioning of fuel cells, partic-

ularly in Proton Exchange Membrane Fuel Cells (PEMFCs), which are prominent in

several applications ranging from portable electronics to automotive power systems.

While there have been developments in various alternate polymer membranes, Nafion

remains a reference point and is often used as a standard for comparison[1][2][3].

These membranes serve as the centerpiece of the cell, facilitating the transfer of pro-

tons from the anode to the cathode, while also providing a barrier to separate the
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reactant gases[4]. The study of proton transport, which has been a topic of inter-

est for over a century due to its significance in chemical and electrochemical systems.

The proton’s mobility is notably greater than other similarly sized ions, largely due to

the Grotthuss mechanism. This mechanism emphasizes that proton transport relies

more on the swift formation of hydrogen bonds between hydronium ions and water

molecules rather than the slower collective migration of hydronium ions, known as the

vehicular mechanism[5]. Therefore, the accurate measurement of proton conductivity

is paramount.

Proton conductivity, a measure of a material’s ability to conduct protons, is

a defining characteristic of ionomer membranes. Its accurate measurement is piv-

otal in evaluating the performance and efficiency of fuel cells. As the performance

of a fuel cell depends directly on the rate at which protons can move through the

membrane, it follows that higher proton conductivity generally translates to higher

cell efficiency[6]. In the pursuit of measuring proton conductivity, Electrochemical

Impedance Spectroscopy (EIS) has emerged as a highly regarded and most common

method[7][8][9][10][11][12]. In addition, Giffin et al. have employed an alternate

method known as broadband electric spectroscopy (BES). This technique offers the

distinctive advantage of distinguishing between the bulk and interfacial conductiv-

ity of polymer membranes, as well as polymer membranes that incorporate organic

fillers[13].

Through-plane proton conductivity is a critical parameter for assessing the

performance of ionomer membranes in fuel cells, but its measurement presents signif-

icant challenges. Most conventional methods primarily measure in-plane conductivity

due to the inherent configuration and geometry of these techniques, which do not re-

flect the actual working conditions in a fuel cell. The through-plane conduction, which

is integral to the operation of the fuel cell, can differ substantially from the in-plane
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conduction due to the anisotropic nature of the ionomer membranes. Thus, mea-

surements that exclusively focus on in-plane conductivities may lead to an inaccurate

representation of the overall membrane performance[1][6][14].

Another key challenge is the accounting of cell resistance in traditional mea-

surement techniques. Cell resistance, including electrode-membrane contact resis-

tance and any resistance introduced by the measurement apparatus, can substan-

tially influence the observed proton conductivity, thereby leading to overestimations

or underestimations of the actual value. Most traditional techniques require complex

correction procedures or sophisticated four-point probe cells to account for these re-

sistances, adding to the intricacy and potential sources of error in the measurement

process[10].

Moreover, traditional methods often involve the use of alternative current (AC)

techniques, such as EIS, which necessitates the use of equivalent circuit models to

interpret the data[7]. These models often involve assumptions that may not hold

under all conditions, particularly for complex ionomer membranes, leading to possible

inaccuracies in the derived proton conductivities.

Furthermore, these AC-based methods are unable to distinguish between pro-

tonic and electronic conduction or the presence of other ions, thus the derived conduc-

tivity values may not represent pure proton conductivity. This can be particularly

problematic when evaluating novel ionomer membranes with added functionalities,

where additional conductive species may be present[14]. Therefore, the development

of a method that accurately measures through-plane proton conductivity and effec-

tively accounts for cell resistance, while circumventing the shortcomings of tradi-

tional techniques, is a key step towards more reliable and accurate characterization

of ionomer membranes.

To address the challenges identified in conventional methods and to enable
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accurate through-plane proton conductivity measurements, this work introduces a

novel technique utilizing a miniaturized electrochemical hydrogen pump cell. This

innovative method is specifically designed to overcome the limitations of traditional

techniques and offers several advantages that make it a reliable tool for evaluating

the performance of ionomer membranes in fuel cells. One of the most compelling

features of this method is its ability to measure through-plane resistance, which in turn

provides a pathway for determining through-plane proton conductivity. Through-

plane conductivity is particularly significant as it is a crucial factor affecting the

efficiency of ionomer membranes in fuel cells. By facilitating this measurement, the

novel technique allows for a more comprehensive evaluation of membrane performance

under conditions that closely resemble real-world fuel cell operations.

This method also implements a reliable approach to account for cell resistance

without requiring a complex four-point probe cell, thereby simplifying the measure-

ment process. By using the electrochemical hydrogen pump cell, cell resistance can

be accurately measured and subtracted from the total resistance, ensuring that the

derived proton conductivity values are not influenced by extraneous resistances. Ad-

ditionally, the novel technique emphasizes the measurement of steady-state direct

current (DC) instead of AC. This allows the method to bypass the need for equivalent

circuit assumptions, which are often a source of inaccuracies in AC-based techniques.

Lastly, this method is tailored to measure pure proton conduction, effectively filter-

ing out any potential interference from other ions or electronic conduction. This is

particularly useful when studying novel ionomer membranes with additional function-

alities, as it ensures the measured conductivity is representative of proton conduction

alone. The new method thus addresses the major challenges of traditional proton

conductivity measurement techniques, opening up new avenues for accurate, reliable,

and uncomplicated assessment of ionomer membranes in fuel cells.
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3.3 Materials and Methods

3.3.1 Preparation of Electrodes and Membranes

Prior to use, all the proton exchange membranes selected for this study (Nafion

N117, N211, and N212) underwent a pre-treatment process as detailed in subsection

3.1 of Chapter 4. This involved immersion in a 3% H2O2 solution, heated to 80°C,

for a one-hour duration. Subsequent to this, the membranes were briefly rinsed with

deionized water (DI water). An acid treatment ensued, where the membranes were

submerged in a 0.5 M H2SO4 solution, also at 80°C, for an additional hour followed

by a final rinse with DI water. The Pt/C gas diffusion electrodes (GDEs) used,

featuring a platinum catalyst loading of 2 mg/cm2, were sourced from Fuelcellstore.

Sandwiches with 1, 2, 3, and 4 layers were assembled by positioning them between

the electrodes. A gentle compression was then applied using a bar clamp.

3.3.2 Cell Assembly Procedure

The membrane electrode assembly (MEA) was incorporated into a swage-style

electrochemical hydrogen pump cell constructed with graphite current collectors. A

conductive carbon-based adhesive was utilized to attach the GDEs to the current

collectors, ensuring a reliable electrical connection. The electrodes were cut into disk

shapes with areas of 0.18 cm2 and 0.50 cm2 respectively to avert potential edge effects.

(True active area is 0.18 cm2)

3.3.3 Experimental Operating Conditions

The experiments were conducted under meticulously controlled environmental

conditions. The cell operated with humidified hydrogen gas at a flow rate of 20 SCCM,
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Figure 3.1: Schematic of the modified and miniaturized symmetric hydrogen pump
cell. Research-grade H2 gas, stored in a tank, was employed in this study. Prior
to introduction into the cell, the H2 gas was humidified by being bubbled through
deionized water. The hydrogen pump cell was assembled in a symmetric configuration,
enabling hydrogen feed from both ends. This was facilitated by the anode side outlet
being connected to the cathode side inlet via a looping tube.

maintaining a relative humidity above 95% throughout the experiment. The system

temperature was consistently held at ambient room temperature which is typically

between 20 °C and 25 °C. For safety considerations, the hydrogen pump cell was

securely housed within a fume hood.

3.3.4 Electrochemical Analysis

The electrochemical behavior of Nafion N117, N211, and N212 membranes

was assessed using LSV. For this study, we varied the number of membrane layers

stacked together to obtain resistance values at different thicknesses. LSV curves were

generated under identical experimental conditions for all membrane configurations.

The LSV tests were performed on a PineResearch WaveDriver 20 electrochemical

workstation, using a voltage window from -25 mV to 25 mV at a scan rate of 1 mV/s.
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3.3.5 Determination of Resistance and Proton Conductivity

The resistance of the membrane was inferred from the slope of the LSV curves,

which varied according to the membrane thickness. Concurrently, the intercept of the

resistance vs. membrane thickness plots yielded residual resistances, representing the

sum of all contributions except those from bulk membrane resistance. The total re-

sistance of the cell, measured experimentally, incorporated these residual resistances.

To achieve a more representative depiction of the membrane resistance, we subtracted

the residual resistances from the total resistance.

Subsequently, proton conductivity was computed using the corrected resistance

values, adhering to Ohm’s Law and taking into account the geometric dimensions

of the membrane. The resultant proton conductivity values, indicated in mS/cm,

provide a measure of the through-plane proton conductivity of the ionomer membrane

under specified experimental conditions.

3.4 Results and Discussion

The LSV curves for Nafion N117, N211, and N212 membranes indicate a clear

correlation between the number of layers and the measured resistance values, with

observable distinctions among the three membrane types. Notably, an increase in

the number of layers led to heightened resistance across all three membrane types

(Nafion N117, N211, and N212). This trend suggests an extended path length for

proton conduction due to layer augmentation, resulting in a corresponding rise in

overall resistance.
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Figure 3.2: Comparative LSV plots for varying layers of Nafion N117(A), N211(B),
and N212(C). These graphs illustrate the LSV curves recorded for 1, 2, 3, and 4
layers of each Nafion membrane type under identical experimental conditions in an
electrochemical hydrogen pump cell.
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Table 3.1: Summary of proton conductivity calculation.

Membrane
Type

Number
of

Layers

Sample
Thickness

(µm)

Total
Resistance

(Ω)

Cell
Resistance

(Ω)

Corrected
Resistance

R (Ω)
1/R t/A

Conductivity
(mS/cm)

Nafion 117

1 196.5 2.80 1.53 1.27 0.79 11.04 87.2
2 392.0 4.13 1.53 2.59 0.39 22.02 84.9
3 584.5 5.46 1.53 3.92 0.25 32.84 83.7
4 777.5 6.61 1.53 5.08 0.20 43.68 86.0

Nafion 211

1 27.0 1.08 0.84 0.23 4.27 1.52 64.7
2 55.0 1.40 0.84 0.56 1.78 3.09 55.1
3 82.0 1.62 0.84 0.77 1.30 4.61 59.7
4 110.0 1.88 0.84 1.04 0.96 6.18 59.5

Nafion 212

1 55.0 2.20 1.67 0.53 1.88 3.09 58.2
2 110.0 2.67 1.67 1.00 1.00 6.18 61.5
3 164.0 3.17 1.67 1.50 0.67 9.21 61.5
4 215.0 3.69 1.67 2.02 0.49 12.08 59.8

3.4.1 Corrected Resistance Analysis

3.4.2 Overview of Corrected Resistance Findings for Nafion

N117, N211 and N212

Our analysis necessitated accurate measurements of the conductivity and re-

sistance of the various membranes (Nafion N117, N211, and N212), an endeavor for

which we employed a symmetric electrochemical H2 pump. This arrangement allowed

for H2 to be fed to both electrodes simultaneously. We chose to conduct our voltage

scans across the zero-voltage region, ranging from -25 mV to +25 mV. This method

was selected due to the symmetrical nature of our setup, as scanning across the zero

region enabled the generation of a linear curve for the IV (current-voltage) curve.

The slope of this IV curve proved to be critical, providing valuable information

regarding the resistance of the membrane. We recorded the IV curves layer by layer,

up to four layers, thereby obtaining four data points representing resistance versus

thickness. Subsequent to recording these four data points for each membrane type, we
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were able to plot Resistance vs Thickness and extrapolate these plots to zero thickness.

This extrapolation granted us an estimation of the residual resistance, meaning all

contributions to resistance except those to bulk ionomer membrane resistance. By

subtracting this residual resistance from each data point, we could then ascertain the

true resistance for each membrane.

The relationship between resistance (R), resistivity (ρ), and conductivity (κ)

was governed by the formula R = ρL/A, where L represents the length and A rep-

resents the area. Rearranging this formula yielded the equation for conductivity as

κ = L/RA. Given that the inverse of resistance, 1/R, represented the slope of each

membrane’s IV curve, and the active area was known to be 0.18 cm2, we were able

to solve for κ for each membrane. This analysis allowed us to calculate an average κ,

with 95% confidence interval (CI), for each membrane type, providing crucial insights

into their electrochemical behaviors. A comprehensive summary of these findings is

presented in Table 3.1.

The proton conductivities of the Nafion N117, N211, and N212 membranes

were calculated by employing their corrected resistance values in conjunction with

their geometric properties. Among the three, Nafion N117 exhibited the highest

conductivity, measuring at approximately 85 mS/cm. In contrast, both N211 and

N212 showed a comparably lower conductivity, hovering around 60 mS/cm. These

results underscore the intrinsic disparities in proton conductive properties between

the first-generation Nafion N117 and its second-generation counterparts, N211 and

N212.

As shown in Figure 3.4, Nafion 117 boasts the most substantial conductivity,

approximately 85.46 mS/cm, with a 95% CI of ±2.38. This high degree of certainty in

measurement underscores its robust conductivity. This obtained conductivity agrees

with the recorded conductivity of 78 mS/cm for N117 using a four-electrode AC
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Figure 3.3: Membrane resistance (corrected) with increasing thickness/layers. The
membrane’s real resistance was calculated from cell/residual resistance subtracted
from the total resistance measured.
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Figure 3.4: The conductivity of each Nafion membrane type with 95% confidence
intervals.
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impedence method by Sone et al[8]. The impressive performance of Nafion 117 is

likely attributable to its thicker structure and larger equivalent weight, which facilitate

increased water uptake and thereby enhance proton transportation.

In contrast, Nafion 211 and 212 demonstrate lower proton conductivities.

Specifically, Nafion 211 registers approximately 59.78 mS/cm with a larger 95% CI

of ±6.25, implying a slightly reduced precision in these measurements. This value

agrees with the reported value of 50-60 mS/cm for a single Nafion 211 membrane by

Bukola et al. in 2018[15]. Nafion 212, with a conductivity of around 60.24 mS/cm

and a 95% CI of ±2.53, exhibits similar conductivity to Nafion 211. This value agrees

with the reported 54 mS/cm value for proton conductivity of N212 at 100% RH[16].

The thinner structures and lower equivalent weights of Nafion 211 and 212, relative

to Nafion 117, may have led to diminished water uptake, and consequently, decreased

proton transportation. This comparison underscores the critical role of matching

conductivity requirements with specific application needs in the selection of suitable

Nafion membranes.

