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Abstract

Efficient electrochemical energy storage devices are of particular importance for accelerating
the widespread adapn of renewable energy, and electrode materials are critical to achieve
optimal system performance. MXene (transition metal carbides and/or nitrides) are recently
discovered twalimensional materials with desirable properties such as metallic conduatdit
high hydrophilicity. They have shown promises in applications such as lithium ion, zinc ion and
dual ion batteries, but limitations such as hazardous precursor, uncontrollable edge terminations
and low surface area have restricted fulfillment of rtipeitentials. Moreover, insights into the
precise mechanism of MXene in composite formation and electrochemical reactions are still

limited.

To address the above issues, this thesis mainly focuses on developing novel strategy to
synthesize high surface em porous MXene with uniform terminations, while probing their
capability as higkperformance electrodes for different tgeé battery systems.deticularfocus
is placed on investigating the influence of uniforrt€imination and ifplane porosity on M¥ne
when used as du@n battery anodeéAfterwards, functions of the porous MXene as Prussian blue
analogue (PBA) crystal growth inducing host for composite material andazimedistribution

protective layer for dendritBee Zn anode are systematigatvestigated.

Firsty, a novel onestep eutectic mixture etching method is developed to synthesize ClI
terminated MXene (BC2Cl>) with abundant irplane porosity through carefully controlling the
phase transition of the etchan&pecifically, precise selection of etching parameters and salt

mixture composition activasea mechanism that enables both pore generation and preservatio
Vi



through timely formation of solid salt particles within the material structure. The resulotgniea
porous MXene sheets exhibit homogeneously distributed mesoporosity aridldisuexpansion

in surface area to 85%g' 1. X-ray spectroscopy characteations reveal predominately edge Cl
terminations with minimal oxidation on the-sgnthesized samples, which ensure orderly crystal
arrangement. Meanwhile, density functional theory calculations confirm lower diffusion barrier
that are beneficial for iodiffusion. When evaluated as anode for dual ion batteries, the optimized
porous TiCoCl, achieves a high specific capacity and excellent capacity retention. This work
opens a green chemistry approach of incorporatinglane mesoporosity to MXenes for
electrochemical application and provides insights for environmental responsible development in

the field of energy storage.

Secondly, the porous MXene is utilized as multifunctional host material to manipulate the
morphology and crystallinity of cobalt hasyanoferrate (CoHCF). It is discovered that the
negative charges on the MXene surface can induce formation of high surface area CoHCF with
reduced defects, which improves the material resilience toward reversiblenfarcalation
/deintercalation. Comhed with the high conductivity of porous MXene, the CoHCF/MXene
composite achieves superior electrochemical performance as cathode material for zinc ion battery,
delivering a high capacity of 197 mAh'@nd robust capacity retention of 94.4% over 3000esyc
This work unveiled the inducing effect of MXene when used as template to grow Prussian blue

analogues, paving way for its broad composite chemistry.

In the last section, the porous MXene is adapted in a surface engineering strategy as coating

layer toregulate the electrodeposition ofZtowards dendritédree Zn anode. Its uniform surface

Vii



charge serves to homogenize the surface electric field for even deposition,its/ltitgstal
structure resemblance with the Zn (0002) plane promotes growthe apecific crystal plane
known to favor layeby-layer deposition. Moreover, porous structure of the MXene nanosheet is
also favorable for ensuring sufficient ion diffusion and electrolyte coverage duringategh
cycling. Given these advantages, the MXeaated zinc foiachieva long period cycling of over
2000 hours at a high current density of 10 mAZcpromoting the development of zinc anodes for
largescale energy storage.

In summary, this work opens a green chemistry approach to syntheglsné@porous
MXenes, which resolves the lorsganding issue of limited porosity and low surface arka
MXene. Meanwhile, the proposed effect on inducing ordered CoHCF crystal growth provides
insights fordesigningMXene-based composite material with webntmolled crystal structure. In
terms of energy storage application, this thesis addresses the importance of MXene termination
and porosity intwo applicationscenariosas DIBs anode material and as protective layers for Zn
anode, offering deep understandimg the relations between the structural properties of MXene

and electrochemical behavior.
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Chapterll nt roducti on

1.1 MXene

1.1.1Background

The history of MXendtransition metal carbides and nitrides) dates back to,206&nDr.
Yury Gogotsi discovered thehemical T3C; that started the exploratismto these family of 2D
materiald! MXene has a general formula ofMXnTx (N=1-4), where Ms early transition metals,

X stands for C and/or N, and Tepresents various terndtions such agO, -OH, -F and-Cl.?
Thar atomistic models are shownhigure 1-1, in which n layers of X are covered by n+1 layers
of M in thearrangement of [MXJM.? 31 MXene is mostly produced by selective etching of the A
elements fypically group 13 and 14 atoms) fromMAX phase with the formula M1AXn, which
exhibits layered hexagonal structures with/Rnc space group, where the X atoms fill the center
of octahedral sites, glued by pure A layér$o date, over 150 MAX precursors has been reported,

offering opportunités to develop and explore a wide range of applications for Mene.

As a newcategoryof two-dimensional (2D) material, MXene possess unique characteristics
such as hydrophilicity, high conductivity, and good mechanical propertiesmdtancethe widely
exploredtitanium carbide MXene (3C2Tx) exhibits impressive electronic conductivity of ardun
10000 Scrtand remar kabl e Your®dEPa wherdevdluated inosingle0 . 3 3
layer® There are thousands of publications regarding MXene in diverse fields of energy storage,
medicine, sensors, optoelectronics and triboldgy’! Particularly, extensive works have utilized

MXene towards higlperformance supercapacitors, batteries, water treatment, hydrogen storage,

1



etc® Despite the important developments, matesiénce and technologytegration for MXene

are still at the beginning stage with enormous potentials to be unveiled.

M,XT,

Out-of-plane ordered
double transition metal
MXenes

In-plane
In-plane ordered ordered
double transition vacancy
metal MXenes MXenes

Solid
solution
on M site 3 i
(MIYM"1'Y)2XTX (M'yM"1ey)3x2Tx
Solid solution & 4 i o : Color Legend o :
on X site ' ' 1@ Morm! om * Terminations (T,) |

Y 1O MM omv oXorC °o N
MyCN)T,  My(CNy), T, | '

! Chemical Legend 1
L M: Sc, Ti,V,Cr, Y, Zr,Nb, Mo, Hf, Ta,W X:Cand/orN T, O,OH,F,CII, Br,S,Se, Te,NH,,c !

-

Figure 1-1. Typical structures and compositions of MXéHeCopyright 2021, WILEYVCH.

1.1.2Synthesis

The typical synthesis df1lXenes from the MAX phases can be categarias the topdown
method, in which the M\ (metallicbond$ are more active than the covalent and ioniXMonds,
enabling the chemical etching of A lay&¥sConversely, some MXene can be prepared through

bottomup methodof c h e mi ¢ a l vapor depositi on-MCCwap ) . Fo
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synthesizd by CVD using methane as carbon source on Cu/Mo alloyed surface, their size, shape
and thickness can be controlled via modifying the synthetic conditfdnis.a t eMo,C b
nanosheets weresal successfully prepared using the same métHoalithough the bottorup
strategies have benefits of growing MXenes with fewdeads and no terminations that are
suitable for the intrinsic properties investigatj its high cost and harsh experiment requirement

such as high t e mmelimiad theirgraaioaldeasibility) & & C

For this thesis, the work focuses on the-down approach as it is more prevalent and

mature®® The method can be divided into the two steps of etching and delamination.
1.1.2.1Etching

1.1.2.2HF Etching

Hydrofluoric acid (HF) is the etchant used in théiah discovery of MXene, since then
various MXenes have been developed using 10 to 50 wt.% HF with different etching durations
under magnetic stirring:® It should be noted that the addition of MAX powder should be divided
into steps to lower the formation of bubbling caused by exothermic of theorea&fter the
etching stp, solids are washed several times to remove resultant déiuly, TisCoTx is
separated from FAIC: by centrifugatiort*4! Taking the widelystudiedTisC.Tx as example, the

etching reactiopare shown as follow&4

YQ@ad ocoOwH°da®R -0Q Y@ i (1-1)
Y@ | o0 HGRO YA GO i 0 'Q (1-2)
Y@ | COaHne Y@'oi 00 (1-3)
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In this process, the FAl bonds are cleaved by the HF, followed by reaction of the newly
exposed Ti atoms with the abundant fluorine anions and hydroxyl groups in the solution 1o form
F, -O and-OH functional groups on the MXewserface'® Normally, MXenesonsising of more
layers (higher n numbers) demand stronger etchant and longer retwidA The reaction
conditions can also significantly influence the crystallinity, defect abundancy and surface
propertiesof the resultant MXen&! providing room to finetune the MXene toward optimal

property for the targeted applications.

1.1.2.3Fluoride Salt Etching

Owing to the highly toxic and hazardous nature of HF, mixture of s@omsuch as HCI
and fluoride salt such as LiF, NaF and KF were developed as alternative etchant for MXene
synthesid!®! Thesemilder g/nthetic approaches generate HF through reaction between the strong
acid and the fluoride salt to avoid direct use of [HFBelow is an example of reaction between

LiF and HCI.
0 Qdry 00 N° 0Gon 0 QoM (1-4)

Comparel tothedirect HRetched MXene, MXenes prepared by fluoride salt etchérbibit
fewer defects and larger lateral dimensionse process is then further optimizby a process
called Minimally Intensive Layer Delamination (MILD) that applies higher ratibiF and HCI
ratio in the precursot&® The MILD methodonly requires manual shaking to produce large
MXene monolayer flakes with few defects, whereas previous methods require sonication to shred
the MXene flakes. Conspiently, the MILD methodtan achievehigher exfoliation yieldwith

around70% flakes are one or two layers.
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1.1.2.4Electrochemical etching

Electrochemical etching is another approach to produce MXadfieently andsafelyfrom
the MAX phases. For examplelectro-oxidation using electrolytes consisting of 2 M HCI and 1
M NH4CI + 0.2 M tetramethylammonium hydroxide (TMAOH)stzeen reported to successfully
synthesize BCTx and TsC2T«x.* 2 The resultant BC.Tx can achieve large lateral size up to 18.6
em, similar to the MXEéeidowgveremessive etchibfyhe ddmdleD me t h
is a major challegie, aghe MAX phase may be directlyxidized to carbon owing to dissolution

of the AAO0 and AMO atoms, adding uncéYtainty

1.1.2.5Molten salt etching

More recently, molten salt etchingas beerreported as a greesmpproachto synthesize
MXene without the use of fluoride iofs! In 2019,the Huang group applied strong Lewis acidic
molten salt ZnCGlto replace Al by Zn, synthesizing novel-EAAX precursors including BZnC;,

Ti2ZnN, TiZnC and \6ZnC 22 Subsequentlytheexcessive ZnGlsalt removethe Zn atoms and
generatedCl-terminated MXenes such assTiCl. (Figure 1-2). This method expands tlist of
available MAX phases for MXene synthesis, adding element such as Zn, Si and Ga to be the
possible Asite element&! Notably, the molten salt etching strategy also allows finer control of
terminations on the MXenes surface, as uniform distribution of single termination s@ih-B8s

and -Se can be achieved, which enables further investigationthesf effect on MXene

propertieg?
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Figure 1-2. Scheme of molten salt etchingf TisC>Cl> from TisAIC2.2? Copyright 2019,

American Chemical Society.

1.1.2.6Delamination

After selective removal of the Aayers from the MAX phases, the resultant MXene flakes
are held together by weak hydrogen bonds and/or van der Waals forces. In order to obtain single
layer or few layers MXenes, further delamination or exfoliation are oftenrssttfl Organic
solvents are one kind of commonly used intercalation agent to isolate multilayer MXenes. For
example, dimethyl sulfoxide (DMSQO) has been applied as intercalant langieigy interlayer
spacing of TiC>T« flakes prepared by HF. The flakes delaminated from sonication in DMSO are
in the order of few hundred nanometers diamétéf! However, DMSO residuals between the
MXene layers are often difficult to be removed entirely due to their high boiling BBint.
Furthermore, other polar organic molecules including urea, hydrazine, tetrabutylammonium

hydroxide (TBAOH) and is@ropylamine have also been applied to detach layers of etched
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MXenes!® 2 30 Additionally, alkaline ions such as*.iNa', K*, AI** and NH* cations can also
achieve delamination, due to negative charges on M*¥&rié.They paired particularly well with

the fluoride salt etching method, as the cationscariudelaminate the MXenes after the etching
process without adtion of extra molecule®! The resulting colloidal suspensions can maintain
stable status after mild vibration, primarily due to the negative zeta potential of the MXenes

sheetd]

To summarize, the synthesis route of MXene from Mghass is illustrated irFigure 1-3.
As shown, selective etching via fluoridentained soltion or Lewis acids molten salissthe first
step to remove the A layers and generates multilayer MXene flakes. Compared to hazardous
fluoride-containedcompaunds, Lewis acid etchants have the advantages of high saifdty
controllable termination€! Subsequent delamination by metal cations or orgamitecules
separates the flakes from multilayer to fiwers, factors such as sonication time and strength in
this step can significantly impact the size, defects and concentration of the resultant products.
Particularly, high power sonication process itlong sonication time will yield higher
concentrated solution with smaller flakes and more deféttsis important to note that MXenes
producel through such methods are nparous and have limited surface area, whegtrict their
applications. Given such, further research efforts are still required to develop feasible methods for

synthesizing porous MXenes with high quantity and quality.
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Figure 1-3. lllustration of pical peparingprocess of MX> MXene from MsAX 2 precursof®

Copyright2021, WILEY -VCH.
1.1.3Properties

1.1.3.1Surface Chemistry

As mentioned above, the synthetic methods can greatly influence the surface termination of
the MXenes product. For instancezJiTx etched by HF has been reported to contain four times
more -F terminations than samples produced via HCI#FThe termination variances may
influence the MXene crystal structure, as specific surface terminations suChaasl -Br were
reported to enlarge the MXene interlayer spacing, which was attributed to adsorption of anion
along the edges of MXene nanoshé&tdvieanwhile, delaminationonditiors can also influence
the type and ratio of termination on the final product. In one particelaorting fluoride
terminationsof anexfoliating H~etched MXene was observed to be replanedydroxyl group
upon sonication in tetrabutylammonium hydroxitte Additionally, post synthesis processing
such as high temperature treatment and alkali hydroxide reaction can also alter the functionalities

on the MXene surfacé¥. 38



1.1.3.2Thermal Stability

Thermal stability of MXene sheet is highly dependent on its chemical composition and
environment®® For example, the thermal stability ofsZ.Tx was reported to be better than
TisCTy, asZrsC> structure is more energetically favored than ZrC, wheg€:1is metastable
compared to bulk cubic Ti€% Meanwhik, different gas environment can also impact its stability,
TisCTx i n particul ar has been identifiedlledo rem
envibmment, with its hexagon aHtWrleimanoxytgenmamndant e s er v
atmosphere, FC>Tx is observed tde partially converted to anatase i@ t 200fulyC and
oxidized torutile TiQa t 1 J*®These cBnversion reactions can be manipulated by controlling
other parameters such as heating rate and duratioviding opportunities to develop a varieties

of MXene/TiQ: composite for different applicatioffs!

