Hydrogen Storage in Hypercrosslinked Polystyrene and Li-Mg-N-H Complex Hydride

Dervis Emre Demirocak

A dissertation submitted in partial fulfillment
of the requirements for the degree of
Doctor of Philosophy
Department of Mechanical Engineering
College of Engineering
University of South Florida

Co-Major Professor: Elias K Stefanakos, Ph.D.
Co-Major Professor: Ashok Kumar, Ph.D.
Yogi Goswami, Ph.D.

Manoj K. Ram, Ph.D.
Muhammad M. Rahman, Ph.D.
Shenggian Ma, Ph.D.

Date of Approval:
April 2, 2013

Keywords: porous polymers, spillover, hydrogen storage measurements,
lithium amide, magnesium hydride

Copyright © 2013, Dervis Emre Demirocak



Dedication
To my parents Sabire and Yilmaz Demirocak for their continued support

throughout my life.



Acknowledgments

I would like to thank my research supervisors Dr. Elias K Stefanakos, Dr. Yogi
Goswami and Dr. Ashok Kumar for giving me the opportunity to work in this hydrogen
storage project, and for their scientific guidance, support and kindness during my Ph.D.
studies at the Clean Energy Research Center. I also would like to thank Dr. Sesha
Srinivasan and Dr. Manoj K. Ram for their support on all aspects of the experimental
works in this project, the invaluable discussions to overcome the challenges, and for their
mentorship and friendship. Moreover, I would like to thank Dr. Muhammad Rahman for
his precious advice throughout my Ph.D. studies. Additionally, I am deeply grateful to
Dr. Shenggian Ma, Dr. Xisen Wang and Dr. John Kuhn for their scientific guidance and
helpfulness. In addition, I would also like to thank Mark A. Ross for being the
chairperson of my Ph.D. defense. Finally, I would like to thank the US Department of
Energy through the Florida Hydrogen Initiative (FHI) administered by the Florida Solar
Energy Center (FSEC), University of Central Florida for supporting this project.

Additionally, I would like to thank Ginny Cosmides and Barbara Graham at the
Clean Energy Research Center for their support, friendship and understanding.

This work would not be possible without the support of my friends in Tampa. |
would like to thank Aret Karademir, Onursal Onen, Sinan Onal, Cigdem Akan, Gokmen
Demirkaya, Jamie Trahan, John Shelton and Anthony D’Angelo who made my life

bearable during my Ph.D. studies.



Finally, I would like to thank my parents, Sabire and Yilmaz Demirocak for all
they did throughout my life and for their understanding, support and patience during my

graduate studies abroad.



Table of Contents

LSt OF TADIES ...ttt ettt et e v
| ] A A R e U1 (USSR \%
AADSTTACT ...ttt ettt et ettt e ht e e bt e ehte et e e naeeenee X
Chapter 1. INtrOdUCHION........cciiieiiie et e et e e et e e s reeeeanaeennns 1
1.1. Motivation behind the Hydrogen Economy............ccccccovciiiniiiiiienieniieiee, 1
1.2. Hydro@en StOTAZE .......eeevuieeiiieeiiieeiieeeiieeeieeeeteeesveeesaeeeiaeeeeaeeesneeesnsaeennnes 3
1.3. Hydrogen Storage Technologies..........ccoevuieriieiiieniieniieeieeiieeie e 3
1.3.1. DOE Targets for Hydrogen Storage Systems for Light Duty
VEIICIES. ...ttt 5
1.3.2. Solid State Hydrogen Storage Technologies (On-board
Regenerable Materials) .........coevveeeiienieiiieiiecieeieeeee e 5
1.3.2.1. Reversible Hydrides.........ccccceevvereiieeciiiieiieeeee e 6
1.3.2.1.1. Metal Hydrides..........ccccoeeriienieniieiieeieeeee 6
1.3.2.1.2. Complex Hydrides ..........ccceevreeviirencrirenieeeieene, 7
1.3.2.2. Porous Materials ..........ccceceeeiieriieniieiieeieeeece e 8
1.4. Scope and the Significance of the Dissertation............ccccceeeveieeiieeniieencnneens 10
1.4.1. Spillover Enhancement in Hypercrosslinked Polystyrene.............. 12
1.4.2. Effects of Ru Doped SWCNTSs on Kinetics and NH3; Emission
in the Li-Mg-N-H System........cccceeieriiiiiiniieiecieeeeee e, 13
1.4.3. Development of Guidelines for Accurate Hydrogen Storage
MEASUTEIMENTS ......eeevieiiieiieeiteeteeie ettt 14
1.5. Dissertation OULINE .........ccueiiiiiiiiiiiiieee e 15
Chapter 2. Experimental Tools and Methods ...........cccueeeiieeiiiiiiiieeieeieecee e 17
2.1. Synthesis and Material Handling.............cccoeviieiiiniiiniinieeieceeee e 17
2.1. 1. Ball MIIING....iiiiiiieiieecee et 17
2.1.2. GLOVE BOX 1.ttt e 18
2.2, CharacCteriZAtION .......c..eeeuieriieeiieiee ettt ettt ettt ettt et s e st e e b e nae 20
2.2.1. Thermogravimetric Analysis (TGA)......ccccoeeevierciiinienieeieeieeen. 20
2.2.2. X-Ray Diffraction (XRD) ......cccccvieriiieiieeiieeieeeeeeee e 21
2.2.3. Scanning Electron Microscopy (SEM) .......ccoevivviiiniiniieniienieenen. 23
2.2.4. Transmission Electron Microscopy (TEM) ......ccccoeevvevciiecciveennnnn. 24
2.2.5. Fourier Transform Infrared Spectroscopy (FTIR)........ccccceeeueeneee. 26
2.2.6. Raman SPeCtrOSCOPY...uuurreeeriiieeieiiiieeeeiieeeeriieeeeesieeeeeenerreeeeneees 27
2.2.7. Mass Spectrometry (IMS) .....c.covvureiieniieiieeieeieeeee et 27
2.2.8. Volumetric Gas SOTPHION .......eeeeevieeriieeiieeiee e 29

i



Chapter 3. Spillover Enhancement for Hydrogen Storage by Pt Doped

Hypercrosslinked POlyStyrene ...........cccveeeiieeiiieeniieeiee e 33
3.1 INEOAUCHION ...ttt et ettt e e e e eneeas 33
3.2, Experimental SECtION ......c..ceeciieeiiieciieeciie et e 36

32,1 MALETIALS ...eeeiiieciieeiiece ettt et en 36
3.2.2. SYNTNESIS 1eeiuevieiiiieeiiie ettt et e et e e steeesereeeeaeeeaneeenaeesnneeens 36
3.2.3. CharacteriZation ...........cccueeeiieriieniieiieeieeiee e eiee e aeesveeseeesaeaens 37
3.3. Results and DIiSCUSSION .......eeiuiiiiiieiiiiiiieiieeicete e 38
3.3.1. Screening of the Commercial Hypercrosslinked Polystyrenes....... 38
3.3.2. Spillover Enhancement............cccccocvvveeiiieniieeniieeiee e 43
3.4, CONCIUSIONS .....uuiiiiieiiieeiieeite et eiee ettt ettt et eeteesateebeesabeenseessbeenseessseenseas 54

Chapter 4. Reversible Hydrogen Storage in the Li-Mg-N-H System — The Effects
of Ru Doped Single Walled Carbon Nanotubes on NH3; Emission and

KINELICS .ottt 56
4.1 INErOAUCTION. ...eoutiiiieiee ettt et et 56
4.2. Experimental Details.........cccoociiiiiiiiiiiiiiiieieeee e 59

4.2.1. MAteTIalS ..o 59
4.2.2. SYNLRESIS ...evieeieeiiieiie ettt ettt et e b eeees 59
4.2.3. CharacteriZation ............ceeueeeieenieeiieiie ettt e 61
4.3. Results and DiSCUSSION .....ccueieuieriieeiieniieeieesie ettt eee 63
4.3.1. Effects of Ball Milling Parameters on the Kinetics and NH;
Emission Characteristics of the Li-Mg-N-H System...................... 63
4.3.2. SWCNT and SWCNT-20Ru Doped Li-Mg-N-H System .............. 71
4.4, CONCIUSIONS ...ttt sttt st et s be e 84
Chapter 5. Volumetric Hydrogen Sorption Measurements — Uncertainty Error

Analysis and the Importance of Thermal Equilibration Time........................ 86
5.1 INtrOAUCHION ..ottt sttt 86
5.2  MENOMS. ...t 88

5.2.1. Operating Principle of a Volumetric Apparatus ..........cccceveenennee. 88
5.2.2. Computational Analysis Using COMSOL ..........cccceevvieeiirennnenns 91
5.3. Results and DISCUSSION .....ccuevuiiriiiiirieiiiierteieeiestesie ettt 92
5.3.1. Uncertainty ANalYSiS.......ccccureeiieeniiieeiiieesieeenreeesireeeseeesneeesneeens 92
5.3.2. Uncertainty in Dead Volume (Vdead)-««eeoveerveerveereeriieenienieenieeneeans 92
5.3.3. Uncertainty in Hydrogen Uptake and its Implications on
Reservoir Volume Size Selection and Sample Mass Loading........ 95
5.3.4. The Effects of Thermal Equilibration Time and the Pseudo
Hydrogen SOorption..........cccueeciieriieiiienieeciiecie et 100
5.3.5. Computational Analysis of the Thermal Equilibration Times...... 102

5.3.6. Significance of a Proper Experimental Procedure and Material
Related Issues for Accurate Hydrogen Sorption Measurements .. 105

5.4, CONCIUSIONS ..o 108
5.5, NOMENCIATUTE ...t e e e e e e e e e eae e e e eeeeeeeneaan 109
Chapter 6. CONCIUSIONS ......veieiuiieeiiieeiieeeiteeeeieeesieeeeteeesteeesaeeesseeesseeessseessseessseeessseens 111



0. 1. OVEIVIEW ..o 111

6.2. Spillover Enhancement in Pt Doped Hypercrosslinked Polystyrene........... 112
6.3. Effects of SWCNTSs Supported Ru Catalyst on Kinetics and Ammonia

Suppression in the LiNH,~MgH, Complex Hydride System....................... 113
6.4. Accuracy of Hydrogen Storage Measurements ............ccceeeeeeveenieeneeeneenne. 114
6.5. Recommendations for Future Work...........cccccooiiiiiiiice 115
RETEIENICES ...ttt et 116
F N 0] 81S) 116 (ol USSR 139

Appendix A. Uncertainty in the Compressibility Factor of Hydrogen, Z(P,T),
due to Uncertainty in Pressure and Temperature Readings.......... 140
Appendix B. Uncertainty in the Compressibility Factor of Helium, Z"(P,T) ... 142
Appendix C. Copyright Information..........c.cceccveeeviieeiiieeiiie e 143

il



Table 1.1.

Table 1.2.

Table 3.1.

Table 3.2.

Table 3.3.

Table 4.1.

Table 4.2.

Table 4.3.

Table 4.4.

Table 5.1.

Table 5.2.

List of Tables

DOE hydrogen storage targets for on-board hydrogen storage systems
for light duty vehicles [34] .....oooiieiiieiieieece e 6

Extensively studied metal hydrides [45] .....ccoooveeviieiiieiieieceeece e 7

Morphological and hydrogen uptake characteristics of
commercial HPS ... 40

Structural and hydrogen uptake characteristics of MN270,

MN270-6wt%Pt, MN270-bridged and Pt/AC .........cccoceevieiiniiieeeees 47
SEM-EDX quantitative analysis of MN270, MN270-6wt%Pt,

and MIN270-Drid@ed. ......ceovveeriiiiiieiieeie ettt 49
Sample preparation details...........ceecieriieiiienieiiieie e 60

Specific surface area, crystallite size and NHj3 to hydrogen signal
ratio of the as-ball milled and activated samples ............ccceeeveeerierennennnne. 66

FWHM values and the intensity ratios of the D to G band of the

as-received SWCNTs, S#3-5SWCNT and S#3-5SWCNT-20Ru............... 80
NHj3 to hydrogen signal ratios of S#3, S#3-5SWCNT and

SH3I-5SWONT-20RU ..ottt 82
Dimensions of the three different calibrated volumes............ccccceeveenee. 92
Uncertainties of measurements given in Eq. (5.3).cccccooevivviiiinciniieeee, 95

v



Figure 1.1.
Figure 1.2.
Figure 1.3.

Figure 1.4.

Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.
Figure 2.5.
Figure 2.6.
Figure 2.7.

Figure 2.8.

Figure 2.9.

Figure 2.10.

Figure 2.11.
Figure 3.1.

Figure 3.2.

List of Figures

Hydrogen €Con0mMY .......c..coccuiiiiiieiiiie ettt e 2
Classification of hydrogen storage technologies ...........cccceeveveercieerveennnnen. 4
Spillover phenomMeNON .........ccveeeeiiieeciiieeieeeie e e 12

Schematic of ammonia decomposition by Ru doped SWCNTs

in the Li-Mg-N-H complex hydride system..........ccccceevveriienirnieeniieeene 14
(A) Fritsch Pulverisette P6 and (B) 80 ml stainless steel bowl, lid

and @ 10 mm stainless steel balls ...........coooeiiiiiiiii 18
Innovative Technology System One glove boX........ccccueeveuvierciieiniieeenienn, 19

TA Intruments SDT Q600, thermogravimetric analysis

EQUIPITICNE . ...vtieiieeiie et etee et eteeeiteeteesateeteessbeesseessseenseesnseenseessseenseessseenne 21
Philip X Pert Pro MD powder X-ray diffraction ..........cccccecerieverieneenns 22
Hitachi S-800 scanning electron miCroSCOPE.........ccvverveeruervereeruereenieennens 24
Tecnai F20 transmission electron miCroSCOPE.......ccveerveerveerreerveereeennnennn. 25
Perkin Elmer Spectrum One FTIR.........cccoooiiiiiiiiiiiiiiiicieeeeeee 26

MKS Cirrus mass spectrometer in a custom built setup with
tube type furnace and mass flow controllers............ccocvveeriiiiiniieencieeennen, 28

Quantachrome AS1C, low pressure volumetric gas sorption tool
with chemisorption analysis capability .........c.ccccceevieniieiieiiiienieeieeeeee, 29

Setaram-HyEnergy PCTPro 2000, high pressure volumetric gas

SOTPHION TOO] ..einiiiiiiiie ettt e et e e e eee e eree e seveeennaeeens 30
Contructing a PCT isotherm from a set of kinetics measurements............ 32
TGA of the commerical hypercrosslinked polystyrenes (HPS)................. 39
Pore size distribution of the commercial HPS ..., 41

A\



Figure 3.3.
Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

Figure 3.10.

Figure 3.11.

Figure 3.12.

Figure 3.13.

Figure 4.1.

Figure 4.2.

Figure 4.3.
Figure 4.4.
Figure 4.5.

Figure 4.6.

Figure 4.7.

Hydrogen uptake of the commercial HPS at 77 K.....cccoooeiiniininiininnns
Adsorption enthalpy of the commercial HPS .............cccoooiinininnnn

XRD spectra of MN270 (blue), MN270-6wt%Pt (green)
and MN270-bridged (red)

(A1-A3): TEM images of MN270-6wt%Pt; scale bar in (A1), (A2)
and (A3) corresponds to 2nm, Snm and 10nm, respectively......................

Nitrogen uptake of MN270, MN270-6wt%Pt and
MN270-bridged at 77 Ki...ccoveeeeiieeeiie ettt

SEM images of (a) MN270, (b) MN270-6wt%Pt and
(€) MIN270-DIIAEEd ...c.eveeneieeiieeiieee ettt

SEM-EDX spectra of MN270, MN270-6wt%Pt and MN270-bridged.

FTIR spectra of MN270 (green), MN270-bridged (red),
MN270-6WtYoPt (DIUC)......ueeerieeiieiieciieeieeeee ettt e

Hydrogen uptake of MN270, MN270-bridged, MN270-6wt%Pt,
and Pt/AC at 77 K and 1 atm ......ccceevieiiiiiiieiiicieeeeee e

Hydrogen uptake of MN270, MN270-bridged and MN270-6wt%Pt........
Kinetic hydrogen uptake of MN270-bridged.........ccccovoeevviriiniinenieneenens

XRD patterns of the as-milled Li-Mg-N-H samples with different
ProcessSiNg CONAIIONS ....cevveeereiieeieiieeiieeeiieeeteeeeteeesteeeereeesereeeeaseeeseseeennns

XRD patterns of the activated Li-Mg-N-H samples with different
ProceSSING CONAILIONS ...oeuvieeiieiieiieeieeeiieeieesite et eiae e e e eeesareeseeennes

Absorption and desorption kinetics of the activated samples S#1-8 .........

Absorption kinetics cycle comparison of S#3

Desorption kinetics cycle comparison of SH#3.........cccevviiiiieniiienienieeien.

Hydrogen and NHj signals from the mass spectrometry, and the
associated thermogravimetric (under 100 ml nitrogen and 5 K/min
heating rate) weight loss of S#1B-8B........ccccceviiiiiiiniiiieeeeeeee,

(A) Nitrogen adsorption isotherms and (B) the pore size distributions
of SWCNT, SWCNT-Ox and SWCNT-20RU ......ocovevieriirieieieeieeeene

Vi



Figure 4.8.

Figure 4.9.

Figure 4.10.
Figure 4.11.
Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 4.15.

Figure 4.16.

Figure 5.1.

Figure 5.2.

Figure 5.3.

Figure 5.4.

Figure 5.5.

Figure 5.6.

Figure 5.7.

Figure 5.8.

SEM images of (a) SWCNT, (b) SWCNT-Ox and (¢) SWCNT-20Ru.....73

EDX spectra of SWCNT, SWCNT-Ox and SWCNT-20Ru........cccevueeneee 74
TGA weight losses of SWCNT and SWCNT-20RU.........ccceeveevienieniennnene 74
XRD patterns of SWCNT and SWCNT-20RU ....cc.eevveriiniiniienieniieienenee, 75
TEM images of SWCNT-20RU ......cccveviiiiiiiniiiiiieeieeeeeeeeee 76

The change in surface area of the S#3-5SWCNT as a function of
ball Milling dUration...........cccueeeeiieeiiieeieee e 78

Raman spectra of as-received SWCNT, S#3-5SWCNT

and SH3-5SWONT-20RU .....cocuiiiiriiiiniieeieseeeeeee e 79
Absorption and desorption kinetics of S#3 (blue), S#3-5SWCNT

(green) and S#3-5SWCNT-20Ru (red) at 200°C and 220°C...................... 81
Hydrogen, NH; and nitrogen mass spectrometry signals of S#3,
S#3-5SWCNT and S#3-5SWCNT-20RU......ccceriiriiriinienieeeieneerieee 83
Schematic of a volumetric apparatus ..........cccceeeveerieeciienieniieeie e 89

The effect of the reservoir volume size in a sample’s hydrogen uptake
UNCETEAINEY .eeeiviieeiiieeeteeeseteeeriteeestteeetaeessaaeeesaeessseeessseeeesseeensseeenssesensseesnnns 97

The effect of the sample mass loading in a sample’s hydrogen uptake
UNCEIEAINEY ..evvieeieeitieeiieeteesiee et e stteeteestteesbeesteeenaeesaeenseenseesaseeseesnseenseennnas 98

Uncertainty in hydrogen uptake for 0.1% uncertainty in pressure and
temperature transducers, and reservoir volume...........cccceeveveeeeveeenneeennnen. 99

Pseudo hydrogen sorption as a function of AT at 100 atm. ..................... 101
The effect of the natural convection and the orientation of the
reservoir in thermal equilibration time for the 160 cc small

TESEIVOIL VOIUITIE. .ot e e e e e e eeeeeeeeeeeeeeean 103

Thermal equilibration times of three different calibrated volumes for
VATTOUS AT Lottt 104

Pressure increase due to temperature increase during thermal
7o LT § o) 10 ) o FO SR 105

vii



Figure 5.9.

Figure 5.10.

Figure C.1.

Relative error due to 1 K temperature increase of the hydrogen gas in
the small reservoir for varying sample mass loading and intrinsic
storage capacity of @ Sample.........coceeviieiiiiniieiiieieeee e 106

Relative error due to 1 K temperature increase of the hydrogen gas in
the manifold volume for varying sample mass loading and intrinsic

storage capacity of @ Sample.........coceeviieiiienieeiieiecee e 107

Elsevier table of authors’ rights

viii



Abstract

In this dissertation, hydrogen storage enhancement in hypercrosslinked
polystyrene, effects of single walled carbon nanotubes (SWCNTSs) supported ruthenium
(Ru) catalyst on the kinetics and ammonia suppression in the LiNH,~MgH, complex
hydride system and the accuracy of hydrogen storage measurements are investigated in
detail.