The different physical characteristics of Nafion membranes, primarily thickness

and equivalent weight, directly impact their proton conductivity capabilities. Nafion

117, with its superior structure, emerges as the most promising candidate when high

proton conductivity is the primary concern. However, it’s essential to note that the

right choice of membrane will invariably hinge on the specific requirements of the

application at hand. For tasks where maximal conductivity isn’t paramount, Nafion

211 and 212 might offer other advantages such as reduced thickness, potentially lead-

ing to decreased system resistance and improved mechanical properties. Researchers

and practitioners should therefore weigh the trade-offs associated with each mem-

brane variant in the context of their unique operational demands, ensuring the most

effective and efficient outcomes.
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The experimental method deployed in this study effectively achieved its in-

tended objectives. The analysis of LSV curves successfully revealed variations in

electrochemical behavior corresponding to different membrane thicknesses and types,

as exemplified in Figures 3.2A-C. Further evidence of this sensitivity was apparent in

the plots of corrected resistance against thickness in Figure 3.3, which distinctly cap-

tured differences between membranes of varying thickness and resistance characteris-

tics. In the context of proton conductivity measurements, our method demonstrated

a noteworthy capability to distinguish proton conduction from other ion conductiv-

ities, thereby affording a more accurate understanding of membrane behavior. The

proton conductivities of Nafion N117, N211 and N212 membranes, as illustrated in

Figure 3.4, underscored this capacity. Moreover, the associated 95% CI levels high-

lighted the method’s robustness in reliably measuring true steady-state DC currents,

thereby further validating the efficacy of our approach.

3.4.3 Implications of Methodological Contributions

The methodological advances presented in our study bear significant implica-

tions for the broader field of electrochemical research. This study serves as a spring-

board for several impactful applications and future research directions, particularly

emphasizing our method’s versatility, reliability, and potential for further refinement.

1. Benchmarking Proton Conductivity: Our methodology serves as an invaluable

tool for measuring the proton conductivity of various types of membranes. As

such, it could be employed as a benchmark for comparison in subsequent studies

exploring similar or diverse membrane types.

2. Versatility of the Method: The distinct capability of our approach to segregate

proton conduction from other ion conductivities underpins its extensive appli-
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cability. This versatility extends beyond studies involving Nafion membranes,

proving instrumental in any research necessitating precise measurements of spe-

cific ion conductivities.

3. Reliability in Resistance Measurement: Our method’s ability to reliably measure

true steady-state DC currents and resistance is a crucial development. This

reliability, as corroborated by the low standard deviations observed in our data,

recommends our method for broad use in various electrochemical studies.

4. Potential for Further Refinement: The proficiency of our method in distinguish-

ing between membranes of varying thickness and resistance characteristics opens

avenues for further refinement and optimization. Future research endeavors

could seek to enhance the sensitivity of our method or expand its applicabil-

ity to investigate membranes of diverse materials or under different operational

conditions.

5. Broad Impact on Electrochemical Research: In summary, our study’s method-

ological contribution has the potential to impact electrochemical research signif-

icantly. By introducing a reliable and adaptable method to examine membrane

properties and behaviors, we pave the way for more refined and insightful in-

quiries in the future.

3.5 Conclusions and Future Directions

Our study presented a robust and sensitive method for evaluating the electro-

chemical properties of Nafion membranes particularly involving proton conduction,

demonstrating its effectiveness through an examination of Nafion N117, N211, and

N212 membranes. The method’s ability to accurately measure proton conductivity
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and resistances, segregate proton conduction from other ion conductivities, and dis-

cern between membranes of varying thickness and resistance characteristics showcases

its vast potential applicability in electrochemical research. Conclusively, Nafion N117

exhibited the highest proton conductivity, while Nafion 211 and 212 demonstrated

similar, albeit slightly lower conductivities. These differences underline the inher-

ent variations in proton conductive properties between the 1st and 2nd generation

of Nafion membranes, thereby affecting their respective suitability for fuel cell ap-

plications. While our method marks a significant step forward in assessing Nafion

membranes, it also opens the door for further research directions:

1. Expanding the scope: Future studies could extend the use of this method to

other membrane types, exploring its effectiveness in measuring specific ion con-

ductivities beyond proton conduction.

2. Refining the method: Efforts can also be invested in enhancing the sensitivity

of our method or extending its applicability to diverse operational conditions.

This might include exploring the influence of temperature or humidity changes

on the electrochemical properties of the membranes.

3. Material Modifications: Future research could delve into assessing modified

Nafion membranes or hybrid membranes, enabling a deeper understanding of

how such modifications impact the electrochemical behavior and proton con-

ductivity.

4. Performance analysis in actual devices: An interesting area for future work could

be to assess the implications of our findings in real-world fuel cell applications.

This would involve using our method to characterize membranes in operating

fuel cells and link the observed electrochemical properties to the overall device
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performance.

In summary, the method proposed in this study signifies a substantial contri-

bution to electrochemical research, offering a reliable tool for evaluating membrane

behaviors while stimulating further inquiries in the field.

3.6 Real World Applications

The methodology presented in this study is not limited to Nafion membranes

or fuel cell applications. It is a versatile tool with broader applications in evaluating

the properties of various PEMs, with the ability to expand its utility to other elec-

trochemical energy systems. As a case in point, our method has been successfully

employed to calculate the through-plane proton conductivity of synthesized mem-

branes developed by Dr. Eric Davis’s research group at Clemson University. These

PEMs, specifically designed for vanadium redox flow batteries (VRFBs), represent

an exciting frontier in the quest for advanced energy storage solutions. Our findings

pertaining to these novel PEMs have contributed to the body of knowledge in the

field, with results published in several peer-reviewed journals. As such, this method

demonstrates its substantial potential to facilitate research and development across

a spectrum of electrochemical systems, contributing to advancements in energy con-

version and storage technologies. A list of these publications featuring our method’s

application to these Clemson University membranes is provided in the table below

for reference:

These results further validate the versatility and potential of the method de-

veloped in this study. By providing an accurate and sensitive method to measure

membrane resistances and proton conductivities, our work is instrumental in guiding

the selection and development of suitable PEMs for various real-world applications.
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Table 3.2: Proton conductivities of sample membranes measured under hydrated
conditions at room temperature using the developed method.

PEM Name Proton Conductivity (mS/cm) Publication

100% PFTOS immediate-cast 40
Allison et al. 2021[17]

100% PFTOS stir-cast 41

Naf-UF-10 94

Allison et al. 2022[18]

Naf-UF-100 72
Naf-UF-200 77
Naf-UF-dried 68

Naf-AA-10 66
Naf-AA-100 66
Naf-AA-200 59
Naf-AA-dried 54

Naf-AS-10 77
Naf-AS-100 52
Naf-AS-200 57
Naf-AS-dried 60

3hSPEEK 104

Xueting et al. 2023 (Submitted)

5LMW-3hSPEEK 199
15LMW-3hSPEEK 121
25LMW-3hSPEEK 74
5HMW-3hSPEEK 181
15HMW-3hSPEEK 75
25HMW-3hSPEEK 63

4hSPEEK 97
5LMW-4hSPEEK 174
15LMW-4hSPEEK 123
25LMW-4hSPEEK 109
5HMW-4hSPEEK 129
15HMW-4hSPEEK 76
25HMW-4hSPEEK 67
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This includes fuel cells, redox flow batteries, and potentially beyond, signifying the

wider relevance and impact of our study.
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Chapter 4

Mitigating the Effects of Cation

Contamination in Nafion

Membranes for Improved

Hydrogen/Deuterium Separation

in Electrochemical Hydrogen

Pump Cell Experiments

4.1 Abstract

This chapter provides an in-depth investigation into the effects of ammonium

and copper cations on the resistances experienced in hydrogen/deuterium (H/D) elec-

trochemical pump cell experiments using Nafion membranes. We found that conven-

tional procedures in the literature, which omit a reprotonation/redeuteration step
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post copper etching, could led to significant cation contamination. Such contamina-

tion was evidenced to considerably increase resistance in H/D pump cell experiments,

hindering the efficacy of the proton or deuteron transport. To mitigate this issue,

a new post-treatment process was proposed that includes an additional reprotona-

tion/redeuteration step after the copper etching stage. The implementation of this

improved procedure substantially lowered resistances in H/D pump cell experiments,

thereby demonstrating its effectiveness. These findings not only reveal the neces-

sity of considering cation contamination during Nafion membrane preparation but

also provide a novel methodology to improve H/D pump cell experiment efficiency

significantly. Furthermore, this chapter lays a critical groundwork for subsequent

investigations into the role of graphene in H/D separation, the focus of the next

chapter.

4.2 Introduction

Nafion, a perfluorinated sulfonic acid (PFSA) ionomer, has attracted signifi-

cant attention in the advanced materials sector due to its unique and multifaceted

properties. Not only does it exhibit impressive proton conductivity and remarkable

chemical stability, but it also demonstrates exceptional attributes such as considerable

water uptake, ion exchange capacity, low gas permeability, and robust electrochemi-

cal stability[1][2][3]. These combined characteristics make Nafion a preferred material

for a myriad of applications. In the field of energy, it plays a pivotal role in proton-

exchange membrane fuel cells (PEMFCs)[4][5][6], where its conductive capabilities

facilitate the optimized transfer of protons. This characteristic directly contributes

to the high energy efficiency and performance of these devices. Furthermore, Nafion’s

chemical stability enables it to withstand harsh operating conditions, enhancing the

55



Figure 4.1: Structure of Nafion (M+ = H+, Na+, K+ etc.)

longevity of devices in which it’s incorporated[6]. Apart from fuel cells, Nafion also

finds use in a broad spectrum of applications, from water electrolysis[7], flow batter-

ies[8][9][10] to act as a binder in polymer-modified electrodes[11][12].

While Nafion’s attributes have made it an indispensable material in these and

other applications, they also present a particular challenge that this study intends

to address. Ion exchange membranes like Nafion can be considerably influenced by

surrounding cations in a solution[13][14][15][16]. This is primarily due to the pres-

ence of negatively charged sulfonic acid groups within Nafion that can readily ex-

change protons (H+) with other cations in solution. When these ion-exchange sites

encounter certain cations in solution, they can preferentially absorb these cations,

causing changes in the overall membrane properties[17]. Such absorption alters the

ionic conductivity, mechanical durability, and chemical stability of the membrane,

and hence, the performance of the device that uses it[18][19].

There are many studies conducted on cation-exchanged Nafion membranes.

Han et al. observed dramatic decrease in proton conductivity with increase of cobalt

level in Nafion films[18]. Hongsirikarn et al. investigated the impact of Na+, Ca2+,

Fe3+ cations on the conductivity of Nafion membranes under conditions akin to PEM-

FCs, revealing that cation contamination significantly reduces conductivity compared

to the purely protonic form[20]. They further probed the impact of NH+
4 on Nafion
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membrane conductivity, revealing a significant decrease in both liquid and gas phases,

especially under varying humidity conditions[21]. Tandon et al. demonstrated that

the thermal stability of Nafion membranes improves with the exchange of larger ionic

radius cations, particularly sodium, with the effect attributed to reduced water con-

tent and enhanced sulfonate-cation interaction[22]. Mart́ı-Calatayud et al. studied

how chromic acid and nickel sulfate concentrations impact the transport properties

of a cation-exchange membrane, with significant competition between Ni2+ and H+

ions, which impacts the membrane’s transport properties[23]. Lage et al. conducted

thermogravimetric analysis of Nafion in acid and salt forms, showing similar ther-

mal decomposition profiles across different atmospheres and alkali counter-cations

after the membranes were treated with various alkali chloride solutions[24]. Yeager

et al. examined the self-diffusion coefficients of sodium ion, cesium ion, and water in

Nafion 120 membranes, revealing distinct diffusional properties compared to conven-

tional polystyrene sulfonates and suggesting cations may exist in two distinct regions

in the polymer, dependent on ion size and charge density, a conclusion supported by

a proposed structural model of Nafion[25].

The integration of other advanced materials with Nafion, to further enhance

its capabilities presents an exciting research direction. A particular area of focus has

been the use of Graphene — Nafion composite membranes for H/D isotope separa-

tion. In a significant portion of the current literature, including our group’s work,

the preferred technique for creating these composite membranes involves deposit-

ing graphene onto copper sheets via Chemical Vapor Deposition (CVD), followed

by transferring the graphene layer onto Nafion[26][27][28]. A commonly employed

etchant for removing the copper is ammonium persulfate (APS), and post-etching,

the membranes are usually rinsed with deionized (DI) water. However, during this

process, Nafion’s cation sites can easily be exchanged with ammonium ions and etched
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Cu2+ ions, potentially impacting proton and deuteron transport across the membrane.

Such unintended cation incorporation can significantly influence the membrane’s per-

formance. It often leads to increased resistances during H/D pump cell experiments,

which could subsequently reduce the efficiency of processes such as isotope separation

or energy generation. The current body of literature inadequately addresses the need

for thorough removal of these cations post-etching, a limitation that motivates the

work presented in this chapter.

The principal focus here is the exploration of the effects of residual ammonium

and copper cations in Nafion membranes, particularly on H/D pump cell resistances.

This investigation aims to furnish compelling evidence highlighting the limitations of

current procedures, leading to the proposition of an enhanced protocol designed to

effectively mitigate these issues. This revised protocol, which will be introduced and

evaluated, involves a robust reprotonation/deuteration process designed to effectively

remove cation contamination. By doing so, we hope to lay the foundation for enhanced

membrane preparation methods that maintain optimal Nafion performance in various

applications, particularly those involving H/D separation. In essence, this chapter is

a crucial step towards addressing overlooked problems in the preparation and use of

Graphene — Nafion composite membranes and paves the way for a comprehensive

study of the electrochemical behavior of graphene in H/D separation processes. This

gap in the existing literature and protocols calls for a thorough investigation and an

updated procedure that mitigates these issues, thereby enhancing the overall efficiency

of H/D pump cell experiments.
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4.3 Materials and Methods

4.3.1 Membrane Preparation

The membrane preparation process began with a preliminary pretreatment

of Nafion membranes to yield two distinct types: H-Nafion and D-Nafion. The un-

treated Nafion membranes were first cleaned by submersion in a 3% H2O2 solution

held at 80°C for one hour. This was followed by a thorough rinse with deionized water

to remove residual H2O2 solution. The resulting cleaned membranes were then sub-

jected to an acid treatment; H-Nafion membranes were immersed in a 0.5 M H2SO4

in H2O solution, and D-Nafion membranes were submerged in a 0.5 M D2SO4 in

D2O solution. Both these treatments were conducted at 80°C for one hour, ensur-

ing sufficient acid exposure. Post acid treatment, a rinse was performed wherein the

H-Nafion membranes were washed with deionized water, while D-Nafion membranes

were rinsed with D2O. This rinse further ensured the removal of excess acid and

prepared the membranes for subsequent steps.

