UC Santa Cruz
UC Santa Cruz Electronic Theses and Dissertations

Title
Design of Materials for Energy Conversion, Storage and CO2 Capture

Permalink

bttgs:ééescholarshiQ.orgéucéitemg3d8818c ZI

Author
Freyman, Megan

Publication Date
2022

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3d8818c7
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFRONIA
SANTA CRUZ

Design of Materials for
Energy Conversion, Storage and CO; Capture

A dissertation submitted in partial satisfaction of
the requirements for the degree of

DOCTOR OF PHILOSOPHY
n
CHEMISTRY

by

Megan C. Freyman

September 2022

The Dissertation of Megan Freyman is approved:

Professor Yat Li, Advisor and Chair

Professor Scott Oliver

Professor Ilan Benjamin

Peter F. Biehl
Vice Provost and Dean of Graduate Studies






Table of Contents

LSt Of FIGUIES.......coiiiiiiiiiiiii ettt e viil
LSt Of TADIES ......oooviiiiiiiiiee et Xiv
ADSEFACT. ...ttt e et e ettt e et e e et e e s bte e b s XV
ACKNOWIEAZEIMENLS ...........oooiviiiiiiiieiiecie ettt ettt e beeseneesee e Xviii
1 INTRODUCTION ..iiiiiviiinsnicssnncsssncssssssssssesssssessssssssssssssssssssssssssssssssssssssssssss 1
1.1 DESIGNING MATERIALS ...c..eeiitieitteniieeieeniteeie ettt st ettt st st 1
1.2 OVERVIEW OF 3D PRINTING ...cuvtiiiiiiiiiiienieenieesite ettt ens 2
1.2.1  Types of 3D Printing.........cccecvureviiiiiieiieie ettt et 5

1.3 STEREOLITHOGRAPHY PRINTING.....cccttiiiiniiinieeniieeieeniie et 6
1.4 DIRECT INK WRITE (DIW) PRINTING.....ccccttiriiieniieeieeeiee e 10
1.5 DIW PRINTING OF ENERGY STORAGE MATERIALS ....ccuveeviiieniieenieeenieeene 11
1.6 DIW FOR PRINTING LIVING MATERIALS.....cccceertieiiiniienieenieeneesiee e 12
1.7 FREEZE CASTING ..eeutetiieuietieteiettetesieseeeestestesteseteseesessestesessenseseesessensesessaneas 13
1.8 DRYING METHODS......ccuiuietiitiieuieiinienieeeeteeesteseteseesesseseesesseseseesessensesesseneas 15
1.9 REFERENCES ....ootiieiietitenieteetetettetestestesestesteseeseseseesesseseesessenseseesessensesesseneas 16

2 3D PRINTING OF LIVING MFC ANODE .......uiiincrercssercssssicsssssssssees 21
2.1 ABSTRACT oottt ettt et ettt ettt et sse st st et e be st eseese s eneeseesenteneesensens 21
2.2 INTRODUCTION ...ocuiriiuieuietiienieteetenteseasesseseesessesseseesassensesessenseneesessenseseesensenes 21
2.3 EXPERIMENTAL....cuiiieuieuietiienieteeteieseesesseseesessesseseesasensesesseseneesessenseseesensenes 24

il



2.3.1  BaACLEria CULLUIE «..oovvveeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeeeee et eeeeeeeeeeeeeeeeeeneneeeeeeennne 24

2.3.2 Bacteria Ink Preparation and Printing...........ccoceeevvenieninnieniencnienenn 24
2.3.3 Methyl Orange Degradation Experiment..........ccccceceveeneriienieneeienene. 25
2.3.4 Preparation and Printing of MFC Living Anode ..........c.ccceeeevieeniiennnnnn. 25
2.3.5 MFC MEaSUIEMENLS.....c..eeriririieriieeieeniie ettt e st et et esieeseeesaneens 26
2.3.6  MFC Stability Test......ecvuiieiieiieeiieiieeie ettt et 27
2.3.7 Materials Characterization ..........ccoceecuerierieriienienieeieneene e 27
24 SHEWANELLA ONEIDENSIS MR-1 VITALITY CHARACTERIZATION .............. 27
2.5 TESTING OF MEC DEVICE.....cccccooiiiiiiieieeee et eeeeeciveeeee e e e eeseavnneees 32
2.5.1 Performance of 3D Printed MFC Anode Compared to Bulk Anode...... 32

2.5.2 Investigation of Improved Power Density of 3D Printed MFC Anode .. 35

2.5.3 Stability Testing of MFC DeVICE.......ccceeviiriiaiieiiieiieeieeieeie e 37
2.6 CONCLUSION......0vttiiieeeeeectitreeeeeeeeeeeceitreeeeeeeeeeesestrereeseeeeeessssrrreeeaeeeensssrrrees 39
2.7 REFERENCES .....oovttttttitteteeeeettereseeeesesreessesssssessssssssssssssssssssssssssssssrsrsrsrsrsr.... 40

3 CARBON HOST MATERIAL FOR LITHIUM METAL FOR USE IN
BATTERIES.......couiiiinininininsensssssnssississsssssssssssssssssssssstssssssssssssssssssssssnsssossosses 48
3.1 ABSTRACT .cooiiieieeeeeteeeeee e eeeeeee e e et e et e e e e e e ee e e aeeeeeeeeeeesentrareeeaeeeens 48
3.2 INTRODUCTION TO LITHIUM BATTERIES .....ccocccueriiiiiniiiiiieiieniecie e 49
33 CARBON HOST STRUCTURES FOR LITHIUM METAL.......cccccovvvrreeeeeeeeeenrnnneen. 51
3.3.1 Lithium Interaction with Carbon Host Material .............cccceevierviennennne. 52
3.3.2 Polymer Electrolyte Interaction with Carbon Host Material................... 52
3.3.3 Structural Integrity of Carbon Host Material............ccccoceeviiieniiniinnnnnne. 53

Y



34 RESORCINOL FORMALDEHYDE (RF) BASED CARBON........ccvvveeeiiiieeeinnn. 54

35 EXPERIMENTAL.....covtvtttttttreeeeeeereeererseeresesesesessssssssssssssssssssssssssssssrsssrsrsrsrsr... 55
3.5.1 Synthesis of Resorcinol- Formaldehyde (RF) printed part...................... 55
3.5.2 KOH Etching of RF Carbon Part...........ccccoccviviiiiniiiiiiieieeieeeee 56
3.5.3 Characterization and Processing............ccceecveerueenieeieenienieenieeeeeeeeens 56

3.6  PRELIMINARY RESULTS OF RF PRINTING.......ccccoiiiiiriiiiiiiiieniiciecieeieeen 57
3.6.1 KOH Etching of RF Printed Part............cccoccoiviiiniiiiiiieeeeeee 58

3.7 CONCLUSIONS AND FUTURE WORK ....vvvviiiiiiiiiiirreeeeeeeeeeeireeeeeeeeeeeseannneees 60

38 REFERENCE ......cevvtttttittiiteteeeeeeeereeeserseeeesesssssessssssssrsssssssssssssssssssrsrsrsrsrsrs.... 61

4 CO; CAPTURE USING CELLULOSE BASED CARBON MATERIALS 64

4.1 ABSTRACT cooiiieeeeeeteeeeee e e eee et e e e e e ee et a e e e e e e eeeenseatbarreeaeeeens 64
4.2 INTRODUCGTION ....ccvvvvvvverrereeeeererereressrersserssesessssssssssssssssssssssssssssrsrsrsrsrs.... 65
4.2.1 Current Impacts of Climate Change ...........ccccoeeeeriienieniiienieeieeeeeieene 65
4.2.2 SoUICeS OF CO2uueiniiiniiiieiiieieeeeeeee ettt 65
4.2.3 Solid State CO; Sorbents vs Liquid CO2 Sorbents............cccceeeveerurennenn. 66
4.3 CHARACTERISTICS OF CARBON MATERIALS FOR CO2 CAPTURE.................. 67
4.3.1 Background of Cellulose Material............cccoceeviiniienieniiciecieeieee 68
4.4 EXPERIMENTAL.....covvvttttttereeeeerereeereeseeeesesesesessssssssssssssssssssssssrsssssrsrsrersrsrsr... 70
4.4.1 Formulation of nanocrystalline cellulose puck...........cccecvevieriiiniennnn. 70
4.4.2 Formulation of microcrystalline cellulose puck ..........cccccoevivriiiniennnn. 71
4.4.3 Liquid nitrogen freeZING ........cceevviierieriieriieeiieiieeteerieeeteeiee e eeee s ens 71
4.4.4 Washing of carbonized cellulose parts ..........cccceeveeieiienciienienieeieeee 72



4.4.5 CO2 UPtaKe tEStING ..ovvieriieiiiieiieeie ettt ettt ettt et ste et e eaeeeeesane e 72

4.4.6  CharacteriZatiOn ........c.ceeueeeveerieerieesiieeteerieesteeteesreesseeseseeseassseenseesaseans 73
4.5  EFFECT OF SURFACE COATING ON CO2 UPTAKE OF CCNC SAMPLE ............ 74
4.6  CARBON STRUCTURE INFLUENCE ON CO; UPTAKE OF CCNC SAMPLE ....... 77
4.6.1 Effect of Dry Ice Freezing on CCNC Structure...........coeeveevveerieenieennnnne 78
4.6.2 Effect of Liquid Nitrogen Freezing on CCNC Structure.............c.c........ 79
4.6.3 Effect of Structural Changes on CO; Uptake in CCNC Samples........... 83
4.7 EFFECT OF CELLULOSE PRECURSOR PARTICLE SIZE ON CO2 UPTAKE ......... 85
4.8  EFFECT OF STRUCTURE ON COz UPTAKE IN AMCC SAMPLE...............c....... 88
4.9  XPS CHARACTERIZATION OF AMCC AND CCNC SAMPLES.......cccccevveennnenne 91
4.10  CONCLUSIONS AND PROPOSED FUTURE WORK .......ccccccverieiiiiiniiiiiiienene 92
411 REFERENCE .....ccctttiiieitiieeeeiieeeeeeitteeeestaeeeesasaeeessssaeeeasssesesansssseesasssseeannns 94

5 REACTIVE CAPTURE: INTEGRATION OF CARBON CAPTURE AND
CONVERSION .uccuuiiiiinisninsnnseissecssissesssicsssssessssssssssssssssssssssssssssssssesssssssssssssssssasssess 929
5.1 ABSTRACT oiiteee ettt e ettt e e ettt e e e et e e e e eetbeeeessabaeaeesnssaeeeanssseeeeenssaeeeennnnees 99
5.2 INTRODUCTION .....iiiiiiieeieeiiiiiieeeeeeeeeeietreeeeeeeeeessnnsssaeeesesesssssssssseeeessansnnes 100
53 REACTIVE CAPTURE OVERVIEW .....ccooiiuvvreeieeeeeeeiiiirreeeeeeeeeeeeiinrneeeeeeeeesnnnns 103
5.3.1 Electrochemical Reactive Capture Strategies .........cccceevverveerreenereennen. 104
5.3.2 Thermal Reactive Capture Strategies..........ccceerveerueeneeenieenieeieenreennen. 104
5.3.3 Biological Reactive Capture Strategies ..........ccceeveervrereeerveerieenreennen. 105

5.4 REACTIVE CAPTURE STRATEGIES: CO7 AFFINITY AND TARGET SOURCES .. 106

5.4.1 Direct Air Capture......cccveeiieniieeieeeiieeieeeie ettt et e see e seaeeaeeseneeneees 107

vi



542 FIUC GAS .vviiiiiieiiesieee ettt et 108
5.4.3 Preliminary Reactive Capture Testing.........ccccecveevuierieenieniieienieenen. 110
5.5 REACTIVE CAPTURE PROCESS CONSIDERATIONS.....ccvviieeeeeieiirreeeeeeeeeeninnns 112

5.6 REACTIVE CAPTURE PROCESS PARAMETERS: CO-REACTANTS, RATES,

PRODUCTS, AND OTHER CONSIDERATIONS ......ccutttttirereeeeeeereeererererereresessrereseesseseeeee 117
5.7 MATERIALS CHALLENGES......ccectsteietieteietieteneeneesesseneeseeseseseesessensesessensns 122
5.8 FUTURE OUTLOOK ...c.ceuvetiienierieienienieteeteeestesesseneesessesseseesenseseesessensesessensns 123
5.9 REFERENCES ....ocieuiitiieiietieieiettetetentete ettt ete st et esessenaeseesenseseesessenseseesensens 125

vii



List of Figures

Figure 1.1 Philosophy on Materials Development ...................c...coccoiiiniininnnnn. 2
Figure 1.2 Introduction of Part Design to 3D Printer .................ccccociiniininnnen 3
Figure 1.3 Figure Showing the different Scale and Methods of 3D Printers and
Software. Reproduced With Permission Copyright 2015, Elsevier *....... 5
Figure 1.4 Simplified Diagram of Stereolithography Printing System.................. 6
Figure 1.5 Simplified Schematic of DIW 3D Printing. (a) schematic of printing
part. (b) Schematic of different extrusion methods. Reproduced With
Permission Copywrite John Wiley and Sons 2013.16.............cccooevvnnees 11
Figure 1.6 Overview of Freeze Casting Process from Starting Material to Final
Application. Reproduced With Permission Copyright John Wiley and
SONS 2020. 23 ...ttt 15
Figure 2.1 Shows the vitality of the microbes and qualitative structural
characterization.(a) — (b) confocal microscope image collected from the
edge of the living structure with fluorescent live/dead dye, (a) is with
fluorescence off (b) is with fluorescence on, green micro-rods show living
bacteria, red/orange micro-rods show dead bacteria (c) — (¢) Show digital
images demonstrating the mechanical stability of the 3D printed living
SETUCTUTES. .ttt ettt ettt e sbe e e saee e e neee 29
Figure 2.2. Shows a 3D bar graph of the methyl orange (MO) dye degradation

over four cycles. C/C, is the normalized MO dye degradation

viii



concentration over 8 h, over 4 cycles. The optical images show vials
MO dye before and after being exposed to the 3D living structure. . 31
Figure 2.3 Incorporation of acetylene carbon black to living ink to create a
conducive 3D printed living MFC anode. The first left most optical
image shows the starting 3D printed living structure followed by the 3D
printed living MFC anode after the incorporation of acetylene carbon
black and the subsequent incorporation into the MFC device. The bottom
diagram shows the MFC device with acrylic plates sandwiching the
anode chamber containing the 3D printed living MFC anode in a chamber
which will be filled with sterile LB media, separated from the cathode
chamber by a cation exchange membrane, the cathode chamber contains a
carbon cloth cathode the chamber was then filled with ferricyanide
phosphate buffer electrolyte. ..........cccoevieriiiiieiiiiiecee e 33
Figure 2.4 Power Density and Polarization Curves for Microbial Fuel Cell. (a)
The blue curve corresponds to the power density plot of the 3D printed
living MFC anode, the red curve shows the polarization curve. (b) Shows
the power density curve in blue and polarization curve in red of a solid
living MFC anode similar in dimensions and composition as the 3D
printed living MFC anode...........ccccovvievieiiniiniieniecceseeeee e 35
Figure 2.5 Nyquist plots obtained from a living 3D printed anode (red curve)
and a solid block living anode of similar size and composition (black

curve). Dots correspond to experimental data, while the solid fitted curve

X



is calculated based on the inserted equivalent circuit. In this circuit Ro
represents the Ohmic resistance of the electrode, C is a capacitor and CPE
is a constant phase element. Ret1 and Rt are charge transfer resistances.
W is the Warburg diffusion element..............ccoeeueevieeiieniieniienieeieeene 37
Figure 2.6 Current-time plot of the MFC device, blue dashed lines indicate
solvent exchange of both catholyte and anolyte. SEM images show the
living MFC anode at the start and end of the current time
MEASUTEIMENES. ........ocoiiiiiiiiiiiiiieiiete et 39
Figure 3.1 Diagram of Lithium Battery. (a) shows standard battery and movement
of lithium ions. (b) Shows formation of lithium dendrites. (c) shows
proposed carbon host materials. ...........cceeveeriiieriiiiiinieciee e 50
Figure 3.2 Diagram of Desirable Carbon Host Material Qualities. (a) Lithium
nucleation and proper dispersion on surface during plating and striping of
lithium metal. (b) Wettability of polymer electrolyte to surface of carbon
to ensure good electrical connection. (c) Survivability of carbon part
under compression when used in coin cell. .........coccoeviiiiiiiiiiiiiiinien. 51
Figure 3.3 Condensation Reaction of Resorcinol Formaldehyde to Produce Final
Polymer. Reproduced With permission Copyright Elsevier 2013.!!...... 55
Figure 3.4 Demonstration of Preliminary 3D Printing of RF Part. (a) Optical
microscope image which shows the freeze-dried part before
carbonization. (b) Shows post carbonized RF part. (c) Shows the interior

of the final carbonized RF part. .........cccoovvieiiiniiiiniiiiiceeeeeeeee 58



Figure 3.5 SEM images of pre and post KOH etched RF samples. (a-b) show pre
KOH etched samples (d-f) show post KOH etched RF samples. ............ 59
Figure 4.1. Schematic Representation of CO; Interaction with the Surface of a
Carbon Material ...............cooooiiiiii e 67
Figure 4.2 Schematic of Desired Oxygen Functional Groups for CO; Capture. 68
Figure 4.3 IR Spectra of Nanocrystalline Cellulose Compared to
Microcrystalline Cellulose. Insert shows the cellulose polymer........... 70
Figure 4.4 CO; Uptake Data for CCNC Sample Frozen with Dry Ice, and
Corresponding SEM Images. (a) Shows CO» uptake data for 10 kPa
CO; uptake pressure at 25 °C in blue and 40 kPa partial CO uptake
pressure at 25 °C is shown in yellow. (b-d) correspond to SEM images of
the CCNC part at 500 nm, 1 um, and 5 pm respectively. ........c.cccvenenn. 75
Figure 4.5 CO; Uptake Data for both Unwashed and Washed CCNC Sample
Frozen with Dry Ice, and Corresponding SEM Images of Washed
CCNC Samples. (a) Shows CO; uptake data for 10 kPa CO; uptake
pressure at 25 °C in blue and 40 kPa partial CO uptake pressure at 25 °C
is shown in yellow. (b-d) correspond to SEM images of the CCNC part at
500 nm, 1 pm, and 5 pum respectively. ....ccoovveecieerieniienieeieeiee e 77
Figure 4.6 SEM Images of Washed Dry Ice Frozen CCNC Sample. (a) and (b)
show side 1 of the CCNC monolith while (¢) and (d) show side 2 of the