1.1.3.3Mechanical and Phystal Properties

Delaminated MXene flakes have outstanding mechanical flexibility, and can be folded into
different shapes without visible damdffe?Pr evi ous study has reporte
modulus of 0.33 TPa for a freestanding monolaye€iy,'® which is close to the predicted-in
pl ane Youngods mGadingle lager (502 GRER Addlifionallyj the mechanical
properties of MXene films can be tuned by intercalating polyf@rSor ingance, composite
films of polyvinyl alcohol (PVA) intercalated 3C>Tx displays improved mechanical
characteristic, which can support 15000 times of their own weight (corresponding around 2.9 MPa

stress). This work opens avenue for polymer/MXene compdsiteverse applications.



Furthermore its high electronic conductivity makes MXene promising candidate for
electrode materialsnigeneral, he electrical conductivity property of MXene heavily depends on
the synthesis and delamination methodCITx with large flake size and less defects produced by
mild etching can obtain high conductivity up to 9880 Slcras there is coplanar alignment
between individual flakes resulting in good conttin contrast, MXene etched by HF only
possesses low conductivity of 850 Stf{! When dedminated by large organic molecules such
as DMSO, the resulted MXene show unsatisfied conductivity likely owing to the suppression of

interflake electron doping®!

1.1.3.4Electrochemical Properties

MXenes show privilege as host material in rechargeable batteries and hybrid
supercapacitoré? Benefiting from abundant pseudocapacitive sites and wide interlayer spacing,
MXenes can deliver high specific capacitance while maintainingnitstal structure through
repeated volume expansionhtaction® In one study, BC,Tx electrodes achieve specific
capacitance of 450 Flgwith outstanding rate performance in supercapatitoMoreover,
delaminated B&C. paperelectrodds identified to exhibit outstanding Li storagapabilityof 410
mAh g? after 100 cycles in lithiurion battery which is close to its theoretical limit of 447.8 mAh
gL.[2% 52 Though, further analysis reveal limited long peridthrgédischargestability of 200
cyclesat 1 CI2°! One of themajor challenge of MXenes electrodeis the restackingissue,
inhibiting electrolyte transport and decreasing the ion storage cap#filifjo resolve this
problem, bw dimensional molecules such as carbon nanot(t&3s), graphene and polymers

have been incorporated with MXemanosheets to serve as spacers and to provide additional
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electrochemical capacif§?® For example,sandwichlike TisC,Tx/CNTs paper has been
fabricated by alternative filtration method with high volumetric capacitan@90F cn® and
exceptionalstability for over 10000 cycleé®] Further modifications such as heteroatom doping
and vacancies designing can also enhance the electrochemical perfdfmanogher major
restriction isthat conventional MXenkacks confined poreswhich decrease theaccessible sites
on the surfac&® One of the solutiomis forming three dimensionahetworks by eitherself-
assemblingor hard templating, whicimot only emarges the available surface area but also
effectively inhibits restackind®”: 8 Another strategyis post fabricabn of in-plane poous
MXenel® For instance,Cl?* ions are found to partially oxidize MXene to BiCforming
mesoporesafter chemical etching®®! However, these methods can orslghtly increasethe
surface areand inevitably complicate the processndvelonestepsynthesis oin-planeporous

MXeneto will bethe primary of thelisaussion in this thesis.

1.2 Battery

1.2.1Introduction

Climate changandair pollutionconcernsn recent decaddsaveurged thetransition toward
renewable eneggincluding solar andwind power/®® but extensiveintegrationsof the systems
havebeen restricted by their inconsistency rooting from high dependence on local wéatkss.
limitations place eveincreasing demands for economigaliableand long lastingnergy storage
deviced®!! Moreover wide spreadsocietal adaption o&lectric vehicles(EV) and portable

electronic devicesalso requires high performing energy storagesystem to extend their
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capabilites®? As such,successfutlevelopment obptimal energy storage systerare of great

importance forcontinuing the advancement of modern society and quality of life.

- Charge
Discharge

Figure 1-4. lllustration of ypical battery syster§s! Copyright 2020, Elsevier

As shown inFigure 1-4, astandardattery is constructed with the four main components of
anode, cathode, electrolyte, and separator. The anode is responsible for storing the metal ions at a
higher energy state, while the cathode provides a lower energy statsdtion of the metal
ions!®3 64 Energy levels of the anode and cathode are reflected in their redox potential, and their
potential difference between the electrode materials provides the thermodynamic drive for the
electrochemical rction®® On the other hand, the electrolyte consisting of solvent and electrolyte
salt enables diffusion of charge carrier between the two electrodes during operation. As for the
separator, its primary purpose isitibit contact of the two electrodes to prevent sleotuiting

without severely hindering the movement of i6f5slt is often preferred for the electrolyte and
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separator to not participate in the electrochemical reaction, though formation of solid electrolyte
interphase (SEI) through their reaction is common, which has mix influencespgertbemance

of the battery®® An ideal batterywould be capabléo store large amount of energy through fast
chargingand possesses long cycle Jifghich requires higlenergy densityhigh power density

and good cycling stabilityMoreover, low cost and high safety are also desired properties for
batterieg®®!

Proper &ctrode materialselection and desigare essentiafor high performancdattery
system®! In particular, redox potential and specific capacity of the electrode materials largely
dictatethe final energy densityof the systemin terms of power densityvhich is particularly
important for electric vehicles that calls for quick accelerasapgrior reaction kinetic is desired
for fastion diffusion within the electrodenatrix®’l Meanwhile,long period cycling stability and
structure resilience towards repeated reactiohghe electrode materialare alsoimportant
parameters that must be satisfied

To this end, te benchmark for superbelectrodedor batteryinclude®® 1) suitable redox
reactionto provide high operating voltag2) uniquearchitecture tamprove capacity and rate
capability, 3) robust structure to endure repeated charge/discharge prégessig various
architecturesporosty designhas beerwidely adoptedasan effectiveway to maxinize active
material capacity utilizatigrenhance reaction raséad improve charge transfiey providing large

surface are&” % Following are the detailadvantages of porous electrode materials.
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1.2.2Porosity in Battery Electrode Materials

Porosity is defined to be the proportion of void space in a solid, it is a cpacaeter that
can influence the surface area and permeability of mat&fiadecording tolnternational Union
of Pure and Applied ChemisttfyUPAC) definition, material pores can be classified into three
categories based on their sizes, which include the micropores under 2 nm in width, therenesopo
that are between 2 to 50 nm, and the macropores witfheyd50 nm. Generally, porosity can
be incorporated into electrode materials by soft or hard templating, while some materials exhibit
microporosity due to large tunnel sizes in their crystakcsurel’” In battery application, material
porosity can heavily influengeroperties such as reaction kinetics and capacity utilization, porous
carbons for instance are often adapted to imptioe@erformanceof electrode materialat high
currents Below are furtherdiscussions of battery properties that are affected by the presence of

porosityin electrode material

1.2.2.1lon Diffusion

One obvious property that porosity influeadg ion diffusion in theelectode maerial. As
shown in equation-b, the characteristic diffusion timé)(for active ions is proportional to the

square of the effective diffusion lengt®, (Where€O is the ionic diffusion coefficieFt":
T — (1-5)
A porous material can effectively shorten the diffusion time through establishing a shorter
diffusion lengthafor the ions, albwing rapidtransportation of the active isto the intercalation

site. It should be noted that performance improvement through elevated ion diffused are most

significant at high current application, while the increasement at low current is less sigréfca
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kinetics limitation becomes less impactfitl. Examples incluihg porous TiQ havedemonstrate

drastically improvd rate capability upon introduction of porosity to the electrode matéiald.

1.2.2.2Internal Battery Resistance

In batteries, the relationship between battery paessity(0) and current’'Qis expressed
as follows™!:
0 ®O (1-6)
In which, the actual battery voltage)(is related to the opetircuit voltage (@ ) and the
battery internal resistancBd) as shown beloW!:
w o O (1-7)
While'Y is the sum of resistances in all battery compdffént
Y Y Y Y Y Y Y Y (1-8)
Here,"Y represents the electrolyte resistanteand’Y are the resistances catlode and

anode;Y and’Y are the resistances of working ion to transport across the electrolyte
cathode and electroly#node interfaces; and ,Y  are the resistances of current collector

of cathodeand anode, respectively.
For the internal electrolyte resistarige in a theoretical model of cylindrical porég, can

be calculated by the following equatitth

| A— (1-9)
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Where” is the electrolyte resistivityqis the depth of the pore,andi are the number and
radius of pores in the electrode. To achieve'dw large quantities of pore architecture with large
radius {) and short depth( are desired.

Meanwhile, the ion interfacial resistande and’Y are proportional to the ratio of
geometrical aread) and interfacial ared@( ) of the electrodé&:
Y X — (1—10)

Given that interfacial area between electrode and electrolyte in porous nsatevial
considerably increased, ¢ can be decreased significantly as a ré&ilt.

Therefore, porosity degn of electrode materials can greatly decrease the internal battery
resistanceY by providing unique structure arabundantlectrode surface areahich permits a

high power density for the devi&l

1.2.2.3Active M aterial Utilization

Bulk materials with no porosity often struggle with siteessibility of the active metal ions,
which restricts complete utilization of intercalation site within the adldvoltage window. Porous
nanomaterials with small feature sizes and high specific surface area can renfaokatugntact
between electrgte and electrode, minimizing unused intercalation site anditltusasng the
utilization of available capacity’! As energy density is proportional to the specific citgathis
would drastically improve the energy storage capability of the electrode mEféiwever, it
is crucialto note that excessive porosity would lead to low material density and available capacity,

therefore balance must be maintained to achieve optimal electrode aréerm
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1.2.2.4SuppressingVolume Changes

When alloy materials such & andSi are used as anode materials, severe volume change
during charge and discharge will result in particle pulverization, interparticle contact loss and
mechanical integrity degradati&f. Proper pore engineering of such alloy electrodes can abeviat
the stresses by providing room for volume expansion, prolonging cycling time of the b&fferies.

Overall, incorporation of porous structure to electrode materials can provide benefits to the
battery performancie terms of power density, energy density and cycling stalfifitplong with
high electronic conductivity and structural staiibf MXene, it is anticipated that their successful
combination would lead to electrode materials that exhibit various desirable properties for battery
applications. The synthesis methods and impact of the intrinsic pbMXene will be further

studiedin this thesis.

1.2.3Lithium -lon Battery

Lithium-ion batteries (LIBspre regarded abe main energystoragetechnology of the Z1
centurysince theirmarketintrodudion in 191 by Sony Corpration[®* 79821 A representative
structureof LIBs is presentedh Figure 1-5, which shows LIBs assembled witthecommercially

adapted_iMO 2 (M stands for Fe, Mn, Catc) cathode and graphite anodéf.
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Figure 1-5. Scheme of basic structure in a Lithitom battery cell®® Copyright 2011, American

Association for the Advancement of Science.

Takingthe LiCoOz/graphitecell as an exampléheredox reactions are as folloy§é

Cathode: 0Q0&L 0 0H w'Q aQ (1-11)
Anode: @ QP 0Q (1-12
Full reactions 0Q0o¢ P 0Q 0O 0Q (1-13

As shown in the reaction equatiand Figure 1-5, Li* ionsare extractedrom the graphitic

anodeandreleasd into the electrolyteluring discharge At the same time, Liions areinserted

18



into theLiCoO» cathode, which keeps the electrolyte ion concentration consisteseprocesss
arepaired with the transfer of electrénom anode to cathode in the external circuit that maintains
the charge balanc¥ice versa, thei* ionswould returnfrom LiCoO; to thegraphitewhen the
cell is chargedf® Batteries in whichthe catiors are the only ionsactively shuttling between
cathode and mode duringthe chargeand dischargeprocessare termedrocking-chair batteries,
other welltknown batteries that behave in this manner include sodambatteries andincion
batterieg®l

At the current stage, LIBs remain the magtlely applied electrochemical systemwing to
their relatively high energy densityas well asmature technologyHowever, inherent safety
concerns such as thermal runaf4y® increasingaw materialprices and supply shortageave
encouragd the development of possible alternatiV¥ ! Particularly,s y st ems t owar ds
Il i thi umdé dev-or &%, KsandNa" batterieschava been intensively investigated

over the past decadé:®

1.2.4Dual lon Battery

Among thealternative batteriesdual ion batteries (DIB)ossessindnigh working voltage
have attractedconsiderableattentiong®”: 1001931 ynlike conventionalLIBs with rocking-chair
working mechanismboth the anions(A": PR', CIO4', TFSI') and cations(M*: Li*, Na', K)
participate in intercalatioduringthe chargeanddischargen DIBs.'%4 As shown inFigure 1-6,
typical DIBs calleddual graphite battery (DGB)se graphite as both cathode and anodeir The
working reactions are &sllows® 100

Cathode® w P 0o aQ (1-14)
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Anode: 0 Ay QP 0o (1-15)

Reaction:0 (A QQ 0 ww P 0o 0 0 (1-16)

Charge Charge
T,

DI;chnEe l;ischnrgt
M A
LCharge © o~ Charge |

Grapheng Layer

DPORTII|D IA U0

Figure 1-6. Scheme of working mechanism in DIB¥! Copyright 2017, American Chemical

Society.