AC-Nafion membranes were produced by hot-pressing 1 cm x 1 cm pure copper

sheets (without graphene) onto Nafion 211 membranes. These were then immersed in

a 0.3 M Ammonium persulfate solution for 8 hours and subsequently rinsed with DI

water. Here, ’AC’ in AC-Nafion denotes that the Nafion 211 membrane has undergone

an eight-hour immersion in an Ammonium-Copper solution.

4.3.2 Fabrication of Membrane-Electrode Assemblies (MEAs)

The MEA fabrication process consisted of hot-pressing Nafion 211 membranes

together with Pt/C cloth electrodes, forming a sandwich-like assembly. Either one

or two Nafion 211 membranes were selected based on the specific requirements of
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the planned experiments. Two disk-shaped Pt/C cloth electrodes, each with an area

of 0.18 cm2, were aligned on either side of the chosen Nafion membrane(s). The

assemblage was then hot-pressed under 140 °C and 600 psi for 3 minutes to yield a

compact MEA with secured electrode-membrane interfaces.

4.3.3 Proton Exchange Membrane (PEM) Cell Assembly

The PEM cell was custom-built in a swage-style design, which allowed for

easy integration of the fabricated MEAs. To facilitate efficient electron conduction

and uniform distribution of reactant gases across the MEA surface, two Titanium

current collectors were incorporated. Sandwiched between these current collectors

and the MEAs were two AvCarb P50 Gas Diffusion Layers (GDLs) to optimize gas

diffusion. For the H-pump and D-pump experiments, research-grade H2 and D2 gases

were used, respectively. These gases were prepared by maintaining their flow rates at

20±2 SCCM and humidifying them by bubbling through deionized water and D2O

respectively. The prepared humidified gases were then introduced into the PEM cell

for five minutes to equilibrate before the start of the electrochemical experiments.

4.3.4 Controlled-Potential Amperometric Analysis

Amperometric analysis was carried out with the objective of further investi-

gating the resistance behavior of the membranes. Using the NN (two layers of Nafion

211) MEAs, the potential was held constant at -70 mV throughout the experiment.

An alternating gas feed strategy was employed to minimize the effects of potential

mounting errors in the membrane or other experimental inconsistencies. Switching

between humidified deuterium and hydrogen gases as input feeds, the amperometric

response of the membranes was recorded and analyzed. Data collected from these
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Figure 4.2: A. Schematic Diagram and B. Real-World Image of the PEM Cell As-
sembly. The A. diagram delineates the arrangement of various components of the
swage-style fuel cell used for our experiments. The cell incorporates two Titanium
current collectors two AvCarb P50 GDLs and two O’ rings. The MEAs, fabricated
in prior steps, are nestled between these GDLs. B. depicts a real-world image of the
assembled electrochemical pump cell, visually illustrating the compact and integrated
design of the PEM cell assembly.
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experiments were used to plot resistance versus time graphs, providing a dynamic

view of the membrane’s response to alternating gas feeds.

4.3.5 Deuterium-Pump and Hydrogen-Pump Experiments

Separate MEAs were prepared for D-pump and H-pump experiments. The

D-pump experiments utilized D-Nafion and AC-Nafion MEAs, whereas H-Nafion and

AC-Nafion MEAs were used for the H-pump experiments. The implementation of

these distinct MEAs facilitated a systematic investigation of the effects of Ammonium

and Copper contamination on the proton and deuteron transport properties of the

Nafion membranes.

4.3.6 Electrochemical Analysis

Electrochemical characterization was achieved through Linear Sweep Voltam-

metry (LSV) on a PineResearch WaveDriver 20 electrochemical workstation. The

system, under an atmosphere of humidified hydrogen gas, was scanned within a volt-

age range of -70 mV to 70 mV at a scan rate of 1 mV/s. The resulting LSV curves

were recorded meticulously for subsequent analysis, revealing valuable insights into

the electrochemical behavior of the ionomer membranes.

4.3.7 Reprotonation/Redeuteration

To counter the contamination of ammonium and copper in the membranes,

a reprotonation process was implemented. AC-Nafion membranes were submerged

in a 0.5 M H2SO4 in H2O solution for six hours. This treatment transformed the

AC-Nafion back into their original H-form, simultaneously reducing the effects of the

contaminants. Redeuteration was accomplished similarly using 0.5 M D2SO4 solution
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in D2O.

4.3.8 Post-Treatment Validation

Upon completion of the reprotonation/redeuteration treatment, further LSV

and Energy-Dispersive X-ray spectroscopy (EDX) analyses were carried out to assess

the effectiveness of the treatment. LSV tests were run on AC-Nafion MEAs under the

H-pump setup, comparing the performance of the treated and untreated membranes.

Simultaneously, EDX analyses were employed to detect the presence or absence of

ammonium and copper ions in the treated and untreated samples. This robust method

of validation provided comprehensive insights into the success of the remediation

process.

4.4 Results and Discussion

Previously, our team conducted H-pump and D-pump experiments separately

using multiple Membrane Electrode Assemblies (MEAs) that were fed by either hu-

midified H2 or D2. However, the primary measurement in these experiments was

resistance, which can be easily affected by the conditions within the cell. To avoid

potential errors associated with re-mounting and using a separate MEA for compar-

ison, we decided to alternate the gas feeds between humidified D2 and humidified H2

while maintaining the MEA within the cell intact.

Figure 3 displays how the resistance varied with time for the NN MEA. This

data was derived from chronoamperometry measurements taken during alternating

feeds of H2 and D2 to the symmetric cell and subsequently converted to resistance

values. The NN MEAs demonstrate rapid stabilization to a steady-state behavior.

Distinct resistance ’spikes’ are observed each time there’s a transition in the gas feed.
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Figure 4.3: Resistance Analysis of NN MEA under Alternating Feed Gas Strategy.
The graph depicts the resistance fluctuations of the NN MEA during chronoamper-
ometry at a fixed potential of -70 mV.
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These spikes arise from the temporary air gap between H2 and D2 (and vice versa)

due to a slight delay when switching the gases. Lower resistances were observed for

H+ transport compared to D+. This difference in resistance for proton and deuteron

transport could be attributed to slight variations in ion transport rates for H+ and

D+ in the PEM. The findings indicate a more consistent and faster achievement of

steady-state behavior in NN membranes compared to similar experiment conducted

on NGN (Nafion—Graphene—Nafion) in Chapter 5.

We executed a set of control experiments analogous to those with CVD graphene-

incorporated Nafion membranes. Notably, both Dr. Saheed Bukola, a former mem-

ber of our group, and Lozado-Hidalgo’s group have previously demonstrated the po-

tent isotope separation capabilities of these membranes when integrated with CVD

graphene. For their control studies, both teams utilized two layers of pure Nafion, de-

void of graphene. We contend that a better control experiment would have combined

one layer of H or D-Nafion with one layer of AC-Nafion. This recommendation arises

from noting that during the copper-etching phase, a Nafion membrane was subjected

to a prolonged exposure to ammonium and copper cations in the APS solution.

Figures 4.4A and 4.4B delve into the electrochemical behavior of different

MEA configurations using LSV tests for H-pump (A) and D-pump (B) conditions,

respectively. Both figures examine three MEA variations: two layers of either H or

D-Nafion, a combination of one layer of H or D-Nafion with one layer of AC-Nafion,

and two layers of AC-Nafion.

For the H-pump (Figure 4.4A) and D-pump (Figure 4.4B) tests, the dual-layer

AC-Nafion setup consistently displays the lowest current, suggesting the highest resis-

tance due to likely ammonium and copper contamination. In contrast, the dual-layer

of either H or D-Nafion indicates the least resistance with its elevated current, reflect-

ing optimal proton or deuteron transport properties in uncontaminated membranes.
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Figure 4.4: Electrochemical profiles from LSV tests on different MEA configurations
for H-pump (A) and D-pump (B) conditions. Variations include two layers of either
H or D-Nafion, a hybrid of one layer of H or D-Nafion with one layer of AC-Nafion,
and two layers of AC-Nafion. The results highlight the influence of ammonium and
copper contamination on the resistance to hydrogen isotope transport across the
tested MEAs.

The hybrid configurations (combining one layer of either H or D-Nafion with AC-

Nafion) render an intermediate current level, underscoring the negative impact of

these contaminants on ion transport.

This pattern indicates that ammonium and copper cations increase resistance

in H/D pump cell experiments. Such findings underscore the critical role these con-

taminants play in hydrogen isotope transport, emphasizing the importance of rigorous

contamination control during MEA fabrication.

In an effort to address the aforementioned challenges pertaining to the am-

monium and copper contamination of Nafion membranes during fabrication, a post-

treatment procedure was proposed and implemented. This involved immersing the

NN MEAs in a 0.5M H2SO4 in H2O or 0.5M D2SO4 in D2O solution for 6 hours,

followed by a thorough wash with DI water or D2O, depending on the desired form

of the membrane.
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Figure 4.5: Comparison of LSV curves obtained for ammonium and copper contami-
nated NN membrane before and after reprotonation treatment in H-pump conditions.
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Our objective in subjecting the MEAs to this treatment was to eliminate

potential contaminants and revert the membrane to its intended H or D form. This

procedure facilitated the successful replacement of ammonium and copper cations

with the original hydrogen or deuterium ions at the ion exchange sites of the PEM.

It offered a simple yet effective solution to the ammonium contamination issue that

has clouded previous research, thereby improving the reliability and validity of the

observed isotope separation results. Furthermore, this post-treatment process may

pave the way for improved and standardized practices for membrane fabrication in

future research.

Figure 4.5 provides a comparative analysis of LSV curves for an ammonium

and copper-contaminated NN membrane, both before and after a reprotonation treat-

ment (acid wash), in the context of H-Pump conditions. Two distinct lines demarcate

the LSV curves of the contaminated and post-treated membranes, providing a clear

comparative visualization of their resistances for proton transport across the mem-

brane. The LSV curve corresponding to the contaminated membrane demonstrates a

significantly higher resistance compared to that of the post-treated membrane. This

decrease in resistance, to a level comparable with non-contaminated NN membranes,

is a direct consequence of the reprotonation treatment. It thereby underlines the

efficacy of the post-treatment process in not only eliminating contaminants but also

in restoring the membrane’s optimal performance.

In addition, EDX analysis was conducted to verify the elemental composition

of the membranes post-treatment. EDX is a powerful tool for detecting the presence

of specific elements, including trace amounts of contaminants. In Figures 4.6A and

4.6B, we present the elemental composition of membranes both before and after the

post-treatment process, as revealed through EDX analysis. Figure 4.6A reveals that

prior to post-treatment, the membranes contain not only their principal elements
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Figure 4.6: EDX analysis of membranes prepared via two distinct methods. (A)
presents the EDX results for a membrane treated with the previously documented
etching and DI water rinsing procedure, highlighting the presence of ammonium,
copper ions, and other elements. (B) showcases the EDX outcomes for a membrane
prepared using the modified etching technique, which includes the recommended re-
protonation step.
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but also detectable amounts of ammonium and copper, with atomic percentages of

approximately 1.1% and 0.2%, respectively. These unintended contaminants are in-

dicative of the inefficacy of the previous etching and DI water rinsing method in fully

purifying the membrane.

In contrast, Figure 4.6B demonstrates the effectiveness of our proposed post-

treatment procedure in membrane decontamination. Following the treatment, the

EDX analysis shows no traces of either ammonium or copper, suggesting a complete

conversion of the contaminated membrane back to its original form. The complete

absence of these atomic percentages implies a successful elimination of contaminants,

underlining the efficacy of the post-treatment in preparing cleaner, more reliable

membranes for hydrogen isotope separation.

Our findings clearly demonstrate a marked increase in resistance in the H/D

pump cell experiments conducted using membranes prepared following conventional

protocols. These protocols, as found in the literature, involve a copper etching step

using an APS solution but do not incorporate a reprotonation/redeuteration step

post-etching. As depicted in Figures 4.4A-B, the LSV curves obtained from these

experiments reveal significantly higher resistances compared to those observed for

membranes that underwent our additional post-treatment step, as shown in Figure

4.5.

Interestingly, our results do not align perfectly with the expected outcomes

based on previous literature. While prior reports suggest that simply washing mem-

branes with water or D2O after immersing them in APS solution effectively removes

residual cations, our findings starkly challenge this notion. Our data indicates that

this rinsing method does not fully eliminate the ammonium and copper cations. Upon

implementing our additional treatment step, involving reprotonation/redeuteration of

the Nafion membranes, we observed a significant decrease in the resistance during H
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pump cell experiments. This further validates our hypothesis and underscores the im-

portance of an additional treatment step to remove cation contamination effectively.

In summary, our study highlights a significant oversight in the conventional

preparation of Nafion membranes for H/D pump cell experiments. The presence of

ammonium and copper cations, if not adequately addressed, can have a substantial

impact on the resistance experienced in these experiments, and by extension, the

overall efficiency of the process.

4.5 Proposed Standard Procedure for Evaluating

CVD Graphene Deposited Membranes

In light of the discoveries made during this investigation, we propose an im-

proved post-treatment process to mitigate the impact of cation contamination on

H/D pump cell resistances. The purpose of this process is to efficiently remove any

ammonium and copper cations that have exchanged with the cation exchange sites

of the Nafion during the previous etching step with APS solution.

The proposed process involves a further reprotonation/redeuteration step fol-

lowing the conventional copper etching process described more detail in subsection

3.2 of Chapter 5. This involves immersing the Nafion membranes in a 0.5 M H2SO4 in

H2O or 0.5 M D2SO4 in D2O solution. Through this process, the ion-exchange sites

of the Nafion undergo re-exchange, replacing ammonium or copper cations with pro-

tons or deuterons, respectively. After this immersion, the membranes are thoroughly

rinsed with water or D2O respectively to remove any residual acid solution.

In addition to removing cation contamination, this additional step also recon-

verts the membranes back to their original H or D form. This is a significant improve-
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ment on previous protocols, which do not include this reprotonation/redeuteration

step after the copper etching stage. Our expectation is that this proposed post-

treatment process will substantially improve the performance of the membranes in

H/D pump cell experiments. As shown in our findings, implementing this additional

step resulted in significantly lower resistances, suggesting more effective proton or

deuteron transport through the Nafion membrane. This process could be instrumen-

tal in analyzing the efficiency and effectiveness of graphene-integrated PEMS for H/D

separation.

For those foregoing, the recommended post-acid wash treatment after the CVD

graphene transfer onto Nafion, the H/D separation factors arising from those mem-

branes should not be compared to two layers of pure Nafion. Instead, the appropriate

control MEA, consisting of either H or D-Nafion paired with one layer of AC-Nafion,

should be used for comparison.

In conclusion, this proposed acid wash treatment to the already established

procedure presents a promising solution to the problems associated with cation con-

tamination in Nafion membranes. It is our hope that this new process will contribute

significantly to advancing the current understanding and practices in the field of CVD

graphene-integrated PEM for H/D separation.