High surface area physisorption materials are of interest for room temperature
hydrogen storage enhancement by spillover. Six different commercially available
hypercrosslinked polystyrenes are screened by considering the specific surface area,
average pore size, pore volume, and adsorption enthalpy. MN270 is selected mainly due
to its high surface area and narrow pores for investigation of the spillover enhancement at
room temperature. Two different platinum (Pt) doped MN270 samples are prepared by
wet impregnation (MN270-6wt%Pt) and bridge building technique (MN270-bridged)
with an average Pt particle size of 3.9 and 9.9nm, respectively, as obtained from X-ray
diffraction analysis. Pt doping altered the surface property of MN270, and reduced the
nitrogen and hydrogen uptake at 77 K and 1 atm due to pore blocking. The room
temperature hydrogen uptake at 100 atm demonstrated a 10% enhancement for the
MN270-bridged (0.36 wt. %) compared to the pristine MN270 (0.32 wt. %), but did not
show any enhancement for the MN270-6wt%Pt under the same conditions. The hydrogen
uptake of MN270-bridged has little value for practical applications; however, it showed

the effectiveness of the bridge building technique.
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The LiNH, — MgH, (2:1.1) complex metal hydride system (Li-Mg-N-H), which is
prepared by high energy ball milling, is investigated in terms of the hydrogen
ab/desorption kinetics and the concomitant NH; emission levels. By selecting more
intense ball milling parameters, the hydrogen ab/desorption kinetics were improved and
the NH3 emission reduced. However, it is shown that NH3 emission cannot be completely
eliminated by ball milling. The hydrogen desorption kinetics of the Li-Mg-N-H system is
much faster than the absorption kinetics at a specific T and P, but the desorption kinetics
degraded considerably over a number of cycles as opposed to the stabilized absorption
kinetics. Furthermore, SWCNTs and 20 wt. % Ru doped SWCNTs (SWCNT-20Ru) are
utilized as catalysts to study their effects on NH3 emission and kinetics characteristics of
the Li-Mg-N-H system. The SWCNT doped sample did not show any kinetics
improvement, whereas the SWCNT-20Ru doped sample showed similar kinetics
performance as that of the base sample. More importantly, the presence of SWCNT
increased the NH; emission as compared to the base sample. On the other hand, SWCNT-
20Ru doping reduced the NH; emission compared to the SWCNT doping, but did not
eliminate it completely. As revealed from the mass spectrometry signals, the SWCNT-
20Ru catalyst starts to decompose NHj; at a temperature as low as 200°C. However, an
optimal catalyst still needs to be developed by fine tuning the Ru particle size and the
SWCNT structural properties to maximize its effectiveness to suppress NHj release in the
Li-Mg-N-H system.

The design of a volumetric measurement apparatus is studied by means of an
uncertainty analysis to provide guidelines for optimum hydrogen sorption measurements.

The reservoir volume should be as small as possible (i.e., 10 cc) to minimize the



uncertainty. In addition, the sample mass loading has a profound effect on the uncertainty
and the optimum loading is a function of the sample’s intrinsic storage capacity. In
general, the higher the sample mass loading the lower is the uncertainty, regardless of any
other parameters. In cases where the material to be tested is not available in gram
quantities, the use of high accuracy pressure and temperature transducers significantly
mitigates the uncertainty in the sample’s hydrogen uptake. Above all, the thermal
equilibration time is an important parameter for high accuracy measurements and needs
to be taken into consideration at the start of the measurements. Based on computational
analysis, a 5 min wait time is required for achieving thermal equilibrium when the

instrument enclosure temperature is different than the ambient temperature.

xi



Chapter 1. Introduction’

1.1. Motivation behind the Hydrogen Economy

Depletion of fossil fuels especially oil in the near-future [1,2], rising
environmental concerns due to global warming as a result of excessive anthropogenic
CO, emission [3] and the necessity of a secure energy supply [4-6] have created
worldwide interest in renewable energy technologies in the last decade. Among many
forms of renewable energy, hydrogen attracted attention mainly as an energy carrier due
to its potential for the replacement of oil in stationary and mobile applications. When
hydrogen is utilized in internal combustion engines or fuel cells, only nitrogen oxides
(NOy) are emitted at trace levels to the atmosphere (i.e., no CO, emission) [7]. Moreover,
since hydrogen is an energy carrier not an energy source, it can be produced locally from
renewable energy based technologies such as solar thermochemical hydrogen production
[8], photocatalytic water splitting [9] and biomass based hydrogen production [10].
However, as of now, 98% of hydrogen is produced by fossil fuel reforming [11], mainly
from methane [12].

Hydrogen economy consists of three parts as shown in Figure 1.1 [13]. As

mentioned previously, hydrogen production is mostly based on methane reformation

! Some parts of the work presented in this chapter have been previously published in the following two
articles. 1. DE Demirocak, MK Ram, SS Srinivasan, A Kumar, DY Goswami, EK Stefanakos, Spillover
enhancement for hydrogen storage by Pt doped hypercrosslinked polystyrene, International Journal of
Hydrogen Energy, 2012, 37(12), p. 12402-10. 2. DE Demirocak, SS Srinivasan, MK Ram, DY Goswami,
EK Stefanakos, Volumetric Hydrogen Sorption Measurements — Uncertainty Error Analysis and the
Importance of Thermal Equilibration Time, International Journal of Hydrogen Energy, 2012, 38(3), p.
1469-77). See Appendix C for copyright information.
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which is the most efficient (83%) and cost effective (0.75 $/kg of hydrogen) option today
[14]. Hydrogen must be produced from renewable energy based sources to make a
significant impact on global warming mitigation. However, renewable energy based
production methods (i.e., photocatalytic water splitting has a 10-14% efficiency and costs

4.98 $/kg of hydrogen) are not yet competitive with methane reforming [14].

™

/ by / !
Production Transportation Storage
« Energy intensive * Infrastructure for « No method is
* Must be renewable distribution required available as of now
energy based that can Satisfy the
DOE targets
. " .

Figure 1.1. Hydrogen economy

Transportation of hydrogen requires a new distribution network and closely
related to the prospective hydrogen storage technology. Hydrogen can be transported by
pipelines, tube trailers and cylinders in gaseous form as well as by cryogenic tanks in
liquid form [15]. The hydrogen distribution cost is estimated to be 15 times more
expensive than liquid hydrocarbon fuels [16]. From the foregoing discussion, it is clear
that the hydrogen economy suffers from high costs associated with the production and
transportation steps; however, the main obstacle in realizing a hydrogen economy is the
hydrogen storage step. As of now, there is no hydrogen storage technology that can
satisfy the US Department of Energy (DOE) targets [17]. Hydrogen storage is discussed
in more detail in section 1.2.

On the other hand, the hydrogen economy is also criticized due to significant
energy losses involved in each step presented in Figure 1.1 [18,19]. In other words,

considering a hydrogen fuel cell car, hydrogen needs to be produced using electricity

2



generated from renewable energy sources, then hydrogen needs to be delivered to the end
users, and finally hydrogen is converted back to electricity by a fuel cell; therefore, the
overall efficiency of the hydrogen economy is considerably lower than the electric
economy [18,20]. Biofuels and electricity (i.e., battery storage) are the main alternatives
to hydrogen [21-23].
1.2. Hydrogen Storage

As the worldwide energy generation portfolio involves more renewable energy
based technologies, there will be a more urgent need for efficient and cost effective
energy storage technologies for both mobile and stationary applications. Among many
others, hydrogen was proposed to be a viable energy storage medium for mobile
applications with zero greenhouse emission when utilized in an internal combustion
engine or a fuel cell. However, hydrogen storage continues to be the bottleneck for the
widespread utilization of hydrogen in mobile applications [24]. The DOE set targets for
hydrogen storage systems for light-duty vehicles in collaboration with the automotive
industry partners [17]. As of now, there is no material or hydrogen storage technology
available that can satisfy all the DOE targets regardless of cost.
1.3. Hydrogen Storage Technologies

Hydrogen storage technologies can be broadly classified into four categories: (1)
gaseous hydrogen storage, (2) liquefied hydrogen storage, (3) solid state hydrogen
storage materials and (4) chemical hydrogen storage materials as presented in Figure 1.2.
Both solid state and chemical storage materials are chemical methods of storing hydrogen

contrary to physical methods of storage by compression and liquefaction. The primary



distinction between the solid state (i.e., reversible hydrides and porous materials®) and
chemical hydrogen storage materials (i.e., ammonia-borane, methanol, liquid organics) is:
solid state materials can be regenerated on-board, whereas chemical storage materials
need to be regenerated off-board in centralized facilities [25]. Chemical storage materials
have high energy densities [17]; however, spent fuel needs to be regenerated off-board in
centralized facilities. On the other hand, on-board regenerable materials are visualized as

the key element for the market penetration of fuel cell vehicles [23].

/ ™
Hydrogen
Storage
Technologies

/ ~ - ~ p ) s N
Compressed Liquefied Solid state storage Chemical storage
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Figure 1.2. Classification of hydrogen storage technologies
Among the hydrogen storage technologies given in Figure 1.2, gaseous and
liquefied hydrogen storage technologies are the most mature as of now, and utilized in

various mobile applications [26]. However, significant energy losses during compression

* Porous materials and physisorption materials are used interchangeably throughout the text.
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or liquefaction [27], safety concerns and low gravimetric capacity (i.e., especially for
gaseous storage) [28] prevented the widespread market penetration of the gaseous and
liquefied hydrogen storage technologies. Automotive industry considers the gaseous
storage as being the most practical option as of now despite its shortcomings [29].
Therefore, shortcomings of the gaseous and liquefied hydrogen storage technologies led
to intense research efforts on solid state and chemical storage technologies during the last
decade [25,30-33]. This dissertation is focused on solid state storage materials which are
discussed in more detail in section 1.3.2.
1.3.1. DOE Targets for Hydrogen Storage Systems for Light Duty Vehicles

A summary of the DOE targets for hydrogen storage systems for light duty
vehicles is given in Table 1.1 [34]. The most stringent DOE targets are the gravimetric
density and the volumetric density. In addition, operational cycle life (i.e., reversibility),
system fill time (i.e., fast kinetics) and fuel purity are problematic for complex hydrides
as discussed in more detail in section 1.3.2.1.2. The DOE targets presented in Table 1.1
are for the system level hydrogen storage system; therefore, in addition to storage
materials’ weight, the balance of the plant elements such as storage tank, valves, tubing,
control system etc. also need to be accounted for. As a rule of thumb, the material’s
gravimetric storage capacity should be at least two times the system level targets to
achieve the DOE system level targets [35].

1.3.2. Solid State Hydrogen Storage Technologies (On-board Regenerable
Materials)

During the last decade, the research on hydrogen storage materials that can be
regenerated on-board mostly concentrated on complex hydrides [36] and porous materials

[33,37] which comprise a significant portion of the solid state hydrogen storage materials.
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Table 1.1. DOE hydrogen storage targets for on-board hydrogen storage systems for light
duty vehicles [34].

Storage parameter Units 2010 2017 Ultimate
System gravimetric kg Ho/ 0.045 0.055 0.075
capacity kg system
Systerp volumetric kg H,/ 0.028 0.040 0.070
capacity L system
Operating ambient o -30/50 -40/60 -40/60

C

temperature (sun) (sun) (sun)
Min/max delivery °C -40/85 -40/85 -40/85
temperature
Operational cycle life cycles 1000 1500 1500
Well. to power plant o 60 60 60
efficiency
System fill time (5 kg H) min 4.2 33 2.5
Fuel purity % H» 99.7 % (dry basis)

(gh)/
Loss of useable H, ke H, stored 0.1 0.05 0.05

The complex hydrides have relatively high hydrogen storage capacity (i.e., high
gravimetric and volumetric density); however, they suffer from high operating
temperatures, sluggish kinetics and reversibility [38]. On the other hand, physisorption
based porous materials have fast kinetics and complete reversibility; however, they can
only store significant amount of hydrogen at cryogenic temperatures (i.e., 77 K) due to
the weak interaction of hydrogen with the porous material matrix (i.e., low adsorption
enthalpy) at or near room temperature (i.e., 298 K) [25]. Therefore, among the DOE
targets, gravimetric density, operating temperature and charging/discharging times are the
most stringent goals to achieve.
1.3.2.1. Reversible Hydrides
1.3.2.1.1. Metal Hydrides

Metal hydrides, ABs—type alloys (i.e., LaNis) and AB,—type alloys (i.e., ZrMn,),
are relatively old classes of reversible hydrides that date back to 1960s [39]. Extensively
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studied metal hydrides are presented in Table 1.2. Metal hydrides form by dissociation of
the hydrogen molecule on the metal surface, and the subsequent migration of the
hydrogen atoms to the crystal lattice [40]. ABs and AB; type metal hydrides are also
called intermetallic hydrides since hydrogen atoms are located at the interstitial crystal
lattice sites of the metal hydride. Major drawbacks of the metal hydrides are their low
gravimetric density (i.e., LaNisHg), high operating temperature (i.e., MgH,) and high cost
of rare earth metals (i.e., Laand Ti). Since ABs and AB; type metal hydrides usually have
low gravimetric densities (1-2 wt.%), they are not suitable for mobile applications;
however, due to their good reversibility and favorable operating conditions, they can be
useful in stationary applications [40]. Among the metal hydrides, MgH, attracted
significant attention due to its high gravimetric capacity (7.6 wt.%). The chemical bond
in MgH, shows both ionic and covalent character; therefore, MgH, has a quite high
operating temperature [41,42]. The studies on MgH, concentrated on lowering the
desorption temperature and enhancing the kinetics by destabilization via different metal
oxides and transition metals (i.e., Nb,Os, V,0s, Ti, Fe) [43,44].

Table 1.2. Extensively studied metal hydrides [45].

Metals Hydrides C(jvptat;l,;y Temperatu(l;eC 1;01' 1 bar H,
LaNi5 LaNi5H6 1.37 12
FeTi FeTiH, 1.89 -8
Mg,Ni Mg,NiH, 3.59 255
ZrMn, ZrMn,H, 1.77 440
Mg MgH, 7.60 279

1.3.2.1.2. Complex Hydrides
The complex hydrides were brought to the attention of the hydrogen storage

community by the prominent work of Bogdanovic et al. on Ti doped NaAlH, [46]. They



showed that by adding a small amount of Ti (i.e., 2 mol %), the NaAlH4 complex hydride
system can be regenerated reversibly by applying hydrogen pressure. Elemental hydride
MgH, has a theoretical storage capacity of 7.6 wt. % and a desorption temperature around
300 °C as shown in Table 1.2. Attaining a higher gravimetric storage capacity is only
possible by incorporating metals lighter than Mg, such as Li and Na. Therefore, research
efforts concentrated on light metal complex hydrides during the last decade. The bonding
in complex hydrides shows both ionic and covalent character. For instance, in LiNH,, the
N-H bond in the (NH;) anion shows mainly covalent character [47], whereas the Li—N
bond shows a mixed ionic and covalent character [48]. Complex hydrides have high
theoretical gravimetric densities; NaAlH4 (7.5wt. %) [46], LiAlH4 (10.6 wt. %) [49,50],
LiBH4 (18.4 wt. %) [51], LisN (11.5 wt. %) [52]. However, their reversible gravimetric
capacities are around 4-5 wt. % under practical operating temperatures and pressures [36].
The reversible capacities of the most studied complex hydride systems are; LiAlH, (3-5
wt.%, 150-200°C) [49,50], NaAlH4 (3-5 wt.%, 120-150°C) [50], LiNH,-MgH,/LiH (4-6
wt.%, 200-250°C) [53,54] and LiBH4-LiNH,-MgH, (4-8 wt.%, 200-280°C) [55,56].
Studies on complex hydrides mainly have focused on destabilization, and overcoming the
reversibility, sluggish kinetics and toxic/poisonous gas emission issues [36,57-60].
1.3.2.2. Porous Materials

Porous materials (also called nanoporous, microporous, mesoporous, macroporous
materials depending on the pore dimensions as well as high surface area and
physisorption based materials in the literature [33,61-66]), include a wide range of
organic and inorganic materials [67-71] with ordered (i.e., zeolites) and amorphous (i.c.,

activated carbon) structures. Porous materials have a wide range of applications in



purification [72,73], ion exchange [69], separation [74], catalysis [75], gas storage [33],
drug delivery [76-78] and biomaterials [79]. Porous materials can be classified according
to their pore dimensions. According to the International Union of Pure and Applied
Chemistry (IUPAC), pores are divided into three categories based on their diameters;
micropores (< 2 nm), mesopores (2 — 50 nm) and macropores (> 50 nm) [80].
Development of novel high surface area porous materials (i.e., metal organic frameworks
(MOFs) [81-83], covalent organic frameworks (COFs) [84], templated carbons [62],
porous aromatic frameworks (PAFs) [85], hypercrosslinked polymers [86-88], polymers
of intrinsic porosity (PIMs) [89,90] and conjugated microporous polymers (CMPs) [91])
in the last decade resulted in extensive research efforts on gas storage applications of
these materials [33]. Within the hydrogen storage context, porous materials extensively
studied due to their fast sorption kinetics, reversibility and promising gravimetric
capacity. Storage of hydrogen in the high surface area porous materials is realized by the
interaction of hydrogen with the porous material surface via physisorption (i.e.,
adsorption) which is based on weak van der Waals forces [92]. Due to weak
intermolecular forces (i.e., <6 kJ/mol [93]) involved in the physisorption of hydrogen to
porous materials’ surface, porous materials can only achieve significant hydrogen uptake
at cryogenic temperatures (i.e., 77 K), with their hydrogen uptake at room temperature
being usually less than 1wt. % at moderate pressures (i.e., 100 atm) [32,94,95]. The most
important parameters that determine the porous materials’ hydrogen storage capacity are
surface area, pore volume, pore size and adsorption enthalpy [96,97]. The adsorption
enthalpy of porous materials is low (<6 kJ/mol) [93], and needs to be improved (20-40

kJ/mol) [98] for significant hydrogen uptake at room temperature. The tuning of the



adsorption enthalpy and/or improving hydrogen uptake at room temperature can be
realized via multiple modification methods, such as optimizing pore size [96], enhancing
specific surface area (SSA), and doping with impurity atoms (B, N, alkali/transition
metals) [99-103]. Therefore, studies concentrated on enhancing the adsorption enthalpy
(i.e., creating open metal sites in MOFs [104]), maximizing the surface area [105] and
fine tuning the pore size dimensions of the porous materials [106,107].
1.4. Scope and the Significance of the Dissertation

From the foregoing discussion, it is clear that developing a hydrogen storage
material that can store sufficient hydrogen to satisfy the DOE targets and can operate
reversibly near room temperature is of utmost importance. Therefore, this dissertation
work is concentrated on developing a solid state material with a considerable hydrogen
storage capacity near room temperature. To achieve this goal, spillover enhancement
[108] in hypercrosslinked polystyrene and destabilization [27,54] of the Li-Mg-N-H
complex hydride system are investigated. Hypercrosslinked polystyrene and Li-Mg-N-H
complex hydride, both of which are solid state materials, belong to physisorption
materials and reversible hydrides, respectively (see Figure 1.2 for reference). The
advantages and disadvantages of the porous materials and complex hydrides are
discussed in the following paragraph.

Porous materials have fast kinetics, complete reversibility and high gravimetric
density only at cryogenic temperatures3; however, they have low gravimetric capacity

(i.e., 1 wt. % <) near room temperature and high pressures (i.e., 100 atm). On the other

3 Cooling hydrogen to cryogenic temperatures causes significant energy losses [109]; hence, not favorable
to be used in mobile applications.
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hand, complex hydrides have high volumetric density and relatively® high gravimetric
capacity; however, they suffer from sluggish kinetics, irreversibility and toxic/poisonous
gas emissions. To further elaborate, the main problem of solid state hydrogen storage
materials is the insufficient gravimetric capacity of these materials near room
temperature. A hydrogen storage system which operates at cryogenic temperatures (i.e.,
77 K for a typical porous material [110,111]) or at high temperatures (> 150°C for a
typical complex hydride [112,113]) is not favorable due to significant energy penalties
involved in cooling and heating processes [114]. In other words, additional cooling and
heating losses will cause significant reduction in the well to wheel efficiency of the
hydrogen fueled car.