The primary specialty of DIB$s the behaviors of the anionsiring cycling as theyactively
intercalatéde-intercalatefrom cathodeduring the charg&lischargegorocessBenefiing from this
reaction,DGB has high dischargeopentialabove4.5 V vs. Li/Li *, which issignificantly higher
than traditional LIBs However,a direct result of activatinthe anion intercalation reactios
consumption of electrolyte ioritkat lowers the available charge carrier in the systeimch can
influencebatteryperformanceegatively®® To ensuresufficient ionsavailability, thickness ofhe
separatdelectrolytelayerin DIBs is often beyond100 um, whichis thicker than30-50 pm in
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LIBs, lowering the overalbattery @ergy density*° Given suchhigh ion concentrateand high

voltage stability are both important propertiesBdBs electrolytel®?: 106]

1.2.4.1Cathode

To reversiblyhostlarge sizeanions layered structure cathode materials with large interstitial

sites are generally preferréat DIBs. Graphite ighe first reporte@nion hostor DIBs application,

its ABAB sequencd layer structureassembledy van der Waals forcas suitable forepeated
anion intercalationand it hasthe benefitsof low cost and processing maturity’! For these
graphite cathodesyorphology particle sizeand surface aresre properties that have high impacts
on the performance asgraphitewith smaller particle size and higher surface draae shown
increaseatapacity and rate performandee to shosgrdiffusiondistanceWhile large sizgraphite
exhibits enhanced structural stabilitput diffusion limitation severely hinders its reversible
capacity!’®’ To date, discharge capacitiesgpéphiticcathodestudied for DIBgemainsetween
100 to 150 mAh g, which arelower thancommercial cathodesf LIBs.[®% Given so there are
strong interestin developng alternativecathodesuch asorganiccompoundand metatlorganic
frameworkgMOFs), thoughspecific capacitpf these materialsrestill under 200 mAh g, which

requires further improvement to be competifhfé 0!

1.2.4.2Anode

Albeit the cathodematerialbeing thesignificant bottleneck on ceflerformanceof DIBs, the
anodematerial should provide excesscayecity to preventmetal platingthat will endangecell
safetyand lifaime.*'® One obviousanodematerial candidatéor DIBs is the intercalationtype

graphitecommonlyusedin LIBs that shares the same working mechanBuilding on previous
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LIBs works, carbonaceous materials such as microporous soft carbon nanositaetsgh
specific surface aremasdeveloped and achievédyh reversibility of 93% capacitetention after
3500 cycles!!Y Heteroatorrdoped carbomaterialswerealsoexploredowing to their improved
electronic conductivity angborous stucturel*'? N-doped carbon fibers and-d®ped hollow
carbon rodsvith hierarchicabtructurdan particular show enhandén transportatiomndeffective
suppression ofolume expansignwhich leadto stable operatiomp to 1500 cycleswith 90%
capacity retentioft*2114

Despite thalevelopmenta major drawback for intercalatitype anode is their low capacity
ceiling, which leave little room for further improveméntenergy densit{*'? To address this
issue,alloying-type materialsuch asAl, Si, Snand Phave been heavily westigated apossible
alternativewith far higher theoretical capacity}® For exampleSi that exhibis a theoretical
capacityhigher thard000 mAhg?! is very attractivefor anodeapplication but volume expansion
of over 300% duringeycling and deficient electrical conductivity of 18102 S cm? are their
limitations.**®! Coatingthe Si particles with carbois selectedto reduce mechanical stress and
increaseelectricconductivity.171 As for theAl metal, it has a relativelpigh theoretical capacity
of 993 mAh ¢!, and it can bapplieddirectly asDIBs anode without current collectddowever,
volume fluctuationand pulverization during alloyiridealloyingoften causecapacity decaf}*®l
artificial protective layer and structurahodification are strategies thahow effectiveness

alleviating this issué® 120!
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1.2.5Zinc lon Battery

Recently multivalention (Zn, Mg, Ca, Al, etc) batteries havegainedextensiveresearch
attentionowing to their rdatively low cost environmental benignitgndoperationakafety their
electrochemical properties are summariz&ale 1-1.12%1251 Amongthem,Zn?* ion exhibits a
suitabk potential ofi 0.76 V vsSHE (standard hydrogen electrode)y aqueousystem relative
small ionic radius (0.75 A) andnediumhigh volumetric capacityof 5855 mAh crh? 126!
Importantly, zinc foil exhibts acceptablereversibility toward strippingdatting in aqueous

conditionand various cathode optiongth promising performancare availablé*?’!

Table 1-1. Comparison ofmultivalentcharge carrieiong!28. 12

Category et Mg?* ca* Al3
Electrode potential vs SHE [V| -0.76 -2.37 -2.87 -1.66
lonic radus[A] 0.7 0.72 1.00 0.53
Specific capacitymAh g 820 22 1337 2980
Capacity densitymAh cm?) 5855 38 2072 8046

Zn battery applicatiorbegan inthe 1860s when the first primary alkaline Zn battey was
introducel into the marketand they remain a gt for common householdlectronid® Its
rechargeable versiantroduced in the 1980did not achieve any meaningfolarket adaptatign
as they often lose half of itmitial capacity aftertwenty cycles of usel**!! To address the
rechargeability issues, t986,Yamamotoet al promised theeplaement ofalkaline electrolyte
with ZnSQ; electrolytes, which fundamentallyalteredthe electrochemical behavid®21%¢l The
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mildly acidic systenallowsdirect conversion betweétn?* andZn in the anode sideompletely
eliminatingthe electrochemically passibg-products sah asZnOformed in alkaline electrolyte
enabling remarkably enhanced cycling performdhéeHowever, unsatisfactory intercalation
capacityand cyclabilitydue tostrong electrostaticinteractions between cathode materials and

divalent Zrt* ionsremain a challenge to be overcaltiél

1.2.5.1Cathode

Upon discoveries of the mildly acidic ZIBs, a largarieties of cathode materials were
investigated for suitability with the new system. To datenganesexides, vanadiumoxides and
Prussian blue analogu@BBAs) are three material grogphat have received the most research
attentiongd!3&140l

MnO:z has beerextensivelyexploredas ZIBs cathode materialewing to its low cost and
relatively high operating voltageof 1.3-1.4 V.37 1381 MnO, can form many dferent
polymorphous n c | u d i, n-gb, %, tYelt aktl Rphase, this is due the fundamentalnit
MnOes octahedra can Hanked by sharingcorners and/or edgeallowing the formation oftunne|
chain or layered structure!*!! In ZIBs, MnO, cathode can reacthrough three different
mechanisra: Zn?* insertion/extraction, Hconversion andombinationof the two reactiong!?®!
Inthe early stages of developmengnganese oxidestendemonstratpoor cycling performance
due toirreversible structural transformation am@nganese dissolution he cycling procesg3*
1421471 The dissolution issue can bappressedy addition of MnSQ@to the electrolyteas studies
have reported achieving over 5000 cycles of operation at specific condition with the

modification™#®l In comparisonto the manganese oxide cathpo®st vanadium oxide cathodes
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exhibit highercapacity andstability owing to their larger and moredurable structure*4%1521
Neverthelessthe averagedischargevoltages of mostV20s-basedcathods areonly ~0.75 Vvs.
Zn/Zr?*, making it difficult to achievénigh energydensityZ|Bs.[240 1531551

Lately, PBAs with advantages afexpensivaess,nontoxicity and facilesynthesisare also
promising cathodecandidatesfor both monovalent caion*>¢1%° and multi-valent caion
batteried'?® 1601631 They are also called transitiemetal hexacyanoferrates (MHCFswith a
general chemicdbrmula of MFe(CNg (M = Fe,Cu, Mo, Ni, Fe,V, Mn...) andface centered cubic
structurein Fm-3m spacegroup The tpical crystal structure of PBAs shown inFigure 1-7,
where Fe (lll) and M metal ionsare linked by c y ani de ( Candl)he structyra isd s
established biFeG octahedrandMNg octahedral®* *® Owing to hedistinctivecrystal structure
with sufficient largethreedimensionabiffusion tunnels andnterstitial sites formetal ionsPBAs
have beenrepatedto beideal hostmaterialfor multivalentcaion transportatioft®® Whenused
as cathode foZIBs, PBAs can achieve averagperatingvoltageshigher thanl.5 V, which
significantly exceedthe majority of reportedZIBs cathode.*®”! There are twaedox pairs in
theory, theFe*/Fe¥* and M*/M3*, offering two moles of electronfor transfer However,inherent
vacancies and lattice defects of Fe(efrmed during traditional production methods often
hinder thecomgete useof active sites in PBAsMeanwhile, various types of M give rise to

differentelectrochemical performances PBAsby altering the crystal structut@®: 66!
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Figure 1-7. Scheme of PBAs during 2Zh intercalation/deintercalatiof?® Copyright 2018,

American Chemical Society.

In 2015, ZnHCF was first used as ZIB cathode materialsatairedahighdischargevoltage

of 1.7 V'8 Theredoxreactionf the cell are ashown below

Cathodenxw ¢ ¢ @e OB O P dE "OD O (1-17)
Anode . OB wwé cu (1-18)
Reactionw e e OD O P we OMO (1-19)

Althoughits discharge capacityf 65.4 mAh ¢ is low, it still achieves a deceshergy density
of 100 Wh kg because othe highoperating voltageFollow up study identified thahe ZnHCF
morphology can beontrolled by changingthe mixing period of theco-participationprocess,
opening additional path for further optimizatiot$!

In addition toZnHCF, other PBAsncluding CuHCF, FeHCF, MnHCF, CoHCF, NiHCF and
multi-metal HCFsuch as CuZnHCRavealsobeen applied as ZIBs cathod¥8! Among them

the newly discoveredCoHCF delivered higtcapacityof 173.4 mAh ¢! at 0.3 A ¢, with
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operational voltage of 1.75 V amkcellent gcling stability of nearly 100% fter 2200 cycles at
3.0 A g~ The exceptionalelectrochemical resuis achieve through double activation of
Co?*/Co® and Fé'/Fe* redox pairs, wheasother reported PBAgypically utilize the Fe redox
only. As crystalvacanciesn PBAs often occupy the intercalation sites of Znit can trigger
uncontrolled phaseransformationduring cycling Further material modification focused on
redudng the lattice defects the crystal structuresan improve thetructuralstability and redox
utilization of PBAS*"Y

Aside for the above three types of materie¢searcérshave alsanvestigaed new families
of cathodematerialsfor ZIBs such agpolyanionic compounds!? organiccompound,*”®! and
metal sulfide8™ 7 These materialwith Zr?* hosting abilityeach have their owrattractive
features that arevaluableasrechargeable ZIBcathodesFor instancespolyanionmaterialswith
large dhannelscanfacilitate rapid cation intercalatiode-intercalation organiccathodesexhibit
extraordinarydischarge capacity witbutstandingcycling performanceowing to their unique
redox chemistry and metal sulfides with layered structure such as Mo8 VS canendure
volume change during cyclingesultingin high capacity retentiofi?®: 137. 168, 176rhe exploration
of unconventional ZIBs cathodesstill at its starting stagendmore suitable nanomaterialee to

be discovered.

1.2.5.2AnodesProtection

Zinc foil is commonlyuseddirectly asthe anode for ageous ZIBs, which involveginc
plating/striping reactions during charginfflischarging process”! However, zinc dendrite

formationis an inevitableobstaclefor aqueou<IBs using mild acidic electrolytéOn one hand,
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corrosion and hydrogen evolutioaaction(HER) caneasilybe promotedby the enlargedsurface

area ofthe dendrites.On the otherhand, acute dendrgean puncture the separators and cause

internal shorcircuiting in the cells directly causing failure ofhe battery*’® To date, here are
threemain strategies tanodify thezinc deposition behavior in trenc-electrolyte interface and
hostzinc interface which areelectrolytemodification, artificial protectivelayer design andhost

development®

Electrolyte additivesuch asthioureais found to suppress the electroplated zynowth
towards p pt and p pp directions, whichare crystal planes thadre widely reportedto be
responsible for zinc dendritésrmation!*% Moreover, lighly concentrated electiyges such ad
M Zn(TFSIx/21 M LiTFSIwerealsoutilized asion-enriched electroly® which lead tauniform
zinc depositionand the successful suppression HER Y However, organic additives and
electrolyte with high concentratiooften lower theelectrolyteionic conductivity, which would

deterigatebattery performance due stowerion transportatiof.”!

As for artificial protectivelylayers it canreduce zinc dendrite formatiathrough either
spatial shielding or multimodguided ion homogeneous diffusiBf? 81 The criteria for suitable
interfacial layer include: 1) good wettabilityith electrolyte for low ion interface transfer
resistage 2) excellent mechanicgropertyto accommodate volume chand® no chemical
reactions with elgcolyte*”®! For example, riorganicprotective layer such agiO, andCaCQ
with low electrical conductivityand high dielectric constantvere reported tosuccessfully
redistribute zinc ions anguide uniform electrolyte flux near the zinc surfaceebyicting Zn?*

within a limited rangé'®* 8%l Meanwhile organichydrophilic polymeranembranesnade with
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polyamide (PA)poly(ethylene glycol) (PEGYr polyacrylonitrile (PAN)have also beeutilized
as nanofencewith ion immobility effectand suppresthe water splitting side reactidt® The
artificial layers are normally prepared by doctor bade cogditognic layer depositiqrspin coating
or in situinterface synthesist is believed that thickness an importanparameter tguide ion

flow and lower diffusion resistan¢&”’

As zinc often grow randomlyn bare znc foils rather thanreturning back to its initial
position,host materialbave been developed as structmetivork to regulate zinc growth® For
instance, onductive host such dereedimensionalcarbonnanotubeexhibits high surface area
has been reported mediate electric field distributiofor uniform Zn depositioft’”) Meanwhile,
zincophilic hossincludingCu and Sralsoenable hostinc surface wittabundanhucleation sites
andlowered zinc nucleation barriéf® ¥ According to the density functional theory (DFB))
and Cu metals shoWigher adsorptiomffinity with Zn atom than carbgnvhich is favorable for
zinc deposition over thesurface. Other strategies includingheteroatomor defect doping
modifications on carbon materials @lsoexpectedo enhance their zincophilicityy changingt

surfaceelectronegativityand local dipolé®®

1.3 Motivation and ThesisStructure

The objeawesof thiswork areto: 1) develop a greeohemistry method teynthesze porous
MXene; 2) evaluate the performance pbrousMXene andits compositesas battery electrodes
andelectrode supplement in different battery applicati@snvestigatetheinfluenceof MXene
properties such as porosity and surface termination on its performance in different battery systems

Figure 1-7 showsa breakdowrof studiesconductedn this thesis
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Project 1

* Eutectic etching synthesis + CoHCF//p-MXene composite + Regulate Zn platting for ZIBs
towards porous MXene + High surface area and crystalline  anode
* Abundant intercalation sites for for ZIBs cathode + Homogenize electric field

high Li* storage performance

Figure 1-8. lllustration ofprojects in this thesis.