CONC MONOIITA. ettt eeeeeeeeeeeeneeennees 79

Xi



Figure 4.7 Unwashed Liquid Nitrogen Frozen CCNC. (a) corresponds to 500 pm
scale image (b-d) correspond to 10 um images of the three regions of
TIEETEST. ettt sttt ettt st b et ebtenbe et st 80
Figure 4.8 Pore Distribution of Liquid Nitrogen Frozen CCNC sample in green
compared to dry Ice frozen sample in pink, both unwashed............. 82
Figure 4.9. Washed Liquid Nitrogen Frozen Sample CCNC. (a,b) corresponds to
500 um scale image (c-¢e) correspond to 20 um images of the three
TEZIONS OF INEETESE. ..eovviieiiieiiieiieiie ettt et e e e ens 83
Figure 4.10. CO; Uptake for Washed and Unwashed Dry Ice and Liquid
Nitrogen Frozen CCNC Samples at 10kPa and 40 kPa of Pressure at
25 0 e 85
Figure 4.11 CO; Uptake Data for Unwashed and Washed AMCC Sample Frozen
with Dry Ice, Corresponding SEM Images. (a) shows the initial uptake
data for 10 kPa in blue and 40 kPa in yellow. (b) shows an unwashed
AMCC sample, while (c) shows a washed AMCC sample...................... 87
Figure 4.12 SEM Images Comparing (a) Dry Ice Frozen AMCC sample and (b)
liquid nitrogen frozen sample. .................cocooiiiiiiiiiinie 88
Figure 4.13 BET surface area and BJH pore size distribution for a comparison
of dry ice and liquid nitrogen frozen AMCC samples........................ 90
Figure 4.14 CO; Uptake Comparison Between Unwashed Dry Ice and Liquid

Nitrogen Frozen AMCC sample..............cocooiiiiiiiiiiniiiiiiniiiecnes 91

Xil



Figure 5.1 Comparison between separate capture and conversion versus reactive
CAPLUTE SYSTRIMLe......iiiiiiiieiiiieiiieeeieeertee et te et ee et e e siaeeebaeesabeeesabeeenes 102
Figure 5.2 Schematic illustrations of three RC categories discussed, helping to
show in broad strokes where CO2 is capture and then subsequently
CONVEIted. .......ocooiiiiiiiiiiiiiii e 103
Figure 5.3 A schematic diagram showing the major gas sources and products
produced by RC technologies. ...............ccccceeeviiiiiiiiiniiiinieeeieee, 112
Figure 5.4 Plots to illustrate the (a) CO, uptake and conversion temperature; (b) Total
pressure of CO; uptake and conversion of existing RC technologies. Blue
and orange circles represent uptake and conversion, respectively. ....... 116

Figure 5.5 A schematic illustration of an ideal RC systems.................cc...cccoe.. 125

Xiii



List of Tables

Table 1.1 Four different methods of Stereolithography Printing and Their
Corresponding Parameters. Reproduced form Huang etal.?................. 9
Table 3.1 XPS atomic percentage of pre and post KOH etched DIW printed
carbonized RF part.............ccooooiiiiiiiiiie e 60
Table 4.1 XPS data for CCNC and AMCC samples ..............ccooeverviiiiniieeninnnnn. 92
Table 5.1 Summary of additional reagents required for CO: conversion of CO;
in RC systems, and their corresponding product, product yields and

Production rate MetriCs............c.coevvvierriieiiiienieeeieeeee e 118

X1V



Abstract

Design of Materials for Energy Conversion, Storage and CO:

Capture

Megan C Freyman

I will discuss the design of functional materials for energy conversion, storage,
and CO; capture projects. Chapter 1 introduces two different methods, 3D printing and
freeze casting, to provide a desired structure to a material. Two different approaches of
3D printing will be explored: stereolithography and direct ink writing. We will also
look at freeze casting as a method to introduce a templated structure, based on the
formation of ice crystals, to a material. We will then discuss common drying methods
coupled with these techniques to preserver the desired structure.

Chapter 2 focuses on the development of a conductive 3D printable living ink
containing Shewanella Oneidensis MR-1, for use as an organic matter oxidizing anode
in a microbial fuel cell to generate bioelectricity. The capability of printing living and
functional 3D bacterial structures could open new possibilities in design and fabrication
of microbial devices as well as fundamental research on the interactions between
different bacterial strains, electrode materials, and surrounding environments.

In the second project shown in Chapter 3, I extend the synthetic capability to

the high resolution direct-ink-write printing of resorcinol-formaldehyde based

XV



materials. Highly conductive carbon scaffolds with well-defined porous structures can
be derived from these 3D printed polymer materials via a combination of freeze drying
and carbonization processes. 3D printed carbon structures can be implemented as a host
material for lithium metal for use as an anode in solid-state batteries to improve their
cyclability, safety and energy density.

I will present some preliminary results on using cellulose-derived carbon
materials for CO: capture in Chapter 4. The goal is to improve the understanding of the
inherent structure and composition of the cellulose-carbon materials interplay with
their CO> capture ability. The cellulose material will be used without chemical
modifications to the starting cellulose material. CO» capture will be achieved through
the inherit surface functional groups and structure which can be introduced via freeze
casting.

In Chapter 5 I will present an intensive literature review to show the current
state of reactive capture technologies. Carbon dioxide (CO;) capture and CO>
conversion have traditionally been treated as distinct application areas with non-
overlapping research programs. However, the integration of capture and conversion
processes presents an opportunity to eliminate energy penalties, costs, and logistical
hurdles inherent in the separation of CO> from mixed gas streams, regeneration of the
capture material/solvent, compression of CO», and transport to a conversion facility.
By integrating the two processes, which we term “reactive capture”, CO2 can be
separated from a mixed gas stream and converted to valuable products using process

steps that eliminate sorbent regeneration, CO2> compression, and transportation.
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1 Introduction

1.1 Designing Materials

When designing a material, it is important to think about the final application the
material is being built for. The structure and chemical composition need to be
considered, both for how they will influence each other and how they will affect the
end goal performance. There is a feedback loop between the material chemical
characteristics and structure (Figure 1.1). The chemical composition influences the
structure and vice-versa. Iterating is a critical part of achieving a goal material. By
using these building blocks we can carefully optimize the material for the desired

application to further improve technology.

When building a material there are two opportunities to influence the
performance: during initial formulation and manipulations after ‘curing’ the final part.
The ‘curing steps’ which we are going to focus on for this work are carbonization and
ionic crosslinking for curing 3D printed part. We will explore two methods to introduce
structure to a material during formulation: templating through freezing and direct ink
write 3D printing. We will then look at KOH etching and washing a post carbonized
carbon material as a way to introduce further porosity and surface modifications to a

material.



Material Structure

Chemical Composition

Figure 1.1 Philosophy on Materials Development

1.2 Overview of 3D Printing

Additive manufacturing (AM) or 3D printing is defined as: “the process of
joining materials to make objects from 3D model data layer upon layer, as opposed to
subtractive manufacturing methodologies, such as traditional machining”!. There are
many different methods of additive manufacturing or 3D printing each with their own
unique features, and material needs. 3D printing has advantages over other
manufacturing methods as it reduces waste, and can be used to introduce a desired

inherent structure to a finished parts.> The designed structure can aid in different



functionality of the final part depending on the material the part is made of including
(but not limited to): strengthening the final part, and opening up of porosity to help
improve diffusion of gas or liquid. During 3D printing the desired part design is first
built often using a CAD software. This part is the sliced into layers by software, this
sliced file can then be converted to a G-Code file which can be read by the 3D printer.
The printer will then build the part layer-by-layer.? This process is shown in Figure

1.2. This method of building up the part layer by layer is shared by all different methods

of 3D printing.
Generate
G-Code File
For Printer to
= Use
Desired Shape Céi?gnﬁslﬁcv;gh Final Printed Part
Into Layers

Figure 1.2 Introduction of Part Design to 3D Printer

Figure 1.3, reproduced from Gao et al.* shows the different 3D printers and
software available at the time the review was written in 2015. This is a very interesting
figure as it shows the type of materials which are being used (mainly plastics and
metals) by commercial areas. On the left it also shows the timeline of development for

these 3D printer devices from 1986 to 2014. It can be seen that initially these machines



started out just in industry, then closer to 2014 more machines were devolved for
hobbyist users.* While 3D printing is not yet used ubiquitously in industry, it is gaining
a foothold, Boeing is currently using 3D printed parts inside of their aircraft.> With
further demonstration of the integrity of printed parts under a variety of conditions and
a reformatting of manufacturing process 3D printing is set to find an industrial future.
A limiting factor of 3D printing is the time it takes for buildup of layers and limits to
size of the build based on machine size constraints. These size constraints can come
from the platform on which the material is being built and the range of motion of the
print head. The time problem of building layers is at the intersection of the mechanical
aspects of the machine and the properties of the material which you are using to build
the part. Both are complicated problems to solve to scale up and diversify the uses of
3D printing. 3D printing embodies the philosophy capture in Figure 1.1, how the
formulation of the ink will affect the functionality of the final part as well as the printing
process. In addition, attention needs to be paid to how the structure imparted by 3D

printing will affect the final performance of the part.
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Figure 1.3 Figure Showing the different Scale and Methods of 3D Printers and

Software. Reproduced With Permission Copyright 2015, Elsevier *

1.2.1 Types of 3D Printing

There are currently many different types of the 3D printing in use today, spanning
a diverse range of feature sizes from nanometer to construction scale parts.®’ There are
two general methods for how 3D printing can build up layers: through the melting or
joining material together to generate the layers, or through curing of a soft or liquid

material to build the part.® I would like to focus on two techniques, stereolithography,



which cures photosensitive resin to build up layers and direct ink write printing, which

builds up layers of curable ink.

1.3 Stereolithography Printing

Stereolithography printing emerged in the 1980’s and is one of the oldest forms
of 3D printing. Figure 1.4 shows the simplified diagram of how stereolithography
printing works. A Ultra-Violet (UV) light source is used to selectively cure a

photosensitive resin.’
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Figure 1.4 Simplified Diagram of Stereolithography Printing System

Huang et al. has discussed four different types of stereolithography, shown in Error! R
eference source not found., these categories are: scanning, projection, continuous, and

volumetric.’



In the scanning method a laser beam is scanned over the resin bath, curing the
resin as it moves. The laser can move in the X-Y direction while the stage (holding the
resin bath) moves in the Z-Direction. This method however can introduce optical
distortion to the beam and effect the final printed part. Different methods were
introduced which have a fixed beam while the stage (and the resin bath) move in the
X,Y and Z direction, helping to solve the optical distortion problem.’ Standard scanning
stereolithography methods utilize one laser, however a second scanning technique
called two-photon polymerization exists which can be used to achieve sub 100 nm
resolution. High resolution is achieved through using two femtosecond lasers which
can produce very narrow feature sizes.”!* This technique has been demonstrated to
produce parts at the nanometer feature scale with applications in a variety of fields such

as: microoptics, electronics and biomedical.!

Projection stereolithography utilizes masks to project images onto a layer of
curable resin, forming the desired shape/pattern, another layer of curable resin is
introduced and cured using the desired mask. Following the diagram presented in
Figure 1.4 the mask would be projected onto the print stage/resin layer which would
then move in the Z-direction. This allows for a full layer of the part to be cured at once.
However it is time intensive to utilize these masks to build up these layers (Error! R
eference source not found.).? Projection micro stereolithography (PuSL) is an attractive
projection technique which can produce parts with resolution between 0.6 pm and 30

pum. This technique utilizes a digital micromirror device (DMD) to project the masks



on to the resin. This technique has be used to produce complicated microstructures with
a variety of materials, with applications in biomedical, optical, aerospace and robotics

industries.!!

Continuous stereolithography is like projection stereolithography except the
interface between resin and light source is through some type of glass or oxygen
permeable window at the bottom of the resin tank, rather than at the air-resin interface,
at the top of the resin tank. Subsequently the projected image is through the bottom of
the resin tank (in the Z-direction) the stage/build platform is above the resin tank and
will be lowered in the Z-direction where the image will be projected at this window-
resin interface. As the part is built and cured the build platform will raise up (Z-
direction) and out of the resin tank. In this process as photopolymerization is prevented
between the window and the resin by creating an ‘oxygen-containing dead zone’.” This
method has the ability to decrease the print time necessary compared to standard

projection stereolithography (Error! Reference source not found.).

A very exciting recent development is volumetric printing. In this method, 2D
images are projected onto a photosensitive resin from multiple angles, when these
images intersect, they form a 3D image and cure the resin. This method does not require
a stage or supports and produces a fully formed part in-situ in the viscous resin bath. !2
This method has the potential to have orders of magnitude faster manufacturing time

(Error! Reference source not found.).”!2



Table 1.1 Four different methods of Stereolithography Printing and Their
Corresponding Parameters. Reproduced form Huang et al.’

. Printing System Printable .
Stereolithography Speed Resolution Size Light source
Scanning
speed: A few Fromtensto UV light (Fs
. hundreds to microns
Scanning hundreds of  laser source
thousands of  (~100 nm for millimeters for 2PP)
millimeters ~ 2PP system)
per second
A few
- Tens of microns Tensof  UV/Visible
Projection millimeters (typically - )
millimeters light
per hour greater than 5
microns)
Hundredsof  mmicten Tens of
. unarecs o crons millimeters UV/Visible
Continuous millimeters (typically .
Tens of light
per hour greater than 5 1
. millimeters
microns)
Greater the 30 ~ 300 From tens to
Volumetric 105 mm? per . hundreds of UV light
microns .y
hour millimeters

Stereolithography printing has specific requirements for feedstock materials to
ensure the achievement of a final 3D printed part with the desired functionality. Prints
are subject to defects such as steps forming in the surface of the part as a result of layer
build up and distortion or merging of desired features. Parameters of a desirable resin
feedstock include: (1) The part must be able to photopolymerized at the desired
wavelength needed for the stereolithography printer, following a desirable

polymerization rate to achieve a good resolution print. (2) Any component which is

added to the polymer resin must not disrupt the light source and effect the curing. (3)



The resin must have a desirable viscosity to produce a clean print. (4) After printing
most materials will need to be post cured to produce a final part with the desired
functionality. It is important that the resin used does not suffer from further distortion

(such as shrinkage or warping) during the final processing or curing method. '3

1.4 Direct Ink Write (DIW) Printing

DIW is a 3D printing method which can use a wide variety of materials. If the
material is flowable and curable it is likely that it can be printed.!* The principle of
generating the part is still the same, a design is created and converted to G-Code
(Figure 1.2) then using the printer is built layer by layer to a finished part. In a DIW
printer system the print platform can be fixed and the print head moves in X,Y and Z
directions to build the part, or the stage and the print head can both move in X,Y and Z
directions. Figure 1.5a shows a simplified schematic of a DIW system. Fundamentally
DIW printers are very similar, what gives them their versatility is the ability for the end
user to build highly customizable inks which using DIW printing can be endowed with
a desirable architecture. DIW printing normally gives feature sizes, on the order of
millimeter to micron, the feature size is a direct result of the size of nozzle through
which the ink can be successfully extruded.'* DIW methods have the ability to print
multiple materials in the same part. Multimaterial printing can be achieved through
printing of material with separate print head for each ink or a print head which has

incorporated microfluidic devices to achieve a core shell design.!® Figure 1.5b shows
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different methods for which the ink can be extruded in a DIW device, pneumatic

pressure, piston, and screw.'®

(a) (b) Robotic dispensing

pneumatic piston screw
inlet

g

Y '

L s N N
Figure 1.5 Simplified Schematic of DIW 3D Printing. (a) schematic of printing part.
(b) Schematic of different extrusion methods. Reproduced With Permission Copywrite

John Wiley and Sons 2013.1°

Because of the variety of different types of ink which can be printed DIW printing can
be applied to many different fields. I would like to focus on their application in two

different fields: energy storage, and printing of living microbes.