Another important part of this dissertation work is to develop guidelines for
accurate volumetric hydrogen storage measurements via uncertainty analysis. Accurate
hydrogen storage measurements are of paramount importance since the progress in the
field relies on the accuracy of the reported values in the literature. In other words, go/no-
go decisions, the effects of synthetic manipulations on the previously reported materials
and the comparative studies on the existing materials heavily rely on the accuracy of the
hydrogen storage measurements.

To sum up, this dissertation work includes three interrelated areas as follows;

e Spillover enhancement for hydrogen storage by Pt doped hypercrosslinked

polystyrene (see section 1.4.1 for more details).

* Gravimetric density of complex hydrides is around 4-6 wt .% at or above 150°C [36] which is still
relatively higher than the DOE targets.
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e Reversible hydrogen storage in the Li-Mg-N-H system — The effects of Ru doped
single walled carbon nanotubes (SWCNTSs) on NH; emission and kinetics (see section
1.4.2 for more details).

e Volumetric hydrogen sorption measurements — Uncertainty error analysis and the
importance of thermal equilibration time (see section 1.4.3 for more details).

1.4.1. Spillover Enhancement in Hypercrosslinked Polystyrene

Hydrogen storage enhancement of porous materials by the spillover mechanism
was claimed to be one of the promising methods to achieve significant hydrogen storage
capacity (4-5 wt. %) at room temperature (298 K) and high pressure (10 MPa) [108]. The

schematic of the spillover phenomenon is given in Figure 1.3.

©  Platinum
* Molecular Hydrogen

Atomic Hydrogen
D Spillover

Figure 1.3. Spillover phenomenon.

Briefly, spillover is the dissociation of the hydrogen molecules into atoms by
transition metals and subsequent diffusion of these atoms to the host material, in which
hydrogen atoms can hydrogenate the unsaturated C-C bonds (i.e., activated carbon,
graphite and SWCNTSs) [115] or the benzene ring (i.e., MOFs, COFs and polymers) [116].
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However, spillover enhancement for hydrogen storage is a highly disputable topic due to
lack of understanding of the exact mechanism [117], and the contrary results reported for
the same materials prepared at different laboratories [118,119]. In addition, spillover
enhancement studies on porous polymers are scarce [120]. Therefore, the spillover
enhancement in Pt doped hypercrosslinked polystyrene (i.e., porous polymer) is
investigated to shed light on the effectiveness of the spillover enhancement in porous
polymeric materials, and to understand if it is a viable option for room temperature
hydrogen storage. Moreover, since the hypercrosslinked polystyrene mostly consists of
benzene rings, this study also would make it possible to compare the spillover
enhancement in other porous materials such as MOFs and COFs, where the main building
block is the benzene ring, with the hypercrosslinked polystyrene.

1.4.2. Effects of Ru Doped SWCNTSs on Kinetics and NH; Emission in the
Li-Mg-N-H System

The LiNH,-MgH, (i.e., Li-Mg-N-H) system is a promising complex hydride
which has a 4.5 wt. % gravimetric capacity with a plateau pressure of 30 bar at 200 °C
[53]. The main drawbacks of the LiNH,—MgH, system are sluggish kinetics, high
operating temperature and ammonia emission during hydrogen desorption [121].
Ammonia release is known to be detrimental to proton exchange membrane (PEM) fuel
cells even at trace levels [122], and also causes loss of gravimetric capacity over a
number of cycles [123]. The mechanistic investigations on the LiNH,—MgH, system
revealed that Li ion diffusion plays an important role in the reaction mechanism. On the
other hand, Ru is known to be an active catalyst for ammonia decomposition [124], and
Li ion diffusion is barrierless in SWCNTs [125]. Therefore, SWCNTSs supported Ru

catalyst can both enhance the kinetics and limit the ammonia emission in the LiNH,—
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MgH, system. The schematic of the proposed study is given in Figure 1.4. Therefore, the
effects of Ru doped SWCNTs and pristine SWCNTs mixed LiNH,—~MgH, system are
investigated to reveal their effects on the kinetics and ammonia suppression. Moreover,
the relation of the kinetics and ammonia emission with the ball milling parameters is also

studied to determine the optimal ball milling conditions.

NH;

Figure 1.4. Schematic of ammonia decomposition by Ru doped SWCNTs in the Li-Mg-
N-H complex hydride system.

1.4.3. Development of Guidelines for Accurate Hydrogen Storage Measurements
Accuracy of the hydrogen storage measurements is of major concern in the
hydrogen storage community which impedes the down selection process of candidate
materials and sets back progress in the field. Hydrogen storage measurements are prone
to various sources of error [126], and especially problematic for the physisorption
materials since their capacity is usually less than 1 wt. % at room temperature and high
pressure. The Round-Robin study conducted by 14 different laboratories around the
world clearly demonstrated the significance of accurate hydrogen storage measurements;

in addition, results also experimentally showed that the standards deviation of the
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adsorption isotherms increases with pressure increase due to propagation of the errors
[127]. The majority of the hydrogen storage measurements reported in the literature
makes use of the volumetric (Sievert’s) type apparatus. Therefore, the volumetric
apparatus is investigated by an uncertainty analysis to determine the uncertainties in the
high pressure hydrogen sorption measurements. Based on the uncertainty analysis,
practical guidelines are presented on the selection of the reservoir and sample cell
volumes and sample mass loading as a function of the sample’s intrinsic storage capacity
for high accuracy measurements.

The volumetric gas sorption apparatus uses the real gas equation of state for
calculating the hydrogen sorption of the sample (see chapter 5 for details). Therefore, any
change in the temperature of the hydrogen gas admitted to the reservoir volume after the
start of the measurement will result in pseudo absorption; hence, errors. Therefore,
thermal equilibration time, which is an important parameter to be considered when the
instrument enclosure and the hydrogen gas admitted to the reservoir volume are at
different temperatures, is analyzed computationally by using COMSOL to eliminate
pseudo sorption.

1.5. Dissertation Outline

Chapter 3 discusses the spillover enhancement for hydrogen storage in the Pt
doped hypercrosslinked polystyrene and compares the effectiveness of the wet
impregnation and bridge building sample preparation methods on spillover enhancement
for hydrogen storage. Chapter 4 discusses the ammonia suppression by Ru doped
SWCNTs in the Li-Mg-N-H reversible complex hydride system. Chapter 5 gives the

design stage uncertainty analysis of the volumetric hydrogen storage measurements and
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discusses the important error sources in hydrogen storage measurements. Finally, chapter
6 summarizes the most important outcomes from this study and gives recommendations

for future work.
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Chapter 2. Experimental Tools and Methods

This chapter gives the overview of the experimental tools and methods utilized in
the dissertation work. Step by step synthesis and preparation procedures of the samples
and the starting materials used can be found in the experimental sections of chapters 3
(i.e., section 3.2) and 4 (i.e., section 4.2).
2.1. Synthesis and Material Handling
2.1.1. Ball Milling

Use of ball milling (also known as mechanical milling [128,129]) for the
preparation of metal hydrides dates back to 1968 [130]. The ball milling of complex
hydrides is a mechanochemical synthesis due to chemical reactions taking place during
mechanical milling [128]. The ball milling of complex hydrides reduces the onset
temperature of desorption, enhances the kinetics and lower the activation energy due to
creation of nano crystallites, smaller particle sizes and increased surface area
[39,131,132]. Regarding the Li-Mg-N-H complex hydride system (see chapter 4 for more
details), ball milling is especially important in preventing the release of NHj; by
enhancing the complete mixing of metal-amide (LiNH,) and metal-hydride (MgH>).
Various groups showed that increasing the ball milling time decreases the grain size
monotonically and increases the surface area up to some point (i.e., = 5 hours ball
milling) and also enhances the desorption kinetics considerably [131,133-135]. Moreover,

ball milling is also very effective in dispersing a catalyst homogeneously in another
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powder (see sections 3.2 and 4.2) and as an initial step in thorough mixing of solid state
compounds for subsequent reactions (see section 3.2 for details).

The planetary ball mill, Fritsch Pulverisette 6, and an 80 ml stainless steel bowl
with stainless steel balls (@ 10 mm) are utilized for processing the solid state samples in

this dissertation work as shown in Figure 2.1 [136].

Figure 2.1. (A) Fritsch Pulverisette P6 and (B) 80 ml stainless steel bowl, lid and @ 10
mm stainless steel balls [136].

2.1.2. Glove Box

Complex hydride powders (see section 4.2 for more details) are air and moisture
sensitive (i.e., forming oxides and hydroxides when exposed to air and moisture,
respectively) as well as pyrophoric due to constituent elements such as Li and Mg.
Therefore, complex hydrides should be handled, stored and processed in an inert

atmosphere at all times. Since complex hydrides are solid state materials, conventional
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methods of handling air/moisture sensitive materials via Schlenk line techniques are not
suitable. Additionally, Pt doped hypercrosslinked polystyrene samples (see section 3.2
for more details) are also need to be handled and stored in an inert atmosphere to
minimize the oxidation of the Pt particles. Moreover, most of the samples in this
dissertation work were prepared over months; hence, to minimize the adverse effects of
long term storage and to improve the comparability of the samples prepared at different

times, all materials were stored in an inert atmosphere.
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Figure 2.2. Innovative Technology System One glove box [137].
The glove box, Innovative Technology System One as shown in Figure 2.2 [137],
filled with 99.999% pure (i.e., ultra high purity) argon is utilized to handle all air and
moisture sensitive samples. Glove box operates at a slightly higher pressure as compared

to the atmospheric pressure. Argon atmosphere inside the glove box is circulated through
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the purification column continuously to remove oxygen and water impurities both of
which were kept below 0.1 ppm.
2.2. Characterization

Structural (XRD, SEM and TEM), thermal (TGA), spectroscopic (FTIR, Raman
and mass spectrometry) and gas sorption (volumetric) characterization tools are
extensively utilized in this dissertation work as explained in more detail in the following
sections.

2.2.1. Thermogravimetric Analysis (TGA)

TGA is an invaluable tool to assess the thermal stability of the samples under
different atmospheres (for instance, nitrogen and air) [138]. Basically, for TGA
experiments, small amount of sample is heated at a specific heating rate under gas flow of
choice, and the change in weight is recorded.

Thermal stability of the samples in this work is investigated by a TA Instruments’
SDT Q600, as shown in Figure 2.3, which is a simultaneous thermogravimetric analysis
and differential scanning calorimetry tool. The SDT Q600 is equipped with a horizontal
dual beam system with 0.1 pg sensitivity [139]. The SDT Q600 is calibrated for weight at
regular intervals by using reference weights purchased from TA Instruments, and
following a built-in procedure in TA Instruments’ Advantage software. In addition, SDT
Q600 is also utilized for quick screening of the hydrogen release characteristics of the
complex hydride samples (see Figure 4.6). Since complex hydrides are air and moisture
sensitive as mentioned previously, SDT Q600 is placed in a glove box during these

experiments. Samples (around 10 mg) are loaded to a 90 pl alumina cups for TGA
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experiments. More experimental details, such as heating rate, purge gas flow rate and

purge gas type are given in the relevant sections throughout the dissertation.

Figure 2.3. TA Intruments SDT Q600, thermogravimetric analysis equipment [140].
2.2.2. X-Ray Diffraction (XRD)

Powder XRD is a powerful method to analyze the crystal structure of the
materials. In 1913, William Lawrence Bragg and William Henry Bragg showed that
crystal structures reflect incident X-rays in a specific pattern depending on their crystal
lattice structures [141]. Bragg’s law of diffraction can be expressed as,

n-A=2-d-sinf (2.1)
where n is an integer, A is the wavelength of the of X-rays, d is the spacing between the
planes of atoms in the crystal lattice and 0 is the angle (also known as Bragg angle) in

between scattered and incident X-rays.
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Each of the crystalline elements and compounds has a unique diffraction pattern
(i.e., XRD spectrum). Therefore, it is possible to determine the constituent phases and
elements of an unknown sample by comparing it with the known XRD database.
International Centre for Diffraction Data (ICDD) is the leading organization for

collecting, distributing, editing and publishing the XRD data [142].

Figure 2.4. Philip X Pert Pro MD powder X-ray diffraction.
Philips X’Pert Pro MD, as shown in Figure 2.4, is employed to collect XRD
spectrum of the samples. Since most of the samples prepared in this work are air and
moisture sensitive, XRD data are collected with a custom built airtight sample holder

[143] or using a zero diffraction sample holder. Samples are protected from air and
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moisture by using a Kapton® or Mylar® film depending on the XRD peaks of interest.
All samples are prepared in the glove box as mentioned previously. All the XRD data are
analyzed with an X’Pert Highscore 1.0f software which includes 2001 release of the
ICDD powder diffraction file.

XRD spectrum of a sample can also be utilized to determine the average
crystallite size of a sample. The peak broadening in an XRD spectrum is an indication of
a small crystallite size. Since ball milling, which creates smaller crystallite sizes, is
employed in processing the complex hydrides in this work, peak broadening in the XRD
spectrum 1is utilized to determine the average crystallite size of the complex hydrides
subjected to different ball milling conditions (see chapter 5 for details). The relation
between the peak broadening and crystallite size is formulated by Paul Scherrer in 1918
as given in Eq. 2.2 [144].

KA
L= 2.2
B-cos© @2

where L is the crystallite size, K is a numerical constant, 0 is the Bragg angle and B is the
peak broadening at FWHM (i.e., full width at half maximum).

The average crystallite size of the samples in this work are calculated with the
built-in Scherrer calculator in the X’Pert Highscore 1.0f software after subtracting the
instrumental peak broadening which is obtained from the XRD spectrum of a single
crystal Si wafer.

2.2.3. Scanning Electron Microscopy (SEM)

Scanning electron microscope, Hitachi S-800 as shown in Figure 2.5, equipped

with energy dispersive X-rays (EDX) attachment [145] is employed to determine the

morphological changes in the samples upon ball milling and synthetic procedures, and to
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determine the elemental composition of the samples (see sections 3.3.2 and 4.3.2 for
more details).

All samples are loaded to the SEM on a double sided carbon tape. Samples
exposed to air less than a minute during the transfer to the SEM. For elemental
composition analysis by EDX, measurements are taken from multiple sites to obtain an

average distribution of the elements.

Figure 2.5. Hitachi S-800 scanning electron microscope.

2.2.4. Transmission Electron Microscopy (TEM)

Transmission electron microscope [146], Tecnai F20 as shown in Figure 2.6,
equipped with energy dispersive X-rays (EDX) attachment [145] is employed to
determine the particle sizes of nanoparticles (i.e., Pt in hypercrosslinked polystyrene and
Ru in SWCNTs as discussed in sections 3.3.2 and 4.3.2, respectively), structural
characteristics of SWCNTs (i.e., bundling and defects created upon synthetic procedures
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in SWCNTs, see section 4.3.2 for details) and to determine the elemental composition of

the samples.

Figure 2.6. Tecnai F20 transmission electron microscope.

TEM samples are prepared as the following method: 1 mg of a sample is
dispersed in a 5 ml of methanol, after sonicating the solution for 5 min, couple of drops
of the solution, which is withdrawn by a Pasteur pipette, are dropped to a 300 size mesh
copper grid. Finally, copper grid is first dried at room temperature overnight and then in
an oven at 80 °C for couple of hours to ensure that all the solvent is evaporated before

loading to the TEM. For particle size analysis, measurements are taken from multiple
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sites to obtain an average size distribution of the nanoparticles. All measurements are
conducted at 200 kV acceleration voltage.
2.2.5. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an effective and facile method to determine the chemical structure (i.e.,
functional groups or type of chemical bonds) of the amorphous materials (i.e., polymers)
[147]. Perkin Elmer Spectrum One, as shown in Figure 2.7, is utilized to characterize the

hypercrosslinked polystyrene samples in this work (see section 3.3.2 for details).

Figure 2.7. Perkin Elmer Spectrum One FTIR.

Samples for FTIR analysis are prepared by the KBr pellet method. KBr is a
crystalline material which is infrared transparent. Typically, 1 mg of a sample is
thoroughly mixed with a 10 mg of a KBr powder in a mortar. After pelletizing the

powder to create a couple of mm thick sample-KBr thin film, sample is placed in between
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KBr windows and infrared spectrum is collected. All data are analyzed by a Perkin Elmer
Spectrum software.
2.2.6. Raman Spectroscopy

Raman spectroscopy is utilized to determine the structural characteristics (i.e.,
defects) of the SWCNTs (see section 4.3.2 for details). As discussed by Dillon et al., the
full width at half maximum (FWHM) value of D band indicates the presence of non-
SWCNTs carbonaceous impurities; in addition, the intensity ratio of D band to G band
(Ip/Ig) is related to the defects introduced into the SWCNTSs [148].

Raman experiments are carried out using a confocal Raman microscope
(Olympus, 1X71 [149]) purchased from Horiba Jovin Yvon. For all experiments, an
excitation wavelength at 647 nm from an argon and krypton laser (Coherent, Innova 70C
series [150]) is used with a 5 mW of power, 10 s of exposure time and 3-5 accumulations.
The spectrograph grating is 600 grooves/mm and the 20X objective is used throughout
the experiments. Raman measurements are taken at various locations on the samples to
account for the heterogeneity of the solid samples.

2.2.7. Mass Spectrometry (MS)

Mass spectrometry, MKS Cirrus as shown in Figure 2.8 [151], is utilized to
qualitatively determine the species emitted (i.e., hydrogen and ammonia) from the Li-
Mg-N-H complex hydride (see chapter 4 for details). The custom built step shown in
Figure 2.8 consists of mass flow controllers, a tube type furnace and an MKS Cirrus
quadrupole mass spectrometer. The transfer line in between the tube type furnace and the
MKS Cirrus MS is heated slightly above 100 °C to prevent the condensation of the

emitted species.
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Figure 2.8. MKS Cirrus mass spectrometer in a custom built setup with tube type furnace
and mass flow controllers.

Experimental procedure for mass spectrometry experiments is as follows: sample
is loaded in a quartz U-tube and sandwiched in between glass wools to secure the sample
during the experiments. As mentioned previously, since complex hydrides are air and
moisture sensitive all the samples are prepared inside the glove box. The sample loaded
to the U-tube is sealed with Parafilm® to prevent air and moisture exposure while
transferring the sample to the MS. Sample is exposed to air for less than a minute while
attaching the U-tube to the setup. Upon attaching the U-tube to the setup, sample is
purged with helium (50 ml/min) at room temperature for at least 30 min or until the
background signals of all the species are stabilized. Finally, the sample is heated up under
helium flow (50 ml/min) at 5 K/min heating rate and the signals of the gas species
(hydrogen m/z = 2, ammonia m/z = 17 and nitrogen m/z = 28) are recorded for further

analysis.
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2.2.8. Volumetric Gas Sorption

Volumetric gas sorption measurements are at the heart of this dissertation work.
Volumetric gas sorption measurements are thoroughly discussed in chapter 5; hence, not
repeated in here. Briefly, in a volumetric gas sorption apparatus, the gas uptake of a
material is calculated by using an appropriate real gas equation of state from
measurements of the pressure drop in a volume calibrated reservoir and sample cell, the
temperature of the reservoir and sample cell volumes, and the density of the material

which is usually determined by a helium expansion test.

Figure 2.9. Quantachrome ASIC, low pressure volumetric gas sorption tool with
chemisorption analysis capability [152]. Quantachrome ASI1C is equipped with low
pressure transducers (< 2 atm) to collect high accuracy data at the low pressure region.

Considering hypercrosslinked polystyrene, a porous material, hydrogen storage

capacity at 77 K / 1 atm and at 298 K / 10 MPa are measured by the Quantachrome
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ASI1C, as shown in Figure 2.9, and Setaram-HyEnergy PCTPro 2000, as shown in Figure

2.10, respectively.

Figure 2.10. Setaram-HyEnergy PCTPro 2000, high pressure volumetric gas sorption tool
[153]. PCTPro 2000 is equipped with a high pressure transducer (up to 200 bar) and a
heating mantle for high temperature measurements (up to 400 °C).