This thesis contains six chapteShapter 1 introducesthe basic properties, synthetic
methods andesearch developmentf MXene Background of differenenergy storage devices
involving dual ion batteries and zinon batteriesare also provided This chapterends with
motivation and structure of this thesizhapter 2 includes key characterizatioand experimental
techniquesemployedin this thesiswith more detailed descriptiorase providedn Chapter 3 to
Chapters. Chapter 3 presentsvork done ordeveloping a feasible and ntwoxic eutectic etching
methodto synthesizén-plane porous MXenedElectrochemical performan@ndbehavors of the
porous MXene as du@n batteryanode materials are also discus<gldapter 4 focuses on the
development oporous MXenéCoHCF compositdor application aigh performanceinc ion
battey cathode The functios of porous MXene during th€€oHCF crystalline growth is
investigated Chapter 5 highlights the utilization oporous MXeneas protective layer forinc
anode effect of the porous MXene in modulation of zinc deposition is elucid&tiedpter 6

outlines the key conclusiomsd outlookon thebass of this thesis.
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Chapter2Ex per i ment al Met hods

2.1 Physical Characterization

2.1.1ScanningElectron Microscopy

Scanningelectron microscoy (SEM) is a widely usedphysical techniqueto image the
morphology ofthe samplesurface The main advantage of adapting electrons for imaging is the
drastically shorter wavelengths compared to visible lightyviding SEM with high resolution
down to around 10 nnGenerally the instrumenis constructed with an electron gun, multiple
condensgobjectives lensawell aslectron detectors in a high vacuum systBrring operation,
electrons are emitted from a heated filament #h accelerated byn electric field ranging
between 5 to 20 kV, it is then focused onto the samptbdgondenseand focusing lendVhen
the electron bearstrikesthe surface of thesample it is eitherscattered or absorbgedenerating
signalsincluding secondary electronsharacteristic Xay, back scattering electroefc. These
signals are then collected by the detectors, which convert the signal into current that reflects the
brightness in the final images.

In this thesis, SEMvas utilized to examinethe morphology okynthesizegorousMXene
and its composite. It wassal used as post cycling characterization to examine the change of the

sample before and after the cycling process.

2.1.2TransmissionElectron Microscopy

Similar to SEM, transmissiorelectron microscopy(TEM) is a commonlyadaptedtool to

probestructual information of sample TEM employs electron bearaccelerated byery high
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voltages(50-300 kV) to strike throughultra-thin specimenThe number of electrons transmitted
through the sample in each location are then converted to create the final imagally;yTEM
samples should be vettyin with thickness less than 1 ynfror TEMs that apply very high voltage,
higher resolution structurainformation such adattice distance, defects and dislocatiomghe
nanometer scale can be obtained

In this thesis, TEMvas primary applied as supplement for the SEMdofy the morphology
of the samples. In specific case when high resolution TEM is applied, it was used to directly
observed crystal structure of samples in nanoscale, especially in the interface regime of two

materials in a composite.

2.1.3Energy Dispersive Xray Spectroscopy

Energy dispersive Xay spectroscopy (ER or EDS) is a characterizatiomechniqueusually
coupled withTEM or SEM system tadentify and quantify the sample chemicamposition. EDS
collectsthe characteristic Xray signals oklectrons ejectetfom the samplafter electron beam
bombardmentWhen theatom isstruckby the beam,an electron in the inner shellegected from
its ground stateAn electron at higher enerdgvel would then dropnto the vacancy lefby the
pristine electronand emit Xray in the processyhich caresponds to the energy gap between two
energy levelsAs the energy oémitted Xray is characteristic for different elemeriED)S allows
the analgisof the type percentageand distributiorof eachelementwithin a particular area of the
specimenln this project,the EDS techniquesvere employedto obtainedelementalproportion

and distributiorinformationin MXene and its composge
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2.1.4X-ray PhotoelectronSpectroscopy

X-ray photoelectromspectroscopy (XPS) ianothertechnique that allowsurfaceelemental
investigation othesample XPSfunctions by exposing-ray beam witlselectedcenergy tasample
surfaceandmeasuring the kinetic energy and quantityhe&fphotoelectrons emissioAs shown
in Figure 2-1, thebinding energy is calculated based on the following equation

O ®» O - (2-1)

whereO is thephotoelectrorkinetic energyandO is thebinding energyf an electron at a
particularlevel, " represert the incident photon energy ands the minimum energy to move
the electron to ifinity from the surfaceThis informationis used toverify the binding energy of
the escaped electrons, whiarethencompared with théinding energyeferenceo confirm the
type and chemical state$ elemens in the sampleXPSpeaks arédentified as njl, where n is the
principle quantum number, | represents the angular momentum quértudi,2,3 for s, p, d, f
orbitals, respectivelyand jstand for the spin angular momentum numlvénich equalsto | + s
(s is £%2). For example, XP$eaks for 3p will be separated to;3and 3p/2 peaks.Compared to
EDS, XPS can providespecificchemical informatioron the surfacehemical interactions and
electronic statesshifting of the characteristic peakan be used to identifghanges irchemcal

and electronic states of tsameelemenin different sampleas well.
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Figure 2-1. Schemeof a) corelevel photoelectron emissicaand b) energy level diagraof the

XPS samplé®*! Copyright 2015, Springeverlag Berlin Heidelberg.

In TisCoTx, XPSspectraof Ti 2pis oftendetetedto investigate the oxidation state of titanium
elementThe peaks are separated according to the oxidation states of titanium, wherg€eks
locating at457.2 eV 455.8 eV, an#455.0 eVare ascribed to T, Ti*?, Ti*l, respectivel.
Additionally, peaksetat 458.6 eV, 459.3 eV and 460.2 eV are assigné&ddg TiOxxFoxand G
Ti-F. The existence ofi-O bonds tributed toTiO2 implies the partial oxidation of synthesized

MXene.
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Figure 2-2. XPSspectraof Ti 2p in TisC2Tx.*%? Copyright 2016EIsevier.

In this thesis, XPS analysis was used primary to detect the elemental states of the prepared
chemicals. lwas also used to study the changes of sample oxidation state in different phase of the

battery cycling process.

2.1.5X-ray Diffraction

X-ray diffraction (XRD) is a widely usednondestructive characterizatiomethod to
characterize the crystal structure of the specin¥d®D is commonlyemployedto determine
sample identity by compang the resultsvith JCPDSreference andbtain detailednformation
including grain sizeslt works primary bydirectingmonochromaticX-raysbeamto materials in
varying angle and measuring the diffracted beam that retitsngorkingmechanisms shown in
Figure 2-3, two x-ray pathsvith same wavelengtharediffractedoff two adjacentattice planes
and the distance between the two paths are illustrate lmatied lineThe relationshipetween
thediffraction angle X-ray andthecrystalinterlayer spacing n t he | atti ce 1 s des

Law as shown below,
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€ _ ¢Qi Q& — (2-2)
in whichn representsteger,d standg for the lattice spacingndd s theincident angleWhen
d turns to a value that resuls in a positive integera constructiveinterferenceoccurs and
generats a peak in the spectrunihe resultig XRD patternover a range of anglesn then be

used to define the material identity acalculate the lattice spacing

A

Figure 2-3. Scheme of Xray diffraction.

As shown inFigure 2-4,the¢c—p eaks | ocated at 39e¢ a(@@R) 9. 5e¢
peaks of TIAIC..1% After etching by HF, the disappearance of (104) peak and lower shift of
(002) peak suggest the removal ofl&yers and formation of JT,T«.[**¥ Moreover, helowered
(002) peak indicate the enlargedid-spacing of synthesized MXerm@mpared to MAX phase,

confirming the exfoliation of layered struce MXene
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Figure 2-4. XRD patterns of TiC,Tx and TAIC2.2°¥ Copyright2017, WILEY-VCH.

In this project, XRD technique was used to determine the structure and phase of MXene and
its composite. It was also used for pogtling characterization of the materiéhg comparing the
spacing distancel in different charged/discharged statésstly, it was adapted to study

occurrence of different zinc crystal plane to investigate the effectivendgXaie as an anode

protective layer for ZIBs.

2.1.6X-ray Adsorption Spectroscopy

X-ray adsorption spectroscopy (XAS)as advancedynchrotron radiatiorcharacterization
suitable forstudyingthe electronicstructure, oxidation state and atomic strucinfermation of
sampleelements XAS spectrum is attained by detecting the absonptoefficientA ‘O over a

photon energy region based thie absorption law:

AO 1 1- (2-3)
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where'GandOare the transmitted and incident besam

The mechanism ishown inFigure 2-5, theincident photorwith specificenergy excitethe
core electron taan unoccupied orbitalleft), causing sharp absorption rise hamed absorption
energy.Thisatom which is in thexcited state with one holelllvevertually decayta t s fAgr ouno
s t a fTrasodecaymostly proceed X-ray fluorescese (middle) and Auger effect (right).

Measuring the emissions of fluorescence and the Auger electron are two methods to evaluate the

absorption coefficient as they are both considered as proportional to the absorption coefficient.

Fluorescence emission Electron emission

Excitation

P /
7

Bulk sensitive (um) Surface sensitive (nm)

Figure 2-5. Scheme of Xray initial excitation(left), fluorescee emission(middle)and electron
emission(right).[**> Copyright 2017Royal Society of Chemistry.

A typical XAS patterncan besplit into two sections extended Xray absorption fine
structures (EXAFS) an¥-ray absorption near edge structure (XANEA) shown inFigure 2-

6a, the large jump @urd 7130 eV is featured as absorption edge. The portion before and after

absorption edge is referred as XANES, and the oscillations occurring at energies higher than
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absorption edge are EXAFS regidrhe XANES sectioncan be further divided intmainedge
and edgeedge regionsThe Fe kedge XAS spectrum of Fe foil, FeO antk:®Geis shown in
Figure 2-6b. Themain-edge part consists of dipolar pe© 11| stateswhose energy is indicative
of the oxidation stateSince the increase in the oxidation state lowersdheeaing amount of the
nucleus that core electron will experience, more energy is required to excite the éteatrtme
nucleus. Therefore, higher edge energy is detected for ion with more positive oxidatidhistate.
obvious thathe absorption edgef FeO(F€e*) is shifted to lower energy compared to®Gg(Fe)
owing to tre lower oxidation stateThe preedge partan further provide information regarding
the coordination environment of transition metal centeuch as coordinatiogeometry and d
orbital occupancyThe intensity of preedge is highly dependent on tgolar characterSince
the inversion symmetry lost leads to the mixpfand(n-1)d states of transition metal, incrézg
the dipolarfeatureof the excitationtheintensity of preedge can probe the symmetry of transition
metal in the compoundBor instancethere are two predgepeals (7113.0 eV and 7114.5 eV
the octahedrally coordinatelle K-edge patterof FePQH 20, arising from excitations to Fe 3d
togand g states Figure 2-6¢,d). It is obvious thatheshape opre-edge changes after removal of
water, indicating the formation of new Fe 3d stataetrahedralf coordinated FeMoreover, the
strong and sharpre-edgepeakis because ofheincreagd dipolar character dfetrahedraFe in
FePQ. In general, XANES regions related tothe local or atomic characteristic including
coordination chemistry, orbital or band structure and oxidation states of the atoms.

EXAFS portion reveals thescatteringinformation of the neighboring atom whehe core
electron is excitedDestructive and constructive interference photoelectron wave will occur when

the scattering pathmvolves the absorbing atomesulting decreased amcreagd probability of
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absorption. Normally, 4space patterns are plotted to reveal the oscillations intensitydrig)
information in atomic levelsuch ascoordination numbem R-spacepatterncan be achieved

through the Fourier transformatiof k-space
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Figure 2-6. a) Typical XAS spectrum divided with XANES and EXAFS regid¥i8. Copyright
2017, Royal Society of Chemistly) Fe kedge XANES spectrum of Fe foil, FeO and®g*°®!
¢) Full region andl) pre-edge region ofFe K-edgeXANES spectrunof reference$®”! Copyright

2019, Elsevier
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In this work, XAS method was utilized to attain the oxidation state and structural information
of Ti, Coand Fe in the pous MXene and its compos#tdBy comparing the predge and main
edge patterns of Ti 4€dge in TiC.Cl> and TgCoTx, the symmetry and oxidation degree of Ti
atoms in two samples are compared. Moreover, Co and-$pméedifferenceof CoHCF and

CoHCF/MXeneinfer the existence of GG-Ti bond in the composite.

2.1.7Thermogravimetric Analysis

Thermogravimetric analysid GA) is a widely usedthermal analysisnethodto determine
the compositionnformationby measuringhe weightioss of samplén a chambewith increasng
of temperatureThe samplesare placed in a furnace which the temperature iprecisely
controlled anda high sensitivitybalanceallows preciseneasurment ofmaterialmass change
specific gagatmosphereTheproject inChapter4 utilizesTGA in Ar atmosphere tdeteminethe
crystalwater contentvithin CoHCF and CoHCF/MXene compositeghich is a widely used to

investigate the vacancy information of PBAs

2.1.8Gas Adsorption Analysis

Gas adsorption analysistlse mosicommon technology tquantify the specific surface area
and obtain pore size distribution of porousamples. The methods based on the relationship
betweerinertgasvolumeadsorbed on the sample surface and equilibpgreasureThe Langmur
theory can be used fomonolayeradsorption conditionwhereashe BrunauerfEmmettTeller
(BET) calculationis more universalwith the assumption of multilayer adsorption conditiorf.o
start the gas adsorption analysie sampleis first purified by adegasprocessn vacuum andh

high temperaturé¢hatis lower thanthe decompositiorpoint of the materialThenthe sample is
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placed to interact witertN2gasin a small tubés cooled down by liquid nitroge®y measuring
the pressre profile, the volume ofadsorbeftiesorbedyas is calculatedrinally, the software can
analysis thespecificsurface are§SSA)and pore size.

BET specific surface area of MXene ribbons with width of 0.5 mm and 2 mm (denoted as
MR-0.5 and MR2) areshown inFigure 2-7a. The SSA of MR2 is lower tharthat of MRO.5,
indicating lower ioraccessible surface when used as electrode material. Alttibegishow
similar mesoporosity concentrated at 3.8 nm,-BIRpossesses more pores with range ofi4.2

18.3 nm, whiclpermits facilitated electrolyte infiltration and ion transportation.

a) « b)

*— MR-2 81005 = MR-2

2 > MR-0.5 1 S *=MR05

=S By

wv £

%0 S 0.020 4

= S

e 4 v

5 =

< 2 0015

S & 3 00154 &

K] & 00104

< ~

> 2 " a0 c

= o? T & 0.005 "84

c o =2 00054

3 S RO i - 2 o g 8

(o] ga W anuat® > .
............. P K o

. 00004 ¥
0 T T T T T T r T T T T T T

0.0 0.2 0.4 06 08 1.0 0 5 10 15 20 25 30 35 40

Relative Pressure (P/P,) Pore diameter (nm)

Figure 2-7. a) No adsoption-desorption isotherm plot and b) sidistribution of MR (MXene

ribbons)i*%8 Copyright 2@2, Elsevier.