1.5 DIW Printing of Energy Storage Materials
3D printing has been demonstrated for printing of cathodes, anodes and solid
electrolyte in battery and energy storage devices.!” In addition to ink jet printing, the

DIW technique is the most widely used technique when applied to energy storage
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devices due to the wide range of inks which can be used.!® The structural control
provided by DIW printing allows for tuning of porosity which can improve the ionic
diffusion, optimize the energy and power density.!”!° There are some drawbacks to 3D
printing of energy storage device materials. The layer by layer building of the part and
in the introduction of further porosity can decrease the mechanical strength compared
to a part which is manufactured using traditional methods.!® In addition any material
not only must perform as desired for the energy storage application but must also be
able to be printed. This can lead to a delicate balance between maintaining the desired
functionality of the material and introducing other components, such as viscosifiers to
improve printability, which may decrease conductivity or effectively dilute the active
component of the ink. The most common way for DIW to be implemented in an energy
storage device is the through the printing of an electrode. There are a wide variety of
inks demonstrated in literature'®!” Most commonly a conductive carbon additive is
used, in addition to the desired metal, such as LisTisO12 for lithium-ion batteries,
additional additives such as Pluronic F127 or cellulose can be added to aid printability,
the ratio of these components can be tuned with the solvent to perfect the printability
of the ink. Post processing, such as carbonization, or UV-curing, will be dependent on

the ink formulation and the desired final performance of the printed part. %1

1.6 DIW for Printing Living Materials
The ability to directly print living microorganisms in a living bioink, has

applications in a wide variety of fields: including medical, bioremediation, bioenergy
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and bioproduction of desirable materials. It is desirable to be able to embed living cells
or microbes into a matrix to help provide protective environment, and a method of
immobilization. DIW 3D printing can also help create distinct distributions of the living
microbe or cells inside the of the living part.?2! The ability to concentrate functional
cells or microbes into a substrate allows for the harnessing of the living cell or microbes
innate ability and a way to couple different types of microbes together to achieve a dual
functional device.2 When building a living ink for DIW printing, not only must the
printability be considered but the survivability of the living microbe or cell. The living
microbe or cell must be compatible with the ink components, and the method used to
cure the printed ink must maintain the vitality of the living component. Common
materials used to generate living inks include: agarose solution, Pluronic F-127,
hyaluronic acid and k-carrageenan, alginate, nanocellulose and polyethylene glycol
diacrylate (PEGDA).2? Microalgae has been embedded in an alginate, methyl cellulose
ink for use as a way to generate oxygen in medical applications. Biophotovoltaics were
generated through the incorporation of cyanobacteria in a ink based with bionic

mushroom, polysiloxane, graphene nanoribbon based ink.2°

1.7 Freeze Casting

Another method to introduce internal structure is through freeze casting. In freeze
casting a desired component is incorporated into a solvent, liquid or in a gel, this is then
introduced to a cold plate or fully submerged in a cold component like liquid nitrogen.

Through freezing of the solvent or surrounding gel an ice template is introduced. The

13



frozen solvent commonly removed through sublimation. Figure 1.6 is reproduced from
Gurlo et al., shows a schematic of the freeze casting process and outlines the current
progress in freeze casting, showing materials used, different pore structures which can
be formed and then final applications.?* After removing the frozen solvent the desired
templated material is left behind for post processing.>2°> A variety of materials have
been templated using freeze casting including: ceramics, polymers,
biomacromolecules, metals and carbon nanomaterials.?® During freeze casting intrinsic
and extrinsic methods can be used to modify the pore structure. Intrinsic modifications
are through adding something to the freezing matrix which will manipulate the pore
formation. This can be done through secondary additives, manipulation of the starting
particle size, and the concentration of the desired material in the solution.?® Extrinsic
modification methods are through the application of an external force to the freezing

matrix.?’
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Figure 1.6 Overview of Freeze Casting Process from Starting Material to Final

Application. Reproduced With Permission Copyright John Wiley and Sons 2020. 23

1.8 Drying Methods

There are three major methods to remove solvent from a final 3D printed or
freeze-dried part: super critical drying, freeze drying or ambient air drying. Super
critical dying is not as suited to freeze dried parts as component to be dried must be in
a liquid solvent. In supercritical drying a solvent is chosen which is miscible with a
liquid gas, a common combination is acetone and liquid CO». The acetone is replaced
with liquid CO; at low temperature. The temperature is then ramped under pressure
transition the liquid CO; to gas, after which the gaseous CO; is vented. This method
for extraction of the solvents mitigates the formation of capillary interactions during

drying, helping to preserve the structural integrity of the material.?’ In freeze dying, a
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frozen solvent is removed from the part through sublimation, also preventing pore
collapse due to a lack of capillary forces. This method is well suited for freeze casted
parts. In ambient air drying the part is left exposed to the atmosphere for the solvent to
be removed. This method is cheaper as it does not require any specialized equipment.
However, there is a risk of pore collapse during the drying process. To slow the drying
speed a solvent with a higher vapor pressure can be used, or a humid environment can

be maintained around the part. 2’
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2 3D Printing of Living MFC Anode

2.1 Abstract

The capability of preparing 3D printable living inks provides a unique way to
harness the activity of microbes and use them in functional devices. Here we
demonstrate the incorporation of the living bacteria Shewanella Oneidensis MR-1 (S.
Oneidensis MR-1) directly into an ink used for creating 3D printed structures.
Significantly, S. Oneidensis MR-1 survives the 3D printing process by showing
prominent activity in degrading the methyl orange azo dye. Through the addition of
carbon black to this ink, we further demonstrate the direct printing of a living microbial
fuel cell (MFC) anode. To our knowledge, this is the first report on implementing 3D
printed bacteria structure as a living electrode for an MFC system. The capability of
printing living and functional 3D bacterial structure could open up new possibilities in
design and fabrication of microbial devices as well as fundamental research on the
interaction between different bacterial strains, electrode materials, and surrounding

environments.

2.2 Introduction

A diverse range of bacteria can utilize electricity to generate valuable products or
treat pollutants. For example, fermentation with lactic acid-producing bacteria is a
desired method to commercially produce lactic acid.! Methanotrophic bacteria can be

harnessed to convert methane to valuable products, such as bioplastics.> Sulfate-
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reducing bacteria (SRB) have been used to treat sulfate containing wastewater from
industries such as mining, textiles, and tanneries.>* Fe(IIl) reducing microbe, strain
GS-15, were found to reduce uranium (VI) to insoluble uranium (VI) helping to
sequester its sediment.> Among them, S. Oneidensis MR-1 is one of the most widely
studied bacteria strains. It is most well-known for its capability of treating wastewater
by oxidizing organic pollutants, the electrons produced from this process are then
display on the outer surface of the bacteria cell.® These electrons can be directly used
for reduction reactions such as reducing graphene oxides to graphene.” When S.
Oneidensis MR-1 are contacted with an electrode in a microbial fuel cell, these
electrons can be collected for generating bioelectricity. Furthermore, it can couple with
a photoelectrode ® or photoelectrochemical system to generate not only bioelectricity
but also chemical fuels.”!! These electro-microbiological reactions occur at the surface
interface between bacteria, electrode, and surrounding solution.!? Increasing the
interfacial area of the electrode is favorable for boosting the performance of the desired

bacteria.®!3

Recently, a 3D printing technique, namely direct ink writing (DIW), has been used
to engineer 3D structures with bacteria. For example, Lehner ef al. reported a facile and
gentle printing of living E. coli bacteria directly embedded in an alginate-based
hydrogel as a demonstration of printing living materials.!* Qian et al. reported a novel
method to produce a living bioink, using freeze-dried yeast cells, to help concentrate

cells in the 3D printed structure, achieving a record high cell density.'?
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When preparing the ink for printing of the living cells we had to focus on the curing
method for the final part. Common methods for curing DIW printed parts include
change in pH to promote catalyzed crosslinking,'¢ UV light curing of a photo sensitive
crosslinker!” and drying to remove solvent to create a stable final part,'8 and ionic cross
linking through the exchange of a monovalent ion for a divalent ion.!” S. Oneidensis
MR-1 thrives in a neutral pH range, a strong change in pH to catalyze a printed ink to
crosslink would kill the microbe. High energy light from UV curing of a photo sensitive
crosslinker would also kill the microbe, and the removal of solvent to dry a printed part
would desiccate the microbe again resulting in death. We chose to use an alginate ink
which has a gentle ionic curing method which can be done at neutral pH, without the
need for UV light, or drying to remove excesses solvent. For the alginate crosslinking
is achieved using calcium salt which displaces sodium in the alginate which then links

the two polymer segments together at negative COO™ groups. !

In this work, using DIW we aim to create a 3D porous bioelectrode, with good
control of its geometry, porosity, and dimensions, to enable efficient mass transport of
culture medium/electrolyte and/or the synthesized products, using S. Oneidensis MR-
1 as a model bacteria for this system. Significantly, using a living electrical conducting
ink, we demonstrate, for the first time, a 3D printed bacteria structure which can be
used as a living anode for MFC. Electrochemical measurements revealed that there is

a good charge transfer between the S. Oneidensis MR-1 and the electrode surface.
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Long-term operation of the MFC device showed stable current generation up to at least

93 hrs.

2.3 Experimental

2.3.1 Bacteria Culture
Tryptic soy broth (TSB) growth media was inoculated with S. Oneidensis MR-
1. It was allowed to grow for 24 hrs aerobically in a shaking 25 °C water bath. Before

use all growth flasks and media were sterilized in an autoclave at 250 °C for 30 mins.

2.3.2 Bacteria Ink Preparation and Printing

Bacteria growth solution (10 mL) was mixed with of sodium alginate (1 g), and
of sigma cellulose (3 g). The solids were mixed together first before the addition of the
TSB culture. The mixing beaker was sterilized using 70% ethanol solution and by
flame. This mixture was then put into a 5 mL sterile syringe and loaded into a 3D
printer. The print stage was cleaned with 70% ethanol solution before printing. The 3D
structures were printed using 0.016” printing tips at a write speed of 250 mm/min. The
final printed part was 20 x 20 mm and 2 mm in height. The final filament was
approximately 0.5 mm thick with about 1 mm spacing between filaments. The printed
parts were cured by dropping CaCl2 « 2H>O (0.88 M) solution directly onto the printed

part and allowing it to sit for 10 mins.
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2.3.3 Methyl Orange Degradation Experiment

The 3D printed bacteria structure was placed in a 100 mL beaker, sterilized
using 70% ethanol and by flame, with a 1:1 volume ratio of Methyl Orange (MO) dye
solution and sterile lysogeny broth (LB) growth media for a total of 10 mL. Every 2 h
a 1.5 mL sample was taken from the beaker and centrifuged at 8,000 rpm for 10 mins
on an Eppendorf 5415C Centrifuge. UV-Vis measurements were then taken from the
samples at a scan rate of 4800 nm/min from 800 to 200 nm. After 8 h (1 cycle), the 3D
printed bacteria structure was washed with sterile LB Media and then placed in a fresh

MO-LB mixture solution. This process was repeated for 4 cycles.

2.3.4 Preparation and Printing of MFC Living Anode

MFC living anode ink was prepared by mixing of sodium alginate (0.039 g),
sigma cellulose (0.108 g), acetylene carbon black (0.418 g) and TSB S. Oneidensis
MR-1 growth solution (5 mL) (see bacteria culture section). All dry ingredients were
mixed before the addition of TSB growth solution. This mixture was then put into a
sterile 5 mL syringe and loaded into a 3D printer. The print stage was cleaned with
70% ethanol solution before printing. The 3D structures were printed using 0.033”
printing tips at a write speed of 70 mm/min, the printed parts were allowed to sit in the
CaClz * 2H>0 (0.88 M) solution for 20 mins. The cured printed part is 2 x 2 cm and 2
mm in height, the filament thickness is approximately 0.8 mm and again 1 mm apart.
A solid block living anode was made as a control sample using the same ink

formulation and curing procedure as the 3D printed living anode. The ink was spread
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into a 2.2 x 2.2 cm square that was 5 mm thick, the anode was then cured using CaCl,
* 2H,0 (0.88 M). The cell density used of the growth solution used to make the solid

anode was similar to that of used to make the 3D printed structures.

2.3.5 MFC Measurements

A living anode was fabricated by attaching a platinum wire to the 3D printed
bacteria structure. This electrode was then placed into a two-chamber MFC device
outfitted with a cation exchange membrane and a carbon cloth cathode. The anode
chamber was sterilized using 70% ethanol solution before use. The 9 ml anode chamber
was filled with LB broth growth media, the 9 ml cathode chamber was filled with 0.05
M ferricyanide in phosphate buffer (K2HPO4 18.2 g L', KH2PO4 2.56 g L', K3sFe(CN)e
15.6 g LY. LB broth growth media was used instead of TSB broth because the
phosphate salt present in TSB growth solution could pull the calcium out of the printed
part used for curing, adversely affecting the stability of the 3D printed structure. The
power density measurements were performed by attaching the MFC device to the
following resistors: 1 MCQ, 510 kQ, 180 k€, 82 kQ, 51 kQ, 20 kQ, 10 k€, 5.1 kQ, 3.9
kQ, 1 kQ, 0.5 kQ, 0.2 kQ, 0.05 kQ. The MFC device remained attached to the resistor
until the voltage stabilized, a pseudo staircase pattern was produced. The power density
was the calculated at each resistor. Electrochemical impedance data was collected using
electrochemical workstation (CHI 660D) in a two-electrode configuration with

frequency range from 100 kHz to 0.1 Hz at zero potential with a perturbation of 5 mV.
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2.3.6 MFC Stability Test

An MFC device was connected to the resistor which corresponds to the peak
power density, and the device current was monitored as a function of time. When the
device current dropped almost to the baseline and the ferricyanide solution in the
cathode chamber became colorless, the LB broth and 0.05 M ferricyanide in phosphate
buffer solutions in the anode and cathode chambers respectively were replaced with

new solution. This was continued for 5 cycles over a 93 hr period.

2.3.7 Materials Characterization

Confocal microscopy images (Leica SP5 Confocal Microscope) were collected
for the 3D printed bacteria structures stained with Live/Dead BacLight Bacterial
Viability dye (Thermo Fisher Scientific). Scanning electron microscopy (SEM) images
were collected for the 3D printed bacteria structures/anodes using a Hitachi S-4800 II
SEM. The parts were printed using a Hyrel 30M printer. UV-Vis measurements were

carried out on an Agilent Technologies Cary 60 UV-Vis Spectrometer.