4.6 Conclusions

The investigation presented in this chapter provided an in-depth analysis of

the effects of ammonium and copper cations on the resistances in H/D pump cell

experiments using Nafion membranes. The key discovery highlighted that without a

reprotonation/redeuteration step after the copper etching phase in the CVD graphene

transfer to Nafion process leads to significant cation contamination. This contami-
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nation, in turn, increases the resistances during H/D pump cell experiments, thereby

diminishing the accuracy of proton or deuteron transport measured through the mem-

branes.

To address this issue, a new post-treatment process was proposed and tested

that involves an additional reprotonation/redeuteration step after the copper etching

process. The implementation of this process was found to result in significantly lower

resistances in H/D pump cell experiments, demonstrating the feasibility and effec-

tiveness of this approach. These findings underscore the importance of considering

and mitigating cation contamination in the preparation of Nafion membranes for H/D

pump cell experiments.

These findings form a critical foundation for Chapter 5 of this dissertation.

Having established the importance of the post-treatment process in mitigating cation

contamination and reducing resistances, Chapter 5 will focus on evaluating the ef-

fectiveness of CVD graphene-integrated Nafion in H/D separation. The proposed

post-treatment process will be integral to preparing the Nafion membranes for these

experiments, ensuring the integrity and reliability of the results. Thus, the work con-

ducted in this chapter not only provides critical insights into the issues associated

with cation contamination in Nafion membranes, but also sets the stage for further

investigations into strategies for efficient H/D separation.
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Chapter 5

Reevaluating Graphene’s

Hydrogen-Deuterium Selectivity:

An Investigation Using

Decontaminated Membranes

5.1 Abstract

This chapter presents a comprehensive reevaluation of the hydrogen/deuterium

(H/D) isotope selectivity of graphene used in proton exchange membranes incorpo-

rated into electrochemical hydrogen pump cells. Existing literature reports high H/D

selectivity ratios for graphene, up to factors of 8 and 14. We revisited these claims us-

ing fully protonated/deuterated Nafion-graphene-Nafion (NGN) membranes to elimi-

nate potential artifacts from ionic contamination during the graphene transfer process.

Our results fundamentally challenge the prevailing understanding of graphene’s H/D

selectivity. Through meticulous analysis, we calculated the graphene’s area conduc-
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tance to be 27 Scm−2 for H transport and 23 Scm−2 for D transport, which yielded a

H/D selectivity of approximately 1.1-1.2. These findings suggest that previous high

selectivity values could be due to experimental contamination rather than an inherent

feature of graphene. This revised understanding of graphene’s H/D selectivity could

have profound implications for its usage in proton exchange membranes and stimulate

new avenues of research in related fields.

5.2 Introduction

Hydrogen isotope separation has a profound impact across a multitude of

industrial and scientific applications, such as nuclear power, isotope labeling, and

medical diagnosis[1][2][3]. These sectors demand high precision and efficiency, and

hence, the quest for innovative and practical methodologies for hydrogen isotope sep-

aration is a matter of crucial importance. Membrane technology, in this context, has

surfaced as a highly promising technique due to its notable advantages of simplicity,

cost-effectiveness, and scalability[4][5].

Graphene, a two-dimensional, single-layered lattice of carbon atoms, has elicited

significant interest due to its exceptional electronic, mechanical, and thermal proper-

ties[6][7]. The relatively high surface area and low thickness of graphene confer it a

high degree of utility across a broad spectrum of applications, including but not lim-

ited to high-frequency and high-speed electronic devices[8][9], photocatalysts[10][11],

sensors[12][13], and protective coating[14][15].

Several studies have highlighted the possible benefits of using exfoliated graphene

as a sieving layer to enhance hydrogen isotope separation[16][17]. In order to scale up,

various strategies have been proposed for employing chemical vapor deposition (CVD)

graphene in membrane applications, including the deposition of graphene on polymer
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supports such as Nafion[4][5][18][19]. Several studies have reported significant hydro-

gen isotope selectivity using this approach, and this membrane configuration has been

suggested as a potential candidate for industrial-scale applications. In 2017, a land-

mark study by Lozado-Hidalgo et al. focused on the separation of hydrogen isotopes

proton and deuteron. The study demonstrated that a composite membrane com-

posed of CVD graphene-embedded Nafion could efficiently separate these isotopes,

exhibiting a remarkable separation factor of approximately 8 despite cracks and im-

perfections[5]. This study served as a catalyst, propelling further research in this

domain. One such notable contribution was made by Bukola et al. in 2018, who re-

ported a hydrogen/deuterium separation factor of about 14 using Nafion — Graphene

— Nafion sandwich membranes in an electrochemical pump cell[4]. Recently Satoshi

et al. reported a maximum H/D separation factor of ∼25 at 0.15 V using a het-

erogeneous electrode made of graphene and palladium[18]. However, none of these

studies utilized decontaminated membranes after the transfer of graphene to Nafion

membranes. Instead, they all followed the rinsing-after-etching procedure reported

by Lozada-Hidalgo in 2017[5]. In Chapter 4 of this dissertation, we highlighted the

potential for cation contamination if the membranes are not properly reprotonated or

redeuterated. As we move forward, it is crucial to emphasize the importance of this

step. Improper or incomplete reprotonation/redeuteration can lead to inaccuracies

in H/D separation efficacy and overall membrane performance.

Despite the compelling nature of these results, they were met with substantial

skepticism within the scientific community. The reproducibility and validity of the

reported hydrogen isotope separation performance by CVD graphene were challenged

by Xue et al. They contended that CVD graphene itself did not present any noticeable

hydrogen isotope selectivity. Instead, they suggested that the observed selectivity was

a consequence of the kinetic isotope effect at the catalyst layer[20].
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A detailed review of the methodologies employed in these studies reveals po-

tential complications. One of the significant concerns is the possible contamination

of the membrane, particularly with copper and ammonium ions. The conventional

fabrication process of graphene involves the use of copper foils, which are later re-

moved, potentially leaving behind residual copper ions. As discussed in Chapter 4,

this unintentional exchange of ammonium-copper ions can considerably affect the

conductivity of Nafion membranes. As revealed in Chapter 4 of this dissertation,

such contamination could significantly modify the membrane’s transport properties

and increase resistance towards H/D transportation across the membrane.

Also, the time-dependent behavior of proton/deuteron transport and the im-

pact of defects and holes commonly associated with CVD graphene have been largely

overlooked. These defects and holes can disrupt the uniformity and continuity of

the graphene lattice, potentially compromising the selectivity and efficiency of pro-

ton/deuteron transport. Indeed, a comprehensive study by Unwin and colleagues

established that the majority of the CVD graphene—Nafion membrane does not con-

duct protons, and when proton transmission does occur, it is primarily localized at

specific sites which are believed to be the result of defects in the graphene layer[21].

Such insights underscore the importance of a thorough reevaluation of graphene’s

H/D selectivity using decontaminated membranes. This chapter aims to undertake

this critical reevaluation, employing NGN membranes that have been meticulously

decontaminated by the reprotonation/redeutearation step suggested in Chapter 4.

By doing so, we aim to eliminate any confounding effects of cation contamination

and provide a more accurate representation of the intrinsic properties and potential

of graphene for hydrogen isotope separation.
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5.3 Materials and Methods

5.3.1 Preparation of Nafion—Graphene—Nafion MEAs

All membranes utilized in this study underwent pretreatment following the

procedure outlined in subsection 3.1 of Chapter 4. The NGN and Nafion—Nafion

(NN) membrane assemblies were prepared using a method previously published[4].

For the NGN assembly, graphene deposited on copper sheets via CVD was procured

from ACS Materials LLC. These copper—graphene sheets were placed on Nafion

211 and hot-pressed at 140 °C and 600 psi pressure for 3 minutes. Following hot-

pressing, the copper—graphene—Nafion membrane composites were submerged in a

0.3 M Ammonium Persulfate (APS) solution for 8-10 hours for copper etching. After

etching, the membranes were rinsed with Deionized Water (DI water) or D2O and

allowed to dry at room temperature. A second piece of Nafion 211 (in H or D form)

was then hot-pressed onto the graphene-containing Nafion membrane under the same

conditions to form the desired sandwich-like structure.

For the NN assembly, the preparation was simpler: two Nafion 211 membranes

(in H or D form) were hot-pressed together under the same conditions. Once the

sandwich-like membranes were ready, they were converted into MEAs by hot-pressing

two 0.178 cm2 disk-shaped Pt/C cloth electrodes onto either side of each membrane.

This process sealed the membrane between the two electrodes under the same hot-

pressing conditions, thus completing the MEA preparation.

5.3.2 Preparation of Decontaminated NGN MEAs

The preparation of decontaminated NGN membranes forms a crucial part of

our methodology. To eliminate the possibility of residual copper and ammonium con-
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Figure 5.1: NGN Fabrication Method: A comparison of the procedure outlined by
Bukola et al.[4] with the supplementary steps proposed in Chapter 4.
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tamination from the preparation processes, we executed a cation exchange procedure

to reprotonate or redeuterate the membranes. Post copper etching and rinsing with

H2O/D2O, as described in subsection 3.1 of this chapter, the Graphene—Nafion mem-

brane composites were immersed in either a 0.5 M H2SO4 in H2O solution or a 0.5

M D2SO4 in D2O solution for 8 hours. After being immersed in either solution, the

composites were rinsed with H2O/D2O to remove any residual acid. They were then

air-dried at room temperature. Subsequently, a second piece of Nafion was attached,

along with Pt/C electrodes, to fabricate the MEAs, following the same procedure as

in subsection 3.1 of this chapter.

5.3.3 Proton Exchange Membrane (PEM) Cell Assembly

The procedure for the assembly of the PEM cell is detailed in subsection 3.3

of Chapter 4. It involves the integration of the prepared MEAs into a custom-built,

swage-style fuel cell and the preparation of reactant gases for H-pump and D-pump

experiments.

5.3.4 D-Pump Time-Dependent Resistance Analysis

Multiple cyclic voltammetry (CV) scans were conducted at a rapid scan rate of

20 mV/s on both NGN and NN membranes in the D-pump cell. Our findings revealed

a higher initial resistance to deuteron transport in the NGN membranes as compared

to the NN ones. Moreover, while the resistance in NN membranes remained relatively

steady over time, the resistance in NGN membranes displayed a gradual decrease as

more CV scans were performed, suggesting a time-dependent behavior.
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5.3.5 Amperometric Analysis under Interchanging Hydro-

gen and Deuterium Feed Gases

This step, detailed in subsection 3.4 of our Chapter 4, involves conducting

amperometric analysis on both NGN and NN MEAs with an alternating feed gas

strategy. The interchanging of humidified deuterium and hydrogen gases as input

feed helped to scrutinize the dynamic resistance behavior of our membranes.

5.4 Results and Discussion

In an effort to assess the performance of our membranes under realistic operat-

ing conditions, we strictly adhered to the experimental procedure detailed by Bukola

et al. with a particular emphasis on the D-pump setup. After replicating this pro-

cedure and performing CV measurements, as illustrated in Figure 5.2, we observed a

higher initial resistance (manifested as lower current) for deuteron transport through

the NGN membrane. In contrast, the NN membrane exhibited lower resistance (re-

sulting in a higher current). This finding is consistent with the observations reported

in Bukola et al.’s original study[4].

In subsequent CV segments, we noted that the resistance values for the NN

membrane remained relatively constant. However, in the case of the NGN mem-

brane, we observed a notable increase in current with each additional CV segment.

This suggests an interesting enhancement in the transport properties of the NGN

membrane over time. We took a step further to investigate the time-dependent resis-

tance changes in the membranes, a crucial aspect that was not previously addressed

in the literature.

Amperometric experiments conducted at a fixed applied potential of -70 mV
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Figure 5.2: CV Scan Comparisons Between NN and NGN Membranes (prepared
using the conventional procedure) for D-pumping: These side-by-side graphs rep-
resent the CV scans conducted on both NN and NGN membranes at a rapid scan
rate of 20 mV/s. A. presents the results for NN membranes, where the consistent
current indicates steady resistance to deuteron transport over time. In contrast, B.
demonstrates the outcomes for NGN membranes. Here, multiple segments portray
a time-dependent behavior, with a gradual increase in current and a corresponding
decrease in resistance over time.

on NGN MEA prepared following the previous procedures provided further insights.

These tests were executed while alternating between deuterium and hydrogen feed

gases. As shown in figure 5.3, higher resistances were observed for both D and H

transport in the NGN membrane compared with the similar experiment conducted

NN membrane in Chapter 4, with an especially high initial resistance observed for

deuterium transport. This initial resistance progressively decreased over time. A

transition to a hydrogen gas feed resulted in a sharp drop in resistance to a steady-

state resistance of approximately 3.1 ohms. Interestingly, when switching back to a

deuterium gas feed, the resistance increased but did not revert to the initially elevated

level. In contrast to similar amperometric experiment discussed in Chapter 4 for NN

membrane, the NGN membranes displayed a different pattern of resistance. Higher

resistances were observed for both D and H transport in the NGN membranes as
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Figure 5.3: Amperometric Resistance Analysis of NGN MEA under Alternating Feed
Gas Strategy. This graph illustrates the changes in resistance of NGN MEA subjected
to chronoamperometry at a fixed potential of -70 mV.
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Figure 5.4: Comparative Analysis of Post-Treated Linear Sweep Voltammetry (LSV)
Curves for H-Pump and D-Pump Experiments Using NGN and NN MEAs. These
side-by-side graphs illustrate the LSV curves of post-treated NGN and NN MEAs
under both H-pump and D-pump conditions, highlighting changes in resistance and,
consequently, conductance. A. shows the comparison for D-pump conditions, with
distinct lines representing the LSV curves for NGN and NN MEAs. Similarly, B.
depicts the comparison for H-pump conditions, using unique lines to differentiate the
LSV curves for NGN and NN MEAs.

compared to the NN ones.

Subsequent measurements of graphene’s H/D areal conductance ratio from

NGN and NN amperometric data (calculated similarly to the method represented in

Table 5.1) at steady-state conditions revealed a value of approximately 1.1, indica-

tive of a transient isotope selectivity in these MEAs. This observation, combined

with our temporal analysis of deuteron transport resistance, suggests that a critical

reassessment of the efficacy and selectivity of graphene-embedded Nafion membranes

for hydrogen isotope separation is warranted.

”In Figure 5.4, we present LSV curves recorded for both NGN and NN MEAs

after undergoing reprotonation/redeuteration treatment, aiming to evaluate their per-

formance concerning isotope selectivity. We derived resistance values for each MEA

from these LSV curves, as depicted in Figure 5.5. This allowed us to systematically
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Figure 5.5: Comparison of Calculated Resistances for Post-Treated NGN and NN
MEAs in H-Pump and D-Pump Experiments. This graph presents the calculated
resistances derived from the LSV curves of post-treated NGN and NN MEAs under
both H-pump and D-pump conditions.