As this work is focused on theynthesis of MXenand its compositewith porous structure,
BET analysisvasemployed to evaluate the porosity of the prepared Emmidoreover, the results
are combinedwith battery performanceto investigate the relationship between porosity and

electrochemical behavior of prepared nanomaterials.
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2.1.9Contact Angle

Contact angle (CAjneasuremerns a usefultechniqueto characterizehe wettability of the
solid surfacdy measuringhe angle between liquidaporinterface and solid surface thesolid-

liquid-vapor systenfFigure 2-7). The contact angld is determined basezh the YoungDupree

equation as follows

~

Al & —— (2-4)

whered i s t h eenargyliemveeh awo suafdces {®lid, L-liquid and V-vapop.
According tothe Young equatianthe solid surface with high surfasgapor interfaciatension
tends to exhibit low contact angleevealing good wetbility. In Chapter 5, theontact angle

between tk electrolyte andariouszinc anodesvere compared to studie hydrophilicity change

induced by surface modification

6>90 6 <90
Negligible wetting Good wetting
(water — hydrophobic) 0 =90 (water—+ hydrophilic)

Figure 2-8. lllustration of contact angle measurement restitsCopyright2017,Elsevier.
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2.2 Electrochemical Characterization

Various éectrochemical characterizatisareapplied in this projedb investigateheenergy
storageperformance of the synthesized electrode mateiggscificpower andenergy density
cycling stability @an bemeasurd by detecing thecurrent and potential of the devices in various
measurementsn this work,two types ofcells areadopted for the investigation, one is the half
cell, where the targeted material is tested against a standard counter electrode such as lithium or
zinc foil. The other is full cell, where the targeted material is tested against common electrode
material usd in commerciahpplicationsHigh voltage window of 2.4%5.0 Vvs. Li/Li* is selected
for duakion battery full cell, using stable electrolyte of 4 M LWEMC. Aqueous electrolyte of

15 M ZnCkis choserfor CoHCF and its composite for higher capacityimc ion battery.

2.2.1Galvanostatic Charge Discharge

Galvanostatic charge discharg&CD) charaterization tess electrochemical cellsoy
applyinga constant currenthile measuring the cell potential withirspecificrange ofvoltage.
The test identifies voltages of the redox reaction plateaus and the practical capacity of the electrode

materials The specific capacityg (& 0'JQ ) is calculated based on the following formula:

6 —— (2-5)
where’Qd) represents the constant curréfii(i ) is the time and ('Q is the mass of the
active materialThespecificcurrentused for this analysiss calledthe C-rate,which isdetermined
asthetimerequiredto fully dischargean electrode materibased orits theoretical capacityWhen

fabricating full cell, the madsadingof two electrodess determined by the balang equation:
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— — (2-6)

where0 is the specific capacity of active material measured in half cell.

Figure 2-9 showthe GCD curves ofi.COx at 0.1 C in a half cell. The capacity lossiainly
attributed to the solid electrolyte interface (SEI) formataarMXeneelectrolyte surfaceand
electrolyte decompositiom the first cycle.The SEI is known tde formed by reduction of
electrolytes (alt, solvent and additives), which results in a passivation layer on the anode surface.
Continuous growth of SEI would consume cations and cause irreversible capacity loss in the initial
cycles. In the case fi.COx, the discharge capacity stabilizes edund 160 mAh g after five
cycles, corresponding t© 1 un the following redox reaction:

YOO «Q QP YO 00 Q (2-7)

Number of Inserted Li in the Structure (y)
0 0.5 1 1.5 2

— N
-h w, N (4]

Potential (V vs. LiLi")
o
[4,]

0 100 200 300 400 500
Specific Capacity (mAh-g")

Figure 2-9. GCD curves of TiC at 0.1 C in LIBs half celf°® Copyright 2012, Elsevier.

In addition to determininghe voltage and capacity, GCD data can also determine other
battery parameter such as Columbic Efficied©E), which is the ratio between charge and

discharge capacityMoreover battery life cycles and durability can also be determibgd
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prolonged cycling of the &D analysis In this thesis GCD testswere performedon LAND-
CT2001Abatterytesterto assesshe electrochemical performancod fabricated dual ion batteries

and zinc on batteries

2.2.2Galvanostatic Intermittent Titration Technique

Galvanostatic intermittent titration technique (GITT) is applied by evenly dividing the GCD
process into small pulses with relaxation time. This analysis method enables investigation of
reactionmechanism and kinetics during the charge/discharge process. Diffusion coefficient of the
active ion in the electrodes can be calculated based on the GITT result. In this thesis, the diffusion

coefficients of Li transportation in neporous and porous MXenes are compared in Chapter 3.

2.2.3Cyclic Voltammetry

Cyclic voltammetry (CV)techniqueis utilized to study theredox reactions ofelectrode
materials.The measurement iaccomplishedy linearly sweepinghe waking electrode voltage
undera designated scan rdteafixed voltage window.The cyclic voltammetrycurveis plotted
by recording the curreshangeunder different voltageBy analyzing the CV curvehapelocation
and intensityof peaksthe redox behavior of threamples can beompared

Figure 2-8ais a CV plot for a reversible reaction:

0 €QPY (2-8)

where0 and'Y are oxidized and reduced speciespectivelyUnder a specific scan rate of
0, the linearly swept potential is applied to the electrode, and the current response is as result of
the redox reaction at the interface of electrode/electrdlyite cathodic scan normalheginsfrom

OCV (open circuit voltage), which is higher than the reductiottageand thusmerelygenerating
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capacitive currentThe reduction starts when the voltage reaches reduction potential, which
consume® at the electrode surface. Therefore, there is a concentration gradient between the bulk
solution and electrode surface. The cathodic current is formed by diffusionwhigh is
proportionae to the concentration gradieM/hen the voltagés more negative, the flux increases

as the surfacg concentration decreases. The flux reaches highés¢ surface) is exhausted,
resuling cathodic peak potential)(; ) andcurrent (3;). Similarly, the oxidation potential);; )

and anodic peak curreri€¥ ) are obtained during the anodic scan.

Cyclic voltammetry curves of T€Ox at 0.2 mV & are shown irFigure 2-8b. In the first
lithiation cycle, ireversible peak around®YV is observed which disappears in the following
cyclesdue b the formation ofSEI, corresponding to the capacity lossHigure 2-7. Broad
reversible peaks located at 1.6 V and 2.0 V in the subsequent pyaleises the redox aetion

(2-7).
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Figure 2-10. a) Typical CV airvesshowinga reversible reactiowith inset graptof the voltage
change?®!l Copyright 208, Wiley-VCH. b) CV curve of TeCOx vs.Li/Li * at scan rate of 0.2 mV

512001 Copyright 2012, Elsevier.
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Furthermore the reactionkinetic of cation in the system can levaluded by using the
relationshipbetweerpeak currenti andscan ratgv) usingon the follaving equation:
QW (2-9)
where®andware constamumbersBy plotting thedata oflog i vs. logv (Figure 2-9), the
value ofccan be calculated
1Tl 1¢C ol Toc (2-10)
0w — (M ® p) (2-11)
wvalue is the sum of electrochemical reactions consisted of diffusion and capacitiees

If b equals t00.5, the reactioms a diffusion-controlledprocess|f b is 1,the process exhibits

capacitive behavior

.1)
1
o
(=]

-1.2 -0.9 3 0.0

0.6 0.
Log (v, mV s™)

Figure 2-11 Plot of the peak currens.scan rate.
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In this thesis, CV analysiwas applied to identify the redox potential of MXene awd

fabricated zinc ion batterieas well as tevaluatethe diffusion-contmlled behaviors ofporous

MXene when used as anode for diocal batteries

2.2.4Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (E8usefulmethodusedto probe thealielectric

propertyof thematerial Thismeasurementecords the curremegponseof the systemo theAC

voltage providingthesystemimpedancever arange offrequency(normally 10 mHz~100 kHz)

As shown inFigure 2-10a, the relationship ofesistancéY and voltagew and currentdollows

Ohmés | aw when DC voltage is employed. Si mil 8

impedancead] can be expressed by the following equation:

) — (2-12)
wherg is the angular frequency of the AC voltage.
(a) DC voltage (b) AC voltage
£ 3
3 s
2 R V S 2(w) V(w)
5 e G (D)) = e
> >
I I(w)
> Ohm'’s law in AC circuit

Time Ohm’s law in DC circuit

Figure 2-12. Scheme of diagram for a) DC circuits and b) AC circlt.

The impedancean then be analydén a Nyquist plot which comparesherealsegmenvs.

inverse imaginargegmenbf theimpedanceModelng of the result with circuit elements can be
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further performedcombining resistors (R) and capacitors (©) determine impedance of
composition in the cellln the case of LIBs, CPE (constant phase element) and W (Warburg
impedance) are added to complement-i@al capacitor and lithium diffusiooharacter As
illustrated inFigure 2-11, the equivalent circuit can be simplified with following components:

Ry represents bulk resistance of the cell including separator, electrolyte and electrodes

CPEsel andRsg; are the capacitance and resistance of interfacial layer;

CPEelectrode andRct are doubldayer capacitance and chatigansfer resistance;

W (Warburg mpedanckesistancedemonstrates the diffusional effects of bn the host

material.
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Figure 2-13. Model of equivalent circuiind EIS graph of a LIB haffell systeni?°?
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WhenSEl layer isabsent odissolveddestroyed Nyquist EIS spectraf the cellconsiss of

a low frequency tail and high frequency semiciralose equivalent circuits Randlestype

(Figure 2-14). In this casebulk resistancés theinitial x-axis intercept valueRp = 20Y), charge

transfer resistancs the diameter of the semicirclB¢( =

1 0).0rhe¥alue R can be used to

evaluate the electronic resistareel reaction kinetics. Moreover, Wiairg impedanc#llows the

relationsip of:

W

where, is Warburg coefficient. As the straight line kiigure 2-14a ppear s

Warburg coefficienf i s

line in Nyquist plotandicates the facilitated ion diffusion and capacitive behavior of the electrode.
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Generally,EIS is used tocomparethe chargetransfer resistancealiffusion coefficient and
electrolyte resistancef the fabricatedbatteres In this thesis, CV and El8haracterizationsf

fabricated cellsvere performed on Biologi¥yMP-300station
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Chapter3BEut ecti ¢ Etc-Ri agetPBPwanosdgi ty -Mani pul

Termi nated MXReref droma#Hoeag hBadlt ery Anod

3.1 Introduction

Dualion batteries (DIBs)are emerging lithiusion battery alternativewith a working
mechanism that involvastercalation of both anions and cations in respective electrotiey.
have advantages bigh theoretical energy density adigcharge voltage, but strugghith low
anade capacity and reversibilif§f: 104 106 202051 Tq this matter, MXenes with excellent

conductivity (60068000 S cr) may be an adequate solution given their promising

performances in studies agercalationanode? 2% They have a generahemicalformula of
Mn+XnTx, With M being early tansition metal, Xrepresentingcarbon and/or nitrogen,xTare
surface terminations such as F, OH, O, Cl and n can be integer of 1,2 é¥"&%ITypically,
MXenesare synthesized via selectively etchofdh elements fronMAX (Mn+1AX 1, with A being
mostly Il A and IVA elementsprecursorsisinghazardous fluoride containing solutidhs” The
material family have demonstrated capability in formflexible three dimensional (3D) foam
electrods with outof-plane porosity through metheduch as hartémplating, achieving rapid
mass transport and high ratapabilitydesired for battery applicatidti! Despite so, low surface
area and limitedit accessibilityof MXenes remain major challenges to be oware!®: 54 28-211]
Previous studies have attempted to resolve the limitations by incorporaptanaporosity
on MXene with possynthesis processirgych asulfur loadingremoval and oxidative chemical

etching, but these often result in partial oxidation to the unde3i@..5® 5% 212 Alternativdy,
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redox coupling between -8ite elements in MAX phasesd cations in Lewis acids meltsas
investigated to explore neMIAX phasesandsurface chemistrie® achieve desirable properties

for specific application®!® 24 For example, noporous MXenes with exclusively Cl
terminations can be obtained using molten salt etching agent, leading to increased lattice symmetry
and improved stabilit{’: 1* 2% These developmestsignificantly reduce the environmental
impacts of the synthetic process and exparnbedange of possible applicatiofsr the MXene

family, especially in the field of energy storage and conver8oren such, a fluoridéree process

to synthesize iplane porous MXene with elevatedlstorage capability and cycling stability is
highly desired.

In this work, a onestepnonhazardous eutectic etching metioreported for the first time
directly synthege in-plane porous MXene (3C:Clz) from MAX (TisAlC2) without post etching
treatmenfor applicationsasDIBs anode A salt mixtureof NaCl/ZnCbkis developedsthe etching
reagent togenerategporous MXene with high specific surface area of 85ght and enhanced
discharge capacity up to 382 mAht gt 0.1 A ¢* for half cell which is much higher than ti280

mAhg ! of nonporous MXene A porepreservingnechanisnin the etching process is proposed

to explain the modified pores distributiand its correlation with thsalt mixture compositions
X-Ray spectroscopiadentify symmetricTi corein the porous MXene, whiabnables long term
cycling stability of89% after 1000 cycles at 2.0 AlgFurthermore, DFT calculation reveals a
lower diffusion barrier of 0.20 eV for Li ions in thesTeCl2> layers, further confirming their
improved ion transportation compared to the HF treated sample. W&emla=d with graphitc
cathodethe porous BC.Clz shows high discharge capacity of 242 mAh(galculated based on

anode mass)t 0.1 A ¢* with stability up to 83% after 1000 cycles at 1.0'A @verall, his green
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chemistry approach not onfyrovidesa safer and cleaner method to syntheMze&ne, but also
enables selective generation of mesoporous anode with oxigstalstructure that excels o *

storage

3.2 Experimental Section

MateriallsSodi um chl ori de ( ACdloride(abydrous, jeagént ga@le, 0 %) |,
O 98.0MGp( Gi90.0%), natural graphite powder (:
( 99.99%), hydrochloric acid (ACS reagent, 37%), Al foil, Cu foil, poly(vinylidene fluoride)
and XMethyl-2-pyrrolidone werepurchased from Sigma Aldrich. Super P conductive carbon
black was purchased from MTI corporation.