2.4 Shewanella Oneidensis MR-1 Vitality Characterization

Error! Reference source not found. shows the final 3D printed living structure.
Error! Reference source not found.a-b show confocal microscope images from the edge o
f the 3D printed living structure, with fluorescence on and off respectively. Green
fluorescence is attributed to living S. Onediensis MR-1 with intact membranes while

red/orange color is attributed to S. Onediensis MR-1 with broken membranes.?
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Background fluorescence seen in Error! Reference source not found.b is attributed to t
he TSB growth solution used in the cultivation of the S. Onedensis MR-1. The confocal
microscope images give a good indication that the S. Onedensis MR-1 survives the 3D
printing processes. The lower images, Error! Reference source not found.c-e q

ualitatively demonstrate the mechanical stability of the living 3D printed lattice.
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Figure 2.1 Shows the vitality of the microbes and qualitative structural
characterization.(a) — (b) confocal microscope image collected from the edge of the
living structure with fluorescent live/dead dye, (a) is with fluorescence off (b) is with
fluorescence on, green micro-rods show living bacteria, red/orange micro-rods show
dead bacteria (c) — (e) Show digital images demonstrating the mechanical stability of

the 3D printed living structures.
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Furthermore, we wanted to ensure that the gel did not inhibit S. Oneidensis MR-
I’s function and its ability to interact with the surrounding environment. It has been
previously demonstrated in literature that S. oneidensis MR-1 can degrade methyl
orange dye (destroying the orange color) by splitting the N=N bond.?! The living 3D
structure were incubate with methyl orange dye to demonstrate that they microbes
could retain functionality within the 3D printed lattice. Error! Reference source not
found. shows digital images of vials of MO dye before and after exposure to the 3D
living lattice for 8 h, there is a clear decolorization of the solution indicating a
degradation of the MO dye in solution. The degradation of the MO dye was monitored
using UV-vis monitoring the UV-vis peak centered around 450 nm with measurements
being taken every 2 h. To test the long-term vitality of the S. Oniedensis MR-1 in the
3D printed lattice, long term recycling tests of the gels with methyl orange dye were
conducted. During these tests a living lattice was placed in a solution of LB media and
MO dye. This was then monitored for 8 hs with UV-Vis samples being taken every 2h
hour. The sample was stored overnight in the LB-MO solution. The spent LB-MO
solution would turn colorless, the solution would be removed, the same living 3D lattice
would be washed with sterile LB media and placed in a new solution of MO dye and
LB media, this process was repeated for 4 cycles. The stability is shown in the 3D bar
graph in Error! Reference source not found.. Cycle 3 shows faster degradation of the
methyl orange dye. This was attributed to an increase in the number of S. Oniedensis
MR-1 living in the gel. A control sample of a 3D printed lattice made from the same

material but lacking S. Oniedensis MR-1 was also printed and allowed to incubate with
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the methyl orange dye, there was no degradation seen in the MO dye peak at 450 nm.
This is good indication that the degradation of MO dye is the result of the S. Oneidensis
MR-1 and not of a component in the 3D living structure. Based on these results there
is good evidence to indicate that the S. Oneidensis MR-1 survives the printing process
and when embedded in the alginate-cellulose based ink can function and interact with

the surrounding environment.

| crc,

0.84
0.64
0.44
0.24

0.040

Figure 2.2. Shows a 3D bar graph of the methyl orange (MO) dye degradation
over four cycles. C/C, is the normalized MO dye degradation concentration over
8 h, over 4 cycles. The optical images show vials MO dye before and after being

exposed to the 3D living structure.
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2.5 Testing of MFC Device

2.5.1 Performance of 3D Printed MFC Anode Compared to Bulk Anode

Following the success of embedding live and functional S. Oneidensis MR-1 in
the 3D printed structure, we took a step further by turning the entire 3D printed bacteria
structure into a living anode for MFCs. We modified the original alginate-
nanocellulose to make a living conductive ink appropriate for use as an electrode
through the addition of acetylene carbon black. In Error! Reference source not found.
the top digital images show the 3D printed living structure, and then the 3D printed
living MFC anode, the final image shows the living anode loaded inside of the
microbial fuel cell. First is the anode chamber which is filled with LB growth media,
followed by a cation exchange membrane and then the cathode chamber with a carbon

cloth cathode filled with a ferricyanide solution in phosphate buffer.
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Figure 2.3 Incorporation of acetylene carbon black to living ink to create a
conducive 3D printed living MFC anode. The first left most optical image shows the
starting 3D printed living structure followed by the 3D printed living MFC anode after
the incorporation of acetylene carbon black and the subsequent incorporation into the
MFC device. The bottom diagram shows the MFC device with acrylic plates
sandwiching the anode chamber containing the 3D printed living MFC anode in a
chamber which will be filled with sterile LB media, separated from the cathode
chamber by a cation exchange membrane, the cathode chamber contains a carbon cloth

cathode the chamber was then filled with ferricyanide phosphate buffer electrolyte.
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Power density measurements were conducted using the MFC device shown in
Error! Reference source not found.. This was done by attaching the resistors listed
in the experimental information, the power density plots can be seen in Error!
Reference source not found.. The blue curve in Error! Reference source not found.a
corresponds to the 3D printed living anode showing a peak power density of 8.5 W/m?
normalized to the anode chamber volume, 9 mL. which is in line with the peak power
density reported previously on carbon cloth-based anodes.?*?* Yang et al. achieved a
power density of 17 W/m? for an anode chamber with a volume of 9 mL,** and Hou et
al. achieved power density of 4.1 W/m? for a 7 mL anode chamber volume.?* A solid
block MFC anode similar in dimensions to the 3D printed anode was made with the
same bacteria ink material. This solid block anode was tested in the exact same manner
and in the same MFC cell as the 3D printed anode but achieved a considerably lower
power density of 3.5 Wm™ (Figure 2.4b). The enhanced power density of the 3D
printed anode compared to the solid anode is believed to be due to the increased
electrolyte accessible surface area of the 3D printed anode. Furthermore, we believe
that the 3D printed structure could facilitate the charge transfer between electrode and

electrolyte compared to a solid bulk electrode, because of its relatively open structure.
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Figure 2.4 Power Density and Polarization Curves for Microbial Fuel Cell. (a) The
blue curve corresponds to the power density plot of the 3D printed living MFC anode,
the red curve shows the polarization curve. (b) Shows the power density curve in blue
and polarization curve in red of a solid living MFC anode similar in dimensions and

composition as the 3D printed living MFC anode.

2.5.2 Investigation of Improved Power Density of 3D Printed MFC Anode
Electrochemical Impedance Spectroscopy (EIS) was conducted to further
evaluate the difference in performance between the 3D printed living anode and the
bulk living anode. Nyquist plots obtained from a 3D printed anode (red curve) and a
solid block anode (black curve). Dots corresponding to experimental data, the fitted
curve (solid line) is calculated based on the equivalent circuit illustrated in the inset
show in Error! Reference source not found.. Ro represents the Ohmic resistance of
the electrode. C is a capacitor and CPE is a constant phase element. Rct,1 and Rct,2 are

charge transfer resistances. W is the Warburg diffusion element. The Ohmic resistance
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(Rq) of the 3D printed anode (12.5 Q) and the solid block anode (15.6 Q) are
comparable. This is expected because they were made of the same materials and tested
in the same cell. Yet, there is a significant difference in the charge transfer resistance
(Ret) between the 3D printed and solid block living anode. Jiang et al. demonstrated
recently that the diffusion mediated charge transfer can significantly influence the
performance of an MFC device, with the soluble diffusion mediators making a
significant contribution to the overall charge transferred from the S. Oneidensis MR-1
cell to the electrode.? Therefore, there are two charge transfer resistances which could
be the result of the direct charge transfer from S. Oneidensis MR-1 to the anode surface
and the charge transfer through diffusion mediated extracellular electron shuttle.*26
The collective Ret (Ret,1 + Ret2) is significantly higher for the solid anode (177.1 W)
compared to the 3D printed anode (70.7 W). The improved charge transfer in the 3D

printed anode compared to the solid anode can be attributed to better diffusion and

higher surface area of the 3D printed anode.
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Figure 2.5 Nyquist plots obtained from a living 3D printed anode (red curve) and
a solid block living anode of similar size and composition (black curve). Dots
correspond to experimental data, while the solid fitted curve is calculated based on the
inserted equivalent circuit. In this circuit Ro represents the Ohmic resistance of the
electrode, C is a capacitor and CPE is a constant phase element. R¢,1 and R2 are charge

transfer resistances. W is the Warburg diffusion element.

2.5.3 Stability Testing of MFC Device
Amperometric current—time measurements were performed on the MFC device
to evaluate the long-term stability of 3D printed bacteria anode. Error! Reference

source not found. shows the current-time curve recorded for an MFC device
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connected to a 5.1 kQ resistor. The dashed lines in the plot in Error! Reference source
not found. show where both the anode and cathode solutions were exchanged for the
fresh solution, and this was done for 5 cycles. Notably, there is a slight increase in peak
current from cycle 1 to 5, reaching a peak current density of ~ 9.23 pA/cm2 . The
enhanced current was believed to be due to the increased concentration of bacteria. This
was confirmed by the SEM analysis of the bacteria electrode before and after the
stability test as shown in the SEM images labeled Start and End in Error! Reference
source not found.. At the SEM image labeled ‘Start’ there are a small number of
bacteria are embedded in the carbon structure before the stability test. In contrast, the
bacteria number increases substantially at the ‘End’ of the stability test. This direct
evidence shows that the bacteria embedded in the 3D living anode are not only alive
and retain their properties, but also able to continue to grow in the anode. After reaching
the peak current in each cycle, the current decreases gradually to the baseline, possibly
due to the depletion of ferricyanide in the catholyte. By replacing both the anolyte and
catholyte, the current can be restored, indicating the performance of 3D printed living
anode is stable. With regular supplement of new growth medium and catholyte, this

device produced electricity for up to at least 93 h.’

38



0.150

Electrolyte
Exchange 0125

0.100 4

0.075 4

Current (mA)

0.050

l

0.025 4

0.000

T T T T T T T T T - T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 920 95
Time (hr)

Figure 2.6 Current-time plot of the MFC device, blue dashed lines indicate solvent
exchange of both catholyte and anolyte. SEM images show the living MFC anode

at the start and end of the current time measurements.

2.6  Conclusion

In this work we have demonstrated for the first time the 3D printing of a living
MFC anode. Shewanella Oneidensis MR-1 was directly embedded in a printable
conductive ink. This work provides insight into the integration of living microbes into
3D functional biomaterial devices. The cured living ink acts as a protective hydrogel
around the living microbes, hopefully able to provide a layer of protection to the living
microbes inside from environmental toxins. The size and shape of the living anode can

easily be tuned through printing parameters. The capability of directly printing living
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microbe electrodes could open up new possibilities in microbial technologies,
biosensing and even fundamental research on the interactions between different

bacterial strains.
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3 Carbon Host Material for Lithium Metal for Use in
Batteries

3.1 Abstract

Lithium-ion batteries are a desirable method to store energy. However, using
traditional liquid electrolytes can lead to safety issues due to flammable components
found in tradition liquid electrolytes. By using polymer electrolytes these flammable
components are removed from the battery housing, creating a safter battery. Ideally
lithium metal is used as anode material in lithium-ion batteries, due to its very high
energy density when compared with other anode materials. Lithium metal though is not
without drawbacks. Lithium metal forms dendrites during charging and discharging
due to generation of hotspots on the lithium metal surface. These dendrites short the
battery. To try and achieve a safe lithium-ion battery that has high energy density and
good cyclability it is proposed to use a porous carbon material as a host for lithium
metal to help provide a uniform electric field which can prevent the formation of
lithium hotspots during battery cycling preventing the formation of lithium dendrites,
coupled with a polymer electrolyte. When designing a carbon host material there are
many considerations: (1) What is the interaction of lithium and the surface of the
carbon? (2) How well does the polymer electrolyte coat the surface of the carbon
material to ensure good conductivity? (3) What is the survivability of the carbon part

under compression in the battery coin cell? This work discusses preliminary results of
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designing a high-resolution direct ink write printed resorcinol-formaldehyde based

carbon material for use as a carbon host material for lithium metal.

3.2 Introduction to Lithium Batteries

Lithium-ion batteries are a powerful tool to help change the way our society uses
energy. With the worsening effects of climate change there is a necessity to move away
from fossil energy sources. Lithium provides an great material to produce energy dense
batteries due to its light weight, and easy of losing electrons.! In lithium batteries
lithium ions travel from the anode to the cathode during discharging (or use), Error! R
eference source not found.a shows a schematic illustration of a lithium ion battery.
Lithium batteries normally use liquid electrolytes. However, these electrolytes contain
flammable components which greatly decrease the safety of the battery. By utilizing
polymer electrolytes these flammable components can be removed to help create a safer
battery.! There are three different types of polymer electrolytes: Gel, liquid and solid
polymer electrolytes.? Polymer electrolytes utilize ionic conductivity to transfer charge

in the battery. They are composed of a host polymer, salt, aprotic solvent, and a filler.

2

Lithium metal is a desirable anode material to utilize due to its energy density.
While this is desirable for both liquid electrolyte batteries it is especially important for
polymer electrolyte batteries as they have lower conductivity than traditional liquid

electrolytes.!-* Lithium dendrites have a higher chance of formation after longer cycling
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and high current density.* Error! Reference source not found.a shows a schematic of a |
ithium dendrite. In polymer electrolytes there are four growth mechanisms for lithium
dendrites as proposed by Cao et al.: (1) dendrite growth at the tip which can penetrate
through the soft polymer electrolyte, (2) lateral dendrite growth touching the sides of
the electrode and the soft polymer electrolyte, (3) subsurface growth which eventually
results in the protrusion of the a dendrite (somewhat like an iceberg, where majority is
underneath the water surface), (4) redistribution of charge at the interface between the
solid polymer electrolyte and the lithium metal.’ To help mitigate these problems it is
proposed to build a porous carbon host material which can help provide multiple
lithium nucleation sites, and a more uniform electric field to help prevent the growth

of lithium dendrites, (Error! Reference source not found.c).

Anode Cathode Anode

M Polymer Electrolyte

Figure 3.1 Diagram of Lithium Battery. (a) shows standard battery and movement
of lithium ions. (b) Shows formation of lithium dendrites. (¢) shows proposed carbon

host materials.
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3.3 Carbon Host Structures for Lithium Metal

Carbon is a desirable host material for lithium because it has good electrical
conductivity, high surface area and tunable porosity, is chemically stable and light
weight.® When designing carbon host materials for use in lithium metal batteries three
critical aspects of the carbon material need to be addressed. (1) The interaction of the
carbon host material with the lithium metal. (2) The interaction with the polymer
electrolyte, and (3) the survivability of the part under compression. Figure 3.2 shows

a schematic of these traits.

Survivability — of  the
Carbon electrode under
compression

Lithium Nucleation at Wettability of the
Surface Polymer Electrolyte
Figure 3.2 Diagram of Desirable Carbon Host Material Qualities. (a) Lithium
nucleation and proper dispersion on surface during plating and striping of lithium
metal. (b) Wettability of polymer electrolyte to surface of carbon to ensure good
electrical connection. (¢) Survivability of carbon part under compression when used in

coin cell.
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3.3.1 Lithium Interaction with Carbon Host Material

Lithium can be introduced to a host material through, electrodeposition, using
molten lithium or a roll in method.” Lithium interacts are affected by two aspects of the
carbon material: porosity and functional groups. By increasing the porosity and surface
area more nucleation sites can be provided to the lithium which can help to prevent the
growth of dendrites by facilitating more uniform distribution of lithium ions at the
surface of the host material.’ It has been demonstrated that the orientation of the pores
matter to the longevity of the lithium battery. Chen et al. has demonstrated that carbon
host materials with lower tortuosity (with vertically aligned pores) can help to lower
the likely hood of lithium dendrite formation compared to randomly aligned pores.® To
large of pores can lead to the generation of ‘dead lithium’, where lithium metal will
build up and detach from the carbon host material. However, a large amount of
nanopores can slow down the diffusion of the lithium ions in the carbon host material.®
The framework and nucleation sites provided by the scaffold material can help maintain
the geometric integrity of the electrode during striping and plaiting, helping to reduce
swelling of the electrode due to nonuniform plating and striping.” Polar functional
groups provide lithophilic sites in the carbon host material to help provide uniform

nucleation of lithium.”

3.3.2 Polymer Electrolyte Interaction with Carbon Host Material
There are a wide variety of polymer electrolytes which can be used in lithium

batteries, with many combinations. The chosen polymer electrolyte needs to be
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chemically combatable the desired electrode, carbon materials have an advantage as
they are chemically stable in a variety of environments.”? To achieve the best
performance a polymer electrolyte needs to be evenly coated as a thin film on the
electrode surface. There are many different methods to introduce the polymer
electrolyte to the electrode including: drop casting, spin coating, dip casting, and in-
situ polymerization.? The surface chemistry and surface structure of the carbon host
material can greatly influence how evenly the polymer electrolyte coats the surface and

adheres to the carbon electrode.

3.3.3 Structural Integrity of Carbon Host Material

In addition to a porous carbon structure which can play host to lithium metal
the carbon material needs to have good survivability under compression. The carbon
host material needs be able to maintain electrical contact with the current collector
inside the battery. However, the thickness of the carbon host material needs to be
minimal to maintain volumetric energy density. Coupling the formation of carbon
aerogels with freeze casting can help to introduce ordered porosity while maintaining
a compressible structure. DIW printing is also an attractive way to achieve a tunable
structure that is easy to control the thickness of the part based on the numbers of layers
printed. Graphene, carbon nanotubes and biobased polymers are common components
used for compressible carbon. The van der Waals interactions and m-1 interactions
between graphene sheets help to facilitate the formation of 3D structures. Carbon

nanotubes can be incorporated with other materials to help improve their mechanical
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and electrical properties provided by their sp? hybridization. Biobased polymers such
as chitosan and nanocellulose are also used precursors to create pores carbon materials.’
Resorcinol-formaldehyde (RF) is a particle free formulation which can be used as a
precursor for a carbon aerogel formation in combination with many different types of

carbon materials such as graphene, carbon nanotubes and cellulose.!”

3.4 Resorcinol Formaldehyde (RF) Based Carbon

To work to achieve a thin tunable carbon host structure a resorcinol formaldehyde
(RF) based particle free ink is an intriguing place to start. To achieve an optimal
structure through direct ink write (DIW) 3D printing with a print head less than 200
um it is easiest to work with a particle free ink. In resorcinol formaldehyde the reaction
is polymerized through a base catalyzed condensation reaction, shown in Figure 3.3.!!
Carbonized RF parts have been demonstrated previously in energy storage devices and
exhibit good conductivity. The porosity can be further modified through tuning ratio of
RF to water. After carbonization the RF material can be further etched to introduce
further porosity.!? RF provides a versatile carbon material with good conductivity, it

also provides a good starting point for an ink which can be further customized.
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Figure 3.3 Condensation Reaction of Resorcinol Formaldehyde to Produce Final

Polymer. Reproduced With permission Copyright Elsevier 2013.!!