Table 5.1: Determination of Graphene’s Area Conductance for Proton and Deuteron
Transport. This table compiles resistance data derived from the LSV curves presented
in Figures 5.4A and 5.4B, comparing the performance of NN and NGN membranes
in both H and D forms. The graphene’s resistance is calculated by subtracting the
resistance of NN from that of NGN. The active area of the electrode is used to derive
the area resistance and area conductance of the graphene.

Sample Resistance Graphene’s Resistance Graphene area resistance Graphene area conductance
Ω Ω Ω cm2 S cm−2

Proton form
NN 1.37
NGN 1.58 0.21 0.03738 27

Deuteron form
NN 1.85
NGN 2.1 0.25 0.0445 23
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discern the graphene’s impact on both H and D transport and thereby ascertain its

specific role in the proton exchange membrane. Comprehensive calculations are pro-

vided in Table 5.1. This evaluation entailed subtracting the resistances of NN from

the NGN under both H-pump and D-pump scenarios. We then transformed these

resistance values into conductance metrics, as outlined in Table 5.1. Our findings

indicate the area conductance of graphene to be approximately 27 S cm2 for H trans-

port and 23 S cm2 for D transport. In comparison, Bukola et al. reported values of

29 S cm2 for H transport and a notably lower 2 S cm2 for D transport for a similar

experiment in 2018[4].

Our findings led us to a significant reevaluation of H/D isotope selectivity.

Unlike previous studies, which reported substantial isotope selectivity factors of 8[5]

and 14[4] for CVD graphene integrated with Nafion in H/D separation, we observed a

lower selectivity factor of approximately 1.2 suggesting that NGN membranes do not

favor the transport of H over D. Significantly, our results are based on membranes

treated with a reprotonation/redeuteration process to remove potential cations like

ammonium and copper introduced during the graphene transfer onto Nafion—a step

not considered in earlier reports. Our results intimate that the H/D selectivity for

CVD graphene in past research might have been inadvertently influenced by the

presence of ammonium and copper cations within Nafion’s ion exchange sites. The

omission of an additional acid wash might allow residual cations to exchange within

the Nafion layer, potentially elevating the resistance values measured for both H and

D transport. Moreover, as detailed in subsection 5.3 of Chapter 7, the imperfec-

tions and cracks introduced during the etching process could significantly influence

H/D transport across the membrane, allowing both to pass without any preferential

treatment.

Our findings call into question the prevailing perception of CVD graphene’s
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Table 5.2: Comparison of Experimental Results for H/D Separation by the Graphene
Sieving Membrane

Reference Membrane Graphene Scale Cathodic Electrode SF (H/D) Measurement Method

Geim’s group 2016[17] N—G—N Exfoliation, 2-10 µm circle Decorated 2 nm Pt ∼10 Electrical Conductivity
Geim’s group 2016[17] N—G Exfoliation, 50 µm circle Decorated 2 nm Pt ∼10 QMS
Geim’s group 2017[5] N—G CVD, 1 sq. inch Decorated 2 nm Pt ∼8 QMS
Bukola et al. 2018[4] N—G—N CVD, 0.178 cm2 Ink-coated Pt ∼14 Electrical Conductivity
Xue et al. 2022[20] N—G CVD, 4 cm2 Decorated 2 nm Pt ∼1.15 OA-ICOS
Xue et al. 2022[20] N—G—N CVD, 4 cm2 Ink-coated Pt ∼1.08 OA-ICOS
Present work (Chapter 5) N—G—N CVD, 0.178 cm2 Ink-coated Pt ∼1.1-1.2 Electrical Conductivity
Present work (Chapter 7) N—G—N CVD, 0.178 cm2 Ink-coated Pt ∼1.0-1.2 QMS

proton selectivity. The high H/D selectivity championed in current literature may be

more attributable to inadvertent cation contamination during membrane preparation

than to an intrinsic property of CVD graphene. Consequently, our data stress the

paramount importance of maintaining purity during membrane preparation and fab-

rication. This revelation has profound real-world implications, emphasizing the need

for meticulous experimentation and robust control measures when investigating the

transport behavior of H and D in graphene-embedded Nafion membranes.

Hence, our research advocates for a thoughtful reevaluation of the current

methodologies used in graphene-based proton-deuterium separation, underscoring the

need for efficient decontamination approaches. We anticipate that our findings will

prompt the scientific community to revisit protocols that involve graphene in such

applications, leading to a more elaborate comprehension of its role.

5.5 Conclusions

Our study provides critical insights into the proton transport behavior of

graphene-embedded Nafion membranes, particularly in the context of hydrogen iso-

tope separation. We meticulously analyzed the performance and characteristics of
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NGN membranes, contrasting them with standard NN membranes under various

conditions, including H-pump and D-pump settings.

One of the crucial findings of our research revolves around the often-overlooked

factor of contamination during membrane fabrication. We discovered that the pres-

ence of ammonium and copper cations in the membranes, an inadvertent byproduct of

previous experimental protocols, significantly impacts the performance and apparent

properties of the graphene layer in the membrane. By developing and implement-

ing a post-treatment procedure, we effectively removed these contaminants from the

membrane, reverting it back to its intended hydrogen or deuterium form.

Upon decontamination, we observed a drastic shift in the performance char-

acteristics of the NGN membranes. When we subtracted the resistance values of the

NN membranes from the NGN membranes under H-pump and D-pump conditions

and converted these to conductance values, we measured the graphene’s area conduc-

tance to be 27 S cm2 for H transport and 23 S cm2 for D transport. This resulted in

an H/D isotope selectivity of approximately 1.17, starkly contrasting the previously

reported selectivity factors of 8 and 14.

These findings fundamentally challenge the prevailing understanding of the

proton selectivity of graphene within proton exchange membranes. The previously

reported high H/D selectivity ratios for graphene could be an artifact of experimental

contamination rather than an inherent feature of graphene.

Our research underscores the need for comprehensive control experiments in

studies of this nature, particularly given the sensitivity of graphene-embedded Nafion

membranes to cationic contamination. Furthermore, the results suggest a need to

reevaluate the perceived superiority of graphene’s proton selectivity in these mem-

branes. This is crucial for the development of more accurate and efficient method-

ologies in the field of hydrogen isotope separation and, by extension, in the broader
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realm of sustainable energy solutions.

In conclusion, this study contributes significantly to our understanding of the

actual proton transport behavior in graphene-embedded Nafion membranes. We hope

these findings will encourage further rigorous experimentation and innovation in this

field, fostering deeper insights and advances in membrane technology for hydrogen

isotope separation.
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Chapter 6

Real-Time Analysis of

Electrochemically Evolved Gases:

Design, Operation, and

Applications of an Integrated

OEMS System

6.1 Abstract

This chapter presents a comprehensive guide on the design and utilization of

an online electrochemical cell coupled with a quadrupole mass spectrometer system

for the real-time analysis of electrochemically evolved gases with an emphasis on

hydrogen gases. The importance and the pivotal role of such systems in the field

of energy technology and environmental science are outlined, highlighting the sig-

nificance of studying evolved gases from electrochemical reactions. We describe the
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components of our system, their functions, and the rationale behind their selection

and configuration. A detailed account of our experimental setup and calibration pro-

cedures, as well as the safety measures taken, provides the reader with a firm grasp

of the operational details. Emphasizing the real-time data acquisition capability of

our OEMS system, we further explore the data analysis techniques employed and the

subsequent results obtained. The analysis revealed consistent and accurate results,

demonstrating the system’s proficiency and robustness. The potential of this system

to contribute to hydrogen-based technologies and renewable energy is also examined.

We conclude with a contemplative discussion on the system’s limitations, suggest-

ing areas for future work and novel applications, ultimately underlining the OEMS

system’s promising potential in this research field.

6.2 Introduction

Electrochemical processes, foundational in disciplines such as chemistry, bi-

ology, and energy, yield essential metrics like potential and current. However, the

inherent intricacy of these reactions necessitates more sophisticated instruments to

elucidate molecular details. Mass spectrometry (MS) complements this need with its

quick detection and structural discernment capabilities[1][2]. The innovative blend of

these techniques, Electrochemical Mass Spectrometry (EC-MS), facilitates real-time

reaction insights. Its origins date back to 1971[3], with later developments like the

differential electrochemical mass spectrometry (DEMS) method in 1984 bolstering

its capabilities[4]. As the field evolved, a plethora of EC-MS (including DEMs and

OEMS) devices surfaced, expanding its applicability[5][6][7][8][9][10][11].

In a world gravitating towards efficient and sustainable energy solutions, the

ability to monitor and interpret gaseous products in real time has gained paramount
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importance. Such evolved gases often provide insights into underlying reaction mech-

anisms and potential efficiency bottlenecks[12]. Coupling electrochemistry with tools

like GC[13][14], HPLC[15], FTIR[16][17], and MS[18][19] has proven instrumental,

especially in identifying gases and volatiles during electrochemical reactions.

Traditional analytical techniques, effective in their own right, sometimes strug-

gle to capture the complex dynamics of electrochemical gas evolution. The fusion of

EC and MS offers an unparalleled insight into this realm. While methods such as

gas chromatography and infrared spectroscopy face constraints related to time and

complexity, one of EC-MS’s standout attributes is its ability for real-time, in-situ

monitoring of reaction products[20]. This eliminates the cumbersome step of trans-

ferring samples to external analytical instruments, thus reducing risks like sample

contamination or loss and bolstering measurement reliability. This negates the need

for cumbersome external transfers to analytical instruments, minimizing risks like

sample contamination or loss, and enhancing the reliability of measurements. One of

its most distinct benefits is the capability for real-time data acquisition. By captur-

ing swift changes in gas evolution, EC-MS provides a unique perspective on reaction

kinetics, highlighting transient events that might be overlooked by other methods[21].

When an electrochemical hydrogen pump cell is paired with a quadrupole mass

spectrometer, the resulting OEMS demonstrates unparalleled sensitivity to low-mass

gases, positioning it as an ideal tool for analyzing H2, D2, and HD[22]. In essence,

OEMS provides a dynamic, efficient, and profound avenue for understanding the

complexities of electrochemically evolved hydrogen isotopes[23].

In this chapter, we delve deep into the design, operation, and applications of

our custom-built OEMS system, tailored for the comprehensive analysis of electro-

chemically evolved hydrogen isotopes. Our OEMS system merges an electrochemi-

cal hydrogen/deuterium pump cell with the Extrel MAX300-CAT Quadrupole Mass
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Spectrometer (QMS). This combination promises unparalleled precision in studying

hydrogen isotopes (H2, D2, and HD), with its speed, sensitivity, and extensive mass

range standing as its defining traits, capturing real-time reactions with unmatched

clarity. With a detection limit of 50 ppb and the capability to measure changes in

sample concentration in less than 300 ms, the system ensures reaction dynamics are

captured in real-time, shedding light on every intricate detail. Furthermore, allowing

data acquisition rates up to a staggering 1000 measurements per second enhances this

real-time analysis capability[24].

In this chapter we present an overview of our OEMS system, highlighting its

components and functionalities. We also delve into our calibration and experimental

methodologies. Through this exposition, we aim to provide a clear understanding of

our system’s capabilities in real-time analysis of evolved hydrogen isotopes. We hope

this insight offers a meaningful contribution to the ongoing discourse in hydrogen-

based technologies, touching upon areas like energy storage, fuel cells, and the broader

context of electrochemical synthesis.

6.3 Materials and Methods

6.3.1 Extrel MAX300-CAT Quadrupole Mass Spectrometer:

Description, Operation, and Advantages

Our OEMS system prominently features the Extrel MAX300-CAT QMS, an

instrument specifically designed for high-speed analysis of low-mass gasses such as

H2, D2, and HD. It is equipped with an electron impact (EI) ionizer, facilitating

the ionization of any gas or vapor sample, including low-mass gases. The QMS

includes both Faraday and electron multiplier detectors. This instrument provides
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Figure 6.1: The photo provides a view of the integrated Online Electrochemical Mass
Spectrometry (OEMS) system housed within the fume hood. Key components show-
cased include the Extrel MAX300-CAT Quadrupole Mass Spectrometer, the Pine
Research WaveDriver 20 Potentiostat, the mass flow controllers (MFCs), and the
electrochemical H/D pump cell, which are vital components for our real-time, con-
tinuous monitoring of hydrogen isotope evolution.
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Figure 6.2: OEMS System: A Schematic Illustration of the Online Electrochemistry
Mass Spectroscopy Setup.

a wide dynamic range, stretching from 1x10−6 to 5x10−13 Torr (100% to 0.5 ppm),

with a low detection limit of 50 ppb. The broad detection range and high sensitivity

ensure that even trace amounts of isotopes can be accurately identified and quantified

in the gas mixtures. With the capacity to perform up to 1000 measurements per

second, the MAX300-CAT is optimally suited for monitoring rapid, dynamic changes

in gas evolution. This high-speed operation is essential for providing real-time data,

contributing to a detailed understanding of reaction kinetics. The MAX300-CAT is

impressively efficient, requiring a minimal sample volume of 10 µL/min. In addition,

the ionization energy can be adjusted to reduce fragmentation, ensuring the integrity

of the spectral data, and providing more reliable identification and quantification of

our target gases.

With a 6 mm quadrupole mass filter, the MAX300-CAT offers mass range

100



options from 1-100 amu. This flexibility ensures high-resolution separation of a wide

range of mass-to-charge ratios, including those of our target gases – H2, D2, and

HD. In summary, the MAX300-CAT QMS provides a high-resolution, high-speed,

and sensitive means to real-time analysis of low-mass gases, crucial for our studies of

hydrogen isotope evolution.

6.3.2 Mass Flow Controllers and Tubing: Selection, Opera-

tion, and Benefits

Critical to our OEMS system, MFCs control the flow rates of gases, H2, D2,

and Ar, into the electrochemical cell and QMS, ensuring experimental consistency.

We selected Alicat MC-Series Gas Mass Flow Controllers for our setup, given their

compatibility with H2, D2, and Ar gases, full-scale range of 0-20 SCCM accommo-

dating our low flow rates, standard accuracy of ±0.6% of reading or ±0.1% of full

scale, response time of 30 ms, and ease of integration. Alicat mass flow instruments

primarily use laminar differential pressure technology to measure mass flow rates of

gasses, converting turbulent flow to laminar, measuring the pressure drop, and then

calculating both the volumetric and standardized mass flow rates[25].

To ensure reliable gas transfer, we used 1/16th-inch PEEK (polyetheretherke-

tone) tubing, a chemically resistant, durable thermoplastic with low gas permeability.