The hydrogen adsorption enthalpy of the hypercrosslinked polystyrene is
calculated by Clasius-Clapeyron equation [154-156] from the hydrogen adsorption
isotherms at 77 K and 87 K. In addition, surface area and pore size distribution of the
hypercrosslinked polystyrenes are calculated using the Brunauer-Emmet-Teller (BET)
theory and non-local density functional theory (NLDFT) [154-156], respectively, from

the nitrogen adsorption isotherms at 77 K using the Quantachrome AS1C. The sample

loading for measurements of hydrogen and nitrogen adsorption isotherms at cryogenic
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temperatures was around 100 mg. However, due to instrument limitations®, in ultra low
pressure (107 to 10 P/Po)° nitrogen adsorption measurements, which are required for
pore size calculations, sample mass loading was around 10 - 20 mg. The equilibration
time for collecting each isotherm point was set to 6 min. All the calculations (i.e., BET
and NLDFT) were carried out using a Quantachrome AS1Win (ver. 1.55) software.

The hydrogen storage capacity of a material is usually reported by kinetics
measurement and/or PCT (pressure-concentration-temperature) isotherm in the literature.
Kinetics measurements, mostly reported for reversible hydrides to show the hydrogen
sorption rate of a sample, are performed by charging a sample with hydrogen at a
pressure higher than the initial pressure of the sample cell. On the other hand, PCT
measurements are simply a collection of the kinetics measurements which are obtained
by incrementally increasing the hydrogen pressure until the ultimate set pressure is
reached. The difference in between kinetics and PCT measurements can be best
explained by referring to Figure 2.11, which is a combination of the Figure 3.12 and
Figure 3.13. As shown by the arrows in Figure 2.11, the hydrogen uptake of a sample
(initially evacuated) and the pressure inside the sample cell at the end (90 min for Figure
2.11)7 of the first step of the kinetics measurements form the first isotherm point in the

PCT measurement. To obtain the second PCT isotherm data point, the pressure inside the

> Liquid nitrogen dewar in Quantachrome AS1C has an approximately 2L volume, and the nitrogen inside
the dewar boils off in 2 days on average; therefore, data collection should be completed in 2 days. Since
collecting adsorption data in the ultra low pressure region (10~ to 107 P/Po) takes more time than the low
pressure region (> 10 P/Po) and the samples studied are highly microporous, sample mass loading for the
ulta low pressure measurements was around 10 - 20 mg to complete the measurements in 2 days time.
According to Webb et al. [156], for good precision, sample loaded for testing should have 5 to 10 m%/g
surface area. Since all the samples studied have a high surface area (> 1000 m?/g), even the sample mass
loading of 10 mg satisfies the condition for good precision.

® Po represents the saturation pressure of the adsorbate (i.e., nitrogen)

7 Kinetics data should be collected until the sample reaches its ultimate capacity (i.e., until the kinetics
curve levels off) at that pressure.
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sample cell is increased to a predefined set pressure (8 bar increments in Figure 2.11) and
kinetics data measured, from the pressure and hydrogen uptake values at the end of the
second step of the kinetics measurements, the second PCT isotherm data point is
obtained. All the remaining PCT isotherm data points are measured the same way until

the ultimate set pressure is reached.
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Figure 2.11. Contructing a PCT isotherm from a set of kinetics measurements. The left
panel shows a set of kinetics measurements for MN270-bridged. The right panel shows

the resulting PCT isotherm created from the kinetics measurements given in the left panel
for MN270-bridged.
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Chapter 3. Spillover Enhancement for Hydrogen Storage by Pt Doped
Hypercrosslinked Polystyrene8

3.1. Introduction

Hydrogen storage continues to be the weakest link in the realization of a hydrogen
economy despite the intense research efforts within the last decade [109,157]. Among the
many goals set by the US Department of Energy (DOE), gravimetric/volumetric density
and reversibility near ambient conditions are the most stringent ones [17,158]. Currently,
the conventional storage methods of compressed and liquefied hydrogen are the only
well-established options; however, their drawbacks have prevented their widespread
application as a storage media for mobile applications [24,25]. Thus, ongoing efforts have
concentrated on the novel high surface area porous materials that are based on
physisorption (i.e., metal organic frameworks (MOFs) [81-83], covalent organic
frameworks (COFs) [84], templated carbons [62], porous aromatic frameworks (PAFs)
[85], hypercrosslinked polymers [86-88], polymers of intrinsic porosity (PIMs) [89,90],
and conjugated microporous polymers (CMPs) [91]).

The high surface area porous materials have drawn a growing interest in the
hydrogen storage challenge due to their fast sorption kinetics, reversibility and promising

gravimetric capacity. High surface area porous materials can achieve significant

 The work presented in this chapter has been previously published (DE Demirocak, MK Ram, SS
Srinivasan, A Kumar, DY Goswami, EK Stefanakos, Spillover enhancement for hydrogen storage by Pt
doped hypercrosslinked polystyrene, International Journal of Hydrogen Energy, 2012, 37(12), p. 12402-
10.). See Appendix C for copyright information.
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hydrogen uptake by physisorption at 77 K; however, their uptake at room temperature
(RT) is usually less than 1wt. % at moderate pressures (i.e., 100 atm) [32,94,95]. In
addition, the adsorption enthalpy of these materials is low (<6 kJ/mol) [93], and needs to
be improved (20-40 kJ/mol) [98] for significant hydrogen uptake at RT. The tuning of
adsorption enthalpy and/or improving hydrogen uptake at RT can be realized via multiple
modification methods, such as optimizing pore size [96], enhancing specific surface area
(SSA) and doping with impurity atoms (B, N, alkali/transition metals) [99-103].
Incorporation of transition metals (i.e., Pt, Ru, Pd, Ni) can enhance the hydrogen
binding via Kubas type interactions due to the empty d-orbitals [159], and/or by hydrogen
spillover [160]. The hydrogen spillover phenomenon has been well-known in catalysis for
over three decades and various literature reviews have been published [160-163]. On the
other hand, its application to the hydrogen storage materials was just recently
investigated [164]. The schematic of the spillover phenomenon is given in Figure 1.3.
Briefly, spillover is the dissociation of the hydrogen molecules into atoms by transition
metals and subsequent diffusion of these atoms to the host material, in which hydrogen
atoms can hydrogenate the unsaturated C-C bonds (i.e., activated carbon, graphite, and
single walled carbon nanotubes) [115,165] or the benzene ring (i.e., MOFs, COFs, and
polymers) [116,166,167]. Among the various steps of spillover, dissociation of hydrogen
molecules and diffusion of hydrogen atoms are considered as instantaneous and barrier-
less, respectively; however, hydrogen atoms need to overcome high energy barriers for
migration to the host material which makes migration the rate limiting step [165].
Therefore, minimum clustering and fine molecular level dispersion of transition metals

within the host material is desirable to make the migration path as short as possible.
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The spillover enhancement in high surface area porous materials has been
reported by over 40 different groups [168,169] and the proof of spillover and/or C-H
bond formation have been studied using X-ray photoelectron spectroscopy [115], inelastic
neutron scattering [170-173], electrical conductivity measurements [174-176], infrared
spectroscopy [176], and thermal desorption spectrometry [177]. However, the role of
hydrogen spillover in hydrogen storage capacity enhancement is still disputable due to
lack of understanding of the exact mechanism [117], and the contrary results on the
hydrogen uptake characteristics [118,119,178-183].

The hydrogen spillover enhancement in carbon nanostructures [184-189], zeolites
[190], MOFs, [102,191,192] and COFs [193] was extensively investigated both
theoretically and experimentally. However, spillover studies in polymeric materials are
rather scarce [194], and transition metal doping of polymers were studied mostly within
the context of catalysis research [195-198]. Additionally, high pressure hydrogen uptake
of transition metal doped polymers at RT has never been reported.

In this study, commercially available hypercrosslinked polystyrenes (HPS) were
screened to determine the most suitable candidate (i.e., high SSA, narrow pores) to study
the effects of Pt doping/hydrogen spillover on the hydrogen uptake enhancement at RT.
This has been realized by utilizing two different synthetic methods, the wet impregnation
and bridge building technique, to elucidate the effectiveness of these widely applied

methods for the spillover enhancement on hydrogen storage.
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3.2. Experimental Section
3.2.1. Materials

Hypercrosslinked polystyrenes MN170, MN200, and MN270 were kindly
supplied by Purolite. Dowex Lewatit VP-OC-1064 MD PH, Dowex Optipore SD-2,
Dowex Optipore L-493, reagent grade chloroplatinic acid hexahydrate, acetone and
sucrose were purchased from Sigma Aldrich. Supported catalyst, 5 wt. % Pt/activated
carbon, was purchased from Strem Chemicals.

3.2.2. Synthesis

As received MN270 beads had a 0.5-1 mm diameter on average. To facilitate the
Pt dispersion within the polymer matrix and sample characterization, MN270 was ball
milled with Fritsch Pulverisette 6 for 2 h at 200 revolutions per minute (RPM) before any
modification.

A procedure similar to that reported in the literature [184] was followed for the Pt
doping of MN270 by the wet impregnation method. Due to larger sample masses (= 1.5
g) used in the high pressure hydrogen measurements, the doping procedure was scaled-up
to prepare MN270 with a 6 wt. % Pt loading. Typically, 2 g of MN270 was degassed in
vacuum at least 12 h at 393 K. The dried sample was dispersed in 150 ml of acetone and
stirred for 30 min. A 20 ml acetone solution containing 324 mg (6 wt. %) of
H,PtClg*6H,O was added to the MN270 solution over 90 min using a syringe pump.
After sonication (100W, 42kHz) for 1 h, the solution was then stirred for another 24 h.
The sample was dried in an oven at 323 K overnight and then loaded into a tube type
furnace in a quartz boat for activation. The sample was further dried in helium (300

ml/min) for 2 h at 473 K, then activated in hydrogen flow for 5 h at the same
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temperature/flow rate and cooled to RT in hydrogen flow. Finally, the sample was
passivated in helium for 5 h at RT and stored in an argon-filled glove-box until further
analysis. The synthesized sample was named MN270-6wt%Pt.

For the bridge building treatment, a previously reported procedure was followed
[192]. A 2 g of dry MN270 was mixed with 5 wt. % Pt/activated carbon (Pt/AC) and D-
glucose with a weight ratio of 8:1:1 (MN270 : Pt/AC : D-glucose) and ball milled for 1 h
at 200 RPM. This mixture was then loaded in a quartz boat and placed in a tube type
furnace. The mixture was heated to 453 K at 5 K/min under 100 ml/min helium flow and
kept at 453 K for 3 h and then temperature ramped at 5 K/min to 523 K and maintained
for an additional 12 h to ensure carbonization. After cooling to RT in helium flow, the
sample was stored in an argon filled glove box until further analysis. This sample was
named MN270-bridged.
3.2.3. Characterization

Scanning electron microscopy (SEM), JEOL S800, with energy dispersive X-rays
(EDX) and transmission electron microscopy (TEM), Tecnai F20, were utilized to
investigate the surface morphology of the samples and the size/dispersion of the Pt
particles. The powder X-ray diffraction of the samples was carried out by a Philips
X’pert diffractometer with CuKa radiation of A=1.54060 A, and diffraction data was
analyzed using a PANalytical X pert Highscore software version 1.0f. The gravimetric
weight loss was analyzed by a TA Instrument’s SDT Q600. The samples were heated at a
rate of 20 K/min under 100 ml/min nitrogen flow and the data was analyzed with a TA
Universal Analysis 2000 software. The FTIR spectra were collected using a Perkin Elmer

Spectrum One in transmission mode by using the KBr pellet method. The nitrogen and
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low pressure (0-1 atm) hydrogen adsorption isotherms were measured by using a
Quantachrome AS1C. The measurement accuracy and repeatability of the Quantachrome
AS1C were verified with the Quantachrome standard reference material (SARM-2012)
before any measurements. The test value was within the reproducibility limit (£5 %) of
the expected value. The adsorption enthalpies of the commercial HPS were calculated
from the hydrogen adsorption isotherms at 77 K and 87 K using the Clasius-Clapeyron
equation in Quantachrome AS1Win software.

The high pressure (up to 100 atm) hydrogen pressure-concentration isotherms and
kinetics data were collected with Setaram-HyEnergy PCTPro 2000, Sievert’s type
apparatus. Each isotherm point was measured at the end of 90 min due to slow diffusion
of the spiltover hydrogen over receptor [177,199,200]. To minimize the experimental
errors, at least 1.5 g of a sample was loaded for every measurement and the sample was
outgassed in situ for at least 12 h at 423 K in dynamic vacuum (=1.3 x 10” atm) [52]. In
addition, a blank run (i.e., empty cell) isotherm was collected and subtracted from the
sample isotherms [201].

3.3. Results and Discussion
3.3.1. Screening of the Commercial Hypercrosslinked Polystyrenes

The thermogravimetric analyses (TGA) of the commercial HPS are given in
Figure 3.1 which shows that all materials are stable up to 300-350 °C. The initial weight
loss at temperatures up to 100 °C is due to water adsorbed within the pores, in accordance
with the material safety data sheet of the materials. The reduction temperature of MN270-

6wt%Pt (473 K) is also selected based on the TGA analysis. To be on the safe side,
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MN270-6wt%Pt is reduced at a temperature slightly lower than the MN270’s

decomposition temperature (see section 3.2.2 for details).
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Figure 3.1. TGA of the commerical hypercrosslinked polystyrenes (HPS).

Surface area, pore size distribution and pore volume are among the most
important parameters directly affecting the hydrogen uptake of any physisorption
material. The morphological characteristics of the HPS studied in this work are
summarized in Table 3.1. The pore size distribution was calculated by the non-local
density functional theory (NLDFT) using a hybrid slit/cylindrical pore model (i.e., slit
pore geometry for pores < 2nm and cylindrical pore geometry for pores > 2nm) since this

hybrid model gave better fit to the experimental data than using either one alone.
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Table 3.1. Morphological and hydrogen uptake characteristics of commercial HPS.

commercial surface area” | avg. pore size’ | Vit | Vmiero” | Ha Uptake’
name (mz/ 2) (A) (cc/g) | (cc/g) (wt%)
Optipore SD2 1337 11 1.3 0.58 1.18
Optipore 1.493 1124 19 0.81 0.57 1.25
Lewatit VPOC

1064 975 19 1.25 0.41 0.72
Purolite MIN170 1153 13 1.09 0.55 1.02
Purolite MN200 1096 12 098 | 0.46 1.31
Purolite MIN270 1451 10 1.09 0.63 1.53

* Calculated from N, adsorption at 77 K using the Branuer-Emmett-Teller (BET) equation
in the 0.01 to 0.1 pressure range. ° Indicating the most dominant pore size given in
Figure 3.2. Calculated using NLDFT for N, adsorption on carbon with slit/cylindrical
pores. ° Total pore volume calculated using N, adsorption at P/P,=0.99. ¢ Total micropore
volume calculated using N, adsorption at P/P,=0.25. © Hydrogen uptake at 1 atm and 77
K.

The pore size distribution and hydrogen uptake at 77 K of each HPS are given in
Figure 3.2 and Figure 3.3, respectively. As seen in Table 3.1, the hydrogen uptake and
SSA of the commercial HPS are not directly proportional, contrary to other porous
materials (i.e., carbons) [95], and are on par with the previously published results [87].
This relationship might be due to different functionalities within the polymer backbone
since most of the HPS have very similar pore size.

The adsorption enthalpies (Qy) of the commercial HPS are given in Figure 3.4.
All the materials have Qg lower than 7 kJ/mol which decreases as hydrogen uptake
increases. The decrease rate of Qg in MN200 and MN270 is smaller than in MN170,
SD2, 1493, and VPOC indicating the relatively homogeneous distribution of the
adsorption sites in MN200 and MN270. The selection of the appropriate HPS for the RT

spillover study was based on two criteria: favorable characteristics for (1) high pressure

hydrogen uptake at RT, and (2) Pt doping.
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Figure 3.2. Pore size distribution of the commercial HPS.
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Figure 3.3. Hydrogen uptake of the commercial HPS at 77 K.

High surface area and pore volume are beneficial for high pressure hydrogen
uptake; in addition, narrow pores are favorable for stronger adsorbate-adsorbent
interaction [96,97]. On the other hand, narrow pores and high surface area can also help
inhibiting the Pt particle size growth during the synthetic procedures (i.e., wet
impregnation, high temperature hydrogen reduction and carbonization). Therefore,
MN270 was selected for the RT spillover study considering its highest SSA, narrow

pores and relatively high pore volume/adsorption enthalpy.
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Figure 3.4. Adsorption enthalpy of the commercial HPS.

3.3.2. Spillover Enhancement

The powder X-ray diffraction spectra of MN270, MN270-6wt%Pt and MN270-
bridged are given in Figure 3.5. The plain MN270 diffraction pattern does show
amorphous behavior with the absence of any sharp crystalline peaks. However, for the
wet impregnated and bridged samples, the Pt peaks at 260 = 39.6° and 46.3° can be
attributed to the (111) and (200) plane reflections (ref. code 00-001-1190 from the
International Center for Diffraction Data (ICDD) database). As evident from the Pt peak
at 39.6 20°, MN270-6wt%Pt has a broader and stronger peak compared to MN270-
bridged due to its smaller Pt particle size and higher loading. By using the Scherrer’s
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formula [202], the broadness of the Pt peak can be used to calculate the average Pt
particle size of MN270-6wt%Pt and MN270-bridged which are about 3.9nm and 9.9nm,
respectively. The relative intensity of the Pt peaks is related to the Pt loading of the
samples, which is higher in MN270-6wt%Pt, and is further discussed in relation to the
SEM-EDX analysis below. The Pt particle size distribution of MN270-6wt%Pt and

MN270-bridged was further examined by TEM.
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Figure 3.5. XRD spectra of MN270 (blue), MN270-6wt%Pt (green) and MN270-bridged
(red). The Miller indices of the diffraction peaks from Pt are also given.

As shown in Figure 3.6, the Pt particle size of MN270-6wt%Pt is around 2-5nm,

and in agreement with 3.9nm obtained from the Scherrer’s formula. On the other hand,
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the Pt particle size of MN270-bridged shows a broad distribution. As seen from Figure
3.6 (B1) and (B3), Pt particles bigger than 10nm (i.e., = 15nm) and as small as 2nm are
visible, respectively. The effect of the Pt particle size on spillover enhancement in

relation to the bridge building technique is further discussed below.

Figure 3.6. (A1-A3): TEM images of MN270-6wt%Pt; scale bar in (A1), (A2) and (A3)
corresponds to 2nm, Snm and 10nm, respectively. (B1-B3): TEM images of MN270-
bridged; scale bar in (Bl), (B2) and (B3) corresponds to 5nm, 5Snm and 10nm,
respectively.

The nitrogen uptake of MN270, MN270-6wt%Pt and MN270-bridged at 77 K are
given in Figure 3.7. All three isotherms show a combination of type I and IV curves
according to the International Union of Pure and Applied Chemistry (IUPAC)
classification and a slight hysteresis in the desorption branch (only MN270 shown for

clarity) can be attributed to the swelling of the polystyrene matrix [80]. The nitrogen

isotherms also give insight to the pore structure of the samples; high uptake at low
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pressures (P/P, < 0.1) due to microporosity, gradual increase in the region 0.1 < P/P, <
0.9 due to mesoporosity, and the steep increase at high pressures (P/P, > 0.9) attributed to
macroporosity [203].

Pt doping decreased the surface area and pore volume for both MN270-6wt%Pt
and MN270-bridged due to pore blocking as summarized in Table 3.2. The pore blocking
effect is visible from the nitrogen adsorption isotherms since both of the Pt doped
samples’ nitrogen uptake at low pressure (P/P, < 0.1) is considerably lower than the base
material. The pore blocking was further confirmed by using hydrogen as a probe

molecule which has a smaller cross sectional area compared to nitrogen.
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Figure 3.7. Nitrogen uptake of MN270, MN270-6wt%Pt and MN270-bridged at 77 K.

46



The SEM images of MN270, MN270-6wt%Pt, and MN270-bridged are given in
Figure 3.8. Both MN270 and MN270-6wt%Pt have similar morphological characteristics,
and are composed of HPS particles ranging from 1 to 20 um. However, in the MN270-
bridged sample, the voids between HPS particles were filled with, Pt/AC catalyst, carbon
bridges formed during the bridge building procedure, or both due to their smaller particle
size.

The SEM-EDX analysis, as shown in Figure 3.9, was used to reveal the elemental
composition of the samples. The EDX quantitative analysis results are given in Table 3.3.
Since EDX is not sensitive to hydrogen, considering the molecular structure of the
polystyrene (i.e., benzene ring), the hydrogen atomic percentage (at. %) was assumed to
be the same as the carbon at. %, and the results were corrected accordingly. Based on the
corrected at. % of each element, the calculated wt. % values are given in Table 3.3.