3.5 Experimental

3.5.1 Synthesis of Resorcinol- Formaldehyde (RF) printed part.

Water (7g), sodium carbonate (0.02g) were mixed together, before proceeding
it was ensured that the sodium carbonate was fully dissolved in the water. Then
resorcinol (0.4g) was added and stirred to fully dissolved, followed by the addition of
formaldehyde solution (0.9g). Finally Pluronic F127 (3.5g) was added to aid in
printability of the ink. The components were mixed 3 times using a Thinky mixer at
2,500 rpm at 2 min intervals. The ink was then loaded into a 10cc Nordson extrusion
head. The ink was printed at a pressure of 20 psi using a 100 um print head.
Immediately after printing the final part was submerged in isooctane in a sealed jar.
The part was cured in an 80 °C oven for 3 days. The isooctane was decanted, the part
was submerged in acetone for one day at room temperature, this acetone was decanted

and replaced with fresh acetone for one more day. Next the part was submerged in DI
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water for three days at room temperature with the water being exchanged at the end of
each day. At the end of the third day the part was frozen with dry ice, after which it
was placed on the freeze dryer for 2 days. After this part was carbonized under nitrogen

at 800 °C for 2 h using a ramp rate of 2 °C min™.

3.5.2 KOH Etching of RF Carbon Part

After carbonization, the parts were KOH etched by soaking in 1 M KOH
solution for 8 h. The part was then dried overnight in the 80 °C oven. The dried part
was annealed under nitrogen at 800 °C for 1 h using a ramp rate of 5 °C min™!. The part
was cooled in the furnace under flowing nitrogen till room temperature, it was removed
and immediately washed with DI water, followed by 3 washes with 0.5 M HCl, and
then DI water till the pH was returned to neutral. After washing the part was again dried

at 80 °C overnight before further use.

3.5.3 Characterization and Processing

SEM images were captured using an Apreo SEM in using 10 kV accelerating
voltage. XPS spectra was collected using a PHI Quantum 2000 Scanning ESCA
Microprobe, using Al Ka x-rays (1486.6 ev). Brunaur-Emmett-Teller (BET) data was
collected using a Micromeritics Instrument via nitrogen porosimetry. BET surface area
was calculated using points in the relative pressure range (p/p°) from 0.01 to 0.07 based

on Rouquerol ef al.'> RF ink was printed using a mechanical Gantry system. The final
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part was carbonized using a one-inch Lindberg Blue tube furnace under flowing

nitrogen.

3.6 Preliminary Results of RF Printing

Figure 3.4a shows the optical microscope image of the pre-carbonized part. We
can see that the diameter of the 100 um print head is preserved following the freeze
drying of the RF part. It is evident in the image that there is distortion of the filament
with a thinner diameter being achieved in the center compared to where the filament
connects with the rest of the part (Figure 3.4a). Following carbonization at 800 °C for
2 h under nitrogen we can see that there is significant shrinkage of the part (Figure
3.4b). With the center of the filamenting shrinking from 100 um to between 50 to 56
pum. It has been previously shown in literature that by decreasing the filament diameter
of DIW printed activated RF carbon electrodes from 400 um to 100 um can improve
the capacitive retention of the electrode from 42 to 70%.'3 We hope that by decreasing
the filament size with can help improve the lithium metal hosting ability of the carbon
material by increase the surface area, and diffusion in the printed part. The high
resolution of 50 um is achieved only with DIW 3D printing. This is a unique feature,
as previously in literature these low resolutions are achieved through templating with
a micro-stereo-lithography printing to template a micron structure in a RF part. By
removing the templated structure 1 um channels are achieved in the final RF printed

part.'* We show that we are on the cusp of achieving low resolutions with the simpler

57



DIW printing method. Figure 3.4¢c shows the internal structure of the RF printed

carbon, a dense carbon structure on the interior of the carbon part.

Optical microscope Image

SEM image

Carbonization 800 °C
for 2h under N,

Figure 3.4 Demonstration of Preliminary 3D Printing of RF Part. (a) Optical
microscope image which shows the freeze-dried part before carbonization. (b) Shows

post carbonized RF part. (c) Shows the interior of the final carbonized RF part.

3.6.1 KOH Etching of RF Printed Part

The carbonized RF part was KOH etched with 1 M KOH solution to introduce
further surface area and potentially manipulate the chemical properties. Figure 3.5(a-
¢) show the pre-KOH etched RF carbon sample. There is a skin layer which is forming
on the surface of the RF printed part. Error! Reference source not found. shows that b

ased on XPS data there is sodium present in the pre-etched carbonized RF part. Figure
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3.5(d-f) shows the SEM image of the post KOH etched carbonized 3D printed RF part.
Visually we can see that there is a decrease in the skin layer and an increase in surface
porosity. The XPS data shown in Error! Reference source not found. shows a removal o
f sodium from the sample in the post-KOH sample. It is important to remove the skin
layer to further expose the carbon surface area for interactions with lithium and the

polymer electrolyte.

Figure 3.5 SEM images of pre and post KOH etched RF samples. (a-b) show pre

KOH etched samples (d-f) show post KOH etched RF samples.

Error! Reference source not found. also shows the surface area changed as result of the K
OH etching. DIW printed RF carbon shows an initial BET surface are of 588 m? g!
and KOH etching of the RF carbon increases the surface are to 680 m? g'!. The increase
in surface area can help boost potential nucleation sites for lithium metal, maintaining

an even lithium surface coating during cycling of the battery.
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Table 3.1 XPS atomic percentage of pre and post KOH etched DIW printed

carbonized RF part
Sample Carbon Oxygen Sodium BET Surface
P (at%) (at%) (at%)  area (m’gl)
Base Catalyzed RF Based 71.07 2136 6.67 538
Carbon
KOH Etched
Base Catalyzed RF Based 77.54 20.08 - 680
Carbon

3.7 Conclusions and Future Work

We have shown through initial work that utilizing a particle free RF ink we can
achieve a final resolution with 50 um carbonized part using DIW printing. Utilizing a
mild KOH etching the skin layer was able to be removed and there was an observed
increase in BET surface area of the sample. In the future, the KOH etching parameters
can be changed to introduce further porosity, through increasing of the KOH etching
solution concentration, increasing temperature and time of exposure. CO> etching can
also be explored as a method to further introduce porosity to the carbonized RF printed
part. A detailed characterization of the porosity will be needed to explore its effect on
plating and stripping of the lithium inside the host material. Providing useful
information on the optimal pore distribution to provide a long cycling life to the battery,
and fast movement of the lithium ions. Close attention will need to be paid to the
balance between nanoporosity and macroporosity. Characterization of chemical

composition to aid in understanding interactions with lithium and polymer electrolyte
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as well as the lithium nucleation sites. Currently the inherent oxygen content of the
carbon material is being used to introduce polar surface oxygen groups, but nitrogen
groups have also been shown to be advantageous. Careful study will need to be made
of which specific functional groups are providing the desired effect. Characterization
of mechanical properties to understand behavior of the carbon host material under
compression. It is important for the carbon structure to survive under compression so
as lose of connection between the carbon host material and the current collector does
not occur. Introducing other materials such as graphene or cellulose to the RF to create

a more compressible composite material is also an option.
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4 CO: Capture Using Cellulose Based Carbon Materials

4.1 Abstract

To avert the devastating impacts of global climate change technologies which
prevent CO2 from entering or remove CO; from the atmosphere are critical. Solid
sorbents are an attractive option to capture CO> from post combustion and other point
sources due to their lower energy needs for regeneration. Carbon materials provide a
solid CO> sorbet which is chemically stable in diverse environments. In carbon
materials CO: uptake is influenced by both the structure of the carbon materials and
the chemical dopants. The structure and dopants of carbon materials can be tuned
synthetically. In this work we design and synthesize carbon materials to target CO»
uptake at low pressure conditions to mimic the low CO2 concentrations found in the
CO; point sources of flue gas, CO, concentration of 8-15 %, or biogas, CO>
concentration of ~40%. I will present some preliminary results on using cellulose-
derived carbon materials for CO: capture. To improve the understanding of the inherent
structure and composition of the cellulose-carbon materials interplay with their CO»

capture ability.
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4.2 Introduction

4.2.1 Current Impacts of Climate Change

It is becoming more apparent with every passing year that the effects of climate
change are being felt throughout the globe. Since the advent of the industrial age, in
the mid 1700s, the amount of carbon dioxide (CO») in earth’s atmosphere has increased
drastically from 280 ppm before the industrial era to 412.5 ppm in 2020. Before the
industrial revolution the atmospheric carbon dioxide levels did not range above 300
ppm. ! The increase in CO in the atmosphere driving an increase in surface
temperatures. Even if the CO; emissions are drastically curbed, future projections still
indicate that there will be a surface temperature increase over 1.5 °C.2 The effects of
climate change will be broad reaching. It is important to remember that we are not alone
on this planet and that climate changes will not affect us alone, but all the flora and

fauna. As stewards of this planet, we must work to ensure the survival of the planet.

4.2.2 Sources of CO

There are three major sources of CO»: Biogas, Flue gas, and atmospheric air.
Air is composed of 0.04% COa, it is the lowest concentration of CO> of any source.
This provides the greatest challenge. As the material which pulls CO; from the
atmosphere must have good selectivity of CO; over other air components like nitrogen.!
Biogas contains around 40% CO; the other component is mainly methane with some
sulfide species.®> The ability to remove CO, from biogas provides an opportunity to

create methane gas for use as a power supply, removing the need to use nonrenewable
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methane sources.* The amount of CO: in flue gas varies depending on the combustion
source. The range can fluctuate between 8 to 15%. In addition to CO; flue gas contains
water vapor, NOx, and SOx species which can affect capture materials. Flue gas is also
emitted at high initial temperatures which may require varying degrees of cooling
before it can be successfully feed into a capture material.> Flue gas is emitted by power
plants, with more technologies being electrified there will still be a dependence on CO»
emitting power plants. For the experiments presented here we will focus on testing the
material under CO» pressure of 10 kPa and 40 kPa to mimic flue gas and biogas

concentrations.

4.2.3 Solid State CO; Sorbents vs Liquid CO> Sorbents

For CO; capture there are two major branches of sorbents, liquid and solid.
Liquid sorbents are commonly composed of liquid amines capturing CO> through
chemisorption. Monoethanolamine (MEA) in water is commonly used in commercial
CO; capture systems. The regeneration of this aqueous liquid sorbent though is energy
intensive and contributes greatly to the cost of implementation this technology in real
power plants.’ Solid sorbents provide a CO: capture alternative with less energy
intensive needs to regenerate the capture material due to the lack of water.” Depending
on the composition of the solid sorbent chemisorption, physisorption or a combination
can be used to capture CO>. Chemisorption systems include amine functionalized
supports and alkali-metal carbonates. While physisorption systems include Metal-

organic Frameworks (MOFs), zeolites and activated carbons. When designing a CO»
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capture material critical criteria are: CO; uptake ability, fast uptake kinetics, good

regeneration following capture, thermal and chemical stability.’

4.3 Characteristics of Carbon Materials for CO, Capture

We chose to focus on carbon materials for solid CO> sorbents because they are
chemically stable and exhibit high tunable surface area. Figure 4.1 shows a schematic
representation of how not only increasing the surface area but decreasing the pore width
can help improve the CO; interactions with the surface of the carbon. Narrow pore
widths allow for more opportunities for the free electrons on CO2 molecule to interact
with the carbon surface. The pore structure of the carbon surface is a dominate factor

in the CO, uptake ability of the carbon material. ®

Figure 4.1. Schematic Representation of CO; Interaction with the Surface of a

Carbon Material
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Figure 4.2 shows a schematic of the desired oxygen functional groups, carboxyl
and hydroxyl groups, to enhance CO; capture (in addition to improving the surface
area). These interactions occur through partial positive charge found on the carbon of
the CO> molecule and the negative partial charge found on the surface of the oxygen
atom.? It is important to pay attention to the oxygen content of a carbon material when
it comes to investigating the CO, capture properties as there is inherent oxygen content

found on activated carbons.

Carbon Surface

Figure 4.2 Schematic of Desired Oxygen Functional Groups for CO; Capture.

4.3.1 Background of Cellulose Material

We chose cellulose as starting material because it is derived from biomass, and
if grown sustainably it can be considered a renewable feedstock. Cellulose is found in
the cell wall of a plant cell intertwined with hemicellulose and lignin. The cellulose
must be extracted to produce the desired final product. We will look at two different

types of cellulose material: nanocrystalline and microcrystalline cellulose. Some
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sources for nanocrystalline cellulose are: wood, cotton, hemp and flax.” The source and
method of isolating cellulose dictates the composition of the resulting cellulose
materials.'!® The most common method for industrial production of cellulose
nanocrystals is through sulfuric acid hydrolysis. *!! The Celluforce company reports
the size dimensions of the final cellulose nanocrystal as 2-10 nm width and 80-150 nm
in length. Commercial microcrystalline cellulose (AMCC) is mainly derived from
wood and cotton and is also produced using acid hydrolysis methods.!® The
microcrystalline cellulose utilized in this work is from Alfa Aesar, the company reports
a size dimension of 250 to 32 um in length. Despite the particle size different the
cellulose starting materials are chemically similar, as seen through the comparison of
the IR spectra of the raw cellulose powder in Figure 4.3. By narrowing the pore size
and through surface area manipulations we can increase the CO; uptake ability of
carbon monolith derived from commercial cellulose. Without further chemical

modification to the cellulose material.
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Figure 4.3 IR Spectra of Nanocrystalline Cellulose Compared to Microcrystalline

Cellulose. Insert shows the cellulose polymer.

4.4 Experimental

4.4.1 Formulation of nanocrystalline cellulose puck

Nanocrystalline cellulose powder (1g) was mixed with of water (8g) in a Flack
Tech container. The mixture was mixed three times at 2500 rpm in one-minute intervals
using the Flack Tech. The resulting paste was the spread into silicon rubber molds of 1
cm diameter circles, on glass slides. The rubber molds on the glass slides were then
placed glass side down on dry ice till they were frozen. The samples were then freeze
dried for approximately 24 h. After the sample was removed from the freeze drier it

was carbonized at a ramp rate of 5 °C min™! to 800 °C and held for 2 h under flowing
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nitrogen. After this heating period the sample was allowed to free cool to room

temperature. Producing the CCNC sample.

4.4.2 Formulation of microcrystalline cellulose puck

Microcrystalline cellulose powder (1g) was mixed with of water (2g) in a Flack
Tech container. The mixture was mixed three times at 2500 rpm in one-minute intervals
using the Flack Tech. The resulting paste was the spread into silicon rubber molds of 1
cm diameter circles, on glass slides. The rubber molds on the glass slides were then
placed glass side down on dry ice till they were frozen. The samples were then freeze
dried for approximately 24 h. After the sample was removed from the freeze drier it
was carbonized at a ramp rate of 5 °C min™! to 800 °C and held for 2 h under flowing
nitrogen. After this heating period the sample was allowed to free cool to room

temperature. Producing the AMCC sample.

4.4.3 Liquid nitrogen freezing

The nanocrystalline cellulose and microcrystalline cellulose pastes were loaded
into the silicon mold on a glass slide. This entire apparatus was submerged into a dewar
of liquid nitrogen. The sample was left for approximately 10 mins. After it was
removed and immediately freeze dried for approximately 24 h. Both the samples were
carbonized at 800 °C for 2 h under nitrogen with a ramp rate of 5°C min™!. Producing

liquid nitrogen frozen AMCC and CNCC samples
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4.4.4 Washing of carbonized cellulose parts

The following procedure was followed for both the nanocrystalline cellulose
samples and the microcrystalline cellulose samples. CCNC carbonized pucks (0.04 g)
and 0.1 g of AMCC carbonized pucks were placed in 20 mL of DI water at 80 °C for 8
h. Vacuum was pulled on the sample to ensure that it was fully saturated with water.
The DI water was the decanted and 20 mL of 0.5 M HCI solution was added to the
carbon samples and vacuum was pulled again. Three 0.5 M HCI washes were
conducted with vacuum being pulled between each. After the 0.5 M HCI washes DI
water washes were conducted until the pH of the resulting decanted solution was
neutral. In total for one set of samples 150 mL of total solution (water and HCl) was
used to wash the samples. After this washing the samples were dried in an 80 °C oven

overnight.

4.4.5 CO; uptake testing

The sample was degassed in a vacuum oven at 110 °C for a minimum of 12 hs.
The sample was then loaded into a home-built pressure decay system. One side
(referred to as upstream) held a pressure sensor and a fixed volume container of 50 mL
(about the same volume as the corresponding sample cell) this was then separated by a
valve from a second side which contains a water jacked glass sample cell (referred to
as sample side). Before each uptake experiment air was injected to calculate the volume
in the sample side. To do this the upstream side was charged till it reached atmospheric

pressure, isolated, and then exposed to the sample side before closing the in-between
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valve. This was done at 25 °C. Vacuum is then pulled on the entire system. While
under dynamic vacuum the temperature is then raised to 50 °C on the water jacked
sample cell to allow for any reaming gas in the sample to leave. After the sample returns
to 25 °C the sample side is isolated from the upstream side. The upstream side is
charged with double the desired test pressure of CO,, the valve is open to expose the
sample briefly to the upstream side allowing the COx to charge the sample side. After
the valve is closed and the sample side and upstream are isolated. The drop in pressure
is observed in the sample side. The number of moles of CO; captured by the sample
can be calculated by comparing the pressure drop seen in the sample chamber to the
starting number of moles transferred from the upstream chamber. CO; exposure was
conducted at 25 °C. Between each CO; exposure the entire system is placed under
dynamic vacuum and the sample cell is heated to 50 °C. The moles of CO; uptake were
calculated using the ideal gas law, PV=nRT, and normalized to the amount of sample

used for the CO» uptake experiments.