Synthesis of MXene/porous MXene a typical process, JCCl> was synthesized by
annealing grinded mixture of JAIC, andZnCl, under Ar at 550C for 5 hours. The molar ratio
of TisAIC, to ZnCl; is 1:6[2%! PorousTisC:Cls, the ZnC} was replaced bZnClL/NaCl mixture
with 33 mol% or 60 mol% of NaCl, the mole ratio betweemisAlC, and ZnClz remaired 1:6.
Upon completion of the annealing process, the products were washedewitized wateand
collected by centrifugation. Then the products were washédvitgo HCI for 2 h to removéhe
metallicZn, followed bywashes ofleionized wateandfreezedrying.

Molar ratio of NaCl before and after the etching reactibmitially, the mole ratio of MAX
to ZnCkis 1 to 6, while the ratio between Zn@hd NaCl is 40 to 60. When the reaction between
MAX and ZnCkb is processed to completion, 2.5 of the 6 Zr#Ee consumed, which would lead

to changes of the NaCl mole ratio in the salt &kt The finalweight ratio is calculated by the

eqguation below.
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——5 pUTUb)xqghk (3-1)

Likewise, the ratio of NaCl in 3C2Cl>-33 is increased to 45.8%.

Material chamacterization Morphologies of the prepared materials were obtained by Zeiss
ULTRA plus Field Emission Scanning Electron Microscope. Transmission electron microscopy
was tested by JEOL, JERD10 with voltage of 200 kV, the machin@s equipped with energy
dispersive Xray spectroscopy (EDS) for elemental mapping.aX diffraction patterns of the
obtained samples were operated by Rigaku Miniflex 688yXDiffractometer containing graphite
monochromator and a Cu KU r adi @t information were c e
tested by Madsorptiordesorption isotherm analysis using a BrundtimmettTeller surface area
analyzer (Quantachrome Instruments QuadraSorb Si4). The pore size distributions were calculated
based on BJH model.-My photoelectron spectra measurements were cariedia Thermal
Scientific K-Alpha X-ray Photoelectron Spectrometer SystemK-Edge XANES measurements
were presented at Canadian Light Source Inc, Canada by the SXRMB beanTlie¥ mode
Reference chemicals were all purchased from Sigidech. XANES data were processed by
Athenain Demeterprogram?26l

Electrochemical characterizatioil he batteryanodes were obtained by mixing the@Cl>
or porousTisC2Cl2 with super P and PVDEt amass ratio of 8:1:1. With the help of solvent, the
slurry was pasted onto Cu foil and subsequently dried overnigB0 & in vacuum oven.
Afterwards, the anodes were cut imiocles(d=15 mm). Meanwhile, 15 mm circular Li falre
usedas counter and rafence electrode, with polypropylene separator (Celgard 2400) as separator.

Finally, the battery waassembled usinGR2016 coin cell with 4 M LIPFFEMC as electrolyte in
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argonfilled glove box. GCD tests were performed on LAND CT2001A while CV tests were
conducté by computercontrolled BioLogic VMR300 workstation from 0.01 V to 3 V. To
fabricatethe dwal ion batteryfull cells, graphite was used as cathode material. The mass ratio of
graphite to T4C.Cl> or porous T4C.Cl> was calibrated based otheir respectivedischarge
capacity. The full cells were testbdtween the voltage range20 V to 5.0 V.

Cyclic voltammetryreaction kinetic calculatiort The kinetic relationship are evaluated
between peak curreni @nd scan rate/ based on the following equatiéh:

Q w (3-2
a, b are constants. Iffmlue equals to 0.5, the process is a standard battery behavior; when

value is 1, the surfaesontrolled current indicates normally capacitive behavior.
The nondiffusion contribution ratio to the discharge capacity is estimated by isolating non
diffusion current from the curreiff’):

N Qv Qu“” (3-3)
where QU and™ Q0 7 are the nosdiffusion and diffusiorcontrolled currentat specific

voltage. The nowliffusion ratio is analyzed by schemif@ ¥ vs.0 7 at various voltages.
Diffusion coefficient of 't GITT tests are measured with pulse current of 0.1'4og 10
min current pulse between 30 min rest interval$.diffusivity coefficient O ) is estimated

based on the folloing BBuation using Fickos

o o

'~<c| <

(3-4)

wheret is the time of currenpulse, & ,0 andw stand for the mass, molecular weight
and molecular volume of the active matertatorresponds to the geometric area of the anode,

YO andYO are the voltage difference between current pulse and rest steps.
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Density functnal theory.The computational simulations in this work were performed using
Vienna abinitio simulation package (VASP) with the projector augmented wave (PAW) pseudo
potentials for describing the atomic cores interaction and valence electrons basedityn den
functional theory (DFT). The Perdé®urke Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) were applied to implement DFT calculaithdn order to
simulate the solvent environment throughout the calculations, an implicit solvent model was also
implemented in VASPsol. A Hubbatd correction (DFT+U method) was implemented to
improve te description of localized metalallectrons in the BC,Tx and TgC.Cl, systemsThe
calculations were spipolarized. The valence electrons wave functions were expanded using a
plane wave cubff energy of 450 eV. The convergence criteria of foacel energy during
geometrical optimization were set to 0.02 eV &d 1P eV, respectively. A vacuum of 15 Awas
used to avoid any interactions along thairzection. Brillouin zone integration was conducted by
a MonkhorstPack grid with 2 x2 x1 kpoint mesh.The diffusionenergy barrier and diffusion
behaviors of lithium cations on the sTeTx and TsC.Cl> monolayers were achieved by the
climbing image nudged elastic band {€EB) approacl?!®

The adsorption energy can be estimated by using the equation:

YO © 0 0 (3-5)

whereO , O andO are the total energy of the adsorption system, the clean

surface, and the adsorption species, respectively. Accordingly, adsorption emérgsetinore

negative indicates an adsorption process that is energetically favorable.
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3.3 Results andDiscussion

3.3.1Material Characterization

Threesets oM Xene,TizC2Cl2-0, TisCoCl>-33 and TiC2Cl>-60 were prepared through a ene
step etching method usingaCl/ZnChb eutecticmixture of varying composition; the number
behind the chemical formula represents the NaGle percent in the salt mixture. Furthermore,
basal planes exfoliation of the treatecK®he is confirmed by comparing thetanning electron
microscopy (SEM) image® the MAX precursofFigure 3-1a-d), which show cleaseparatioa
of layers along the entire particlé/hile correspondingenergydispersive spectroscopy (EDS)

analysis reveals@mental composition similar to previous reportifggre 3-1¢).22
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Figure 3-1. SEM images of a) BAIC2, b) TiC2Cl2-0, c) TizxC2Cl>-33 and d) T4C.Cl>-60. e)

Corresponding EDS analysis o&TCl2-60.

Identities and crystal structures of the samples were first verified usiay Hiffraction

(XRD) analysiqFigure 3-2a). Theresults showhatthe (104) peakntensity ofTizAICI, (JCPFD:
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#520879 at 39 is substantiallyreducedfor all three samples, indicatingignificant crystal
structure modification ansuccessfuéxfoliation of the MAX phaseMeanwhile an intens¢002)
peak emerges for 3T>Cl>-0, TisCoCl>-33 and TiC.Cl-60at7 . 974. Qd7 . 2r&spectively,
corresponding to interlayer spacing of 11.1314.15A and 12 A The expansion reflects
increasing abundancy of Cl terminations on the TiC layers,iwdm@act repulsion forces between
the layersThese lattice spacing parameters asowiderthanones typicallymeasuredn TikCaTx
terminated withOH or -F functionalitiesdue to the largeradius of Cl atom&! Upon confirming
their identiy and physical morpholags the samples were further investigated byabsorption
desorption analysi® evaluate the surface area and porosits shown inFigure 3-2b, both
TizC2Cl2>-33 and TisCCl>-60 exhibit Type IVisotherm with cleahysteresisloops which is
indicative of their mesoporosit{f?®! This contrast clearly against the isothermTa@§C.Cl,-0
prepared using only Znglvith minimal hysteresis at the high pressure ra@pecific surbce
area of théli3CCl2-0, TizsC2Cl2-33 andTizC2Cl2-60 calculated using tHBrunauerEmmettTeller
(BET) model are 17 Ag'?, 37 ntg'l, and 85m?g' %, respectively. Bre size distributiomnalysis
shows thatTisCoCl>-0 contains primarily micropores with sizes below 2 nm and almost no
mesoporegFigure 3-2c). In comparison,TisC2Cl>-33 prepared with the Na@nCl. eutectic
mixture shows slight micropores and large mesopores volpoveth The increase imesopore
volumeis evenmore substantial foFizC>Cl»-60 prepared with additional NaCl, withe increment
particularlyconcentrated opores with diameter betwe&mo 4 nm.The increase in porosity would
likely benefit the material electrochemical performancebath site accessibility and mass

diffusion are improved.
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Given that NaCls not expected to participate in the etching proBésthe porosity changes
must therefore be a direct result of the differennesalt melt phase transitidemperatureand
recrystallizeparticle sizesnduced byaryingNaClproportion. The differences in sample porosity
can be clearly identified from themainsmission electromicroscopy (TEM) figure. As shown in
Figure 3-2d, in-plane micropores camardlybe found on th&@isC>Cl>-0 sheethat exhibitcrystal
lattice patten with interlayer spacing of 1.1 nrAs for theTisCoCl>-33 sheet, poresmaller than
3 nmand interlayer spacing of 1.nm can beobserved Eigure 3-2€). Lastly for TizC>Cl>-60,
numeous mesopres ranging from-B nmare observed to b&éomogenously distributed across
the entire sheet surface, aegpanded interlayer spacing of 1.2 isndentified Figure 3-2f).
Uniform distribution of Ti, C, Cl inTizCxCl>-60 is also confirmed by corresponding scanning
transmission electron microscopy (STEM) elements mapftigure 3-3). These TEM results
agree well with the previous characterizations, with the interlayer spacing measured precisely
matching the XRD (002) peakngles of the targeted X&ne, while the pore size and quantity
observed complement the; lddsorption findings of mesopore volume growth with increasing

NaCl content.
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Figure 3-2. a) X-Raydiffraction patterns of BAIC,, TisC2Cl,-0, TizCoCl2>-33 and TiCoCl>-60. b)
N2 adsorptioiidesorption isotherms,) @ore size distribution of 3C.Cl>-0, TikC.Cl>-33 and

TisC2Cl2-60. d}f) TEM images of TiC2Cl2-0, TisC2Cl2-33 and TiC2Cl2-60.

HAADF c¢)

Figure 3-3. a) TEM, b) STEMHAADF and corresponding c) Ti, d) Cl, and e) C elemental

mapping images of 3C.Cl»-60.
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Combining theabove findingsworking mechanisnof the onestep eutectic mixture etching
methodand effectsof salt mixture copositionon tuning material porosityre proposed and
illustrated inFigure 3-4a. It shows thatvith increasing temperature, theelting salt mixture gas
mobility that allows the ZnGlto undergoredox reactiorwith the weakly bonded\l layersin
TisAlC2, generatinglizC.Clz2, Zn metaland AICk. The overall reaction can be described by the
formulas below reported in previous literatilfré!

¢CYQa O ownd a° ¢'YQ c¢coaa QW owe (3-6)
YQ D00 YAoa we (3-7)

Of the three productghe AICk is vaporizeal by the high annealingmperaturgalong with
structural/crystal defects originally on the precursoty fioem void spaceshatarethenoccuped
by thefreely movingsalt melt. These newly established poresvateerableto collapsewhen te
salt melt graduallyecrystallizes and applies retraction motion tltatusesurface tensiof?* 222
To avoidthis, formation oflargerindividual crystakwithin the MXene layers from the Na&ZnCl,
salt melt can providdemporary physical supports, whiclkenablesadequatepostsynthesis
treatment (acid wash and freeze dry) to maintain the mesopores

The specific transition can be explained witesalt mixphase diagranin whichthesamples
are all first heated tthe temperature 0650 @equired to react with AIC, (Figure 3-4b).22
2231 At this temperatureZnCl. in the salt melare graduall}consumedisthe reactioris progress
to completionshifting the NaCl mole factiofrom 33% to 45.8% follisC>Cl>-33 andfrom 60%
to 72% for T§C2Cl2>-60. For TizC2Cl»-60, the mole fraction change moves the salt melt across the
phase boundary, simultaneously causingdneation of NaCl particles, whiclvould then reside

in the void space created by the etching prodedbe ensuing cooling process, presence of these
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NaCl paticles provides physical reinforcement for the pores as the salt melts retract away and
crystallize, preventinghe immediate collapse of the structure. In comparison, the salt melt in
Ti3C2Cl>-33 would not form any solid particles®%0 C, i n sotidepartitlest (NagnClg
formation only occurs when the sample is cool
means that a portion of the pores iB(GCI>-33 will not have the support to avoid the collapse,
resulting in lower pore volume andréace areacomparedo TisCoCl>-60. As for the T4CoCl>-0
sample prepared using ZnGls the sole etching agent, absence of mesopore in their nitrogen
adsorption analysis likely indicates the Zn@érticles are either not sufficiently large to support

the structure or their formation occurred after the structure has already coll8ased. on these
analyses, the 60% NaCl mole fracti®identified to be an appropriate value for effective
functioning of theporepreserving mechanisrhowering the value ishown to be less effective in

the TeCoCl>-33 sample as delayed particle formation will result in less pore being preserved, while
further increasing the ratio would cause solid formation prior to the etching reaction, which
prevents particles entry intbe MXeneinterior to providestructuralsupport during fluid retraction

This hypothesis is supported by XRD patterns @CICl>-33 and TiC.Cl>-60 before they were
washed by HCIKigure 3-4c) which confirms the presence of MaCls (ICSD #402063) and

NaCl (#ICSD 41439) in BC2Cl>-60 as predicted by the phase diagram, whereas the annealed

TisCoCl2-33 is found to consist of Zn&#ICSD 16787) and NAnCla.
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Figure 3-4. a) Schematic illustration of iplane porous &C2Cl> synthesized by MAX and salt
mixture.b) Phase diagram of NaCl/ZnCBpecific data obtained from previous literatéfé Blue
and red line represent the reaction process £,Ti>-33 and TiC>Cl2>-60. c) XRD patterns of

Ti3sCoCl2-33 and TiC>Cl>-60 before the HCI washing process.