Table 3.2. Structural and hydrogen uptake characteristics of MN270, MN270-6wt%Pt,
MN270-bridged and Pt/AC.

surface area“ | Vi” | Vmiero | H2 Uptake ¢ | H, Uptake °
compound 2 o o
(m°“/g) (cc/g) | (cc/g) | TTIK (Wt%) | 294K (wt%)
MN270 1451 1.09 0.63 1.53 0.334+0.01
MN270-6wt% Pt 1162 0.94 0.51 1.20 0.32+0.01
MN270-bridged 1068 0.94 0.47 1.15 0.36 +0.01
Pt/AC 866 0.73 0.37 1.26 0.30+0.02

* Calculated from N, adsorption at 77 K using the BET equation in the 0.01 to 0.1
pressure range. ” Total pore volume calculated using N, adsorption at P/P,=0.99. € Total
micropore volume calculated using N, adsorption at P/P,=0.25. ® Hydrogen uptake at 1
atm and 77 K. * Hydrogen uptake at 100 atm and 294 K.

The EDX results cannot be taken unambiguously because, with EDX, only certain
regions of the material can be investigated (i.e., | mm” area in this case). The carbon

tape used to attach the powders to the sample holder might also have affected the carbon

peak intensity. The EDX spectra were collected from at least three different regions with
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similar results. On the other hand, EDX spectra can shed light on the chemical
composition of the samples. As expected, MN270-bridged has the highest C ratio

compared to the others due to excess carbon in Pt/AC and D-Glucose.
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Figure 3.8. SEM images of (a) MN270, (b) MN270-6wt%Pt and (c) MN270-bridged.
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Figure 3.9. SEM-EDX spectra of MN270, MN270-6wt%Pt and MN270-bridged.
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The oxygen content is the highest in MN270, which is due to carboxyl/hydroxyl
functionalities in MN270 [204,205] as revealed by the FTIR analysis. As shown in Figure
3.10, carbonyl peaks in the 1500-1900 cm™ and hydroxyl peaks in the 3100-3900 cm™
are clearly visible. The decrease of the oxygen content in MN270-6wt%Pt can be
attributed to the hydrogen reduction performed at an elevated temperature (200 °C) for
Sh. The relatively small increase of the oxygen content in MN270-bridged compared to
MN270-6wt%Pt might be related to the incomplete reduction of the D-glucose which has
hydroxyl groups.

Table 3.3. SEM-EDX quantitative analysis of MN270, MN270-6wt%Pt, and MN270-
bridged.

sample weight percentage

carbon | hydrogen | oxygen | chlorine | platinum
MN270 77.1 6.4 15.6 0.9 —
MN270-6wt%Pt | 78.9 6.5 10.5 0.8 33
MN270-bridged 80.6 6.7 12.3 0.1 0.3

The chlorine content in the samples is most likely due to impurities remaining
after hypercrosslinking of the polystyrene via the Friedel-Crafts reaction [87]. Another
possibility to consider is that the presence of chlorine impurities might be due to
incomplete reduction of the PtCls ions (for MN270-6wt%Pt). However, this possibility
was ruled out because the chlorine content did not increase after the Pt doping of the base
material MN270 as seen from Table 3.3. Pt/AC is the source of Pt in MN270-bridged,
and from the stoichiometric analysis, (weight ratio of MN270, D-Glucose, and Pt/AC is
8:1:1, respectively) the Pt content of MN270-bridged is 0.5 wt. %. However, the Pt
content is 0.3 wt. % from the EDX analysis compared to 0.5 wt. % calculated from the
stoichiometric analysis which shows that the EDX analysis underestimates the Pt content

in MN270-bridged; if this is so, the Pt content in MN270-6wt%Pt could also be higher
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(=5.6wt. %) than the 3.3 wt. % given by the EDX analysis. In any case, the Pt content
given by the EDX analysis can be considered as the minimum level of Pt concentration.
Figure 3.11 represents the hydrogen uptake at 77 K and 1 atm for MN270,
MN270-6wt%Pt, MN270-bridged, and Pt/AC. The reduction of the hydrogen uptake in
MN270-6wt%Pt and MN270-bridged compared to MN270 is resulting from the lower
surface area and pore volume of the Pt doped samples as indicated in Table 3.2.
Reduction in the hydrogen uptake occurs because Pt does not play any role in hydrogen

uptake at low temperatures (i.e., no spillover at 77 K) [206].
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Figure 3.10. FTIR spectra of MN270 (green), MN270-bridged (red), MN270-6wt%Pt
(blue).
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The RT hydrogen pressure-concentration isotherms of MN270, MN270-bridged,
and MN270-6wt%Pt up to 100 atm are shown in Figure 3.12 and summarized in Table
3.2. All the isotherms showed repeatability between successive measurements after
evacuation at 150°C for at least 12 h, and error bars based on three measurements are also
plotted in Figure 3.12. Typical sorption kinetics data for the best performing material,
MN270-bridged, is given in Figure 3.13. The kinetics data shows that equilibrium has
been reached for each pressure-concentration data point shown in Figure 3.12. The initial
(i.e., 0-10 atm) steep rise in the hydrogen uptake of the Pt doped samples seen in Figure
3.12 can be attributed to the chemisorption of the hydrogen at low pressure.
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Figure 3.11. Hydrogen uptake of MN270, MN270-bridged, MN270-6wt%Pt, and Pt/AC
at 77 K and 1 atm.
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As seen in Figure 3.12, MN270-bridged has the highest uptake of 0.36 wt. % at
294 K and 100 atm; however, this is only 10 % higher than the base material MN270 and

of insignificant value for the RT hydrogen uptake enhancement.
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Figure 3.12. Hydrogen uptake of MN270, MN270-bridged and MN270-6wt%Pt.

The sample MN270-6wt%Pt did not show any enhancement in hydrogen uptake
compared to MN270 despite its higher Pt content and smaller Pt particle size as compared
to MN270-bridged. The Pt content appeared to be of minimal effect but the dispersion
and particle size of the Pt was considered important for spillover enhancement [199].
However, this alone cannot explain the better performance of the MN270-bridged over

the MN270-6wt%Pt, because MN270-bridged has bigger Pt particles on average.
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Moreover, the effectiveness of the bridge building technique can be better understood
from the TEM images given in Figure 3.6. The sample MN270-6wt%Pt has a narrow Pt
particle size distribution (2-5nm), whereas MN270-bridged has a broad Pt particle size

distribution (2-15nm).
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Figure 3.13. Kinetic hydrogen uptake of MN270-bridged.

Although the Pt particles in MN270-6wt%Pt is smaller on average compared to
MN270-bridged, MN270-6wt%Pt did not show higher hydrogen uptake at RT. On the
contrary, MN270-bridged outperformed MN270-6wt%Pt as seen from Figure 3.12.
Therefore, the bridge building technique is more effective than the wet impregnation

method on the spillover enhancement by enabling closer contacts between the polymer
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matrix and the Pt. However, optimal design of the Pt/AC catalyst needs to be further
explored to fully exploit the potential of the bridge building technique.

The role of the surface oxygen groups on the spillover enhancement, studied for
activated carbon and graphite oxide, showed enhanced hydrogen uptake compared to the
base materials [207]; however, MN270 should be further investigated to establish if
oxygen functionalities are favorable or not.

3.4. Conclusions

In this study, six different commercially available hypercrosslinked polystyrenes
(HPS) were screened considering the specific surface area, pore size distribution, pore
volume, and adsorption enthalpy. MN270 was selected for the RT spillover study mainly
due to its high surface area, narrow pores, and relatively high pore volume/adsorption
enthalpy. The spillover enhancement by Pt doping was investigated by utilizing two
different synthesis methods; wet impregnation (i.e., MN270-6wt%Pt) and the bridge
building technique (MN270-bridged). MN270-bridged showed a 10% increase in
hydrogen uptake at 294 K and 100 atm compared to the base material MN270, whereas
MN270-6wt%Pt did not show any enhancement. The results showed the efficacy of the
bridge building technique; however, to take full advantage of this technique an optimal
Pt/AC catalyst needs to be designed. Nevertheless, a 10 % enhancement has an
insignificant value for practical applications, and is considerably low compared to MOFs
and AC [41]. The spillover enhancement for hydrogen storage continues to be a highly
disputable topic due to conflicting results for the same materials (i.e., MOFs, AC). Since
there is no spillover enhancement study for polymers, it was not possible to compare the

results of this study with those of other groups, yet considering the similarity of the
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organic building block of the HPS with MOFs and COFs (i.e., benzene ring), the reasons
underlying the considerably small spillover enhancement in the hydrogen uptake of the

HPS needs to be further investigated.
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Chapter 4. Reversible Hydrogen Storage in the Li-Mg-N-H System — The Effects of
Ru Doped Single Walled Carbon Nanotubes on NH3; Emission and Kinetics
4.1. Introduction
Complex hydrides were subject to intensive research efforts as a solid state
reversible hydrogen storage material for mobile and stationary applications during the
last decade [208,209]. Among the complex hydrides, amide-hydride systems are
considered as one of the viable candidates after Chen et al. first reported the promising
results for the lithium nitride system in which the reaction steps are given as [52]
Li3sN+2H,«>Li,NH+LiH+H,«<>LiNH,+2LiH (4.1)
The theoretical capacity of the LisN system is 10.4 wt. %; however, only the
second step of the reaction path, given in Eq. 4.1 (i.e., Li-N-H system hereafter), is
practical for reversible hydrogen storage since the first reaction step has a very low
equilibrium pressure (i.e., 0.07 bar H,) [52]. Further investigation of the Li-N-H system,
which has a theoretical capacity of 6.5 wt. %, revealed the elementary steps presented in
Egs. 4.2a and 4.2b [210]. The reaction between LiH and NHj (i.e., Eq. 4.2b) was found to
be ultrafast (i.e., 25 ms) [210] and responsible for the capture of NH3 which is detrimental

to proton exchange membrane (PEM) fuel cells even at trace levels [122].

2LiNH,—Li,NH+NHj; (4.2a)
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The Li-N-H system has a relatively low plateau pressure depending on the
operating temperature (i.e., 0.2 bar at 195 °C, 0.5 bar at 230 °C, 1.5 bars at 255 °C and
1.5 — 3 bars at 280-375 °C) [52,211]. Therefore, destabilization of the Li-N-H system
could shift the plateau pressure to higher pressures and lower the desorption temperature.
One of the ways to destabilize the Li-N-H system is to replace Li with a more
electronegative atom such as Mg, since MgH, is less stable than LiH [53]. Nakamori et al.
achieved 50 K reduction in the desorption temperature by partially replacing Li in LiNH;
with 90 at. % Li and 10 at. % Mg [54]. Later, Luo developed a new hydrogen storage
material (i.e., the Li-Mg-N-H system hereafter) by completely replacing LiH with MgH,
[53]. The Li-Mg-N-H system has a =~ 4.5 wt. % gravimetric capacity with a plateau
pressure of 30 bar at 200 °C [53]. The proposed reaction mechanism for the Li-Mg-N-H
system is given in Eq. 4.3 [212,213]. The starting materials, MgH, + 2LiNH,, transform
to Mg(NH,), + 2LiH after the first ab/desorption cycle, that is, the second step in Eq. 4.3
is the reversible reaction in the Li-Mg-N-H system.

MgH, + 2LiNH, < Li;Mg(NH),+2H, < Mg(NH,),+2LiH (4.3)

Two different reaction mechanisms were proposed for the Li-Mg-N-H system
[214]. First, the NH; mediated reaction mechanism occurs similar to the Li-N-H system
(i.e., Egs. 4.2a & 4.2b) [215]. The other suggested mechanism is the coordinated two
molecule or multimolecular reaction mechanism in which close proximity of the reacting
species is crucial [121,216,217]. However, recent studies on the mechanistic investigation
of the Li-N-H system revealed that the NH; mediated reaction mechanism is more likely;
in addition, Li ion diffusion is an important parameter in re/dehydrogenation according to

the proposed reaction mechanism [218-222]. Therefore, strategies that can enhance the Li
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ion mobility in amide-hydride systems are highly desirable to improve the sluggish
kinetics of these systems. To achieve this goal, single walled carbon nanotubes
(SWCNTs) are considered as a viable catalyst that needs to be investigated since Li ion
freely diffuse inside SWCNTs [125,223-225]. However, structural defects (i.e., openings
on the wall) on the SWCNTs are required to facilitate the diffusion of the Li ions in and
out of the SWCNTs.

Another drawback of the Li-Mg-N-H system is the concomitant NH; emission
during hydrogen desorption which is more pronounced compared to the Li-N-H system
since the reaction rate of NH; with MgH, is slower than that of LiH [60,226,227]. Besides
being detrimental to PEM fuel cells, NH; emission also causes loss of gravimetric
capacity over a number of cycles [123,228,229]. Ru is one of the most active catalysts for
NH; decomposition [124], and has been studied extensively for the generation of
hydrogen for fuel cells through NH; decomposition [230-232]. Moreover, among various
supports (i.e., graphite, activated carbon, alumina etc.) for Ru, carbon nanotubes (CNTs)
showed high activity towards NH3; decomposition [233,234]. On the other hand, Ru is
also active for NHj3 synthesis which requires high pressures (> 50 bar) whereas NH;
decomposition requires low pressures (= 1 bar) [235,236]. Since under practical operating
conditions hydrogen desorption from the Li-Mg-N-H system occurs at low pressures (= 1
bar), Ru included as a catalyst, can be more effective for the decomposition rather than
synthesis of NHj.

In the quest for finding an optimal catalyst for the Li-Mg-N-H system, Ru doped
CNTs can be used as a suitable catalyst considering the aforementioned drawbacks (i.e.,

sluggish kinetics and NH3 emission) of the Li-Mg-N-H system. The studies on the effects
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of carbon structures on the amide-hydride systems are scarce [237]. To date, only the
effects of SWCNTs [238] and Ru doped graphite [239] in the Li-Mg-N-H system have
been studied so far. Both of these works reported improved kinetics, but no NH; emission
even from the base Li-Mg-N-H sample. However, NH3 emission from the Li-Mg-N-H
system is an important issue and has been studied extensively [60,121,228,229,240].
There are two goals in this study. First, study the hydrogen ab/desorption kinetics

and the NH; emission characteristics of the Li-Mg-N-H system for a wide range of
preparation conditions to elucidate the effects of the ball milling parameters. Second,
study the effects of the SWCNTs and the Ru-doped SWCNTs catalysts in the Li-Mg-N-H
system with a focus on the kinetics and the NH; emission characteristics. The results
show that intense ball milling enhances the hydrogen ab/desorption kinetics and limits the
NHj emission. In addition, by adding Ru-doped SWCNTs to the Li-Mg-N-H system,
NHj emission can be mitigated as compared to adding just SWCNTs.
4.2. Experimental Details
4.2.1. Materials

Starting materials LiNH,, MgH, (hydrogen storage grade), RuCl; (45-55 % Ru
content) and ethylene glycol (reagent plus grade) were purchased from Sigma-Aldrich
and used without further purification. SWCNTSs were purchased from Cheap Tubes with
=~ 99% purity. Impurities in SWCNTs were Fe particles, and confirmed by
thermogravimetric analysis (TGA) and energy dispersive X-rays (EDX).
4.2.2. Synthesis

All materials were handled in an argon filled glove box in which oxygen and

water levels were below 0.1 ppm. The base materials were prepared by a planetary ball
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mill, Fritsch Pulverisette P6, using a stainless steel bowl (80 ml) and stainless steel balls
(@ 10 mm) by mixing LiNH; and MgH, in 2 to 1.1 molar ratios. Excess MgH, was added
to limit the NH; emission [53,227,241]. The milling duration, milling speed and ball to
powder ratios of all the samples are given in Table 4.1. The ball milling parameters were
chosen to cover the most common values reported in the literature
[60,121,228,239,240,242-245] for planetary type ball mills. To limit the temperature
increase during ball milling, the ball milling process was stopped for 5 min after every 10
min of milling for all the samples. After adding the SWCNTs and Ru doped SWCNTs
catalysts (5 wt. %) to the base material, samples were further ball milled for 60 min at
300 revolutions per minute (RPM) and 60:1 ball to powder ratio.

Table 4.1. Sample preparation details.

Milling Speed (RPM) | 200 300 400
Ball to Powder Ratio | 60/1 | 20/1 | 40/1 | 60/1 | 120/1 | 60/1

10 h SH7

20 h S#S5 | S#6 | S#H4 | S#2 | S#8 S#3

Milling Duration

40 h S#1

The as-milled samples were activated under a 100 bar hydrogen pressure at 220
°C for 24 h by a metathesis reaction given in Eq. 4.4 [246]. The as-milled and activated
samples are denoted by suffixes “A” and “B”, respectively, throughout the text. For
instance, the as- milled sample 3 (S#3) is named S#3A, and the activated S#3 is named
S#3B.

MgH, + 2LiNH, — Mg(NH,), + 2LiH (4.4)
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Ru doped SWCNTs (SWCNT-20Ru hereafter) were prepared by using a method
slightly different than that that presented in literature [247]. Since 99% pure SWCNTs
were used in this study, the initial purification step (i.e., refluxing in a concentrated nitric
acid for 8 h) was skipped. Briefly, a 200 mg of SWCNTSs in a 100 ml 2.6 M nitric acid
was first sonicated (100 W, 42 kHz) for 2 min to break-up the SWCNT bundles. Then,
the SWCNTs were refluxed in 2.6 M nitric acid for 8 h to create anchoring points for Ru
nanoparticles. After cooling to room temperature, the oxidized SWCNTs (SWCNT-Ox
hereafter) were centrifuged at 5000 RPM for 15 min, twice washed with deionized (DI),
centrifuged and decanted. The SWCNT-Ox were dried overnight in an oven at 60 °C. For
Ru doping, a 100 mg of SWCNT-Ox and a 40 mg of RuCl; (20 wt. % nominal Ru
loading) were dispersed in a 200 ml ethylene glycol-DI water solution (3:2 by volume) by
sonicating for 2 min. Then, the mixture was refluxed at 120-130 °C for 8 h. After cooling
to room temperature, the mixture was centrifuged, decanted, washed with a slightly
acidic (by adding few drops of concentrated hydrochloric acid) DI water, centrifuged
again, and then dried in an oven overnight at 60 °C. This sample is named SWCNT-
20Ru.

4.2.3. Characterization

The powder X-ray diffraction (XRD) of the samples was carried out by a custom-
built air tight stainless steel sample holder [143] or a zero diffraction sample holder using
a Philips X pert diffractometer with CuKa radiation of A=1.54060 A. The samples were
prepared inside the glove box and sealed with a Mylar® or a Kapton® film depending on
the peak positions of interest. Diffraction data was analyzed using PANalytical X pert

Highscore software version 1.0f. Scanning electron microscopy (SEM), JEOL S800, with
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EDX and transmission electron microscopy (TEM), Tecnai F20, were utilized to
investigate the surface morphology, chemical composition of the elements and the
size/dispersion of the Ru particles. The gravimetric weight loss was analyzed by a TA
Instrument’s SDT-Q600, and the data was analyzed with a TA Universal Analysis 2000
software. The nitrogen adsorption isotherms were measured at 77 K by a Quantachrome
ASI1C. The measurement accuracy and repeatability of the Quantachrome AS1C were
verified with the Quantachrome standard reference material (SARM-2012) before the
measurements. The test value was within the reproducibility limit (= 5 %) of the expected
value. The adsorption data was analyzed by a Quantachrome AS1Win software. The
specific surface area (SSA) of the samples was calculated from nitrogen adsorption at 77
K using the Brunauer-Emmett-Teller (BET) equation in the 0.05 to 0.3 P/P, relative
pressure range. The pore size distribution (PSD) of the samples was calculated by the
non-local density functional theory (NLDFT) using a cylindrical or a hybrid
slit/cylindrical pore model (i.e., slit pore geometry for pores < 2nm and cylindrical pore
geometry for pores > 2nm) based on whichever of the models resulted in a better fit to the
experimental data. The high pressure hydrogen pressure-concentration-temperature
(PCT) isotherms and kinetics data were collected with Setaram-HyEnergy PCTPro 2000,
Sievert’s type apparatus. The sample loading was = 500 mg or greater for each sample.
The uncertainties associated with the hydrogen storage measurements are thoroughly
discussed in the previous work [248]. The Hydrogen and NHj release characteristics of
the samples were determined unambiguously by an MKS Cirrus mass spectrometer
(under 50 ml He flow and 5 K/min heating rate) in a custom built setup, and details are

given elsewhere [249]. Ammonia, hydrogen and nitrogen were tracked by m/z = 17, m/z
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= 2 and m/z = 28, respectively. Raman experiments were carried out using a Confocal
Raman Microscope (Olympus, 1X71) purchased from Horiba Jovin Yvon. For all
experiments, an excitation wavelength at 647 nm from an Argon and Krypton laser
(Coherent, Innova 70C series) has been used with 5 mW of power, 10 s of exposure time
and 3-5 accumulations. The spectrograph grating was 600 grooves/mm and the 20X
objective was used throughout the experiments. Raman measurements were taken at
various locations on the samples to account for the heterogeneity of the solid samples.
4.3. Results and Discussion

4.3.1. Effects of Ball Milling Parameters on the Kinetics and NH; Emission
Characteristics of the Li-Mg-N-H System

The XRD patterns of the as-milled and the activated samples prepared by different
ball milling parameters (see Table 4.1) are given in Figure 4.1 and Figure 4.2,
respectively. Selecting a more aggressive processing condition by increasing the milling
duration (S#1A) or milling speed (S#3A) or ball to powder ratio (S#8A) resulted in very
small crystallite sizes with none of the diffraction peaks being discernible in Figure 4.1
for S#1A, S#3A and S#8A. The Scherrer crystallite size and the SSA of the as-milled and
activated samples are given in Table 4.2. Upon activation, crystallite sizes of all the
samples were increased to 20-30 nm range. On the other hand, the SSA of all the samples
but S#4 and S#7 were decreased.