4.4.6 Characterization

SEM images were captured using an Apreo SEM in standard mode. XPS spectra
was collected using a PHI Quantum 2000 Scanning ESCA Microprobe, using Al Ka
x-rays (1486.6 ev). Brunaur-Emmett-Teller (BET) data was collected using a
Micromeritics Instrument via nitrogen porosimetry. BET surface area was calculated
using points in the relative pressure range (p/p°) from 0.02 to 0.07 for CCNC samples

and dry ice frozen AMCC sample, a relative pressure range (p/p°) from 0.05 to 0.10
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was used for liquid nitrogen frozen AMCC sample based on Rouquerol ef al.'?. IR
spectra was collected using a Bruker Alpha FT-IR spectrometer. The final part was

carbonized using a one-inch Lindberg Blue tube furnace under flowing nitrogen.

4.5 Effect of Surface Coating on CO; uptake of CCNC Sample

Initial CO: uptake testing was conducted with a dry ice frozen CCNC sample.
The CCNC sample achieved a CO, uptake of 24 mg g! at 10 kPa of CO; and 47 mg g
'at 40 kPa, (Figure 4.4) This uptake is lower than expected, especially for the 40 kPa
pressure, as based on previous literature we would expect a range of CO» uptake of
between 20 and 40 mg g! for 10 kPa uptake and between 75 and 85 mg g'! for 40
kPa,'*!7 with the best samples for 40 kPa capture achieving CO uptake of
approximately 120 mg g'.%!%1° Upon closer inspection of the SEM images we can see
that there is a coating forming on the surface on the CCNC sample. This coating can
be seen in the SEM images in Figure 4.4b-d. Based on preliminary XPS data it appears
that a significant amount of sodium is appearing in the sample, about 15.54 at % (Table
4.1). This amount of sodium than would not be expected based on synthesis parameters
and other sample treatments. Currently, the sodium is believed to be inherent to CCNC
precursor possibly because of the acid hydrolysis. The formation of this coating on the
surface of the carbon is potentially blocking the surface needed to facilitate interactions
with the CO; molecule. Preliminary BET shows that the surface area for the sample

with the sodium coating is 643 m? g’!.
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Figure 4.4 CO; Uptake Data for CCNC Sample Frozen with Dry Ice, and
Corresponding SEM Images. (a) Shows CO> uptake data for 10 kPa CO; uptake
pressure at 25 °C in blue and 40 kPa partial CO; uptake pressure at 25 °C is shown in
yellow. (b-d) correspond to SEM images of the CCNC part at 500 nm, 1 pm, and 5 um

respectively.

After a mild water wash, of soaking the sample DI water at room temperature
for 7 h, there is a decrease in the amount of sodium seen in the XPS data from 15.54 to
2.17 at %. Encouraged by this result a more thorough water wash was conducted.
Following this more intense water wash there was no sodium apparent in the XPS

spectra (Table 4.1). Figure 4.5 shows the increase in CO; uptake of the washed
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compared to unwashed CCNC sample. The increase at 10 kPa is from 24 mg g*! to 35
mg g'! there is a larger increase at the 40 kPa pressure, increasing from 35 mg g™! to 71
mg g, for unwashed compared to washed respectively. In the SEM images shown in
Figure 4.5b-d no coating can be seen. This coupled with the lack of sodium in the XPS
spectra seems to correspond to a removal of the coating, seen on the carbon surface in
Figure 4.4b-d. This could indicate that the increase in CO; uptake is the result of the
exposure of more carbon surface area, increasing the interactions of the carbon surface
with CO2 molecules. The washed CCNC CO» uptake is more in line with previous

literature. 13-17
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Figure 4.5 CO; Uptake Data for both Unwashed and Washed CCNC Sample
Frozen with Dry Ice, and Corresponding SEM Images of Washed CCNC Samples.
(a) Shows CO; uptake data for 10 kPa CO; uptake pressure at 25 °C in blue and 40 kPa
partial CO; uptake pressure at 25 °C is shown in yellow. (b-d) correspond to SEM

images of the CCNC part at 500 nm, 1 pm, and 5 pum respectively.

4.6 Carbon Structure Influence on CO; Uptake of CCNC Sample

We can manipulate the structure of the carbon sample through freeze casting.
There are two approaches we will utilize are Flash freezing and directional ice
templating. Lavoine et al. found that the rapid freezing, using the flash freezing method,
of a cellulose nanofibrils (CNF) suspension preserved the intrinsic structure of the CNF

suspension and resulted in smaller pore sizes. While slower freezing caused a
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separation between the suspended CNFs and solvent generating an ice template with a

larger pore size.?

4.6.1 Effect of Dry Ice Freezing on CCNC Structure

When the sample is frozen with dry ice we are utilizing what I am calling a
‘pseudo-directional casting method’. Figure 4.6 shows SEM images of the two faces
of the washed dry ice frozen CCNC samples. By comparing the two sides we can see
that there are two structures forming. The SEM image in Figure 4.6a exhibits a flaky
structure and there appears to be pebbling on the surface upon closer examination in
the 500 nm SEM image shown in Figure 4.6b of the same side. Figure 4.6¢c-d shows
the other face of the carbon puck, this face shows a more ribbon like structure and there
is an absence of the pebbling seen in Figure 4.6b. The ribbon like structure is similar
to the structure seen in directional freeze casted cellulose nanocrystal aerogel in the
work by Munier ef al.?! T believe the incomplete structure is the result of the formation
of an uneven thermal gradient. A glass slide was used to make contact between the dry
ice and would not conduct the cold as well as a metal. The silicon mold used could also
be providing a form of insulation. Munier et al. utilize a cooling rate between 0.5 to 15
K/min when templating their sample.?! Our sample was directly introduced to the dry
ice, this could have resulted in an initial rapid freezing of the sample which first made
contact with the cold, followed by slower freezing of the rest of the sample. The
pebbling which is seen in Figure 4.6b is believed to be a residual effect of the surface

coating which has seen in previous unwashed samples.
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Figure 4.6 SEM Images of Washed Dry Ice Frozen CCNC Sample. (a) and (b) show

side 1 of the CCNC monolith while (¢) and (d) show side 2 of the CCNC monolith.

4.6.2 Effect of Liquid Nitrogen Freezing on CCNC Structure

To try and achieve a smaller pore size and higher surface area we froze a CCNC
sample using liquid nitrogen. Based on the SEM in Figure 4.7 compared to that in
Figure 4.6 we do see a change in structure. Three different structures are visible in the
liquid nitrogen frozen CCNC sample. SEM image in Figure 4.7b shows very dense
structure with a similar coating to what is seen in the SEM images in Figure 4.4 which

we attributed to a sodium containing coating. Figure 4.7¢ shows a more open structure,
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but the coating is still present on the surface, the SEM image Figure 4.7d shows a
much more open structure and little of the coating. It is reasonable to assume that this
coating is the same sodium-based coating seen in the dry ice frozen samples as the
sample is made with the same nanocrystalline cellulose starting material. Insulating
effects from contact with the silicon rubber mold at the edge could be the reason for
the difference in the structure. The region seen in SEM image Figure 4.7d would be in
contact with the silicon rubber mold. In the future elemental analysis would be useful
to conduct on each region of the unwashed liquid nitrogen frozen CCNC part seen in

Figure 4.7 to better understand the distribution of the sodium-based coating.

Figure 4.7 Unwashed Liquid Nitrogen Frozen CCNC. (a) corresponds to 500 um

scale image (b-d) correspond to 10 um images of the three regions of interest.
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We conducted BET surface area measurements on the unwashed liquid nitrogen
frozen CCNC sample. The resulting surface area was 267 m? g'! this is lower than the
BET surface area for the unwashed dry ice frozen sample with similar chemical
composition, which achieved a BET surface are of 643 m? g!. This is not the expected
result based on the freezing method applied. We would expect the liquid nitrogen
sample to achieve the higher surface area. The discrepancy in the BET surface could
potentially be explained by the dense coating that we are seeing at the center of the
liquid nitrogen frozen sample. Also, the even growth of the sodium-based coating in
the frozen dry ice samples could be introducing further surface area through surface
roughness. Figure 4.8 shows the resulting BJH calculated pore size distribution of the
dry ice frozen sample compared with the liquid nitrogen sample. The pore size
distributions are similar between the two samples in the region, between 15 to 130 A

(1.5 to 130 nm).
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Figure 4.8 Pore Distribution of Liquid Nitrogen Frozen CCNC sample in green

compared to dry Ice frozen sample in pink, both unwashed.

The liquid nitrogen frozen CCNC sample was also washed with DI water
following the same procedure as the dry ice frozen sample to remove the sodium-based
coating. Based on SEM images in Figure 4.9, it does appear that the coating is
removed. Interestingly the very dense structure which we saw in Figure 4.7b, which
we attributed to the coating is still present in the washed sample as evidence by Figure
4.9c. Indicating that the dense structure is not the result of the overlaying coating but
is the result of the underlying denser carbon structure. The two more open structures
seen in the unwashed sample (Figure 4.7b-c) are maintained in the washed sample,

and are free of the sodium-based coating (Figure 4.9d-e).
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Figure 4.9. Washed Liquid Nitrogen Frozen Sample CCNC. (a,b) corresponds to

500 um scale image (c-e) correspond to 20 um images of the three regions of interest.

4.6.3 Effect of Structural Changes on CO; Uptake in CCNC Samples

Figure 4.10 compares CO; uptake for unwashed and washed dry ice and liquid
nitrogen frozen CCNC samples. The unwashed samples contain the sodium-based
surface coating. The unwashed dry ice frozen CCNC sample achieves a CO; uptake of
24 mg g and 47 mg g! at 10 and 40 kPa respectively. The unwashed liquid nitrogen
frozen CCNC sample achieves a CO» uptake of 33 mg g! and 64 mg g! at 10 and 40
kPa respectively. This difference in CO; uptake is achieved through alterations of the
structure of the CCNC part by changing the freezing parameters. The CO; uptake trend
does not correlate with BET surface area. The current data shows the dry ice frozen

sample achieves a BET surface area of 643 m? g! while the liquid nitrogen frozen
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sample achieves a BET surface area 267 m? g'!. Currently I do not have a clear
explanation for this trend. It could be due to reasons discussed previously, the surface
coating is inflating the surface area of the dry ice coated sample and/or the liquid
nitrogen structure at the center of the part (Figure 4.9¢) is solid and reducing surface
area. Further study is needed to investigate this trend. Next, the liquid nitrogen sample
was washed with DI water in the same manner as the dry ice frozen sample. Based on
SEM images the sodium-containing coating is removed from the liquid nitrogen
washed sample (Figure 4.9). Preliminary data shows the washed liquid nitrogen sample
achieved a CO; uptake of 30 mg g'! and 69 mg g™ at 10 and 40 kPa respectively. We
do not see a significant change in CO uptake performance between the washed and
unwashed liquid nitrogen frozen sample. By comparison there is a large increase
between unwashed and washed dry ice frozen CCNC samples from 24 mg g'! to 35 mg
gl at 10 kPa there is a larger increase at the 40 kPa pressure, increasing from 35 mg g
"to 71 mg g''. Based on this result it indicates that the sodium-based coating has a more
significant effect on the dry ice frozen sample. There is a small difference between the
CO; uptake washed dry ice frozen sample compared to both washed and unwashed
liquid nitrogen CCNC sample. It is unclear why the sodium-based coating does not
have as significant effect on the CO, uptake in the nitrogen frozen sample compared to
the dry ice frozen CCNC sample. Based on the CO; uptake results the sodium-based
coating does not facilitate the CO; capture ability of the CCNC part.

The current CO; uptake data presented in Figure 4.10 shows that the use of

liquid nitrogen to freeze the CCNC sample does improve the CO> uptake when the
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sodium-based coating is still present, when compared to the dry ice frozen CCNC
samples. However, when the sodium-based coating is removed there is significant
improvement in the CO; uptake of the dry ice frozen CCNC sample and the uptake

becomes comparable to the liquid nitrogen frozen sample.
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Figure 4.10. CO; Uptake for Washed and Unwashed Dry Ice and Liquid Nitrogen

Frozen CCNC Samples at 10kPa and 40 kPa of Pressure at 25 °C.

4.7 Effect of Cellulose Precursor Particle Size on CO> Uptake
As previously stated in the introduction we utilized two different types of
cellulose to formulate carbon materials for CO; uptake: nanocrystalline cellulose,

which has a particle size with 2 to 10 nm in width and 80 to 150 nm in length, compared
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to a larger microcrystalline cellulose with a size distribution of 250 to 32 pm. To
examine the effect the starting cellulose particle size has on the final surface area of the
carbonized part, if smaller cellulose particles give rise to a higher final surface area and
better CO, uptake. We conducted initial CO» uptake with dry ice frozen carbonized
microcrystalline cellulose (AMCC) sample. In the SEM images it is apparent there is
not a large amount of coating on the surface of the AMCC part, Figure 4.11b especially
when compared to the initial surface coating that we see in the CCNC part (Figure
4.4). Washing the sample (following the same stringent wash procedures used for the
CCNC sample) removes this small amount of surface coating, Figure 4.11c. Based on
preliminary XPS data it is not immediately clear what this minor coating is (Figure
4.11b), if it is similar to the one seen in the CCNC sample. Preliminary XPS data only
shows carbon and oxygen species which is expected when looking at carbon materials
(Table 4.1). This coating though does appear to have a minor effect on the performance
on the CO» uptake ability of dry ice frozen AMCC samples. Figure 4.11a shows the
CO; uptake of both washed and preliminary data for the unwashed dry ice frozen
AMCC samples. There is a minor difference in the CO> uptake between the two
samples at both 10 kPa and 40 kPa pressure. With unwashed AMCC samples achieving
CO; uptake of 24 mg g! and 55 mg g! and 10 kPa and 40 kPa respectively, while
washed AMCC sample achieved 23 mg g! and 51 mg g! at 10 kPa and 40 kPa
respectively (Figure 4.11a). Based on CO; uptake data the surface coating we see in
the SEM has a minor effect on the CO; uptake of the AMCC sample. The CO; uptake

achieved for the unwashed dry ice frozen AMCC sample is higher than that of the
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unwashed dry ice frozen CCNC sample, Figure 4.5a. However, when the sodium-

based coating is removed from the CCNC sample the CO; uptake is improved past that

of the AMCC sample for both washed and unwashed samples. Indicating that when the

carbon surface area is fully exposed, a smaller starting cellulose particle size is

beneficial for CO» uptake in the final part.
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Figure 4.11 CO; Uptake Data for Unwashed and Washed AMCC Sample Frozen

with Dry Ice, Corresponding SEM Images. (a) shows the initial uptake data for 10

kPa in blue and 40 kPa in yellow. (b) shows an unwashed AMCC sample, while (c)

shows a washed AMCC sample.
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4.8 Effect of Structure on CO; Uptake in AMCC Sample

Investigation was made into the effect different freezing methods on the structure
of AMCC samples. Figure 4.12 shows a comparison between SEM images of dry ice
frozen AMCC sample (Figure 4.12a) and the liquid nitrogen frozen AMCC sample
(Figure 4.12b). Through comparison of these two images it appears that there is not a
drastic difference in the structure between the two different freezing methods especially
when compared to the difference seen in the CCNC sample in Figure 4.6 and Figure
4.9. The larger particle size of the AMCC starting material could affect the structure
during freezing. Large particles minimize the amount of nucleation sites available for
ice crystal formation leading to larger ice crystals, also it is harder to form fine features
due to the limited mobility of larger particles. 2> Thus the large particle size of the

AMCC starting material could mitigate the effect of the different freezing methods.