3.3.2Electrochemical Results

Influence of the structural porosity on lithidion storage capabilities were then evaluated
throughgalvanostaticharge and discharge (GCD) on MXenes half delthe potential window

of 0.01M 3.0 V vs Li/Li. As shown inFigure 3-5a, TizC>Cl>-60 delivers a capacity of 382 mAh
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g'!at the rate 00.1 A d?, which is higher than th230 mAhg? of TizC.Cl>-0, the292 mAh ¢*

of TisC2Cl2-33, the 146 mAhY of TisC,Txprepared by HF etchirapdoutperforms mosFi-based
MXene previously reported ithe literatures Table 3-1). After several cycles of stabilization,
TizC2Cl>-60 reaches an average Coulombic Efficiency (CE) of around 99.5%, indicating high
reversibility toward Li intercalation/dimtercalation Figure 3-5b).2% 2241 |ts high structural
stability is alsoreflected through the 95.7% capacity retention after 100 cycles of charge and
discharge, as well as the minor (002) diffractimterlayer space expansion from 14 @o 12.4A

in the same perio@Figure 3-5c).1??> 2261Benefiting from its mesoporous strupe that provides
shorter diffusiorpathsand lower iortransport resistanc&izC>Cl>-60 also achievesigh capacity

of 320, 281, 251, and 216 mAh'gt the current density of 0.2, 0.5, 1.0 and 2.0 ‘A gxceeding
those of TiC>Cl>-33 and TiC2Cl»-0 (Figure 3-5d). All three samples experience no performance
lost when the current is returned to 0.1A geflecting their suitability toward rapid exchange
between high and low current cycling.

The cyclic voltammetry (CV)urves ofTizC2Cl>-60 aligns well with the GCD results,
displayng a pair of broadredox peaks at around 1.9/1.6 Y which correspondgo the
extraction/insertion of l'iin a typical anode electrod€igure 3-5€).2% Kinetic analysis of the
CV scan ratg€3) and peak current densify) by log(3)-log(‘) plotsshows linear fits witlslope of
0.844 for the cathodic peak and 0.839 fhe anodic peakFigure 3-5f), suggestingthe
electrochemical reactions @1sC.Cl>-60 ae primarily non-diffusion limited?°”! This is further
confirmed by quantyfing the diffusion dependency of the electrochemical process, which shows
over 59.4% of the electrochemical process at tmeVis?! scan rate is not diffusion restricted

(Figure 3-5¢). The nordiffusion limited contribution becomes magoeonounceds the scan rate
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increases andeaches 89.7% tal0 mV $! (Figure 3-5h), reflecting its capability in
accommodatinghigh currentcycling. Given its predominatly nondiffusion limited charge
storage mechanism combining theetallic conductivity TizC2>Cl2>-60 presents the possibility to
overconethe often problematitadeoff between energy density and power dernét/Moreover
cycling stabilityof the three apreparedizC.Cl. samplesverecomparedy standard GCRtthe
current density of 2.0 A'¢(Figure 3-5i). As shown TizC.Cl»-60 retairs 89% of its initial capacity
after 1000 cycle®sf operation verifying its suitability for practical longterm cycling whereas
TizC2Cl>-33 and TiCoCl>-0 achievdower capacity retentionf 87% andB6%, respectively. Lastly,
galvanostatic intermittent titration technique (GITT) is employed andiiffusion coefficients
(O ) of TisCxCl>-60 and TiC,Cl>-0 electrodes are calculated for comparigeigure 3-6a, b).
The result suggests higher*Ldiffusivity for TisC>Cl>-60 in all voltage window, revealing
enhanced reaction kinetic and lower diffusion barrier as a result of induced porous siticture.
2271 Analysis byelectrochemical impedance spectroscopy (EIS) also clearly ghattise porous
structure TisC2Cl>-33 and T4C.Cl>-60 exhibit lower electroransfer resistance with smaller
semicircle and steeper slopatlndicates faster ion diffusiofigure 3-6¢).1228 2291 |n view of the
above results TizC2Cl2-60 with high mesporacsity and specific aredhat affords superior

electrochemical performandis best ashe anodenaterialof DIBs.

68



3.0 < 100 ——
< | 12
25 Eaf - > i
_ > R 80 2 {:.?L After cycling
> 20 - o D T L s AT | MM i Aot mars
o —Ti,C,Cl,-60 ‘5.300 60 E s
D15 G e ne— hj > '
S Ti;C,ClL-33( S 360 40 o 2; 120A
S 1.0 —Ti,C,CL-0 | & : Sg
> e 2 « Ti;C,Cl,-60 0 EE ; Initial
— I - -
05 x| 8T Jmee0 oiagt [ 3 |4
o g 8 [Tisc.c1,60
0 20 40 60 80 100 H 10 12
d)— 0 100 200 300 400 Cycle number f 2 Theta (deg)
) . Capacity (mAh g™') e) )
T T = T 6000 ——0.5 1 —1.0 -1 =
P ) S5mvs Omvs : =
E E @ TRt i —2.0mvs’ 3.0mvs! :3-5 * Peathodic=0-844 >
| % = A - A
‘;400 g, P Ti,C,Cl,-33 el D000 50mvs?! —10.0 myv s < > banodic =0.839 _~
Sl h i TiCLCL0 1 [ Anodic g o
’
P e WO, i R :2000 3 29
© Pa23300000! T | ' c ™
% 200 M s MM,'W 2 o 3
o | : : [esemnd g 0 L5
© 1 | 1 1 !
£ 100 1 | 1 ' I 2000 " g’ T.
y = i,C,Cl,-60
g 04 102 1 05 1 10 1 20 101Ag’ T Ti,C,Cl,-60] 3 3¥2¥%2
o 1 | 1 i '
0 i " i i i i i 20
0 10 (2:0 . 30 b40 50 60 4000 00 05 10 15 20 25 30 -0.3 0.0 0.3 0.6 01.9 1.2
cle number i Log (sweep rate,mV s”
9) w0 y 1 h) 100 Voltage (V) Q - g (sweep )
—1.0mVs = Ti,C,Cl,-60 — T
~ 100 [ ] Non-diffusion limited T; 8o} Non-dissufion limited | 2240
o) b= = [N £
< c 60 | 180
é 0 .g 'E pre—
S SN
;:': 3 4o} §120
<4 S
5400 < O | TiCCLo » TiC,CL38 o TiCCl 60
: 20 \ 60
o Ti.c.cL-60| © 486 504 672 729 804 897 & v
3als 5 20Ag
A 05 10 15 20 25 30 0 S o
] ; . : i ; i 05 1 2 35 0 ) 200 400 600 800 1000
Voltage (V) Scan rate (mV s™) a Cycle number

Figure 3-5. a) Galvanostatic chargéischarge curves of 3T>Cl>-0, TisC2Cl>-33, TeC2Cl>-60 and
TisC2Tx at 0.1 A ¢. b) Cycling and Coulombic Efficiency results ofsThCl,-60, TC2Cl2-0 at
0.1 A g*. ¢) Exsituxrd results of TiC:Cl,-60 before and after cycling for 100 cycles at 0.1*Ad) Rate
capability test of T4C.Cl2-0, TizC2Cl2-33 and TiCCl>-60.€) CV curves at various scan rates from
0.5 to 10.0 mV $ of TisC,Cl>-60. f), g) Calculation of bvalues and capacitive contribution of
TizCoCl2-60. h) Contribution ratio of the capacitive at fdifent scan rates of 30,Cl>-60.i) Long

term cycling result of BC2Cl2-0, TisC2Cl2-33 and TiCCl2-60.
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Figure 3-6. a) GITT curves and b) calculated*Ldiffusion coefficients in HWC>Cl>-60 and

TizC2Cl2-0. ¢) EIS data of T4C>Cl>-60, TeC2Cl2>-33 and TiC2Cl>-0.

Table 3-1. MXene-based anodes in lithivion batteries

Material Etching/ Potential Electrolyte Capacity Cyclability Ref.
Treatment (V vs. (mAhg™)
Li/Li )
TiCT HF 0.0053 1MLiPR 120 at ~25% after 230
0.03A/g 50 cycles
TiCT HF 0.0525 1MLiIPk 123 at0.26 96% after 75 231
Alg cycles
Ti.C T ITiO Heat under CO  1-3 1 MLICIOs 124 at 0.05 Stable for 232
3 2 x 2
Alg 400 cycles
Ti_ CT_/Si Ultrasonication 0.052.5 / 188 at 0.2  Stable for 233
3 2 X
Alg 150 cycles
Ti.CT/ICNT Mix with 10%  1-3 1 MLPRs ~210at0.5 ~95% after 207
CNT C 100 cycles
Porous NaCl/ZznCh 0.0%:3 4 MLIPR 382at0.1 89% after This
Ti .C 2CI ) Alg 1000 cycles  work
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3.3.3Structural Analyzation

Given the muchimproved electrochemicaperformanceof TisC>Cl>-60 over previously
reportedF, or OH terminatedViXenes(Table 3-1), elemental characteristics ofsTCl>-60 and
the HF etchedTi:C2Tx were furtheranalyzed X-ray photoelectron spectroscopy (XPS) analysis
determinstheatomicratioin TizC>Cl>-60 of Tito Cl is 1.53to 1(Table 3-2), with small amount
of residual Zn particles, whiomatcheghatreporedin the literaturé®?! Deconvolutionof the Ti
2p spectrashows fourgeaks att61.6eV, 460.3 eV,455.6 eV and454.2 eVthat correspond to
the2p12and 22 orbitals of thecore TiG octahedral structures TisC, basedviXene (Figure 3-
7a).[192. 234 Two additional peaks withigher valenceat 458.2eV and 464.@V arealso observed,
which areassigned to theg3and 22 orbital of Ti bonded taCl terminationd?3® 226! presence
of the TiCI bondis also supported by identification @& correspondin@psz2and 22 peakat
198.7eV and 200.4 e\in the Cl D spectrum Figure 3-7b).12% 2261 These analyses suggetiat
the TeCoCl>-60 is almost entifg Cl-terminated specific details of the XPS analysis is provided
in Table 3-3. As for the HFetched T4C-Ty, five separat@eaks are identified in the deconvolution
of its 2ps2 spectum, which include thd'i-C (1) bondat 455.0 eV theTi-C (lI) bond a#456.0 eV,
Ti-C (IIl) bond at 457.5 eV, TiO bondat 459.1 eV and FFx bondat 460.4 eV(Figure 3-7c,
Table 3-4).192 237239 geparation ofhe Ti-C adsorption to three peaksth different oxidation
statesis likely caused byincorporation of-O, -F and-OH terminations on thelizC,Tx, which
causs polarization of different strengsho the core TC; layers?®® 2% The presence of thé
and-O groups are also confirmed from thel&spectra showing signals @i-F and A[(OF)x
(Figure 3-7d).12** These comparisons between the two samples revedligtaCl,-60 prepared

by the one step eutectic etching methoxisilet more ordered elemental distribution in its core,
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which is attributed to the use of higamperatureannealingthat prevents the formation ofxO
termination and leads to edges that are almost entirely Cl termiffStéteviousstudies have
reported that steric from the enlarg@ terminationsallows more rapid anckxtensivelLi
interaction?*>! which would explain the improved electrochemical performance of i§@Cl,

samplesver the HHreated TiCoTx.
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Figure 3-7. @), b) Ti 2p and Cl 2p XPS spectra o&TiCl»>-60. c) Ti 2p XPS spectra of 30,Tx.

d) F 1s XPS spectra of I, Tx.
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Table 3-2. Atomic composition of THC>Cl2>-60

Element Ti C Cl Zn
mol% 41.1 29.6 26.9 2.4
Table 3-3. Elements from the XPS spectraloC.C $-6 0
Region BE(eV) FWHM(eV) Fraction Assigned to
454.2 (460.3) 1.4 24.5 Ti-C
Ti
455.6 (461.6) 2 315 Ti-C
2p312(2pur2)
458.2 (464.0) 1.9 44 Ti-Cl
Cl
198.7 (200.4) 1.6 (1.8) 100 Ti-Cl
2p312(2pur2)
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Table 3-4. Elements from the XPS spectralofC,Tx ( £G200 F1 (4O Hl)s

Region BE(eV) FWHM(eV) Fraction Assigned to

455.0 (461.2) 1 33 Ti-C

456.0 (461.7) 1.2 (1.4) 29 Ti(l)

Ti 2ps2(2p12)  457.5 (463.2) 2 (1.8) 24 Ti(I)

459.1 (464.8) 1.2 (1) 4.3 Ti-O

4604 (466.1) 2.1(2) 9.6 Ti-Fx

685.46 1.62 71 Ti-F

F 2m2(2p1re) 686.2 1.8 5.8 Al-Fx
687.2 1.8 23.2 Al(OF)x

529.9 1.74 17 Ti-O

O 1s

532 2.1 83 Ti-OH

X-ray absorption spectroscopy (XAS) walso employedo compare the chemical nature of
themolten salt synthesized:0.Cl, andthe HF-etched TiC,Tx. Figure 3-8 shows the TK-edge
X-ray absorption near edge spectroscopy (XANES) of diffesamtples. The adsorption edge of
Ti3zCoCl2-0, TizCoCl2-60 and TiC,Tx all resemble more closely to the cunfeTisC; in compaison
to TiO; or Ti foil. In MXene, the weak predge absorption featurespresent th&i 1sY Cp- 2
Ti 3d hybridized molecular oital excitation while the mairedge region is assignedttedipole
allowed transitiorfrom Ti 1sto theunoccupied g orbital?*1:242 The adsorption edge of30.Cl>

(4973 eV) and BC:Tx (4976 eV) are both near that o&Th (4975.8 eV), which locates between
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the edges of Ti®(4983 eV) and Ti foil (4971.9 eV), indicating their carbide nattifEhe lower

edge energy of the two 3l2Cl» indicates lower average oxidation state compared tozThTy,

which is consistent withts lower Ti-C 2p2 binding energy measured in XPS. This can be
explained by the lower electronegativity of Cl compared to F, which attracts less electron density
from the TsCz corel”! Moreover, preedge peak ofhe TisC,Cl, samples isvisibly less distinct
compare to the peak 3isC.Ty, revealing theimore symmetric BC octahedraore?*! 243 This

is likely due to Cl bimg the primary termination of their edges, which predominately occupies the
facecentered cubic (fcc) sit&® 244Such arrangement is favorable for ion transport, which likely

contributes to the improved electrochemical performance
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Figure 3-8. XANES spectra of TK-edge for TiC,Tx, TizC2Cl2>-0 and T3C.Cl>-60 compared to

references including Ti foil, 3C; and TiQ.
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Electronic states of the samples were also analyzed through comparing their stable monolayer
configuration iNDFT modeling, T$C200.1F1.4(OH)os was adapted for the Hifeated T4CoTx
based on the elemental composition measured by Kig8ré 3-9a). As shown inFigure 3-9b,
both TeC2Cl> and TisC2Tx exhibit norzero density of states (DOS) at the Fermi energy, (E
indicating that both are electronic conductdt3. It is revealed that their high electronic
conductivity mainly originates from the Ti d orbitals {)Tias contribution of these orbitals
dominates the conduction baritf§! As for the valance bands, states ofCECl, consist of mix
cortributions from the Td orbitals, Cp orbitals and Cp orbitals, which suggestybridizationof
orbitals from the three elemert&’ In contrast, valance band of tA&C,Tx sampleexhibitsa
section of highly densed states between the rangee¥f to-6 eV that are almosblelyoccupied
by the Fp orbitals.