In general, the SSA of the as-milled samples decreased by selecting more
aggressive ball milling parameters (i.e., S#5A and S#6A have the highest SSA as
opposed to S#3A and S#8A which have the smallest SSA) because the samples start to

agglomerate by prolonged and intense ball milling [250].
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Figure 4.1. XRD patterns of the as-milled Li-Mg-N-H samples with different processing

conditions.
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Figure 4.2. XRD patterns of the activated Li-Mg-N-H samples with different processing
conditions.
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None of the activated samples can be considered as a high surface area material
(S#7B, 20 m*/g being the highest). Therefore, ball milling is an effective way of creating
small crystallite size samples but it is not that effective in creating high surface area
samples. The absorption and desorption kinetics of all the samples are given in Figure
4.3. Intense ball milling (i.e., smaller crystallite size) resulted in faster ab/desorption
kinetics, desorption being always faster than the absorption.

Table 4.2. Specific surface area, crystallite size and NH3 to hydrogen signal ratio of the
as-ball milled and activated samples.

Sambple SSA | Crystallite size | Area Under Curve
p (m*/g) (nm) § NHy/H, (%)
A 19 —*
S#1 B 6 24 0.39
A 12 10
S#2 B 10 3 0.66
A 12 —*
S#3 B 5 9 0.46
A 13 16
S#4 B 19 3 0.56
A 41 15
S#S B 19 29 0.85
A 40 20
S#6 B 6 30 13.4
A 15 13
S#7 B 20 3 1.08
A 10 —*
S#8 B 2 2 0.38
MgH,} 1 > 100 —
LiNH,¥ 3 > 100 -

* No peaks are discernible in the XRD pattern (see Figure 4.1) to determine the Scherrer
crystallite size reliably. ¥ As-received starting materials for the synthesis of S#1-8. §
Area under curve was calculated by trapezoidal integration using the mass spectrometry
raw data up to 250 °C for the activated samples after the 1% cycle. The base line is
subtracted from the hydrogen and NHj signals for each sample.
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Figure 4.3. Absorption and desorption kinetics of the activated samples S#1-8.
The samples S#5, S#6 and S#7 performed the worst in terms of ab/desorption
kinetics due to their relatively bigger crystallite sizes. On the other hand, the samples S#2
and S#3 showed the fastest absorption and desorption kinetics, due to their smaller

crystallite sizes. The cyclic absorption and desorption kinetics performances of S#3 are
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given in Figure 4.4 and Figure 4.5, respectively. The absorption kinetics showed similar
performance over 77 cycles; however, the desorption kinetics degraded considerably,
though being still faster than the absorption kinetics.

There are a couple of studies in the literature reporting no NH3 emission from the
Li-Mg-N-H system [238,239,251]. However, as mentioned in the introduction, NHj
emission is a known issue in the Li-Mg-N-H system. Therefore, the NH3; emission
characteristics of all the activated samples were investigated to clarify whether the NH;

emission is related to the preparation conditions.
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Figure 4.4. Absorption kinetics cycle comparison of S#3.
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Figure 4.5. Desorption kinetics cycle comparison of S#3. The fluctuations in 70" cycle
(green curve) are due to using high pressure transducer in data collection as compared to
1% and 12" cycles where low pressure transducer was used.

The results presented in Figure 4.6 indicate that Li-Mg-N-H system always
releases small amounts of NHj3 for a wide range of preparation conditions (see Table 4.1).
The ratio of NH3 to H; is further qualitatively determined from the areas under the curves
of the NH; and H, mass spectrometry signals (see Table 4.2). The samples with the
slowest kinetics (i.e., S#5, S#6 and S#7) have the highest NH; emission as well, showing
the importance of selecting proper ball milling parameters to limit the NH3 emission in
the Li-Mg-N-H system. Furthermore, the sample S#6 showed a significant NH3 emission

indicating that the ball to powder ratio of 20:1 is not effective in making intimate contacts

between the starting materials.
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The reason underlying the high level of NH; emission from the sample S#6 is the
decomposition of LiNH; (i.e., 2LiNH, — Li,NH + NHj3) during desorption [246]. In other
words, the insufficient ball milling of S#6 led to incomplete metathesis conversion (Eq.
4.4), and thus the decomposition of LiNH, during desorption. In fact, the XRD peaks of
Li,NH compound at 30.6 and 35.6 20 degrees are clearly visible from the XRD spectrum
of S#6 given in Figure 4.2. One of the best performing samples, S#3, is selected to further
investigate the effects of SWCNT and SWCNT-20Ru doping on the kinetics and NHj3
emission characteristics of the Li-Mg-N-H system.

4.3.2. SWCNT and SWCNT-20Ru Doped Li-Mg-N-H System

SWCNT and SWCNT-20Ru were extensively characterized to better understand
their effects as a catalyst in the Li-Mg-N-H system. Nitrogen ad/desorption isotherms and
the pore size distributions of the SWCNT, SWCNT-Ox and SWCNT-20Ru are given in
Figure 4.7 (A) and (B), respectively. All isotherms are of type IV according to the
International Union of Pure and Applied Chemistry (IUPAC) classification [80] which is
a characteristic of a mesoporous material. However, according to the manufacturer’s data
sheet, TEM measurements and the pore size distribution, SWCNTSs are microporous with
a diameter of 1 — 2 nm. The hysteresis in the high relative pressure (i.e., 0.5 — 1 P/P,) is
associated with the intertubular space [252] which is an indication of the SWCNT
bundles. Therefore, mesoporosity of the SWCNTs is related to the bundles, not the pore
sizes of SWCNTs. In addition, as-received SWCNTSs have a surface area of 816 m?/g
which is close to the theoretical upper limit of 1315 m*/g, and the difference between the
theoretical upper limit and the actual surface area values is an additional indication of the

SWCNT bundles [253]. Upon 2.6 M nitric acid oxidation treatment and Ru doping, the
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surface area of the SWCNTSs was gradually decreased and the hysteresis loop attenuated.
Attenuation of the hysteresis loop is due to the disintegration of the SWCNTSs bundles.
Indeed, the pore size distribution of the SWCNT-Ox and SWCNT-20Ru became

narrower (i.e, 1 — 6 nm) as compared to the as-received SWCNTs (i.e., 1 — 18 nm).
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Figure 4.7. (A) Nitrogen adsorption isotherms and (B) the pore size distributions of
SWCNT, SWCNT-Ox and SWCNT-20Ru.
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Moreover, the SEM images given in Figure 4.8 show reduced bundling after the
oxidation treatment and Ru doping. On the other hand, the surface area decrease in the

SWCNT-Ox and SWCNT-20Ru must be related to the oxygen functionalities attached to

the SWCNTs and the pore blocking due to Ru doping, respectively [203].

Figure 4.8. SEM images of (a) SWCNT, (b) SWCNT-Ox and (c) SWCNT-20Ru.

Chemical composition and the Ru loading were determined by incorporating EDX
and TGA as given in Figure 4.9 and Figure 4.10, respectively. The oxygen content in the
as-received SWCNTs is 5 wt. %. After the oxidation treatment in 2.6 M nitric acid, the
oxygen content increased to 15 wt. % and did not change considerably upon Ru doping.
The nominal Ru loading in the SWCNT-20 is 20 wt. %. However, the EDX analysis
showed = 17 wt. % of Ru loading on average. On the other hand, TGA showed = 20 wt.
% of Ru loading. The difference between the TGA and EDX analyses might be related to
Ru oxidation or oxygen dissolution in the Ru matrix at high temperatures [254,255]. In
any case, it is clear that one can safely assume that the actual Ru loading is very close to
the nominal loading of 20 wt. %, and is in the range of 17 — 20 wt. %. Furthermore, the
source and the content of the impurities in the SWCNTs were determined by EDX and
TGA. According to the EDX and TGA measurements, the only impurity is 1 — 2 wt. % Fe

(the Fe peak is not shown in EDX spectra for brevity).
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Ru particle size is known to be an important factor in the NH; decomposition
[256]; however, to date, it has not been studied for Ru doped SWCNTSs. Ru particle size
can be determined by using the Scherrer’s equation from the XRD patterns given in
Figure 4.11. However, as-received SWCNTs showed graphite peaks at 24.4 (dyp,) and
44.6 (dyo1) 26 degrees due to bundling of SWCNTSs [257]. Since the most intense Ru peak
at 44.1 (dyo1) 20 degrees overlaps with the graphite peak at 44.6 20 degrees, it was not

possible to determine the particle size reliably using XRD.
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Figure 4.11. XRD patterns of SWCNT and SWCNT-20Ru.
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Therefore, Ru particle size was measured by TEM as shown in Figure 4.12. From
the TEM images, several different Ru particles were measured, and the average Ru

particle size was found to be = 2 nm.

Figure 4.12. TEM images of SWCNT-20Ru. Scale bars correspond to (a) 50 nm and (b)
20 nm.

In addition, TEM images unambiguously showed SWCNT bundles and a small
amount of amorphous carbon. More importantly, Ru particles mostly deposited on the
exterior and not the interior walls of the SWCNTSs. Nevertheless, it was not possible to
determine the structural defects on the walls of the SWCNTSs due the low contrast at high
magnifications.

An important parameter that needs to be tailored is the structural defects
introduced in the SWCNTs to make them effective as a catalyst in the Li-Mg-N-H
system. As mentioned in the Introduction, structural defects are required to facilitate the
diffusion of Li ions into and out of the SWCNTs. Since SWCNT and SWCNT-20Ru

were mixed with the S#3 sample via ball milling, the surface area change due to ball
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milling duration was investigated first to decide the optimum ball milling duration for
introducing the catalysts. Significant number of studies available in the literature discuss
the effects of ball milling on SWCNTs alone [257-259]; however, it was shown that
CNTs ball milled within the presence of another powder can dramatically change its
structure, as compared to ball milling CNTs alone for the same duration, since the
presence of another powder can act as a very small size milling balls [260]. It is
reasonable to assume that the surface area change is directly related to the SWCNT
structure. In other words, if SWCNTSs survive the ball milling process, the surface area of
the catalyst mixed base material should be higher than the base material since the
SWCNT-20Ru has 20 fold more surface area than the base material S#3. Figure 4.13
shows the change in the surface area of the S#3-5SWCNT (i.e., 5 wt. % as-received
SWCNTs doped S#3) as a function of the ball milling duration. At the start of the ball
milling, S#3-5SWCNT has a surface area of 52.2 m*/g (see Figure 4.13 for details). After
ball milling S#3-5SWCNT for 15 min, the surface area decreased to 40 m?/g, and the
extended ball milling gradually resulted in a lower surface area. At the end of 300 min of
ball milling, the surface area of the S#3-5SWCNT returned to the original surface area of
the starting material which shows that the majority of the SWCNT did not survive such a
long ball milling process.

The optimal ball milling duration should be long enough to ensure homogenous
dispersion of the SWCNTSs and to introduce structural defects, but should not be very
long to make sure that the majority of the SWCNTSs are still present (i.e., not converted to
amorphous carbon or graphite) after ball milling. Therefore, ball milling duration of 60

min was selected due to S#3-5SWCNT’s moderate surface area. This decision was
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further validated via Raman spectroscopy which is a powerful tool for studying the

structural characteristics of CNTs [261].
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Figure 4.13. The change in surface area of the S#3-5SWCNT as a function of ball milling
duration. ~ The specific surface area of S#3-5SWCNT at the start of the ball milling is
estimated by weighted average method. The weight ratio of the base material to SWCNTSs
in S#3-5SWCNT is 19 (i.e. 95% S#3 and 5% SWCNTs by weight). The specific surface
areas of S#3 and SWCNTs are 12 m*/g and 816 m”/g, respectively. Therefore, SSAgs.
sswont = 0.95 x 12 m%/g + 0.05 x 816 m*/g = 52.2 m*/g.

Figure 4.14 shows the Raman spectra of the as-received SWCNTs, S#3-5SWCNT

and S#3-5SWCNT-20Ru (i.e., 5 wt. % SWCNT-20Ru doped S#3). The peaks at 1317

!and 1585 cm™ are the characteristic D (disorder mode) and G (tangential mode)

cm’
bands of the SWCNTs, respectively. The full width at half maximum (FWHM) value of

D band can be used to indicate the presence of non-SWCNT carbonaceous impurities; in
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addition, the intensity ratio of D band to G band (Ip/lg) is related to the defects

introduced into the SWCNTs [148]. Table 4.3 shows the mean values of Ip/Ig and the

FWHM of the D band.
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Figure 4.14. Raman spectra of as-received SWCNT, S#3-5SWCNT and S#3-5SWCNT-
20Ru.

Upon ball milling of SWCNTs and SWCNT-20Ru with S#3, the value of Ip/Ig
increased more than three times from 0.26 for the as-received SWCNTs to 0.87 and 0.81
for S#3-5SWCNT and S#3-5SWCNT-20Ru, respectively, which indicates that structural

defects were successfully introduced after 60 min of ball milling. Moreover, the D band
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is narrower in the starting material (FWHM = 52cm™) as compared to S#3-5SWCNT
(FWHM = 65cm™) and S#3-5SWCNT-20Ru (FWHM = 127 em™). This further supports
the previous conclusion that amorphous and nano-crystalline carbon were introduced
during the ball milling process due to the decomposition of the SWCNTs, which were
also observed in the TEM images given in Figure 4.12.

Table 4.3. FWHM values and the intensity ratios of the D to G band of the as-received
SWCNTs, S#3-5SWCNT and S#3-5SWCNT-20Ru.

As-received SWCNTs | S#3-5SWCNT | S#3-5SWCNT-20Ru
FWHM (cm™) 52 65 127
Ip/Ig 0.26 0.87 0.81

One interesting observation is that the FWHM of the D band for the S#3-
SSWCNT-20Ru is almost double that of S#3-SSWCNT. This broadness most likely
originates from the Ru doping steps in preparation of the SWCNT-20Ru catalyst. In
addition, a closer look into the G band, given in Figure 4.14, shows that the frequency of
G band downshifts by 3 cm™ after Ru doping into the SWCNTSs. It has been reported that
doping with either electron donors or acceptors can change the shape and energy of some
of the vibrational modes of SWCNTSs [262]. The red shift of G band suggests that there is
charge transfer from Ru to the SWCNTs. The higher electron density in the reduced
SWCNTs results in weaker net bonding thus lowering the G band frequency.

The ab/desorption kinetics of the samples S#3, S#3-5SWCNT and S#3-5SWCNT-
20Ru at 200°C and 220°C are given in Figure 4.15. Contrary to the previous study [238],
no enhancements in the ab/desorption kinetics were observed for the S#3-5SSWCNT as
compared to the base sample S#3. On the other hand, the S#3-5SWCNT-20Ru performed

similarly to the S#3 in ab/desorption kinetics. The ultimate ab/desorption capacity of the
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S#3-5SWCNT-20Ru is slightly lower than the S#3 because of the dead weight of the

SWCNT-20Ru catalyst.
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Figure 4.15. Absorption and desorption kinetics of S#3 (blue), S#3-5SWCNT (green) and
S#3-5SWCNT-20Ru (red) at 200°C and 220°C. Absorption and desorption kinetics data
collected at = 90 bar and = 0.5 — 1 bar, respectively.

One of the reasons behind the degraded kinetics performance of S#3-5SWCNT as
compared to S#3-5SSWCNT-20Ru might be related to the lower defect density of the S#3-
SSWCNT (see Table 4.3). Although both S#3-5SWCNT and S#3-5SWCNT-20Ru
samples are subjected to the same ball milling procedure to disperse the catalysts,

SWCNT-20Ru catalyst includes more structural defects (i.e., due to additional steps

involved in Ru doping of SWCNTs) than the SWCNTSs catalyst as discussed previously.
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In other words, selecting a ball milling duration longer than 1 h can enhance the kinetics
performance of S#3-5SWCNT and S#3-5SWCNT-20Ru by introducing more defects.
However, further work is required to reveal the role of structural defects in SWCNTSs on
kinetics enhancement in the Li-Mg-N-H system.

One of the main goals of this work is to study the effects of Ru doped SWCNTs in
suppressing the NH3 emission. The NHj, hydrogen and nitrogen mass spectrometry
signals for the S#3, S#3-5SWCNT and S#3-5SWCNT-20Ru are given in Figure 4.16.
The NHj concentration was determined qualitatively, and the results are given in Table
4.4. Both S#3-5SWCNT and S#3-5SWCNT-20Ru resulted in higher NH; release as
compared to the base sample S#3. The primary role of CNTs in hydride systems is
claimed to be that of providing diffusion channels for hydrogen [237]. If this is correct,
the reason responsible for the increased NH; emission for the SWCNTs and SWCNT-
20Ru doped samples can be explained in a similar way since SWCNTs can also act as
diffusion channels for NH; as well. More importantly, SWCNT-20Ru is shown to be an
effective catalyst in the NH3; decomposition for the Li-Mg-N-H system.

Table 4.4. NH; to hydrogen signal ratios of S#3, S#3-5SSWCNT and S#3-5SWCNT-
20Ru.

S#3 | S#3-SSWCNT | S#3-SSWCNT-20Ru

Area Under Curve §

NH; / Hj (%) 0.46 1.82 0.82

§ Refer to Table 4.2 for the calculation details.
The rectangular region two, shown in Figure 4.16, clearly demonstrates the
difference between S#3, S#3-5SWCNT and S#3-5SWCNT-20Ru. For S#3 and S#3-

SSWCNT, NHj; signals start to increase after 350°C, whereas for S#3-5SWCNT-20Ru
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the NHj signal continues to be at the background level, and the hydrogen and nitrogen
signals start to increase due to the NH3 decomposition.

As seen in Figure 4.16, no sign of NH3 decomposition is evident around the main
peak of interest at 220°C from the hydrogen signal since the hydrogen signal is very high
in intensity compared to the NH3 signal; hence, NH; decomposition is not noticeable
from the change in hydrogen intensity around 220°C. Therefore, the nitrogen signal was

investigated to determine if any NH3 decomposition occurs around 220°C.
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Figure 4.16. Hydrogen, NH; and nitrogen mass spectrometry signals of S#3, S#3-
SSWCNT and S#3-5SWCNT-20Ru. NH; and nitrogen signals are multiplied by 15 for
visibility. Nitrogen signal from S#3-5SWCNT-20Ru shifted upwards to make
comparison with the NH; and hydrogen signals easier. The dashed line in the inset figure
shows the background nitrogen level.
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Since the nitrogen signal is at the background level from the beginning of the
experiment, any NH3 decomposition should be noticeable immediately in the nitrogen
signal. Indeed, a closer look into the nitrogen signal around the main NH3 peak of interest
(i.e., region one and the inset in Figure 4.16) which is around 220°C shows a slight
increase in the nitrogen intensity in phase with the NHj signal increase. However, the
SWCNT-20Ru is not that effective at 220°C as compared to its activity beyond 350°C;
therefore, one can conclude, the NHj signal did not drop to the background level at
220°C.