Its resistance to strong acids, bases, organic solvents, and low permeability are essen-

tial for transporting hydrogen and deuterium gases without risk of corrosion, chemical

degradation, or sample loss. Its mechanical durability promises robust, long-lasting

performance. The incorporation of Alicat MC-Series MFCs and PEEK tubing into

our OEMS system enhances precision and reliability in our hydrogen isotope evolution

investigations.
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6.3.3 Electrochemical Cell: Design, Components, and Func-

tion

Our experiment utilizes a custom-built electrochemical cell for electrochem-

ical hydrogen/deuterium pumping and MS analysis of evolved gases. It is a two-

compartment design, separated by a proton exchange membrane (PEM), ensuring

isolation of anode and cathode compartments. The anode and cathode are composed

of 2 mg/cm2 Pt/C and supported by AvCarb P50 Gas Diffusion Layer (GDL), fa-

cilitating uniform gas distribution and efficient reactions. These carbon-based Gas

Diffusion Electrodes (GDEs) coated with platinum catalysts offer superior electri-

cal conductivity, chemical stability, and catalytic activity. The Nafion 211 PEM

facilitates proton transport while insulating electrons, which is crucial for separate

electrochemical reactions at the anode and cathode. It was chosen for its excellent

proton conductivity, chemical stability, and mechanical durability. Titanium plates

act as current collectors, efficiently transporting electrical current due to their high

electronic conductivity and corrosion resistance[26].

Gas inlets allow the controlled delivery of H2 and D2 gases at a flow rate of

10 SCCM each into the anode compartment. To enhance proton and deuteron con-

ductivity, gases are bubbled through water and D2O, respectively, to achieve a ∼95%

relative humidity condition. It takes roughly 5-7 minutes for humidified gases to be

fed to the cell to achieve steady-state ion transport through the membrane. The

high humidity promotes efficient electrochemical reactions by facilitating ion mobil-

ity through the electrolyte. The outlets are connected to the mass spectrometer for

evolved gas analysis, and the output gas mixture is carried by 20 SCCM of Argon gas.

In the experimental setup, we employed chronopotentiometry, applying a constant -

40 mA current using the PineResearch WaveDriver 20. The application of constant
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current in chronopotentiometry is used to maintain a constant flux of evolved gasses,

which facilitates the use of MS to analyze the gas composition, offering reliable obser-

vations of gas evolution and invaluable insights into underlying reaction mechanisms.

In summary, the design, components, and functionality of the electrochemical

cell are integral to the success of our evolved gas analysis, enhancing the system’s

overall capability and reliability.

6.3.4 Calibration Process, Role of Argon, and Its Importance

for Data Accuracy

Table 6.1: Input H2 and D2 gas mixtures for the calibration of OEMS. The mixtures
were created in different ratios (90:10, 80:20, 70:30, and so on, up to 10:90) using
mass flow controllers. Each mixture maintained a total flow rate of 2 SCCM. For
example, a 90:10 H2:D2 mixture was prepared by combining 1.8 SCCM of H2 with
0.2 SCCM of D2. A consistent flow of 20 SCCM Argon was used as a carrier gas to
transport each of these mixtures to the QMS.

D2 Flow Rate H2 Flow Rate D2 Concentration H2 Concentration
SCCM (±0.02) SCCM (±0.02) % %

0.20 1.80 10 90
0.40 1.60 20 80
0.60 1.40 30 70
0.80 1.20 40 60
1.00 1.00 50 50
1.20 0.80 60 40
1.40 0.60 70 30
1.60 0.40 80 20
1.80 0.20 90 10

Our Extrel MAX300-CAT QMS was calibrated using varying mixtures of H2

and D2 gases, ranging from a 90:10 to a 10:90 H2:D2 ratio. During this process,

we set the relative sensitivities for H2 and D2 as 0.44 and 0.35, respectively, based

on standard values from the PFEIFFER VACUUM MS Catalog. All calibration
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mixtures were transported to the MS using 20 SCCM of Argon gas. The gas mixtures

were changed sequentially, starting from a 90:10 ratio and progressing to 10:90, as

detailed in Table 6.1. Each mixture was switched to the next only after achieving

steady-state signals for the relative intensity/concentration graphs displayed by the

Questor 5 software. Relative Intensity and Concentration (%) vs Time plots were

obtained from the Questor 5 software and are displayed in Figures 6.4A and 6.4B.

The concentrations (%) shown in Figure 6.4B are automatically calculated/detected

by the instrument based on the sensitivity values. Calibration curves (CCs) depicted

in Figures 6.5A and 6.5B were derived from the known input gas values, specifically

the flow rates of H2 and D2, which determine the concentration (%), plotted against

the MS-detected Relative Intensity and Concentration (%).

Since we only had H2 and D2 gas tanks available, we used an alternative

approach to estimate HD’s sensitivity. The output gas mixtures emitted from the

Pt/C - Nafion x 2 - Pt/C MEA mounted in an electrochemical hydrogen pump cell

contained only HD, H2, and D2 gasses. As illustrated in Figures 6.5A and 6.5B, after

accurately calibrating the H2 and D2 gases, we determined the HD percentage by

computing the residual value: 100 - (H2% + D2%). Using a modeling approach, we

derived a relative sensitivity value of 0.42 for HD. This value yielded the best-fit curve

for the estimated HD%, which was also derived from 100 - (H2% + D2%).

A =
RIH2

0.44
, B =

RID2

0.35
, C =

RIHD

x

100 =

(
A

A+B + C

)
100 +

(
B

A+B + C

)
100 +

(
C

A+B + C

)
100
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m =

(
A

A+B + C

)
100

n =

(
B

A+B + C

)
100

o =

(
C

A+B + C

)
100

In this model, RIH2 , RID2 , and RIHD represent the relative intensities of the peaks

at 2, 4, and 3 m/z, respectively. As evident from Figures 6.6C, 6.6D, and 6.6E, we

achieved the best-fit curves when x = 0.42.

These sensitivity values reflect the varying responses of the QMS to these

gases, a crucial factor in the interpretation and accuracy of the data. The calibration

curves developed for H2 and D2, adjusted for their specific sensitivities, enable precise

determination of evolved gas compositions in our experiment. Argon, selected as the

carrier gas for evolved gases due to its inertness and unique mass-to-charge ratio,

was used at a flow rate of 20 SCCM. The calibration process and use of Argon as a

carrier gas are crucial for data accuracy and system performance. By establishing a

relationship between physical quantities and output signals, calibration allows us to

interpret meaningful physical quantities from the QMS output. Furthermore, regular

calibration accounts for potential drift due to temperature fluctuations, component

aging, or changes in ambient conditions, ensuring consistent and accurate results,

especially vital when dealing with low-concentration gas mixtures.
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6.4 Data Acquisition and Safety Measures

6.4.1 Real-Time Data Acquisition

Real-time data acquisition played a critical role in the experiment, providing

immediate feedback, facilitating dynamic alterations in the experiment parameters,

and allowing continuous validation of data. This process enhanced the temporal

resolution, enabling the monitoring of gas composition changes over time. If there

were any discrepancies in the observed and expected gas concentrations, we were able

to quickly identify and rectify the issue due to the real-time data acquisition.

6.4.2 Safety Measures and Considerations

Safety and data integrity were paramount during data acquisition. As Hy-

drogen and Deuterium are flammable and Argon is an asphyxiant, cylinders storing

these gases were handled with caution and placed in well-ventilated areas. Their flow

rates were carefully controlled to avoid hazardous situations. Further safety mea-

sures included housing the OEMS setup consistently within a fume hood, providing

an additional layer of protection against potential gas emissions. All electrical equip-

ment was properly grounded to prevent electrical hazards. The laboratory personnel

were equipped with appropriate personal protective equipment (PPE) such as lab

coats, gloves, and safety glasses during the handling of gases and operation of high-

precision instruments. Regular calibration of the Quadrupole Mass Spectrometer was

maintained to ensure accurate data acquisition. The data acquisition software was

programmed to automatically record and save data at regular intervals, safeguarding

against data loss in the event of a system crash or power loss. These safety and in-

tegrity measures ensured a safe experimental environment while maintaining reliable
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Figure 6.3: Display of the tuning screen in Questor 5 software, showcasing the peaks
for H2, HD, and D2.

data acquisition.

6.5 Results and Discussion

Our research commenced with distinct objectives – to construct and assess an

OEMS system capable of real-time, continuous monitoring and analysis of evolved

gases, with a particular focus on hydrogen and deuterium gasses. Our experimental

findings affirm that we have successfully achieved these goals. Our OEMS system

effectively mapped the dynamics of the electrochemical isotopic exchange reactions,

yielding comprehensive concentration-time profiles for H2, D2, and HD gases. Figure

6.3 showcases the capability of our QMS to distinctly resolve peaks at mass-to-charge

ratios (m/z) of 2, 3, and 4, highlighting its precision in differentiating between molec-

ular ions of close m/z values. This ability addresses our principal research question

regarding real-time monitoring of these reactions. Our findings also showcased the

sensitivity of our system to alterations in electrochemical parameters, thus highlight-

ing its potential for optimization and adaptability to diverse research needs.
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Figure 6.4: Time-resolved simultaneous recording of the relative intensities of H2 (2
m/z) and D2 (4 m/z) (A), alongside the instrument-detected concentration (%) of
H2 and D2 for each calibration gas mixture (B), represented side by side. The gas
mixtures were varied step-wise from a ratio of 90:10 to 10:90. The change in ratio
was implemented once the system reached steady-state readings, demonstrating the
system’s response to changes in gas composition. This graph correlates the relative
intensity measurements with the accurate detection and concentration determination
of H2 and D2 in each mixture, providing a comprehensive visualization of the step-
wise variation of gas ratios.

Our calibration protocol effectively demonstrates the accuracy and precision

of our QMS setup in detecting and differentiating H2 and D2 under a variety of

conditions. This accuracy was exemplified through a systematic series of experiments

involving H2 and D2 mixtures, at concentrations varying from 90:10 to 10:90 (H2:D2)

as outlined in Table 6.1. After achieving steady-state conditions in relative intensity

and concentration, inlet gas flow was changed to the next gas mixture from MFCs.

The reliability of our calibration approach is underscored by the system’s consistent

response to the shifts in gas composition (Figures 6.4A and 6.4B) and the observed

correlation between actual and detected gas concentrations (Figures 6.5A and 6.5B).

Actual gas concentration was calculated by comparing inlet H2 and D2 flow rates.

Upon employing similar calibration to correct the output gas concentrations
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Figure 6.5: This combined multi-axial graph, split into A and B, represents the
correlation between H2 and D2 relative intensities (A), and the instrument-detected
concentrations (expressed as percentages) (B) against their corresponding flow rates
and concentrations (dual X-axes). From the perspective of H2, the X-axes extend
from 0 to 2 sccm (flow rate) and 0 to 100% (concentration). In contrast, for D2,
the X-axes are interpreted in the reverse direction, from 2 to 0 sccm and 100 to 0%.
This arrangement allows simultaneous evaluation of both H2 and D2 dynamics and
the instrument’s accuracy in recording H2 and D2 concentrations under varying flow
rates and concentrations.

during a -40 mA chronopotentiometry test on a Membrane Electrode Assembly (MEA),

the resulting relative intensities for H2, D2, and HD aligned well with their expected

values. As depicted in Figure 6.6A, the QMS accurately identified and assigned the

m/z values for H2, D2, and HD, consistently tracking their respective compositions

over time (Figure 6.6B). HD concentration, intriguingly, was derived by subtracting

the combined concentrations of H2 and D2 from 100%. The time-resolved concentra-

tion plots of the evolved gases (Figure 6.6) provided valuable insights into the isotopic

exchange reaction kinetics, thereby attesting to our system’s efficiency.

The accuracy and responsiveness of our instrument are clearly demonstrated

by our calibration curves. With the assistance of 1/16-inch diameter PEEK tubing

and a flow of 20 SCCM of Argon as the carrying gas, the input gas mixture is efficiently
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Figure 6.6: Gas output and calibration model validation over time in a NN mem-
brane. (A) Temporal variation in relative intensities of output gas mixture from the
electrochemical pump cell when humidified H2 and D2 were supplied. (B) Evolution
of instrument-detected output gas concentrations over time. (C-E) Validation of cal-
ibration model with H2, D2, and HD respectively, comparing calculated (from CC)
vs. modeled percentages (m, n, and o). Alterations in the feed gas mixture ratios
and flow rates were made at the 8 and 13-minute marks.

transported to the mass spectrometer, minimizing dead volumes.

The data in Figure 6.6 offer insights into the behavior of the NN membrane

under various feed conditions and the subsequent alterations in the output gas mix-

ture. Figures 6.6A and 6.6B illustrate the evolution of relative intensities and detected

concentrations, respectively, in the output gas mixture over time during a chronopo-

tentiometry (CP) experiment set at -40 mA. Notably, this experiment commenced

without pre-humidification, in contrast to the experiment depicted in Figure 6.7,

which began (CP initiated) after pre-humidifying the membrane with a flow of 10
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SCCMs of both H2 and D2 gases to the cell for five minutes. As depicted in Fig-

ure 6.6A-B, an initial high percentage of H2 was observed, accompanied by lower

percentages of HD, followed by D2. This transient effect diminished as the level of

humidification in the cell increased, correlating with a growing influx of the humidi-

fied H2 and D2 mixture. After a couple of minutes, the output gas mixture reached

a steady-state composition for this membrane, signaling the optimal condition of the

MEA.

A dramatic change is observed when the feed gas mixture ratio is altered at the

8-minute mark from 50:50 to 100:0 (H2:D2), demonstrating the system’s immediate

response to changes in the input parameters. A subsequent change to a 0:100 H2:D2

ratio at the 14-minute mark further exemplifies the system’s dynamic adjustment

capability. Figure 6.6B represents the temporal changes in output gas concentration

as the feed gas mixture is adjusted. It becomes evident that the concentrations of the

output gases are heavily dependent on the input conditions and respond accordingly.

The validity of the proposed calibration model was assessed, as depicted in

Figures 6.6C, 6.6D, and 6.6E. In these figures, the calculated concentrations of H2

and D2 (derived from the calibration curve) and HD (determined by 100 - (H2 + D2))

are contrasted with their modeled values (m, n, and o). Across all three gases, the

plots display a strong correlation, underscoring the model’s precision. Notably, when

the relative sensitivities of H2, D2, and HD are set to 0.44, 0.35, and 0.42 respectively,

an optimal fit is achieved for all gases, bolstering confidence in the model’s robustness.

In sum, the data in Figure 6.6 offer a comprehensive understanding of the behavior

of the NN membrane in response to changes in the feed gas mixture and validate the

proposed calibration model. This advances our knowledge in this area and could have

implications for the optimization of similar systems in the future.