Figure 4.12 SEM Images Comparing (a) Dry Ice Frozen AMCC sample and (b)

liquid nitrogen frozen sample.
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BET surface area was collected for both the dry ice and liquid nitrogen frozen
AMCC samples, the dry ice sample achieved a BET surface area of 300 m? g'! and the
liquid nitrogen frozen sample achieved a BET surface area of 104 m? g'!. The BJH pore
distribution seen in Figure 4.13 shows that the dry ice frozen AMCC sample has very
narrow pore size distribution 17 and 25 A. The pore distribution is much broader for
the liquid nitrogen frozen sample (Figure 4.13). Based on these BJH pore distribution
between dry ice and liquid nitrogen frozen AMCC sample it appears that there is a drop
in pore area in this range. This could be contributing to the lower overall BET surface
area of the liquid nitrogen frozen AMCC sample. The surface area for the unwashed
dry ice frozen (643 m? g!) and liquid nitrogen frozen (267 m? g'') CCNC samples are
higher than the surface area for unwashed dry ice frozen (300 m? g'!) sample and liquid
nitrogen frozen (104 m? g'') AMCC samples indicating that the starting with a smaller

cellulose particle size provides a higher surface area for the final material.
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Figure 4.13 BET surface area and BJH pore size distribution for a comparison of

dry ice and liquid nitrogen frozen AMCC samples

We conducted initial CO; uptake experiments using the AMCC samples
(Figure 4.14). The CO; uptake agrees with the BET surface area. With the liquid
nitrogen frozen sample, which exhibits the lower surface area, yielding the lower CO»
uptake compared to the higher surface area dry ice frozen sample. The unwashed dry
ice frozen sample yields a CO; uptake of 24 mg g'! and 55 mg g! at 10 kPa and 40 kPa
respectively, while the unwashed liquid nitrogen frozen sample exhibits a CO> uptake

of 20 and 47 mg g'!' at 10 kPa and 40 kPa respectively. Indicating that using liquid

90



nitrogen to introduce a narrower pore size in AMCC sample was not effective to

improve the CO; Uptake ability of the sample.
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Figure 4.14 CO; Uptake Comparison Between Unwashed Dry Ice and Liquid

Nitrogen Frozen AMCC sample.

4.9 XPS Characterization of AMCC and CCNC Samples

Based on XPS data and the corresponding CO; uptake data it does not appear
that the oxygen content is the key component for the CO» capture mechanism for these

cellulose-based carbon materials (Table 4.1). The current data suggests the mechanism
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appears to be a function of exposed carbon surface area allowing for electrostatic
interactions between the carbon surface and the CO> molecule. The sample which
exhibits the best CO, uptake, washed dry ice frozen CCNC sample, has lower oxygen
content when compared to the unwashed CCNC sample. The sodium content in the
CCNC sample also appears to be linked to the oxygen content, after the sample is
washed there is drop in oxygen content. The oxygen content of the AMCC sample is
also similar the CCNC washed sample, while the CO» uptake is lower for the AMCC
sample. This further indicates that oxygen content is not a main component for the CO»

uptake mechanism in the CCNC sample, but rather exposed carbon surface area.

Table 4.1 XPS data for CCNC and AMCC samples

Sample Carbon Oxygen Sodium CO2Uptake  COz Uptake
(all frozen with dry ice)  (at %) (at %) (at %) (10 kPa, mg g') (40 kPa, mg g™)
CCNC No Wash 63.36  21.10 15.54 24 47
CCNC Washed 86.78 9.98 - 35 71
AMCC Non Wash  95.09 491 - 24 55

Sample C-O0 C=0 |O-C=0| O= | OH- | HO Na
(all frozen with dry ice) (at %) (at %) (at %) (at %) (at %) (at %) (at %)

CCNC No Wash 20.91 - 8.87 633 13.08 1.69 15.54
CCNC Washed 21.44 6.62 3.10 576 3776  0.81 -
AMCC No Wash 19.05 4.42 3.13 273 191 0.43 -

4.10 Conclusions and Proposed Future Work

In this work we have demonstrate some preliminary results on building cellulose-

based carbon monoliths for CO; uptake. The cellulose starting material do not undergo
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any further chemical modification before carbonization treatments. Two cellulose
materials with different particle sizes were examined: nanocrystalline cellulose
(CCNC) and microcrystalline cellulose (AMCC). Based on the current results the CO»
uptake of these materials is influenced by the carbon surface area exposed for CO:
interaction and the smaller particle size of the starting cellulose material is more
advantageous for CO; uptake.

In the CCNC part we found that a large amount of a sodium containing coating
forms on the surface of the final carbonized part. This coating can be easily removed
with a water and mild acid wash. The coating found on the surface of the CCNC parts
has a significant influence on CO; uptake. By removing it and further opening the
carbon surface we can improve the CO; uptake.

We have demonstrated some initial exploration into further structural
manipulations through different freezing methods. We conducted a comparison
between a slower dry ice freezing method and flash freezing method using liquid
nitrogen, for both CCNC and AMCC samples. For the CCNC sample specifically we
can see that the liquid nitrogen freezing does produce a denser structure compared to
that of the dry ice frozen sample. However, this does not translate to the BET surface
area. This could potentially be the result of a solid carbon structure forming at the center
of the liquid nitrogen frozen CCNC sample. The AMCC part did not see as significant
change between dry ice and liquid nitrogen freezing. Potentially this could be that the
larger particle size in the AMCC starting material is not as affected by the ice

templating provided by the different freezing methods.
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Further work needs to be done to explore the effect that different freeze casting
templating methods provide to the internal structure of the cellulose-based carbon
monolith, and the effect these structural changes have on CO; uptake. This could be
done by utilizing temperature ramping on the freeze rate to introduce more control over
ice templated structure. Removing the salt from the nanocrystalline cellulose starting

material before freezing and carbonization to see if this effects the structure.

Further work also needs to be done to explore the selectivity of the carbon
material of COz over other gaseous components commonly found in CO> point sources.
For flue gas capture systems, it is important to understand the viability of the capture

system in the presence of humidity and oxygen.
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S Reactive Capture: Integration of Carbon Capture and

Conversion

5.1 Abstract

Carbon dioxide (CO.) capture and CO; conversion have traditionally been
treated as distinct application areas with non-overlapping research programs. However,
the integration of capture and conversion processes presents an opportunity to eliminate
energy penalties, costs, and logistical hurdles inherent in the separation of CO> from
mixed gas streams, regeneration of the capture material/solvent, compression of CO,
and transport to a conversion facility. By integrating the two processes, which we term
“reactive capture”, CO> can be separated from a mixed gas stream and converted to
valuable products using process steps that eliminate sorbent regeneration, CO>
compression, and transportation. Here, we describe recent rapid progress, current
understanding, and state-of-the-art performance metrics with comparisons between
reactive capture technologies. We highlight the need for 1) standardized performance
metrics for reporting and technical viability, 2) tailoring and demonstrating reactive
capture technologies for a particular CO2 source, and 3) ensuring that reactive capture
outperforms separated capture and conversion in carbon and energy balance as key

needs to move this field of research forward.
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5.2 Introduction

The development, scale-up, and deployment of technologies that mitigate or
remove CO> from the atmosphere is becoming more urgent.! Global CO; emissions are
currently estimated to be ~35 billion tons per year.? Greenhouse gas mitigation
strategies, such as renewable energy, transportation electrification, and energy efficient
buildings, have been implemented to reduce CO2 emissions. However, these tactics do
not address the need to replace fossil carbon feedstocks, which are responsible for about
2 billion tons of annual fossil CO, emissions.® COz could serve as a starting material in
combination with increasingly abundant renewable electrical energy to produce
valuable carbon feedstocks for the creation of a new carbon economy. For example,
156 million metric tons (MMT) of ethylene are produced each year primarily using
fossil-derived oil and gas as carbon sources, emitting 258 MMT of CO: per year
through traditional petrochemical production.* Yet, ethylene production could utilize
490 MMT of CO; as the carbon precursor if research and industrial communities can
invent effective and efficient ways to recycle CO».°> However, many major challenges
must be overcome, including the high cost and energy intensity of CO» capture and

conversion processes relative to conventional production of carbon-based chemicals.

To date, CO; capture and conversion are typically treated as separate processes
Figure 5.1, increasing the capital and operational costs of carbon utilization.
Regeneration of carbon capture sorbents and solvents is an energy intensive process,

with capture and regeneration of sorbents requiring between 60 and 120 kJ/mol of
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energy; further compression of the CO» requires around 12 kJ/mol. Additional energy
must then be added to convert the captured and compressed CO; to useful products,
diminishing the overall lifecycle benefits of utilizing captured CO>. In contrast, in
reactive capture (RC) processes, the energy introduced to produce products also
regenerates the capture sites. We define RC as the coupled and integrated process of
capturing CO> from a mixed gas stream and converting it to valuable products.
Importantly, RC occurs in one platform, which should streamline CO> recycling and
reduce capital and operational costs (e.g., by eliminating the need for energy intensive
sorbent regeneration, CO2 compression, transportation and associated capital costs).
The successful advancement and implementation of RC technologies will open new
opportunities for both CO producers and CO> conversion industries to reduce
emissions and create valuable products, maximizing the potential of the circular carbon

economy.
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Figure 5.1 Comparison between separate capture and conversion versus reactive

capture system.

RC is an emerging research area that spans a broad range of strategies,
materials, and chemical pathways, working toward the common goal of integrating CO»
separation and conversion. We will categorize and present a concise review of current
research areas and an assessment of research needs. Our major findings are: 1) there is
an urgent need to unify experimental testing standards, protocols, and benchmarks
across the diverse range of technologies so that progress can be measured and
compared; 2) Individual RC technologies should be developed toward a target CO»
source so that materials and process development can be optimized appropriately, with
consideration for scale, selectivity and contaminant tolerance, among other

considerations; 3) Nascent RC technologies must have a path toward favorable overall
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energy efficiency and carbon efficiency relative to the separate capture and conversion

processes.

5.3 Reactive Capture Overview

RC is at a very early stage; most published studies have presented basic proof-
of-concept demonstrations of potential integration of capture and conversion separately
while highlighting the future potential of RC technologies, and very few have
demonstrated separation from a mixed CO: source and conversion in an integrated
process. We have organized reported demonstrations of RC into three broad categories
according to conversion reaction requirements to concisely describe the basic strategies
to achieve RC in a single process. These categories are electrochemical methods,
thermal methods, and biological methods. We summarize these technologies and show

their categorical mapping and associated materials requirements in Figure 5.2.
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Figure 5.2 Schematic illustrations of three RC categories discussed, helping to

show in broad strokes where CO2 is capture and then subsequently converted.
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5.3.1 Electrochemical Reactive Capture Strategies

We broadly categorized RC technologies as “electrochemical” that separate
CO; from mixed gas streams using a CO»-selective electrolyte and electrochemically
convert captured CO; to more reduced products. Within the electrochemical category,
reactive capture and conversion can span a wide operational parameter and material
(e.g., catalyst, product). For example, CO> may first be captured by a high temperature
molten salt (e.g., Lio0)%’ or target a low temperature hydroxide (e.g., KOH) 3
electrolyte as the capture solution and then electrochemically reduced at the cathode to
desired products, including carbon monoxide (CO)° and solid carbon materials.®” In an
ideal electrochemical RC system, the capturing electrolyte will be regenerated by the
electrochemical conversion process at the cathode and anode, with minimal losses and

degradation to the capture medium.

5.3.2 Thermal Reactive Capture Strategies

Thermal methods utilize a CO; sorbent material or solvent to capture CO; and
expose it to a secondary reactant in gas or liquid phase and a catalytic site to convert
the captured CO> to the desired products. The most commonly used gas is hydrogen'®
15 while the most common liquid additives are epoxides!é-%. For thermal RC systems,
the site of CO2 sorption must be brought into close proximity to the catalytic site for
CO: conversion. Processes that react the captured COz, rather than simply requiring

CO; desorption in the presence of the conversion site, may be able to take advantage
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of the altered atomic and electronic configuration of bound CO; compared to a
conversion process that uses molecular CO». This can be accomplished by tethering the
sorption and conversion site onto the same solid material, as is the case for metal on

15, 26-31

oxide materials or by performing both processes in the liquid phase, as is the

case for amine and hydroxide solutions with dissolved organometallic catalysts!®-13-32-

36 Highly porous solid sorbent and catalytic materials, such as porous polymers'®?!
and metal-organic frameworks,?>?**7 may be dispersed in a liquid that contains a
secondary reactant, such as an epoxide. Potential advantages of thermal RC processes
are the ability to use the heat from high temperature, post-combustion CO; streams, if
the capture and conversion processes can both be performed at elevated temperature,
and the fact that the conversion methods are most similar to traditional chemical
manufacturing that have been proven at scale. However, many capture chemistries
perform better at lower temperature due to exothermic sorption, necessitating
development of temperature swing processes that operate between capture and

conversion temperature, or new materials that perform well for both capture and

conversion at some intermediate elevated temperatures.

5.3.3 Biological Reactive Capture Strategies
Biological RC strategies utilize highly selective microbes such as methanogens
and acetogens to accomplish both the CO; capture and conversion to products.’84

While hydrogen can be the source of reducing equivalents to further convert captured

CO; to the desired product, direct electron transfer of electrons from a biocathode,
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where microbes are in direct contact with the electrode surface has also been
demonstrated.>® An exemplary strategy for biological RC is the conversion of biogas,
which contains primarily CO2 and methane, into a purified methane stream that needs
little additional treatment to make it suitable for downstream utilization. Alternatively,
RC can be achieved using biological strategies by converting the gaseous reactants to
liquid products, allowing the inert constituents of the mixed gas stream to exit the
bioreactor. Advantages of biological strategies include low process complexity that
arises from the use of mature stirred tank fermenters and near ambient operating
conditions, and the use highly selective and self-replicating biocatalysts that can be
engineered to generate a range of products. However, mass transfer of gas phase species
to biocatalysts in liquid can hinder productivity, and often the biocatalysts require
specific physiological operating conditions to maintain their viability. While trees,
plants, and algae are the original “reactive capture” demonstrations, we do not consider

photosynthetic processes in this discussion.

5.4 Reactive Capture Strategies: CO; affinity and target sources

Figure 5.3 shows some of the major CO; sources appropriate for RC. Tailoring
the RC system to a specific CO; source is important to ensure the RC system can
perform optimally with the concentration of CO> found in the specific CO; source, and
the system is compatible and stable in the presence of other components of the CO»

source.
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5.4.1 Direct Air Capture

The ability to react and convert CO: directly from air has several attractive
aspects, including the flexibility to locate the process anywhere, for example, close to
renewable energy sources or customers/transportation systems for product offtake.
Additionally, products made from air derived CO> can have significantly lower carbon
intensity, and if long-lived products are produced, the process can be categorized as net
carbon dioxide removal. However, the 2-3 orders of magnitude lower concentration of
CO; in air than most point sources (0.04% vs. 4-40%) means that RC technologies
aiming to achieve direct air capture, must have exceptional CO; selectivity over other
common components of air, primarily N> and O». Also, large volumes of air must be
moved over the capture material, putting special requirements upon sorbent surface

area and reactor configurations with low pressure drop.

Several RC materials and processes are compatible in principle with conversion
of air CO». For example, oxides and carbonates in the form of molten salt (e.g,,
Li,0),”! have been demonstrated to directly capture CO, from the air at high
temperatures (450 — 850 °C), forming the carbonate salts. This is an attractive option
for RC because the oxide material is able to capture and greatly increase the CO»
concentration near catalytic sites.” The secondary gases found in air, mainly N> and O

also have a minimal effect on the molten salt capture material.
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Additionally, amine and hydroxide based RC sorbents have sufficient
selectivity for air capture, operating at milder conditions and being demonstrated
directly with air or simulated air. In the amine-based RC system, CO: is captured by an
amine to form an intermediate, which is then reacted with hydrogen gas via
organometallic catalysis to generate desired products. Amines can be freely distributed

12,13.32-34 or sequestered to a polymer or silica

within an alcohol or aqueous solution
support¥-¢, The conversion material is also distributed in solution phase allowing the
amine material laden with CO; to contact the conversion material. Alternatively, CO»
can be captured using alkali hydroxides. Prakash et al. screened multiple alkali
hydroxide salts (e.g., NaOH, KOH, LiOH, CsOH, and Ca(OH),) for their CO; capture
affinity. NaOH and KOH were identified as the best candidates for CO; capture based

on CO» uptake and cost.!!

5.4.2 Flue Gas

Industrial sources can contain from about 4 — 98 % CO- that is either derived
from petroleum (natural gas, coal 4-12% CO,) or biogenic (biogas, corn fermentation
40-98% CO»). From an energy and capital cost perspective, drawing down industrial,
more concentrated sources of CO» first can enable smaller, more energy efficient and
less costly RC technologies relative to RC tailored to air capture due to the ability to
process smaller gas volumes with a larger driving force for CO; capture. Important
considerations in tailoring RC for industrial gas streams include the ability to tolerate

high temperature gas at the inlet (e.g., 150-260 °C for natural gas fired power plants)
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as well as contaminants such as SOx and NOx (from combustion of fossil fuels) or H>S
(from biogas). CO; is captured via both chemi- and physisorption processes.
Physisorption through van der Waals interactions has a lower heat of adsorption, it
leads to the sorption of other gases such as N». Chemisorption is more selective for CO»
sorption, but sometimes the absorption materials can be poisoned by contaminants in

the flue gas such as SO,.%!