4.4. Conclusions

The LiNH; — MgH» (2:1.1) complex hydride system was investigated in terms of
its kinetics and NH3 emission characteristics. The Li-Mg-N-H system prepared with
different ball milling parameters showed that NH; emission and kinetics are closely
related to the crystallite size. Samples with a smaller average crystallite size performed
better in terms of both kinetics and NH; emission. However, it is not possible to eliminate
NH; emission just by optimizing the ball milling parameters. To suppress the NH; and to
enhance the kinetics, SWCNT and Ru doped SWCNT (i.e., SWCNT-20Ru) catalysts
were investigated. The SWCNT doped base sample showed a degraded performance in
terms absorption kinetics; however, the SWCNT-20Ru doped sample performed similarly
to the base sample. Results indicate that structural defects in SWCNTs play an important
role in kinetics enhancement. More importantly, it was shown that the SWCNT doping
results in higher NH; emission in the Li-Mg-N-H system. On the other hand, the
SWCNT-20Ru doped sample effectively suppressed the NH; emission by decomposition

compared to the SWCNT doped sample. Further work is necessary to design the optimal
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catalyst for the Li-Mg-N-H system. For instance, the effects of Ru particle size in
SWCNTs need to be studied in detail to elucidate how the Ru particle size affects the
NH; decomposition reaction. In this study, Ru particles in the SWCNT-20Ru catalyst
were mostly deposited on the exterior walls of the SWCNTs. Ru particles inside the
SWCNTs may enhance the NH; decomposition reaction. Finally, better ways of
introducing structural defects in SWCNTs and to homogeneously disperse the SWCNTs

in the base sample, other than the ball milling process, need to be explored.
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Chapter 5. Volumetric Hydrogen Sorption Measurements — Uncertainty Error
Analysis and the Importance of Thermal Equilibration Time”"

5.1. Introduction

The errors in hydrogen sorption measurements are of major concern in the
hydrogen storage community which impede the down selection process of candidate
materials and set back progress in the field. Hydrogen storage measurements are prone to
various sources of errors since there are only a few methods available to detect the
hydrogen absorption and desorption directly'" (i.e., thermal desorption mass spectroscopy
[177,263] and neutron scattering [172]), and these methods either require sophisticated
and expensive tools or can only be utilized for specific types of materials under certain
conditions (i.e., cryogenic temperatures, ultra high vacuum, etc.). Therefore, the vast
majority of the hydrogen storage measurements reported in the literature make use of
indirect methods by utilizing volumetric (Sievert’s type) and/or gravimetric apparatuses
since these techniques are much more affordable, easier to fabricate and operate, and

better suited to the rapid screening of samples.

® The work presented in this chapter has been previously published (DE Demirocak, SS Srinivasan, MK
Ram, DY Goswami, EK Stefanakos, Volumetric Hydrogen Sorption Measurements — Uncertainty Error
Analysis and the Importance of Thermal Equilibration Time, International Journal of Hydrogen Energy,
2012, 38(3), p. 1469-77). See Appendix C for copyright information.

10 Refer to the nomenclature (section 5.5) for all the symbols used throughout the chapter 5.

" “Directly” refers to the determination of the gas species unambiguously using spectroscopic tools as
opposed to “indirectly” where the quantity of the absorbed or desorbed hydrogen is calculated from
pressure and temperature measurements using a real gas equation of state (i.e., volumetric apparatus) or
weight change using a high sensitivity balance (i.e., gravimetric apparatus) assuming all the absorbed or
desorbed species are hydrogen.
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The measurement errors are especially problematic and harder to realize for the
materials that are based on physisorption, since the theoretical upper limit is not known
unambiguously as compared to complex metal hydrides. In addition, for such materials,
the storage capacity is typically low (i.e., less than 1 wt. %, which is about an order of
magnitude less than that of well known hydrides such as MgH, and LiNH,—-MgH,) at
room temperature and high pressure (i.e., 298 K and 10 MPa). Physisorption based
materials can adsorb significant amount of hydrogen at 77 K and high pressure [264];
however, the most erroneous measurements reported in the literature are performed at
room temperature and high pressure where their capacity is typically less than 1 wt. %. In
other words, for any material, the hydrogen sorption measurements are most cumbersome
at a point (i.e., at a specific P and T) where the sample’s hydrogen storage capacity is the
lowest.

The repeatability of the unusually promising results (i.e., carbon structures [265],
polyaniline [266,267] and spillover enhancement [102,178]) has been a major issue in the
hydrogen storage literature. Most of the time, it is not possible to determine if the non-
repeatability of the results is associated with the materials’ preparation or purely a
measurement error or both. On the other hand, the Round Robin test conducted by 14
different laboratories to evaluate the hydrogen storage capacity of a commercial activated
carbon clearly demonstrated the significance of the measurement errors even though the
same sample (i.e., supplied from the same source) was tested in all the laboratories [127].

Fortunately, significant experience on the sources of the measurement errors has
been accumulated during the last decade [126,268,269]. The sample cell physisorption

and small sample loadings [201,270], uncertainty in the sample’s density [271], the
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optimum sample loading depending on the sample’s intrinsic storage capacity [272],
comparison of the gravimetric and volumetric techniques [273] and the uncertainty in the
measurements [272-274] were investigated thoroughly. However, there is still a lack of
quantitative data on some aspects of the measurement errors and the uncertainty in the
measurements in relation to the design of a volumetric apparatus.

There are two goals in this work. First, the design of a volumetric apparatus is
investigated by an uncertainty analysis [275] to determine the uncertainties in the high
pressure hydrogen sorption measurements. Guidelines are presented on the selection of
the reservoir and sample cell volumes to minimize the uncertainty in the measurements.
In addition, the effect of the sample mass loading on the measurement uncertainty is
studied based on the sample’s estimated hydrogen storage capacity and the design of a
volumetric apparatus. Secondly, the effect of the thermal equilibration time (i.e., the time
required for thermal equilibrium when hydrogen gas is admitted into a reservoir volume
at a temperature different than that of the instrument enclosure temperature, and when
there is a temperature gradient within the instrument enclosure) on the accuracy of the
measurements is investigated.

5.2. Methods
5.2.1. Operating Principle of a Volumetric Apparatus

In a volumetric apparatus, the hydrogen uptake of a material is calculated by using
an appropriate real gas equation of state from measurements of the pressure drop in a
volume calibrated reservoir and sample cell, the temperature of the reservoir and sample
cell volumes, and the density of the material which is usually determined by a helium

expansion test. The schematic of a volumetric apparatus is shown in Figure 5.1.
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The operation of a volumetric apparatus is as follows: initially the isolation valve
is closed and hydrogen is fed into the reservoir volume. After the system reaches thermal
equilibrium, the pressure and temperature of the hydrogen are recorded, and then the
isolation valve is opened. After the pressure change in the system levels off, the pressure

and temperature of the hydrogen in the system are recorded again.
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Figure 5.1. Schematic of a volumetric apparatus.
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Then the sample’s hydrogen uptake can be calculated by subtracting the initial
hydrogen content in the reservoir from the final hydrogen content in the system.
Therefore, the hydrogen uptake of a sample can be expressed as,

Any,=n;-ng (5.1

By using a real gas equation of state, the quantity of hydrogen at the start and the

end of the measurements can be determined as follows,

PV
ZRT

n (5.2)

By substituting Eq. (5.2) into Eq. (5.1), and by assuming T, =T, =T, =Tin

1 Zone2 Zone3

Figure 5.1, the total hydrogen uptake of a sample can be calculated as given in Eq. (5.3).

Ane = PresVies ) Psys'vsys
B Z(Pe T)RT Z(Py DRT

(5.3)

where V. represents the combined reservoir volume and tubing volume (i.e., the volume
in between the reservoir volume and the isolation valve) in Zone 1 (see Figure 5.1). Vs
is the total system volume (i.e., the combined reservoir, cell and tubing volumes shown in
Figure 5.1) minus the volume occupied by a sample. Therefore, the system volume can
be expressed by Eq. (5.4), as
Viys=VresTVdead (5.4)
where the dead volume (Veaq) is the cell volume plus the tubing volume in Zones 2 and 3
combined minus the volume occupied by a sample. The dead volume can be determined
directly using helium expansion from the reservoir volume (i.e., the reservoir volume is
charged with helium initially, and the temperature and pressure readings are recorded.
After opening the isolation valve, the temperature and pressure readings are recorded

again. Finally, assuming there is no helium adsorption in the sample, the dead volume
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can be calculated using a helium real gas equation of state) or by determining the
sample’s density from the helium pycnometry and use of Eq. (5.5) (i.e., cell and tubing

volume in Zone 2 should be known in advance).

Mgample
Vdead:Vtubing@Zone2+ <Vce11_ > (55)

sample

Since the direct helium expansion method is more practical, the uncertainty
analysis in this work is based on this method. On the other hand, the uncertainty
associated with the density determination is thoroughly discussed elsewhere [271].
Furthermore, the uncertainty related to the adsorption of helium in the sample is not taken
into account here (i.e., helium adsorption is a function of pressure and temperature, and
changes from sample to sample, therefore, it is not possible to incorporate into the
general uncertainty analysis presented in this work) which is known to be an important
source of error in the high pressure sorption isotherm and density measurements [276-
278]. Therefore, in reality, the uncertainty in high pressure hydrogen sorption
measurements will be more pronounced due to helium adsorption in a sample and needs
to be studied for each sample separately.
5.2.2. Computational Analysis Using COMSOL

COMSOL Multiphysics was utilized to calculate the thermal equilibration time
(see section 5.3.4) in different sizes of calibrated volumes based on the design of a
commercial volumetric apparatus Setaram-HyEnergy PCTPro 2000 [153]. The PCTPro
2000 has three different calibrated volumes (i.e., manifold volume = 12 cc, small
reservoir volume = 160 cc and large reservoir volume = (2 x 585 cc) = 1170 cc) which
gives the user the flexibility to choose the appropriate reservoir volume depending on the

type of measurements (i.e., kinetics or pressure-composition-temperature (PCT)
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measurements) and the quantity of a material. In other words, using a smaller volume
would be favorable for a smaller sample size because the pressure decrease due to sample
sorption can be better resolved by the pressure transducer. The sizes and dimensions of
the calibrated volumes in PCTPro 2000 are given in Table 5.1.

Table 5.1. Dimensions of the three different calibrated volumes.

Feature (mm) Manifold volume | Small reservoir | Large reservoir
(12 cc) (160 cc) (1170 cc)

Diameter 32 44 33

Length 250 130 450

Wall thickness 0.7 1 1

All volumes are modeled for a stainless steel cylinder with a wall thickness as
given in Table 5.1. In the COMSOL analysis, a transient non-isothermal flow module
with a volume force was utilized.

5.3. Results and Discussion
5.3.1. Uncertainty Analysis

The uncertainty in the hydrogen uptake of a sample can be calculated once the
uncertainty of the measurements (i.e., P, T, Vgead, Vies, Z(P,T) and R) in Eq. (5.3) is
known. The uncertainty in pressure, temperature and reservoir volume is usually
available from a manufacturer’s datasheet. The uncertainty in R can be determined from
the literature as will be discussed in section 5.3.3. On the other hand, the uncertainty in
the dead volume and compressibility factor Z(P,T) can be calculated as detailed in section
5.3.2 and Appendices.

5.3.2. Uncertainty in Dead Volume (V geaq)

Since the dead volume is assumed to be determined by helium expansion from the

reservoir volume, the uncertainty in the dead volume is always higher than the
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uncertainty in the reservoir volume due to propagation of errors. By assuming there is no

helium adsorption in the sample (i.e., Any=0), and by assuming T, =T, =T, =Tin

1 Zone2 Zone3

Figure 5.1, the dead volume can be determined using a real gas law as follows,

_ Pres Vies ) Psys 'Vsys
7P T)R'T ZM((P,, T)R'T
Y

Any,=0 (5.6)

By inserting Eq. (5.4) into Eq. (5.6), one can obtain Eq. (5.7) for the dead volume

calculation, as

Pres l Z(Py,T) 57)

vdeadzvres lP ZHe (P T)
res»

sys

The uncertainty in the dead volume can be calculated [279] using Eq. (5.8).

(Vres _avdead)z , (Uvres)z +< Pres _fsvdead)2 _ (Upres)2+
Viead OVies Vies Viead  OPres Pres

(2 ,avdead>2 | <U> )
Vead Viead OPays P Pos 2 58
Vo= (ZHG(Psys,T)_ Vs ) | (UZHC(PSYS’T)) . (5.8)
Viead 6ZHe(PSys’T) 2@ 1)

Sys,

2 2
ZHe (Pres,T) . anead . UZHC(Prcs,T)
\ Vias 02" T)) \Z"@_T)

res, res,

After substituting partial derivatives into Eq. (5.8), the final form of the

uncertainty in the dead volume is given by Eq. (5.9),

2 2 2 2 2
<UVrcs) + ( Pres > . <UPrcs) + ( PI’CS > . (UPSYS> +
vres Pres'Psys Pres Pres'Psys Psys
2
H U e 2
UVdcad _ Z e(PSyS’T) . Vres (Pres 1) . ( ZH (Psys,T) ) +

Vad Vid  Z%(PrenT) \Pyys 7% (P, T)
2

H 2
Z e(PreS,T) . VreS.ZHe(PSyS’T) . (Pres > . <UZHC(PrCSsT) >
Vdead [—ZHe (Pres ,T)] 2 P ZHe (Pres ,T)
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As seen from Eq. (5.9), the uncertainty magnification factors (UMFs) of Up  and

Up,  are the same and are functions of P, and Pg. Since the P, term appears both in

sys*

the numerator and denominator of the UMF, P, should be as small as possible to

sys
minimize the UMF which in turn dictates selecting V4.,q to be as large as possible.
However, selecting a very large V4.,q compared to V., may induce other measurement
errors (i.e., temperature gradients within the dead volume, especially problematic for
measurements at higher temperatures) and not practical (i.e., a bigger dead volume will
limit the highest pressure attainable within the system for single step kinetics
measurements). On the other hand, selecting the smallest possible dead volume will result
in high uncertainty in V4.,4. Blach et. al. [271] suggested selecting comparable reservoir
and dead volumes to minimize the uncertainty due to sample’s density. Therefore, by
assuming Ve =V geaq, then P =2xPg .. The uncertainty in reservoir volume [271] and
pressure measurements (i.e., uncertainty of a commercially available pressure transducer
is typically 1 % of its reading or better) is taken as 1 %. Finally, the uncertainty in the
compressibility factor for helium is calculated as detailed in Appendix B, and the
compressibility factors for helium at 300 K for P, =0.4 MPa and P, =0.2 MPa (i.e.,

typical pressure values during dead volume determination with PCTPro 2000 and in

accordance with the assumption P =2xPy ) are determined from REFPROP 8 software

[280]. By substituting all the variables into Eq. (5.9), the uncertainty in dead volume,

Uy .
—dead 45 3.16 %.
Vdcad

Once the uncertainty in dead volume is known, the uncertainty in system volume

can be calculated from Eq. (5.10).
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U Uy \> Uy
Viys _ ( Vrcs) + ( Vdcad) =3.329% (510)
Vsys Vres Vdead
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5.3.3. Uncertainty in Hydrogen Uptake and its Implications on Reservoir Volume
Size Selection and Sample Mass Loading

The total uncertainty in the sample’s hydrogen uptake (i.e., Eq. (5.3)) can be
determined from Egs. (5.11), (5.12) and (5.13). The uncertainty in R is significantly
smaller (1.7E-4 %) than the uncertainties in P, T, V and Z(P,T), hence it is not included
in the uncertainty analysis [281]. The details on the calculation of the uncertainty in
Z(P,T) are given in Appendix A. All the uncertainties associated with Egs. (5.11) and
(5.12) are summarized in

By combining Egs. (5.11) and (5.12), one can calculate the total uncertainty in the
hydrogen uptake at the end of a single step measurement (i.e., absorption kinetics
measurement) from Eq. (5.13).

Table 5.2. Uncertainties of measurements given in Eq. (5.3).

Measured parameter Uncertainty (%) | Source for uncertainty value

Pressure (P) 1 Manufacturer’s data

Temperature (T) 1 Manufacturer’s data (typical for a K-
type thermocouple)

Reservoir volume (Vies) 1 Ref. [271]

System volume (Vys) 3.32 Calculated [in this work]

Compressibility factor for o

hydrogen (Z(P.T)) 0.07 Calculated [in this work] & ref. [282]

Compressibility factor for o

helium (Z"(P.T)) 0.12 Calculated [in this work] & ref. [282]

Universal gas constant (R) 1.7E-4 ref. [281]
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U n U n 2 U n
ity _ (ﬂ) +( ’ “2) ~3.88% (5.13)
AnH2 AnH2 res AnH2

sys

However, often hydrogen sorption measurements include the determination of the
complete isotherm (i.e., PCT measurements) by gradually increasing the pressure in the
sample at a constant temperature. Therefore, the total PCT isotherm comprises numerous
single step measurements, and the total hydrogen uptake of a sample can be calculated
from Eqgs. (5.14) and (5.15) [271]. Nevertheless, the cumulative error analysis for the
complete PCT isotherm is pressure dependent and not studied in this work. In other

words, the analysis given in this work is only valid for a single dosing step.

k
< Pi-(es _ PSyS ) 'V
K K res
G- (P T)RT Z(Po T)RT (5.14)

H -
2 - < Pls(ys B Pls(yé > v
Z(Plgys;T) ‘RT Z(Pls‘y; ¢! ) R-TE! dead

N
Ang,= z Anl, (5.15)
k=1

The sample’s hydrogen uptake is calculated by subtracting the initial hydrogen
content in the reservoir volume from the final hydrogen content in the system volume as
given in Eq. (5.3). Therefore, as the hydrogen content in the reservoir volume increases,
the absolute uncertainty in the hydrogen content also increases which favors using a
reservoir volume as small as possible.

Figure 5.2 shows how the uncertainty in hydrogen uptake varies for different sizes
of reservoir volumes as a function of sample’s intrinsic hydrogen storage capacity (wt.

%) which can be calculated from Eq. (5.16).
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Figure 5.2. The effect of the reservoir volume size in a sample’s hydrogen uptake
uncertainty.

As stated previously, hydrogen sorption measurements are especially problematic
for physisorption based materials where the intrinsic storage capacity is less than 1 wt. %.
The rationale behind this phenomenon is clear from Figure 5.2; the uncertainty in the
hydrogen uptake increases boundlessly as the sample’s intrinsic storage capacity and
sample mass loading decrease. This point is further investigated by varying the sample
mass in a 10 cc reservoir volume, since a small reservoir volume is more likely to limit
the uncertainty in hydrogen uptake.
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Figure 5.3 shows that measurements of a small sample (i.e., less than 0.5 g)
always result in very high uncertainty when using a 10 cc reservoir volume and should be

avoided in high pressure sorption measurements.
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_G|3 g
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— Ies
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T
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Intrinsic Hydrogen Storage Capacity (wt.%)

Figure 5.3. The effect of the sample mass loading in a sample’s hydrogen uptake
uncertainty.

In other words, optimum size of the sample mass loading depends on the size of
the reservoir volume and the sample’s intrinsic storage capacity, and regardless of the
size of the reservoir volume, more sample loading is always favorable. Nevertheless, the
selection of the reservoir volume size also depends on the purpose and the type of the
experiment. For instance, for single step desorption kinetics measurements selecting a

large volume is preferable to keep the back pressure as close as possible to vacuum
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conditions, or for single step absorption kinetics measurements a larger volume is
required to keep the charging pressure relatively constant over the time, and to keep the
system pressure (i.e., charging pressure) close to the initial (i.e., before opening the
isolation valve) reservoir pressure when the intention is to charge the sample with high
pressure. On the other hand, in PCT measurements (i.e., charging sample with multiple

doses) using a smaller volume is desirable due to reasons outlined in this work.
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Figure 5.4. Uncertainty in hydrogen uptake for 0.1% uncertainty in pressure and
temperature transducers, and reservoir volume.