The steady-state isotopic composition of gases evolved from the electrochem-
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Figure 6.7: (A) A time-series graph displaying the relative intensities of m/z values
2, 3, and 4, corresponding to H2, HD, and D2 gases, detected by the QMS during a
-40 mA chronopotentiometry test on an MEA [Anode (Pt/C) — Nafion 211 *2 —
Cathode (Pt/C)] using a humidified 50:50 H2 and D2 mixture. (B) Time-dependent
variations in concentrations of H2, D2, and HD, corrected using calibration curves.
This offers insights into the changing composition of output gases transported by an
Ar carrier over time. (C) A depiction of the steady-state concentration percentages
of the gases when the system reaches equilibrium, providing a concise view of the gas
mixture composition.
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ical hydrogen pump cell is presented in Figures 6.7A, 6.7B, and 6.7C, effectively

illustrating the outcomes of the electrochemical reactions. Unlike the experiment

depicted in Figure 6.6, the MEA was humidified for 5 minutes before starting the

CP. Interestingly, we didn’t observe the initial transient selectivity that was apparent

with the non-humidified membrane, indicating that such selectivity is primarily influ-

enced by the MEA’s hydration level. This insight highlights the system’s capability

to monitor isotopic exchange reactions. Precisely detecting and quantifying H2, D2,

and HD gas compositions across a range of conditions is crucial for enhancing our

understanding of electrochemical pump operations and advancing high-efficiency fuel

cell systems. In conclusion, our findings emphasize the capacity of our system to

perform continuous, real-time analysis of evolved gases and effectively monitor elec-

trochemical reactions, setting the stage for further studies and optimization in diverse

electrochemical systems.

Table 6.2: Overview of the steady-state concentration percentages of H2, D2, and HD
gases, as detected by the QMS.

Detected Gas Steady-State Concentration (%)
H2 30
D2 28
HD 42

6.6 Conclusions

Our investigation centered on developing an OEMS system to allow real-time,

continuous monitoring and comprehensive understanding of the electrochemical gas

evolution processes involving H2 and D2. The system capably differentiated between

H2, D2, and HD isotopes and tracked their concentration changes in real-time. This
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successful implementation underlines the effectiveness of our system.

The importance of our work is underpinned by the in-depth insights it provides

into the electrochemical dynamics of hydrogen isotopes. By enabling real-time mon-

itoring, our system stands superior to conventional ’snapshot’ analysis techniques,

contributing to a more exhaustive understanding of the processes at hand.

Our system’s primary strength is its capacity for real-time evolved gas anal-

ysis. By integrating an electrochemical hydrogen pump with a QMS, we captured

the dynamic evolution of hydrogen isotopes. The use of the Extrel MAX300-CAT

Quadrupole Mass Spectrometer augmented our system’s sensitivity and precision.

Implementing chronopotentiometry at -40 mA induced a steady gas evolution state,

and the utilization of gas diffusion electrodes and Nafion Proton Exchange Membrane

was instrumental in the effective functioning of the electrochemical cell. Our calibra-

tion methodology, using varied H2 and D2 mixtures, ensured reliable measurements.

Our OEMS system holds potential in a myriad of applications. In the realm of

sustainable energy, our system can improve the performance of hydrogen-based tech-

nologies like fuel cells and electrolyzers. Its capability to distinguish between isotopic

species makes it a valuable resource in nuclear fusion research, where understand-

ing isotopic exchange reactions is vital. By facilitating these reactions under different

conditions, our system paves the way for advancements in these crucial research fields.

6.7 Future Work

The study’s outcomes have produced valuable insights into the electrochemical

evolution of hydrogen isotopes, laying a robust foundation for future investigations.

Owing to the rising interest in hydrogen as a sustainable energy source, continued

research in this domain is both necessary and promising. Exploring the electrochem-
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ical behavior of other isotopes in different electrolyte types would be interesting. The

effect of electrode materials and the design of the electrochemical cell on reaction

kinetics and efficiency also merit further investigation. Potential isotopic fractiona-

tion during the electrochemical process could reveal variations significant for isotope

separation technologies.

Moreover, the detailed temporal resolution of our data presents unique oppor-

tunities for advanced data analytics. Machine learning algorithms could be utilized

for recognizing and predicting gas evolution patterns, thereby offering new ways to op-

timize electrochemical reactions in real-time. Despite its versatility and effectiveness

in understanding gas-evolving reactions, our OEMS system can be further improved

and adapted for innovative applications. Integration of additional detectors or sen-

sors, like a pH sensor, could offer complementary information about electrochemical

reactions. Improving the inlet valve and fluidic design could enhance gas transfer

efficiency from the electrochemical cell to the mass spectrometer, potentially aided

by Computational Fluid Dynamics (CFD) simulations.

Despite the promising results of our study, we recognize certain limitations that

need to be addressed. When interpreting mass spectrometry data, we need to meticu-

lously account for isotopic contributions from H2, D2, and HD. Slight discrepancies in

isotope ratios or calibration inaccuracies could potentially affect the precision of our

data. An additional constraint in our system is observed during rapid alterations in

the flow rates of H2 and D2. We have found that while D2 adjusts quickly to changes

in flow rate, H2 has a slightly slower response time. This discrepancy manifests as

a persistent background peak at 2 m/z, which can affect the accuracy of real-time

analysis.

To address these issues, we’ve made significant modifications to the roughing

pump bellows. By employing larger bellows and removing a junction, we managed
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to substantially reduce the time required for the background peak to dissipate. This

adjustment has markedly improved our system’s response time and accuracy during

rapid changes in gas flow rates. It is worth considering potential improvements to

the Quadrupole Mass Spectrometer to further alleviate the issue of the background

peak at 2 m/z. One approach could involve making adjustments to the bellows

of the rough pump to facilitate fast removal of hydrogen from the MS. Moreover

addition of a second rough pump (or another pump to aid the rough pump) would be

helpful for fast removal of background peak at 2 m/z. Additionally, the incorporation

of advanced ionization techniques could help to reduce interference and noise, thus

improving the signal-to-background ratio. The implementation of a more dynamic ion

detection system, which could adjust more rapidly to changes in gas flow rates, might

also be beneficial. Finally, integrating machine learning algorithms could allow for

the prediction and subsequent removal of these background signals, thus optimizing

the real-time analysis of evolved gases. Through these advancements, we foresee

a potential for even more accurate, precise, and efficient analysis using our OEMS

system, further reinforcing its applicability in hydrogen-based technology research.

These opportunities for exploration and adaptation further validate the potential of

our system in future research.
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Chapter 7

Impact of CVD

Graphene-Embedded Nafion

Membranes on Hydrogen Isotope

Selectivity

7.1 Abstract

This research undertakes a comprehensive investigation using online electro-

chemical mass spectrometry (OEMS) into the isotope selectivity of graphene-embedded

Nafion membranes for electrochemical hydrogen isotope separation. The work ex-

pands upon prior studies by implementing an updated preparation procedure for the

CVD graphene-embedded membranes that focuses on reprotonation/redeuteration

after the copper etching step. The absence of high isotope selectivity attributable

to CVD graphene-integrated Nafion membranes was systematically demonstrated via

OEMS analysis of the output gas mixtures from electrochemical hydrogen pump cells
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fed with a mixture of H2 and D2 gases. The findings have significant implications

for the broader field of hydrogen isotope separation, specifically questioning the pre-

viously held belief about the role of CVD graphene in such processes. The study

concludes with the presentation of potential directions for future research, under-

lined by the necessity for meticulous experimental design and protocol modification

in advancing the field.

7.2 Introduction

In the realm of nuclear fusion, the quest for high-performance materials for

hydrogen isotope separation becomes paramount, given its importance in nuclear

fusion, heavy water reactors, and specific medical applications[1][2]. Ensuring the

efficient separation, enrichment, and reuse of deuterium and tritium from nuclear

fusion byproducts and radioactive wastewater is fundamental for ecological safety

and economic longevity in the nuclear and fusion industry[3][4][5]. Among various

separation methodologies such as palladium membrane diffusion[6], cryogenic distilla-

tion[7], and quantum sieving[2][8], the use of membranes in electrochemical pumping

for hydrogen isotope selectivity stands out[9][10][11]. It’s especially promising due to

its potential for reduced energy consumption and scalability[10]. Graphene, a sin-

gle atomic layer of carbon atoms arranged in a two-dimensional honeycomb lattice,

has emerged as an attractive candidate in separation science because of its atomic

thickness and potential for selective permeability[12][13][14]. When incorporated into

Nafion, a commonly used proton exchange membrane, the resulting hybrid material

has previously been reported to demonstrate high separation efficiencies for hydrogen

isotopes[9].

Recently, an exploration into the integration of single-layer graphene, pre-
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pared via a Chemical Vapor Deposition (CVD) technique, into Nafion membranes has

gained momentum[10][15]. The superior mechanical, thermal, and electrical proper-

ties of graphene, coupled with its impermeability to gases, positions it as an excellent

candidate for enhancing Nafion membranes’ performance. Initial studies reported

notable isotope separation factors, with some claims reaching values as high as 8[10]

and 14[9]. However, these claims, while fascinating, were based on experimental de-

signs that overlooked critical factors such as defects in the graphene layer introduced

during the transfer process, ammonium and copper contamination during the etching

process, and the lack of proper control experiments, as discussed in Chapter 5 of this

dissertation.

Given these findings and questions raised in the literature concerning claims of

H/D selectivity by CVD graphene[16], this study embarks on an in-depth investigation

into the genuine isotope selectivity of graphene-embedded Nafion membranes. By

rectifying issues encountered in previous experimental designs and introducing an

updated procedure for membrane preparation, we aim to bridge the gaps in the

current understanding of hydrogen isotope separation in these membranes and provide

reliable insights for further development in this field.

Our study aims to elucidate the real contribution of graphene to isotope se-

lectivity in the hydrogen-deuterium separation process. Previous studies have hinted

at a potential role for graphene in enhancing isotope selectivity, though these find-

ings have been obscured by methodological issues including the fact that they did

not explicitly study separations, but rather compared relative rates for transport. To

address these challenges, we utilize the advanced analytical capabilities of OEMS to

analyze mixtures of gases evolved from electrochemical pump cells. OEMS enables us

to analyze the output gas mixtures produced during hydrogen isotope separation with

exceptional precision and accuracy. Through a systematic experimental approach and
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rigorous analysis, this research contributes to the broader understanding of graphene’s

potential role in hydrogen isotope separation. A detailed examination of this process

not only clarifies the role of graphene but also provides invaluable insights into the

challenges and prospects of graphene-Nafion composites. These findings establish a

solid foundation for future advancements in hydrogen isotope separation research and

technology, ultimately aiding the quest for more efficient materials in this field.

7.3 Materials and Methods

7.3.1 Revised Procedure for Fabrication of NGN Membranes

The fabrication of graphene-embedded Nafion membranes has been further

refined to improve reliability and effectiveness. To create twelve sandwich-like mem-

branes, six integrated graphene layers within two Nafion 211 layers (NGN) and six

consisting of solely Nafion 211 layers (NN) were assembled. Graphene grown on cop-

per sheet from Chemical Vapor Deposition (CVD) was purchased from ACS Materials

LLC. These copper—graphene sheets were layered onto Nafion 211 and hot-pressed

at 140 °C and 600 psi for 3 minutes, creating the copper—graphene—Nafion mem-

brane composites. To remove the copper substrate, the composite membranes were

soaked in a 0.3 M Ammonium Persulfate (APS) solution for ∼10 hours. After rinsing

with water and D2O respectively, the resulting Graphene—Nafion composites were

then separated into two groups: one set of three membranes was immersed in 0.5 M

D2SO4 in D2O, and the other three in 0.5 M H2SO4 in H2O, each for a duration of 8

hours. After that they were washed with water and D2O followed by immersing them

in the same solutions for an additional 3 hours. The membranes were then allowed to

dry at room temperature. To construct sandwich-like membranes, a single D-form or
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Figure 7.1: Process of CVD graphene transfer onto Nafion 211 membranes. A. CVD
graphene on copper sheets hot-pressed onto single layers of Nafion 211 membranes.
Teflon-reinforced fiberglass sheets were placed from either side of it prior to hot-press.
B. Copper—graphene—Nafion composites were immersed in 0.3 M APS solution. C.
and D. Post-etched graphene-deposited membranes.

H-form Nafion 211 (prepared by soaking in 0.5 M D2SO4 in D2O, or 0.5 M H2SO4 in

H2O respectively for 8 hours) was hot-pressed onto the graphene-containing Nafion

membranes, again at 140 °C and 600 psi for 3 minutes.

7.3.2 Preparation of Control Membranes: NN Membranes

in H and D Forms

Non-graphene control membranes were assembled for comparison. These were

constructed by hot-pressing either two H-form Nafion 211 membranes or two D-form

Nafion 211 membranes together, mirroring the graphene-integrated assembly pro-

cess without the inclusion of graphene. All twelve sandwich-like membranes, both

graphene-containing and non-graphene controls, were used to create Membrane Elec-

trode Assemblies (MEAs). Two 0.18 cm2 disk-shaped Pt/C cloth electrodes were hot-

pressed onto either side of each sandwich-like membrane, encapsulating the membrane

between the two electrodes under identical hot-pressing conditions.
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7.3.3 Collaborative Efforts: Preparation of Samples from

Vanderbilt University

In addition to our in-house preparations, four samples from our collaborators

at Vanderbilt University were also evaluated. The preparation method for these

samples slightly differed from our own but still preserved the essential structure of

graphene-embedded Nafion membranes. At Vanderbilt, the graphene was grown in

their laboratory and then transferred to Nafion 211 using a hot press. Copper removal

was achieved using a 0.2 M APS solution for approximately 3 hours, a slightly lower

concentration and shorter duration compared to our method. Following this, the

membranes were immersed in a 0.1 M HCl solution for 24 hours to ensure thorough

re-protonation, a longer period than our procedure. Subsequently, they were rinsed

extensively with DI water and dried overnight. To complete the sandwich structure,

the graphene layer was encapsulated with an additional Nafion 211 layer using a

hot press. This resulted in a similar Nafion—Graphene—Nafion configuration to our

membranes.

The final step of attaching Pt/C electrodes to these Vanderbilt-prepared mem-

branes followed our own established procedure. Two 0.18 cm2 disk-shaped Pt/C cloth

electrodes were hot-pressed onto either side of each sandwich-like membrane, encap-

sulating the membrane between the two electrodes under identical conditions to our

method.