Researchers are developing metal on oxide thermal systems specifically to
target flue gas as a point source of CO2. While no metal on oxide system has been tested
in the presence of NOx and SOy species, testing has been done in the presence of oxygen
and moisture!>>? to test the longevity of the metal on oxide material in the presence of
the oxidizing environment. Duyar et al. tested a Ru on nanodisperesed CaO supported
on y-Al,O3 carrier material used to generate methane, for 20 cycles (each 40 mins in
length) in the presence of two CO: source gas consisting of 10%COz/air and 8%
CO2/21 % HyO/air. For the metal on oxide material tested in both CO» streams there
was a similar reduction in Ru conversion centers (about 20%), however the was a
significantly larger decrease in CaO capture material for the sample exposed to steam,
87% compared to 20% in sample only exposed to air. The larger decrease in CaO in
the presence of steam was attributed to sintering.!> Despite the decrease in both Ru
conversion sites and CaO capture material the methane generation of the 5% Ru, 10%
CaO/y-Al>03 under both CO> gas sources was stable and similar at about 300 p-mol

over the 20 cycles. Duyar et al attribute this observation to the loss of excess CaO
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absorption sites. And though there is some loss of Ru conversion sites due to oxidation,
the performance of the 5% Ru, 10% CaO/y-Al>O3 is still better than materials which
contain only Ru supported on y-AlbO; indicating CaO plays a critical role in the
performance of the RC material.!®> This potential for common flue gas contaminants to
diminish the RC performance further emphasizes the importance to test materials in a
practical operation conditions. While it is very useful to understanding the survivability
of the metal on oxide materials in the presence of oxygen and steam, it is also critical
to understand how CO> will compete secondary species such as: NOy and SOy, on
adsorption and catalytic sites, and how these components may further influence the

lifetime of the RC materials.

5.4.3 Preliminary Reactive Capture Testing

At this early stage, several technologies have yet to be tested directly on mixed
gas streams, but still merit consideration and further development. Promising RC
systems that have yet to be extensively validated directly using mixed gas streams
include polymer, MOF, and biological approaches. ' 17 23 24 38 39 Ingtead of direct
measurement of capture and conversion from mixed gas streams, absorption isotherms
are compared under pure CO> and pure N> conditions followed by calculations to
determine selectivity of COz over N. Typically, at higher temperatures the calculated
CO; selectivity compared to N, decreases.>® Though these technologies have not been
demonstrated on mixed gas sources they still provide interesting beginning strategies

for CO; capture from flue gas and air. Strategies that researchers have used to confer
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selectivity to CO: include adding sites for physisorption and chemisorption.
Physisorption CO: uptake rate and capacity of MOF polymer-based RC systems are
determined by the porous structure and the type and prevalence of surface functional
groups. For polymers pore sizes less than 2 nm in diameter are most commonly sought
to increase CO» uptake.!”>* Chemisorption is found to help improve uptake rates and
selectivity of COz. In polymer-based RC systems functional groups are often negatively
charged and contain nitrogen to improve chemisorption.!”!¥3* In MOF-based RC
systems chemisorption through functional groups found on the organic ligand in the
MOF, such as sulfonate functional groups®, and nitrogen containing groups.?? In
comparison to physisorption, chemisorption can facilitate selective CO; uptake at low
pressure.?? For example, by increasing the open metal sites and Lewis basic sites, a
recently developed Cu(II) MOFs achieved a high volumetric uptake (171 cm?® cm™3) of
CO; under ambient conditions (298 K, 1 atm), with excellent selectivity for CO; over
N>.22 Finally, methanogens and acetogens RC systems have been demonstrated using
pure CO; and a few systems using a mixed gas of CO; and N». This provides biological
systems with excellent selectivity as long as the microbes can survive any contaminants
in the CO» source. Methanogens and acetogens operate best in anaerobic conditions,
this maybe a hinderance for CO, sources which contain large amounts of oxygen such
as air. Though preliminary selectivity data has been gathered for these technologies it
is still critical for them to be tested with mixed gas sources containing the percentage

of CO2 which will be present in the real point source.
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Figure 5.3 A schematic diagram showing the major gas sources and products

produced by RC technologies.

5.5 Reactive Capture Process Considerations

While a full technoeconomic and lifecycle assessment for the different RC
systems is outside the scope of this discussion, here we use operational temperature
and pressure, parameters that can be readily gleaned from published reports, to provide
indication of process complexity and ability to integrate readily with renewable energy
sources for the various RC methods and strategies. We fully acknowledge that other
parameters may be more important indicators of technological promise and to guide
research. This highlights our message that the RC community will benefit greatly from

early stage, systems level guidance on the most impactful performance metrics
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informed in part by the target source of CO.. Figure 5.4 compares the CO> uptake and
conversion temperature and total system pressure for the various RC systems reported
in the academic literature. Temperatures and pressures indicated in Figure 5.4 range
from ambient to 900 °C and ambient to 8 MPa, respectively. In some cases, thermal
and/or pressure swings are required for the complete capture and conversion sequence.
These operational conditions have important implications for the development of the
technologies, in everything from target CO; source, as described above, to target energy
source. High pressure and temperature volumetric processes may be more operationally
complex, more compatible with post combustion gas streams and may follow different
scaling laws than more modular and lower temperature systems, e.g., based upon
electrolysis. Additionally, at high temperatures and pressures, materials of
construction, and durability can be more costly and critical. Processes that require
temperature/pressure swings may be less energy efficient overall than continuous,
single condition systems. High temperature systems are less readily integrated with
renewable electricity, or may target the use of waste heat or heat pumps for integration,
while low temperature and biological systems are more readily integrated, requiring
only electrical input for the conversion step and for mechanical agitation. Parameters
that are not presented here, due to lack of information, but which may be equally or
more important include: volumetric productivity, effects of intermittency on operation,
single pass conversion, product purity, and process durability. Here we present a list of

RC reporting parameters to guide the community:
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Broadly, we find that electrochemical methods operate at low pressures but
have a wide range of temperatures. For example, molten salt reactors are operated at
significantly higher temperatures (typically beyond 450 °C) than bicarbonate
electrolyzers. In terms of durability, the caustic environment can also be a problem for
molten salt reactors and required to survive the conditions necessary. For the anode,
the most stable material was found to be costly iridium, but cheaper alternatives such
as nickel and tin oxide can be used.”>> In contrast, we found that amine and hydroxide-
based RC systems operate at moderate temperatures, never exceeding 200 °C in order

to protect the integrity of CO; capture materials (Figure 5.4a).

However, amine-based systems are typically operated at higher pressures as a
result of the introduction of hydrogen gas as a secondary additive. Metal/metal oxide
composites-based RC demonstrations operate at ambient pressure but at the highest
temperatures of the thermal RC systems (300 to 730 °C). The composites remain in
solid state during the reaction. The chosen materials for these RC systems must be able
to operate and maintain stability at elevated temperatures, which places further
limitations on material compatibility. In metal on oxide RC systems, the introduction
of nanofeatures has helped improve the capture and release of CO> by lowering the
reaction temperature required for these systems.!>3! This could help the metal on oxide

materials transition to a wider temperature option for capture and conversion.
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Most polymer and MOF RC systems perform the capture and conversion at the
same temperature under 150 °C. A few polymer RC systems utilize temperature
swings, operating at a lower temperature for CO; capture and then ramping to a higher
temperature for the conversion reaction to take place (Figure 5.4a), adding operational
complexity and potentially reducing yields due to desorbing CO; during heating. Most
polymer RC systems are held under higher pressures (pure CO2) compared to the other
RC systems (Figure 5.4b), helping to suppress CO> desorption at elevated
temperatures. In addition, both methanogenesis and acetogenesis based RC systems are
operated at slightly elevated temperatures in a range from 30 to 60 °C, for CO; capture
and conversion. This slightly elevated temperature is needed to maintain the
productivity of the microbes. Microbes offer an exciting opportunity to utilize a catalyst
which can regenerate itself through microbe growth. But the anaerobic, moderate pH

and temperature conditions must be maintained to retain microbe viability.
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Figure 5.4 Plots to illustrate the (a) CO; uptake and conversion temperature; (b) Total
pressure of CO» uptake and conversion of existing RC technologies. Blue and orange

circles represent uptake and conversion, respectively.
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5.6 Reactive Capture Process Parameters: co-reactants, rates, products, and
other considerations

Most RC systems require co-reactants or additional reagents that are consumed
in the process of conversion of captured CO; to desired products, impacting the
economics and life cycle of carbon emissions from the process. Here we consider the
commonly used reagents for RC systems and their corresponding products, product
yields, and production rates (Table 5.7). The only RC systems examined in this
discussion that do not require additional reagents by our definition are two

electrochemical methods: molten salt reactors and bicarbonate electrolyzer.

The most common additive is hydrogen gas, which is used by the metal oxide,
amine, and hydroxide reactors, in addition to methanogenesis, and acetogenesis. In
these RC systems, hydrogen is introduced as a secondary gas or in the case of bio-
methanogenesis generated in sifu through water splitting. Table 5.1 shows the major

products which are generated through the use of hydrogen, including methanol,!%3

11,32,36 14,15

formate, methane and syngas 8. Currently, the majority of H, is generated
using fossil fuels.>® For systems that rely on Ha gas as a co-reactant the cost and energy
associated with renewable hydrogen production, or emissions from conventional
production must be accounted for in technoeconomic and lifecycle assessments.
Similarly, polymer and MOF systems produce cyclic carbonates by catalyzing the

reaction between the captured CO; and liquid epoxides with high conversion

efficiencies.”’® However, epoxide production is energy intensive and could potentially

117



offset the reduction in carbon emission benefit of the RC system. Additives that are

used less frequently in RC systems are methane and ethane. Metal on oxide systems

use methane and ethane to convert the captured CO; to syngas. It is important that these

additives can be produced through a carbon neutral method, so they do not negate the

goal of the RC systems. For example, hydrogen gas can be generated through water

splitting or biomass gasification, while methane can be obtained from biogas, albeit hat

significantly higher cost than natural gas.

Table 5.1 Summary of additional reagents required for CO; conversion of CO: in

RC systems, and their corresponding product, product yields and production rate

metrics.
. Experimental Co- . Product Rate
RC Material CO, Source Reactant Product Product Yields Metrics Ref
Mixed Gas (CO; Structured CE: 78.5-
None 29-36% &
and Np)f Carbon 89.7%
Structured >80% CoE: 100% v
Air None
Carbon = CoE: 100% 8l
Molten Salts 78% - 8
75-95 wt% CE: >90% 0
Structured
Pure CO, None >80% CE: 82% @l
Carbon
0.11g FE: 100% 2
- CE:>70% 5
Carbon
Bicarbonate Pure CO, None - FE: 82% J
Monoxide
Amines Simulated Air Hydrogen Methanol 89% TON: 96 =
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79%

95% TON:7375 2
Formate
37% TON: 260 =
Pure CO, Hydrogen 95% TON: 208 =
Methanol 65% TOF: 70 h'! 2
0.9 mmol TON: 90 o
Hydrogen +
Ethylene Methanol 25-100% - i
Air
Glycol
Hydrogen Formate 73% - 1
Hydroxides
Hydrogen +
Ethylene Methanol 100% TON: 200 i
Pure CO;
Glycol
Hydrogen Formate 98% TOF: 5420 h’! 1
TON: 167-
98.1% IS
201
81.5% - I
Cyclic
Epoxide 92% - =
Polymers Pure CO» Carbonate
98% - =
99% - 2
90% TOF: 2888 h’! 21
Hydrogen Formic Acid 54.1% TON: 2254 &
>99% - %
Cyclic
Epoxide 77.9% TOF: 7.1 h'! o2
Carbonate
Pure CO, 94% - 2
MOFs Terminal
Propiolic acids 96.5% - &
Alkynes
Mixed Gas (CO, Cyclic
Epoxide 86% - 22
and Np)f Carbonate
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TOF: 15000

96% s
Methane h!
Mixed Gas (CO; Hydrogen 85% = 1l
Metal on and N») and 7.3 mmol per
Syngas TOF: 0.78 5! 28
Oxides (CO2, N2, O, H,O gram of catalyst
and air)f ~ 9 mmol per
Methane Syngas ConE: 80% ®
gram of catalyst
Ethane Syngas 50% ConE: 75% Z
17653 mmol per
liter of
CCE: >90% &
microbe/growth
Mixed Gas (CO;
Hydrogen Methane media per day
and Np)f
- ECE: 70% ®
- CoE: 80% e
Methanogens - ConE: 20% cZ
1.4 L day’! CoE: >90% 5
5.2 L m? day! - =2
65 L per m?
Pure CO, Hydrogen Methane - X
catalyst per day
129.32 mL day’! - 6
- ConE: 97.7% ®
Mixed Gas (CO,
Hydrogen Acetate 154 pmol - 2
and Np)f
643 pmol - £2
Acetogens 180 mM - ®
Pure CO, Hydrogen Acetate 60.8-78.2 umol

per liter

substrate

44
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22.7 mmol per

100 mmol = *

substrate

9.8 mM - L

76.9-99.8 mM - &

49.9 mmol per

100 mmol = H

substrate

95.41 mmol per
49

liter substrate

94.73 mg day’! - ®

T Composition of different components depend on system; CE: current efficiency; CoE: Coulomb Efficiency; FE:
Faradaic Efficiency; TON: Turn Over Number; TOF: Turn Over Frequency; ConE: Conversion Efficiency; CCE:

Current Capture Efficiency; ECE: Electron Capture Efficiency

Current RC technologies have demonstrated the production of a wide range of
carbon-containing products, from organic acids, single carbon gasses and liquids, gas
mixtures such as syngas, and even solid carbon products. However, as shown in Table
5.1, there is also a correspondingly wide range of process metrics reported, making it
extremely challenging to evaluate and compare technologies. As ‘Reactive Capture’
becomes a more mature field there is an urgent need for uniform standards, protocols
and performance parameters for testing and reporting, driven not only by bottom-up
understanding of needs for high selectivity/durability catalysts, sorbents, etc. but also
from a top-down understanding of end-use. We propose the following as initial basic

metrics for unified reporting across the discipline: 1) volumetric productivity (g/L/hr
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or g/cm?/hr) will enable a comparison of process intensity, which ultimately informs
reactor footprint and capital expense. 2) Single pass CO; conversion efficiency is a
technology agnostic means of representing the carbon efficiency of the process. 3)
Product purity is critical for assessing downstream energy usage and cost for producing
the desired product at needed purity. 4) Productivity over time provides information on
durability Importantly, our proposed metrics require testing on mixed gas streams.
Unifying reporting metrics will make analysis and comparison of performance more

straightforward for a more cohesive ‘Reactive Capture’ field.

5.7 Materials Challenges

To realize the full potential of RC systems, several technical challenges must be
overcome. First, the low sorption selectivity of CO> over other gaseous species in air
or flue gas at relevant temperature and pressure is problematic for most RC systems.
The sorption selectivity of CO2 over other gas components could be improved through
the introduction of specific functional groups that have preferential CO2 (chemi-
)sorption or formation of intermediates, which can then be further utilized in the

conversion process.

Second, the performance of RC systems can be affected by secondary
components of the CO source. For example, flue gas commonly contains NOx, SOx,
CO, and H>O, which can react with or irreversibly bind to sorption or catalytic sites.”®

Air contains a high concentration of O, and can contain varying amounts of H>O, both
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of which can contribute to the degradation of certain materials. More rigorous testing
is needed to determine the viability of RC systems in the presence of these components
and determine if and when they must be removed from the reactant or product streams.
A practically feasible RC system should not only have the capability to selectively
capture and convert CO2 over other gases, but also have highly stable sorption and
conversion centers that are not poisoned or degraded by other components of the CO»
source gas. The content of secondary components in the gas stream is dependent on
when the contaminants are removed, prior to the RC system or from the final product

stream.

Third, there are two facets to RC systems, the capture of CO» and the conversion
to the desired products. In an ideal system, the best performance of one facet would not
diminish the performance of the other. The CO; capture rate should closely match with
the conversion rate. The capture and conversion sites should be in close proximity and
CO2; must not bind so tightly on the capturing materials that it prevents further
conversion to products. Good compatibility between optimum uptake and conversion

reaction conditions is critical to the success of any RC system.

5.8 Future Outlook

In this Discussion, we have highlighted the recent development of RC
technologies. With such a diverse range of technologies, it is hopeful that they can be

tailored to meet the needs of a diverse range of CO; gas sources and operation
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conditions (Figure 5.5). Each major CO; point source has its own challenges to
overcome. Figure 5.5 highlights characteristics which all RC technologies should have
and characteristics which will be important for the RC technologies that target a
specific CO; source. Direct air capture offers the greatest flexibility in the placement
of the RC system. The system does not need to be placed at the CO; point source, but
anywhere the product is needed, renewable energy is readily available, or where
optimum performance can be attained. The RC materials face a selectivity challenge
due to the low concentration of CO> in air compared to other components such as N
or Oz. The higher concentration of CO; in flue gas makes it a slightly easier target for
RC technologies. However, the RC technology must be able to withstand the high
temperature and potentially caustic impurities (e.g., O2, NOx SOx) along with humidity.
Biogas has the highest CO; content (approximately 40% depending on source), but
there are still compatibility challenges due to small scale, variable CO streams with
H>S contamination. Finally, it is essential to bring RC technologies to a practically
feasible level in order to make an impact on circular carbon economy. A comprehensive
techno-economic analysis on different RC processes should be performed to gain a
quantitative understanding of the benefits and risks of these technologies compared to
separate capture and conversion systems. A life cycle analysis for the specific RC
systems can give insight on the overall environmental impact for cradle to grave

operation of the RC technology.
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