For some materials it is not possible (i.e., it is time consuming and expensive) to
prepare samples (i.e., carbon nanotubes) in gram quantities; in such cases, selecting high

accuracy transducers and smallest possible reservoir volumes can alleviate the problem.
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For comparison, the uncertainty in hydrogen uptake by assuming 0.1 % uncertainty (i.e.,
instead of 1 % uncertainty assumed in generating Figures 5.2 and 5.3) in P, T and Vi
measurements is given in Figure 5.4.

5.3.4. The Effects of Thermal Equilibration Time and the Pseudo Hydrogen
Sorption

The thermal equilibration time is one of the critical factors to be considered for
accurate hydrogen storage measurements in a volumetric apparatus. Considering the
simplified schematic of a volumetric apparatus given in Figure 5.1, if the instrument
enclosure temperature (Zone 1) is different than the room temperature (Zone 2) or there is
a temperature gradient inside the instrument enclosure, the thermal equilibration time
must be considered to minimize the errors.

The thermal equilibration time is an important parameter to be considered at the
start of the measurements (i.e., before opening the isolation valve in Figure 5.1). Since
the temperature reading is taken from the external surface of the reservoir volume, the
actual gas temperature inside the reservoir volume might be different. Therefore, if the
measurements (i.e., P and T) start before thermal equilibration is reached, the change in
gas temperature will result in an increase or decrease of the gas pressure inside the
reservoir volume which in turn will cause erroneous hydrogen uptake values. The effect
of the temperature difference between the thermocouple reading and the actual gas
temperature (i.e., AT) is studied for AT =1 K, 3 K, and 5 K using the real gas equation of

state given in Eq. (5.17),

9 b:
p z (100 K) A NG
Z(pT)=—==1+ ) a, 5.17
D= R AT (Fia) G-17

where the constants a;, b; and ¢; are taken from Lemmon et al. [282].
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Figure 5.5 shows the pseudo hydrogen sorption due to changes in the actual

hydrogen temperature (i.e., AT = T(t ) — T(‘[m))12 for three different calibrated volumes of

PCTPro 2000 (see section 5.2.1 for details) at 100 atm.

20 T T T T
70f £
E
60 =
20
50r 2
=
E 0 05 1 1'5 Large reservoir (1170 cc)
40F - - -

Temperature Difference (AT)

Pseudo hydrogen sorption (mmol)

Small reservoir (160 cc)

Manifold volume (12 cc)
s e S —

0 1 2 3 4 5
Temperature Difference (AT)

Figure 5.5. Pseudo hydrogen sorption as a function of AT at 100 atm.
The larger the calibrated volume the larger the error in the measurements, since
the quantity of hydrogen gas in the larger volume (i.e., large reservoir) is considerably
bigger than the one in the small volume (i.e. manifold volume). The inset in Figure 5.5

shows that even small temperature differences (AT=0.1 K) can cause significant pseudo

"2 T(t,) is the temperature of the hydrogen initially (at t = 0), T(ty) is the temperature of the hydrogen when
it is in thermal equilibrium with the instrument enclosure (i.e., when actual gas temperature is equal to the
thermocouple reading and assuming instrument enclosure is isothermal).
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sorption as the reservoir volume increases. This outcome is also in agreement with the
uncertainty analysis which favors using a reservoir volume as small as possible; however,
as discussed in section 5.3.3, the selection of the reservoir volume size also needs to be
compatible with the goals of the experiment.

5.3.5. Computational Analysis of the Thermal Equilibration Times

From the foregoing discussion, it is clear that thermal equilibration is crucial for
accurate hydrogen storage measurements. Therefore, the necessary thermal equilibration
times for three different calibrated volumes were analyzed using COMSOL (see section
5.2.2 for details). In the analysis, the volume force is included to account for natural
convection. Although, natural convection plays no role at steady state (i.e., all walls are
isothermal), it has a significant effect in the transient regime. Figure 5.6 shows the effect
of the natural convection as well as the orientation of the small reservoir on the thermal
equilibration time.

Figure 5.7 shows the change of the actual hydrogen temperature under isothermal
heating at 301 K for three different AT. The hydrogen gas inside the manifold volume
reaches thermal equilibrium within 30 s at the worst case (i.e., AT = 5 K), due its highest
heat transfer surface area per hydrogen molecule (i.e., a narrow and long reservoir
volume is favored over a wide and short one). However, for both the small and large
reservoir volumes, thermal equilibrium is reached (i.e., AT < 0.1 K) within 300 s.
Therefore, before opening the isolation valve, shown in Fig. 1, it is necessary to wait for
5 min for thermal equilibrium. Figure 5.8 shows the corresponding increase in the
hydrogen pressure due to the temperature increase in the calibrated volumes (initially at

100 atm), for AT=5K, 3 K and 1 K.
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Figure 5.6. The effect of the natural convection and the orientation of the reservoir in
thermal equilibration time for the 160 cc small reservoir volume.

To emphasize the effect of the thermal equilibration time on the measurement
errors, the relative error due to pseudo hydrogen sorption for varying sample mass and
intrinsic storage capacity of a sample is plotted in Figure 5.9. The relative error
percentage is calculated as follows,

E %)= pseudo sorption (mol) <100 (5.18)
FrorLro pseudo sorption (mol)+sample's sorption (mol) '

The results show that the error is quite high especially for low storage capacity
materials (i.e., 0.5 wt. %) when using a small reservoir volume (i.e., 160 cc) even for a
temperature difference as small as 1 K. In accordance with the previous results, the
higher the sample mass loading is the smaller the error. Fortunately, thermal
equilibration time related error can simply be avoided by waiting for the system to reach

the thermal equilibrium.
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Figure 5.7. Thermal equilibration times of three different calibrated volumes for various
AT (i.e., the difference between the actual gas temperature inside the reservoir and the
thermocouple reading). Triangle, square and circle represent the manifold, large and
small reservoir, respectively.
In other words, the errors due to thermal equilibration time are avoidable, not like

the uncertainty errors in calculation of the hydrogen uptake of a sample which can be

minimized but can never be eliminated. For comparison, the relative errors for the
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manifold volume (i.e., 12 cc) and 1 K temperature difference are plotted in Figure 5.10

which shows less than 5 % error in the worst case.
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Figure 5.8. Pressure increase due to temperature increase during thermal equilibration.
Green, red and blue represent AT =5 K, 3 K and 1 K, respectively. Triangles, squares and
circles represent manifold volume (i.e., 12 cc), large reservoir (i.e., 1170 cc) and small

reservoir (i.e., 160 cc), respectively.

5.3.6. Significance of a Proper Experimental Procedure and Material Related Issues
for Accurate Hydrogen Sorption Measurements

The study presented here is focused on the design stage uncertainty analysis of a
volumetric apparatus and the importance of the thermal equilibration time for accurate
measurements. However, most erroneous results reported in published hydrogen sorption
measurements are related to the poor experimental procedures or material related issues,

not due to poor design of an instrument. Therefore, experimentalists should keep in mind
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it is extremely important to follow a very well defined protocol. Every measurement
should start with testing a blank, non ab/desorbing sample (i.e., sea sand), to determine
any systematic error within the volumetric apparatus. The hydrogen quantity desorbed
from a sample should be in accordance with the absorbed quantity under identical

conditions (i.e., isothermal conditions) if there is no sample related issue.

60

-

Small reservoir = 160 ce

Figure 5.9. Relative error due to 1 K temperature increase of the hydrogen gas in the
small reservoir for varying sample mass loading and intrinsic storage capacity of a
sample.
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Figure 5.10. Relative error due to 1 K temperature increase of the hydrogen gas in the
manifold volume for varying sample mass loading and intrinsic storage capacity of a
sample.

For measurements conducted at a higher or lower temperature than the instrument
enclosure temperature (i.e., T,one1 # Tzone2 # Tzone3 in Figure 5.1), there will be temperature
gradients within the sample and the gas surrounding it and needs to be considered for

accurate measurements. Even for measurements conducted at isothermal conditions

throughout the system (i.e., T,one1 # Tzone2 # Tzones in Figure 5.1), the exothermic or
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endothermic nature of the sorption process can cause temperature gradients within the
sample and the gas surrounding it. For more complete discussion of the experimental and
material related issues refer to Gross et al. [269].
5.4. Conclusions

In this study, the design of a volumetric apparatus for high pressure hydrogen
sorption measurements was investigated in detail by an uncertainty analysis considering
the sample mass loading, pressure and temperature transducer accuracy, reservoir and
system volume, and the sample’s intrinsic storage capacity. The sample mass loading is
one of the most important parameters to be considered regardless of the characteristics of
the system and the sample. In general, the higher the sample mass loading the lower the
uncertainty in measurements, and the optimal loading being a function of the sample’s
intrinsic storage capacity. When the material to be tested is not available in gram
quantities (i.e., larger sample mass loading is required for low capacity materials to keep
the uncertainty low), using high accuracy pressure and temperature transducers can
significantly alleviate the uncertainty in the measurements. The reservoir volume should
be as small as possible (i.e., 10 cc) in high pressure sorption measurements to minimize
the uncertainty. For highest accuracy, the system should not contain significantly more
gas than the sample can absorb since the amount of hydrogen in the sample at a specific P
and T is fixed, and the error in measuring this amount will depend on how large or small
this amount is compared to the hydrogen in the gas phase. Moreover, the effect of
thermal equilibration time on the hydrogen storage measurements was investigated. If
there is a possibility (i.e., when the instrument enclosure temperature and the room

temperature are not the same or there is a temperature gradient within the instrument
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enclosure) that the actual gas temperature inside the reservoir volume could be different
than the ambient temperature, then the thermal equilibration time needs to be taken into
account. Depending on the size and shape of the reservoir volume, a temperature
difference as small as 0.1 K can cause significant errors. According to the computational
analysis, a 5 min wait time is required for thermal equilibrium to be established. In
addition, temperature readings should be taken from multiple points, especially if the
temperature gradients within the instrument enclosure are significant (i.e., more than 0.1
K). To minimize the thermal equilibration time, the heat transfer surface area of the
reservoir volume needs to be maximized by using a long and narrow reservoir instead of
a wide and short one.

5.5. Nomenclature

k step number in a PCT measurement

Mgample mass of a sample, g

n gas quantity, mol

n; initial hydrogen content in the reservoir volume, mol
ng final hydrogen content in the system volume, mol
N total number of steps in a PCT measurement

P pressure, MPa

PCT pressure-concentration-temperature

R universal gas constant, J/(mol*K)

t time, S

T absolute temperature, K

Tzonel instrument enclosure temperature, K
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Tzone2 room temperature, K

T7one3 sample temperature, K

U uncertainty

UMF uncertainty magnification factor
A% volume, cm’

Viys system volume, cm’

Vies reservoir volume, cm’

Vdead dead space volume, cm’

Vel sample cell volume, cm’

Vibing@zone2  tubing volume in between the isolation valve and the sample cell in

Zone2, cm’
Z compressibility factor of hydrogen
z"e compressibility factor of helium
Greek symbols
p density of a gas, g/mol
PH, density of hydrogen, g/mol
Psample density of a sample, g/cm’
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Chapter 6. Conclusions

6.1. Overview

In this dissertation work, two types of promising solid state hydrogen storage
materials have been studied. First, spillover enhancement in hypercrosslinked
polystyrene, a porous polymer, is investigated in detail. Two different Pt doped
hypercrosslinked polystyrene samples were prepared by the wet impregnation method
and bridge building technique to study the effects of the spillover phenomenon. The
sample prepared via the bridge building technique (MN270-bridged) showed enhanced
storage capacity (0.36 wt. %) compared to the base sample (0.32 wt. %) at 294 K and 10
MPa; however, the storage capacity of the MN270-bridged is too low for practical
applications. Second, the effects of SWCNTs supported ruthenium (Ru) catalyst on the
kinetics and ammonia suppression in the Li-Mg-N-H complex hydride system, a
reversible hydride, was investigated. Results showed that Ru doped SWCNTs is a
promising catalyst to suppress the ammonia emission in the Li-Mg-N-H complex
hydride. Moreover, structural defects in SWCNTSs are shown to play an important role on
kinetics enhancement in the Li-Mg-N-H system. Finally, the accuracy of the volumetric
hydrogen storage measurements was investigated in detail. Since the progress in the
hydrogen storage research is directly related to the accuracy and reliability of the results
reported in the literature, guidelines are developed through uncertainty analysis and

computational study for accurate hydrogen storage measurements. Main outcomes from
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this dissertation work and the recommendations for future work are further discussed in
the following sections.
6.2. Spillover Enhancement in Pt Doped Hypercrosslinked Polystyrene

The spillover phenomenon within the hydrogen storage context is the dissociation
of the hydrogen molecules over transition metal atoms, and the subsequent diffusion and
bonding of the spiltover hydrogen atoms in the support (i.e., carbon). Despite very
promising results reported in the literature, spillover enhancement remains to be a highly
disputable topic due to contrary results reporting no enhancement at all. The spillover
enhancement was studied for activated carbons and metal organic frameworks (MOFs)
extensively; however, there was no study on polymers. Therefore, the effects of spillover
enhancement in Pt doped (2-5 nm) hypercrosslinked polystyrene (HPS) was investigated.
The surface area is an important parameter (i.e., the higher the better) that needs to be
considered for the highest possible hydrogen uptake at room temperature and high
pressure. HPS was selected due to its relatively high surface area (= 1500 m%/g) as
compared to the hypercrosslinked polyaniline (= 350 m?%/g). The Pt doped HPS samples
were prepared by two different synthetic procedures; namely incipient wetness
impregnation and the bridge building technique. The results showed that the samples
prepared by the bridge building technique performed slightly better (10%) than the
samples prepared by the incipient wetness impregnation method. However, the hydrogen
storage capacity (0.32 wt. %) of the best performing sample was still very low to be
utilized in practical applications. Nevertheless, for the first time, the bridge building

technique was shown to be effective in spillover enhancement in polymers.
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6.3. Effects of SWCNTSs Supported Ru Catalyst on Kinetics and Ammonia
Suppression in the LiINH,—MgH; Complex Hydride System

LiNH,-MgH, (Li-Mg-N-H) is one of the promising reversible hydrogen storage
materials that has been studied extensively. One of the drawbacks of the Li-Mg-N-H
system is NH; emission which is detrimental to the proton exchange membrane fuel cells
even at trace levels. In addition, NH3 emission results in loss of gravimetric capacity over
cycles. Therefore, it is of paramount importance to limit or eliminate the NH3; emission in
the Li-Mg-N-H system for practical applications. On the other hand, sluggish kinetics of
the Li-Mg-N-H system also needs to be improved. According to the proposed reaction
mechanisms, Li ion diffusion plays an important role in the Li-Mg-N-H system and the
single walled carbon nanotubes (SWCNTSs) with defects are suitable medium for Li ion
diffusion. Moreover, Ru doped single walled carbon nanotubes (SWCNTSs) is known to
be an active catalyst for the NH; decomposition. Therefore, synergistic effects of Ru
doped (= 2 nm) SWCNTs on NH; emission and kinetics of the Li-Mg-N-H system were
studied. The pristine SWCNT doped Li-Mg-N-H system showed increased NH3 emission
as compared to the base Li-Mg-N-H sample. However, Ru doped SWCNT including Li-
Mg-N-H sample released less NH; compared to the pristine SWCNT including sample.
The results showed that NH3; decomposition starts at a temperature as low as 200°C.
Nevertheless, it was not possible to eliminate all NH; release. On the other hand, pristine
SWCNTs including Li-Mg-N-H sample showed degraded performance in terms of
kinetics, whereas Ru doped SWCNTs including Li-Mg-N-H sample showed similar
performance as of Li-Mg-N-H base sample. Further studies are required to optimize the
Ru particle size, and better ways other than the ball milling are required to mix the Ru

doped SWCNTs with the Li-Mg-N-H sample to effectively control the structural defects
113



introduced into the SWCNTs. In summary, we have shown that through NH;
decomposition it may be possible to completely eliminate NH; emission from the Li-Mg-
N-H system.
6.4. Accuracy of Hydrogen Storage Measurements

The errors in hydrogen sorption measurements are of major concern in the
hydrogen storage community which impede the down selection process of candidate
materials and set back progress in the field. The volumetric (Sievert’s type) apparatus is
the most widely utilized instrument in the hydrogen storage literature since it is easy to
operate and fabricate and better suited to the rapid screening of the samples. Through
design stage uncertainty analysis, basic guidelines are developed to improve the accuracy
of the volumetric hydrogen storage measurements. The results showed that reservoir
volume should be as small as possible to minimize the uncertainty. In addition, sample
loading has a profound effect on the measurement accuracy. In general, more sample
loading is always favorable. The sample loading amount is an important parameter
especially for physisorption based materials where the intrinsic storage capacity is low.
Another way to improve the measurement accuracy is it to utilize high accuracy pressure
and temperature transducers when the material to be tested is not available in gram
quantities. More importantly, thermal equilibration time within the instrument enclosure
shown to be an important parameter that can affect the measurement accuracy. The
numerical analysis based on COMSOL showed that 5 min wait time is necessary to level
off any temperature gradients due to temperature differences in between ambient and

instrument enclosure temperatures.
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6.5. Recommendations for Future Work

More fundamental research in spillover enhancement is required to address the
discrepancies of the results reported by different labs. Ab initio studies showed that
spillover enhancement has a great potential; however, it is not practically yet possible to
disperse transition metal atoms in the atomic level. Therefore, synthetic procedures to
disperse transition metals in the atomic level are highly desirable.

Further studies are required to optimize the Ru particle size, and better ways other
than ball milling are required to mix the Ru doped SWCNTs with the Li-Mg-N-H sample
to effectively control the structural defects introduced into the SWCNTSs. In brief, we
have shown that through NH; decomposition it may be possible to completely eliminate
NH; emission from the Li-Mg-N-H system.

Further computational work based on the three dimensional thermal analysis of
the volumetric apparatus would be beneficial to the designers of the Sievert’s type
instruments. Moreover, the analysis presented in this study is only valid for single step
measurements (i.e., kinetics measurements); therefore, uncertainty analysis of multistep
measurements, which includes pressure-concentration-temperature (PCT) type

measurements, can also contribute to this field.
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Appendix A. Uncertainty in the Compressibility Factor of Hydrogen, Z(P,T), due to
Uncertainty in Pressure and Temperature Readings

Real gas equation of state (Eq. (A.1)) and the constants a;, b; and ¢; in the equation
of state are taken from Lemmon et al. [282].

Ci

Z(P,T)—1+Z9l: a (102 K)bi ( 1 ;Pa) (A1)

Uncertainty in Z(P,T) due to uncertainty in pressure and temperature readings can

be expressed as follows,

0Z(P,T\* 0Z(P, T\’
(UZ(P,T))2=< <(9T )) (UT)2+( ((91) )> (Up)? (A.2)

Dividing each term in Eq. (A.2) by [Z(P,T)]?> and multiplying the first and second

: : T\2 2% : :
terms on the right-hand side by (?) and (5) , respectively, we can obtain,

2

2 2 2 .
(;(ZI(DP;D :(Z(;T)azgl;n) (%) +(z(ll:, T)azgl;T)> (%) (A:3)

where partial derivatives of Z(P,T) with respect to T and P are given in Egs. (A.4) and

(A.5), respectively.

9
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LT TR
oT LT 2 )\1 MPa
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i=1
By inserting Eq. (A.5), Eq. (A.6), ==0.01 and =£=0.01 into Eq. (A.3) we can
calculate the uncertainty in the compressibility factor Z(P,T) due to uncertainty in

pressure and temperature readings.
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Appendix A (Continued)
At 10 MPa and 300 K, the uncertainty in Z(P,T) is 0.07 %, and the uncertainty in the
equation of state (i.e., Eq. (A.1)) is 0.01 % [282]. Therefore, the overall uncertainty in

Z(P,T) is,

Uzem

ZPT) =\/(0.OOO7)2+(0.OOOI)2 = 0.07 % (A.6)
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Appendix B. Uncertainty in the Compressibility Factor of Helium, ZM¢(P,T)

A helium equation of state (EOS) similar to the hydrogen EOS given in Eq. (A.1)
is under development [283283]. Therefore, we assumed the uncertainty in Z™ due to
uncertainty in temperature and pressure readings is the same as in hydrogen’s
compressibility factor (i.e., 0.07%) as given in Appendix A. On the other hand, helium
EOS in REFPROP 8 software has a 0.1 % uncertainty. Hence, the total uncertainty in Z"°

1s calculated as follows,

UZHC (P,T)

7" (P,T)

=/(0.0007)2+(0.001)2 = 0.12 % (B.1)
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