7.3.4 OEMS Analysis of Output Gas Mixtures

The methodology for OEMS analysis of the output gas mixtures is a crucial

aspect of our experimental procedure, building on the protocols detailed in Chapter

6. The newly prepared graphene-embedded Nafion membranes and control Nafion
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membranes were mounted in the cell using the procedure outlined in subsection 3.3

of Chapter 6. Chronopotentiometry at -40 mA was then applied using the WaveDriver

20 electrochemical workstation by PineResearch. This process was carried out under

the same conditions as our prior experiments, ensuring consistency in our experimen-

tal setup. Once the current was applied, the gaseous products of the electrochemical

reaction, including hydrogen and deuterium and hydrogen deuteride, were continu-

ously produced and needed to be analyzed. To carry out this analysis, the output

gases were transported to the Quadrupole Mass Spectrometer (QMS) by a carrier

stream of Argon gas at a flow rate of 20 SCCM.

The gas analysis was performed using the MAX300-CAT™ Laboratory Mass

Spectrometer by Extrel. This instrument offers high sensitivity and resolution, allow-

ing for precise measurements of the constituent gases. The operational principles and

the specific settings of the QMS were set as per the established protocol detailed in

Chapter 6. Data analysis was conducted based on the calibration curve established

in our previous work. This enabled us to convert the detected relative intensities for

each m/z value into the corresponding concentration (%) of the individual gas com-

ponents, providing a detailed composition profile of the output gas mixtures. The

reliability of our QMS measurements was confirmed through frequent calibration of

the OEMS following the calibrating procedure described in Chapter 6, ensuring the

robustness and reproducibility of our experimental findings. This rigorous approach

to the OEMS analysis of the output gas mixtures ensured that our observations and

interpretations were grounded in reliable and accurate data.
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Figure 7.2: Schematic of the hydrogen pump cell setup. Diagrammatic representation
of the deuterium/hydrogen pump cell setup.

7.4 Results

7.4.1 Experimental Demonstration of Absence of Graphene’s

Isotope Selectivity

The central findings of our research emerged from the systematic analysis of

output gas mixtures from electrochemical hydrogen pump cells using a QMS. This

analysis, which included both the graphene-embedded Nafion membranes and the

control non-graphene membranes, was designed to quantify the isotope selectivity

imparted by graphene. The results were compelling: across all our experimental

runs, the OEMS analysis revealed no detectable isotope selectivity arising from mem-

branes. Regardless of whether the membrane was initially prepared in the H or D

form, the OEMS results consistently showed similar output gas composition for all

the membranes. This lack of isotope selectivity from graphene was confirmed by
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our comparison with the control non-graphene membranes. As anticipated, these

control membranes also displayed no significant isotope selectivity. These findings

unambiguously demonstrate that the graphene within the Nafion membranes does

not contribute to isotope selectivity under the conditions of our experiments. This

conclusion directly contradicts previous claims regarding graphene’s role in isotope se-

lectivity, compelling a reevaluation of our understanding of isotope transport through

graphene-embedded membranes.

7.4.2 Summary of Key Findings with Graphs and Tables

7.5 Results and Discussion

7.5.1 Interpreting the Findings in Light of Study Objectives

Prior to applying a fixed current of -40 mA in chronopotentiometry, the mem-

branes were humidified by passing humidified H2 and D2 gas through the anode side of

the electrochemical pump cell to reach the optimal proton/deuteron transport con-

dition of the MEA. The primary objective of our study was to determine whether

graphene embedded in Nafion membranes truly contributes to isotope selectivity in

hydrogen isotope separation. Our results, consistently obtained across several experi-

mental runs, indicate that this is not the case. As demonstrated across Figures 7.3-7.6

and Table 1, OEMS analyses of the output gas mixtures of our MEAs revealed no

notable isotope selectivity that could be attributed to the presence of graphene.

A closer look at Figures 7.3, 7.4, and 7.6 reveals that across various MEAs, the

predominant component in the output gas mixtures was HD at approximately ∼41%,

followed by H2 at ∼32%, and D2 at around ∼27%. The introduction of a graphene

layer sandwiched between two decontaminated membrane layers did not change the
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Figure 7.3: Time-dependent variations in concentrations of output gases from each
MEA type. A. NN (H), B. NGN (H), C. NN (D), D. NGN (D).
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Figure 7.4: Sample time-dependent variations in concentrations of output gases from
NGvN (H) MEA.
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Table 7.1: Results of QMS analysis. This table presents and compares the output
gas mixtures’ isotopic composition from the QMS analyses for both the graphene-
embedded and non-graphene control membranes. * The NGvN set of membranes
represents the membranes that were prepared from CVD graphene grown in Vander-
bilt University’s laboratory.

Membrane H2 % D2 % HD % H/D Selectivity

NN1 (H) 30 28 42 1.0
NN2 (H) 31 27 42 1.1
NN3 (H) 31 28 42 1.1
NGN1 (H) 30 27 42 1.1
NGN2 (H) 29 29 42 1.0
NGN3 (H) 30 28 42 1.0

NN1 (D) 32 26 42 1.1
NN2 (D) 32 27 42 1.1
NN3 (D) 31 27 42 1.1
NGN1 (D) 29 29 42 1.0
NGN2 (D) 33 26 41 1.1
NGN3 (D) 31 28 41 1.1

NGvN1 (H) 32 29 39 1.1
NGvN2 (H) 35 26 39 1.2
NGvN3 (H) 34 26 40 1.2
NGvN4 (H) 31 30 39 1.0
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Figure 7.5: Isotopic composition of output gas mixtures from OEMS analyses across
all MEAs.
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Figure 7.6: Average H/D selectivity for each type of membrane with 95% confidence
intervals.
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Figure 7.7: Scanning Electron Microscopy (SEM) Images of CVD-Graphene on Nafion
211 Membranes. These high-resolution images obtained from the Hitachi S-4800 SEM
showcase the microstructure of the CVD-graphene on Nafion 211 membrane. The
darker regions represent the Nafion substrate, whereas the lighter areas depict the
graphene layer.
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transport in favor of H over D. This trend was consistent throughout various trials,

regardless of whether the membranes initially existed in H or D form.

The graphene-embedded membranes and their non-graphene counterparts dis-

played nearly identical selectivity ratios, estimated to be around 1 to 1.2, when a

50:50 humidified H2 and D2 gas mixture was fed to the electrochemical pump cell.

This uniformity was evident not just in our MEAs but also in the graphene-integrated

membranes sourced from the Vanderbilt group. The H/D selectivity ratios, presented

in Table 7.1, were derived using the following equation:

H/D Selectivity =
H2(%) + 1

2
HD(%)

D2(%) + 1
2
HD(%)

(7.1)

These findings strongly counter previous assertions that graphene embedded in

Nafion membranes can significantly enhance isotope selectivity. The striking absence

of any substantial isotope selectivity due to graphene, as demonstrated in our data,

is an essential piece of evidence that clarifies the real role of CVD graphene in these

systems. This fulfills our study objective, providing a more accurate understanding

of the mechanisms underlying hydrogen isotope separation in graphene-embedded

Nafion membranes. It also underscores the need for rigorous controls and meticulous

experimental design in such studies to avoid confounding factors and to produce

reliable results.

7.5.2 Comparison with Previous Research

A critical part of our study was to compare our findings with those from prior

studies. Previous investigations suggested that graphene embedded within Nafion

membranes considerably enhances isotope selectivity. Our data, however, challenge

this notion by demonstrating a lack of any substantial isotope selectivity attributable
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to graphene. We should note that the inconsistency between our findings and previous

reports could be due to the variations in experimental conditions and methodologies.

For instance, prior studies may not have fully accounted for the potential contamina-

tion of membranes with ammonium and copper ions, which can influence transport

dynamics and selectivity. In contrast, our study carefully avoided this contamination

by reprotonating/redeuterating the Nafion membranes after the copper etching step.

Use of a OEMS gas analysis technique to study gas mixtures significantly improves

upon indirect methods of measurement, such as conductivity which were performed

on distinct MEAs in separate H-pump and D-pump experiments, given that H2 and

D2 gas mixtures are incompatible with conductivity measurements. Resistance mea-

surements are highly sensitive to cell conditions; any trace of contamination from

cations in the membrane would inadvertently elevate resistance levels, as substan-

tiated by the findings presented in Chapter 4. These discrepancies emphasize the

importance of thorough controls, meticulous methodology, and rigorous analysis in

interpreting results. As our study demonstrates, overlooking these elements can lead

to significant misinterpretations of data and inaccurate conclusions.

7.5.3 Discussion on the Observed Isotope Selectivity

The observation that both the graphene-embedded Nafion membranes and

the control Nafion membranes yield a similar H/D isotope selectivity ratio (around

1-1.2) suggests that the inclusion of a graphene layer does not appear to influence the

selectivity. The data indicate that graphene doesn’t provide any significant advantage

or modification in terms of enhancing hydrogen isotope selectivity under the given

conditions. We propose two main reasons to explain this observation.

The first relates to the etching process and the inherent nature of Nafion 211
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to expand when in contact with humidity. Nafion 211 has a reported linear expansion

of approximately 10% when it transitions from a relative humidity of 50% at 23 °C (73

°F) to a water-soaked state at the same temperature[17]. This expansion of Nafion

211, however, is not experienced uniformly throughout the membrane during the

copper etching process. The etching of copper, initiated at the edges and gradually

spreading towards the center, leads to an uneven exposure of the graphene layer and

subsequent expansion of the Nafion membrane. Initially, the presence of the copper

sheet restricts this expansion due to its rigid nature. But as the etching progresses and

copper is removed, the underlying Nafion expands along with the overlying graphene

layer. This expansion, while non-uniform, induces stress into the graphene layer,

resulting in the development of cracks and holes in the atomically thin layer. This

damage compromises the structural integrity of the graphene layer, thereby nullifying

its potential effect on isotope selectivity. As depicted in Figure 7.7, SEM images reveal

cracks and imperfections on the graphene surface after it has been transferred onto

the Nafion membrane.

The second reason revolves around the dynamic conditions the membranes

are exposed to, specifically the influence of humidity. Post fabrication, the sandwich-

like MEAs are exposed to atmospheric conditions, causing them to absorb moisture

and attain equilibrium with their surroundings. This absorbed humidity forms a

network of water molecules within the membranes, even prior to the experimental

runs. During the experiment, as humidified 50:50 H2 and D2 gas is fed into the cell

for a extented period of time, the membranes absorb more moisture, and the water

molecule network expands, facilitating the hopping of protons/deuterons. Given that

the graphene layer is already perforated (as a result of the etching process), it does not

obstruct this water network. Consequently, the continuous water pathways govern

the transport of protons/deuterons across the membrane, resulting in no difference in
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isotope selectivity between the graphene-embedded and non-graphene membranes.

The reasons we propose are further supported by studies from the University

of Warwick group, which clearly demonstrated that proton transmission occurs at

defect sites in graphene[18].

In conclusion, the findings of this study suggest that while graphene presents

many promising characteristics, in the context of this experiment, its inclusion within

Nafion membranes does not significantly influence hydrogen isotope selectivity. Fur-

ther studies may be warranted to optimize the graphene layer incorporation and to

explore its potential benefits under different conditions or using different methodolo-

gies.

7.5.4 Implications for the Field of Hydrogen Isotope Sepa-

ration

Our findings carry significant implications for both the academic and industrial

sectors involved in hydrogen isotope separation. The observation that the presence

of CVD graphene within Nafion membranes does not notably affect hydrogen isotope

selectivity challenges the initial hypothesis that graphene’s unique properties would

enhance this selectivity. The insight that the etching process and subsequent moisture

absorption could compromise the structural integrity of the graphene layer adds an-

other dimension to our understanding of graphene-Nafion composites. It alerts us to

the complex and subtle interactions at play and their potential to impact membrane

performance. This realization invites a reevaluation of the current strategies used for

embedding graphene within membranes and calls for a more careful consideration of

the broader operating conditions, like humidity and temperature.

Furthermore, the prominent role of a water molecule network within the mem-
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branes for proton/deuteron transport signifies the importance of understanding the

interaction between the membrane, the embedded graphene, and the surrounding en-

vironment. This could also stimulate new research avenues exploring how to control

or harness this water molecule network for improved isotope selectivity.

Importantly, our results underscore the need for careful, sophisticated investi-

gation when incorporating new materials like graphene into established systems such

as Nafion membranes. The impressive properties of a material in isolation do not

automatically translate into improved performance when integrated into a complex

system, owing to the array of factors and interactions at play.

The most direct impact is on the design and evaluation of isotope separa-

tion membranes. Our findings essentially challenge the perceived benefits of CVD

graphene-embedded Nafion membranes in enhancing isotope selectivity for large-scale

applications. By demonstrating that CVD graphene may not contribute to selectiv-

ity as previously assumed, we highlight the need for continued exploration of other

materials and structures that may enhance isotope selectivity. Our results underscore

the significance of rigorous control and characterization of such membranes to avoid

confounding effects and inaccurate conclusions.

Finally, this study contributes to a more comprehensive understanding of hy-

drogen isotope separation using Nafion membranes. It provides valuable insights that

can guide future research and engineering efforts, aiming to develop improved systems

for efficient and effective hydrogen isotope separation.

7.6 Conclusion

A key finding of our study is the lack of isotope selectivity from graphene,

contradicting previous assumptions about the material’s role in enhancing hydrogen
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isotope separation in these membranes. This conclusion was reached through care-

ful analysis of output gas mixtures using OEMS, revealing the inclusion of graphene

within Nafion membranes did not yield a noticeable impact on the H/D isotope

selectivity ratio. Both the graphene-embedded (ours and Vanderbilt group’s mem-

branes) and the control non-graphene membranes exhibited a similar selectivity ratio

of around 1-1.2 under a 50:50 H2 and D2 gas mixture feed.

The revelation that graphene does not significantly contribute to isotope se-

lectivity within Nafion membranes is of substantial importance to the broader field of

hydrogen isotope separation. Given graphene’s well-documented unique properties,

such as high thermal conductivity, strength, and impermeability to gases, the prevail-

ing assumption has been that the incorporation of graphene into Nafion membranes

would naturally lead to enhanced isotope selectivity. Our findings refute this, serving

as an essential correction to the understanding of the operational principles behind

these graphene-embedded membranes.

The absence of isotope selectivity from CVD graphene prompts a reevaluation

of how we approach the design of membranes for hydrogen isotope separation. This

suggests that the focus should perhaps shift towards a deeper understanding and op-

timization of the inherent properties of the membrane material itself, such as Nafion,

and the role of kinetic isotope effects and transport differences.

Our findings are thus of high importance, not just in the pursuit of optimizing

hydrogen isotope separation, but also in shaping future research directions in the

broader field of isotope separation and membrane technology. This study provides

a vital reminder of the necessity for continued in-depth examination and rigorous

testing of prevailing assumptions in science and technology, leading to more reliable

and effective solutions for the challenges we face.
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