Furthermore, adsorption and diffusion behavioird.i ions on surface of the two MXenes
models were examined, and two adsorption sites in green and black cycles that are most
energetically favorable were identified for each sampigure 3-9c). The results suggest that
TisCoTx actually exhibits a slightly lower adsorption enempmparedo TizC2Cl,, this may be
caused by the higher electronegativity of F that causes stronger negative dipoles on the material
surface. However, when comparing the diffusion barrier of Li ions ihgppass the terminations
as demonstrated by the green arroviFigure 3-9d, Cl atoms on EC.Cl, provides a path with
relatively low activation energy of 0.20 eV. In comparison, Li ions migration on top of the F atoms
on TisC.Tx would requirean activatio energy of 0.72 eV, making it less likely to oc&d. It is
noted hat hopping migration on top of an termination occurs less frequently compare to hopping

between adjacent Ti and C atom, butdleeessibilityto an additional migration path through the
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Cl atoms would likely be beneficial for batterperformance when high power

charging/discharging iequired

b) 200

AEads=-1.75 eV 4
AEads=-1.81 eV

3

& o —
b 0/&9:&323/0 Distance (A)

Figure 3-9. a) Optimized geometries and b) projected density of states@fCl (upper) and

AEads=-1.95 e\é :
AEads=-2.09 eV

TisCoTx (bottom). c) Adsorption energy of energetically favorable sites and d) diffusion barrier

profiles of Li ion hopping migration on the selected terminations#63,Tl, and T§C,Tx surfaces.
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3.3.4Full Cell Performance

To demonstrate the practical potentialtloé porous MXene, DIB full cell fabricatedsing
TizC2Cl>-60 as anodes and graphite as cathedescycled between 2:6.0 V (Figure 3-10a).
Two distinctive charge (4.75 V and 4.9 V)/discharge (4.5 V and 4.7 §anla correspoiny to
the intercalation/déntercalation of PE can be observed® The discharge capacities of
TisC.Cl>-60/graphite DIB are 242, 219, 201, 161, 112 mArag0.1, 0.2, 0.5, 1.0 and 2.0 Alg
respectively(Figure 3-10a, b). Notably, the T4C>Cl,-60/graphite cell can still delivex capacity
of 141 mAh ¢? after 1000 cyles, with 83% retention at 1.0 A'g(Figure 3-10c). The average
CE of approximately95% is not desirable, and this deficiency is attributed to unoptimized
electrolyte composition and unsatisfactory reversibility of' Rfitercalation/extraction in the
cathodel?>® 251 Despite so, overall performance of the full cell is competitive versus DIBs based
on other anode reported in previous stafffé 252255 and improvement is expected with further

development in high voltage electrolyte and novel ashiost cathodes to pursue high G£°
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Figure 3-10. a)}c) GCD curves, rate performance and long cycling data #.Ti»>-60 based

DIBs.

3.4 Conclusion

In summary, NaCl/ZnGlsalt mixture is firstly applied to produceatane porous MXene in
a facile annealing proces$nfluences of the salt proportion to structure morphologies were
evaluated anda pore preserving mechanism of teetectic mixture hadeen proposedThe
increased surface area andsoporosityf the samples greatly benefit thibeaccessibilityandLi
ion transportatiorfor DIB anodeapplications The optimal TiCCl, sampleachieve a high

dischargecapacity of 382 mAh 'g at 0.1 A ¢'. Moreover, theprocessalso incorporates
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predominatel\Cl-terminationgo the TgC> sheets, which leado more ordered crystal structures
that affords high capacity retention of 89% after operatioch0060D cycles. Wheassembles with
graphite as full duaion batteries, BC.Cl-60 achieves aeversible capacity of 242 mAH'gat
0.1 A d! (calculated based on the anode maas), 1000 cycleapacity retention up to 83%.
Overall, he eutectic mixtureestchingmethodproposed herein demonstrat@greenapproactfor
generatingporous MXene withhigh crystalstability for DIB anodeapplications angbresents a

highly adaptabléechniqueto achievanesoporosityith MXene for othemapplications

80



Chapter4Vacancy anvb d@rloawtimoon of Cobalt He

by Porous MXene for Zinc | on Ba

4.1 Introduction

Intrinsically safe and inexpensive rechargeable aqueousaringatteries (ZIBs) are one of
the most attractive candidates for the negéneration energy storage @ms, especially for
stationary storag@> 4% 2561 Although continuous efforts have been made to improve the
electrochemical performances of ZIBs, cathode materials can yet fulfill the commercial
applications requirementg® 29 Among the candidates of interest, Prussian blue analogues
(PBASs) are favoured for their relatively high redox potertidl. They have general formula of
MFe(CN) (M = Mo, V, Fe, Mn, Cu, Co, Ni), with Fe(ctahedra and MiNoctahedra forming
cubic arrangement linked through the cyanide ligdl¥¢s-5% 25ITheir unique crystal structure
provides sufficient largéhree dimensionaliffusion channels awell asweak interactions with
chargecarrier active ions. Among them, cobalt hexganoferrates (CoHCF) particularly have
been reported to possess ultrahigh discharge voltage and specific capacity through proper
utilization of the redox pairs’® 2581 However, low electronic conductity and uncontrolled
agglomerations that occur in conventional synthesis methodslédvte significantly reduced
energy density in practical applicatiBp’2%t) Moreover, abundant structural defects found in the
PBAs crystals could be occupied by coordinating water molecules, which have been identified to
restrict zinc insertion/extraction and weaken structural stability during electrochemical processes,
causingperformance decay and poor cycling stabifit. To date, most existing modifications

can only regulate single obstacle of PBR3.Given such, full spectra optimization strategies are
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of high interests to elevate material electronic conductivity and surface area and to reduce
structural vacancies for PBAmsed electrodes to further prota the practical applications of
ZIBs.

MXenes are emerging twdimensional layered transition metal carbides and/or nitrides
(Mn+1Xn, N=1,2,3) with abundant surface terminations (FO, -F, -OH and -CI).2Y Their
exceptional conductivity, hydrophilicity and negatively charged surfaces make them ideal
candidates as host material for compositioalleviatecommon drawbacks associated with energy
storage materials in aqueous battefdeSor instance, ¥CTx has been reported to be suitable host
for thelow-c 0 n d u eMnO.,wnanoslkieets, and significantly improved its rate capability as ZIBs
cathodé?®¥l More recently, a nohazardous and scalable method to prepa@ane porous
MXene withchemical formula of BC.Cl. has been discover&d® This new MXene product not
only possesses the common strengths and conductivity of MXene, but also demonstrates high
surface area with urofmly distributed Cl terminations, which could interact with PBAs precursor
molecules and further influence its structural and electrochemical properties.

In this work, the abovementioneds:TiCl, are utilized to induce sedissembled growth of
CoHCF nantubes to give rise to a new composite product to be applied as ZIBs cathode. The new
structure has significantly reduced all the drawbacks of original CoHCF patrticles and resulted in
a synergistic effect on boosting the battery performan8eecifically, @?* precursors are
preabsorbed onto the negatively charged MXene surface to form a metastable state that alters their
interaction with CNand BO during nucleation process, which hinders formation of interstitial
H-O and reduces structural vacancies. A¢ tsame time, the CoHCF adapts a nanotube

morphology with uniform mesopore under influence of the surface charges on the MXene
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nanosheet. As a result of these modifications, the CoHCF nanotube and porous MXene composite
achieves a high surface area of 2377 g* and delivers high capacity of 197 mAH gt current

density of 0.1 A @, with excellent capacity retention of 94.4% after 3000 cycles of operation at 2

A gl. This synthetic strategy presents an effective approach to inductively grow higle sugfac
low-vacancies PBAs homogeneously on conductive porous MXene for high performance ZIBs

cathodes, paving road for future MXebased composite development.

4.2 Experimental Section

Synthesis of porous MXenghe porous BCCl, was prepared using an eutectic etching
method previously reported by our grdef§! Specifically, TRAIC 2 precursor was mixed with solid
NaCl aad ZnChki n t he mol ar ratio of 1:9:6. Then the
followed by 1 M HCI washing and freezigying.

Synthesis of CoHCF and CoHCF/porous MXene compodtiestly, KCoFe(CNg was
synthesized by simple garecipitation of 01 M Ks[Fe(CN)] and 0.1 M Co(NG)z in 40 mL DDI
water. After stirring for 24 h in room temperature, the precipitates were washed by DDI water for
several times. Then the products wEoHEGF)wasi ed i
achieved by exticting K atoms from KCoFe(Chlyia electrochemical process as repoftéd.
KCoFe(CN) was applied as cathode, with 15 M Zp@hd Zn foil as electrolyte and anode.
CoFe(CNy was formed with cubff voltage as 1.9 V. CoHCF/M% and CoHCF/M2% were
prepared similarly with 10 mg and 20 mg porousCICl, stir with Co(NQ)2 for 1 h at room

temperature prior to precipitation process.
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Material Characterization.X-ray diffraction esults (XRD, Rigaku Miniflex 600) were
achieved with graphite monorchAyomatoceafd=Cub5K
morphology and crystal structure of CoHCF and CoHCF/MXene composites were obtained by
Scanning Electron Microscope (SEM, ZeldeTRA) and Transmission Electron Microscopy
(TEM, JEOL, JEM2010, 200 kV). The surface area and pore structure ateiiedby N
adsorptiordesorption measurements time surface area analyzer Quantachrome Instruments
QuadraSorb Sl4, the surface arearevcalculated using the BET theory and the pore size
distributiors were obtainedvia the BarrettJoynerHalenda (BJH) model on the desorption
isotherm. Elemental and oxidation state information of CoHCF and CoHQ%Mas collected
by X-ray photoelectron spia (XPS, Thermal Scientific 4lpha X-ray Photoelectron
Spectrometer System) and the binding energies were calibrated by C 1s of 284.5agV. X
absorption spectroscopy (XAS) measurements on Co and-éag& spectra were collected at
Canadian Light Souecon the hard Xay microanalysis (HXMA) beamline and Softr&y
Microcharacterization Beamline (SXRMB). The data wéren analyzedusing Athena and
Artemis software packages. The elemental composition of the CoFe(@aterial in the
composites were coinmed by inductively coupled plasma atomic emission spectrometry (ICP
AES). The water content in the synthesized materials were determined by thermogravimetry (TG)
with TGA Q500 thermogravimetri c aanal yzadnme forfo @
in nitrogen.

Electrochemical Measuremerifypically, the active materials were mixed and sonicated
with multiwalled carbon nanotube in a mass ratio of 3:1 in ethanol. The solutions were then

filtrated onto a glasEber sheet, which was then left to dry in oven at 80ofernight Prior to
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assembly, they were punch into diskdiameter of 12 mm, and the active material loading can
range between 1-2.5 mg cn¥. The battery wathenfabricated by pairing these disks with Ti foil
current collector and Zn foil anode. Glass micrefiblter membrane with diameter of 15 mm and

15 M ZnCb electrolyte were used as separator and electrolyte. Galvanostatic charge/discharge
(GCD), cyclic voltammetry (CV), cyclability tests and electrochemical impedance spectroscopy

(EIS) measurement weoenductedn electrochemical station (BioLogic VMBOO0).

4.3 Results andDiscussion

4.3.1Material Characterization

The porous BC.Cl, MXene was first synthesized following a method previously reported
by our group, proper replication of the process is confirmeddanning electron microscopy
imagesof the productsKigure 4-1).12%° The CoHCF/MXenel% composite was prepared through
passive adsorption of the Co(M precursor onto the negatively charged porous MXene
surface?%®! followed by slow adition of KsFe(CNJ) to trigger the nucleation mechanisFigure
4-23). The partial negative charges on the chlorine functionalized MXene surface is anticipated to
enact a repulsion force to anions in the solution, which in turn would induce anisotrapile gfo
COHCF to form nanotubé€’?%° SEM image of composite prepared with a MXene weight
percent of 2 (CoHCF/M%) shows short CoHCF nanotubes with sizes around 400 nm seeded
directly on the MXene nanoshe€&igure 4-2b). When further lowering the MXene weight percent
to 1, the CoHCF is observed to grow into clpseked bundles of nanotubes on the MXene surface
with length of around 3 pm (CoHCF/M%, Figure 4-20).27% This change is attributed to the

higher amount of precursor available for crystal growth in the CoHERAVsyntlesis solution
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due to reduced seeding/adsorbing sites. Furthermore, the nanotube morphology contrast
distinctively against the pure CoHCF nanospheres produced through uniform nucleus stabilization
and isotropic growth in standard-peecipitation Figure 4-2d),?’Y indicative of altered CoHCF

crystal growth mechanism due to the presence of MXene in the synthetic piRBspatterns

of all three samples exhikindividual peakscorresponding to the (200), (220), (400) and (420)
diffractions of CoHCF, whiclorms facecentered cubic lattice in threfmensional cyanide
bridged structureRigure 4-2€).7% The increased (400) crystal facet observed on the composite
materials indicates preferred growth along the <100> crystallographic oriert&tidfilverifying

the hypothesis regarding the influence of MXene surface charge on the CoHCF growth patterns.
Meanwhile, the (002) peaks position of MXene remain largely unchanged in the two composite

samples, sggesting minimal lattice expansion from the synthetic process.

Figure 4-1. SEM image of porous 3C:Cl>.
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Figure 4-2. a) Scheme of CoHCF/M% synthesis process.-8) SEM images, e) XRD, f) N
adsorptioiidesorption isotherms and g) pore size distribution data of COHQMAMCoHCF/M

1% and CoHCF.

Nitrogen adsorption isotherms of the three samples showingure 4-2f reveal points of
similarities between the pure CoHCF and CoHCR%, and their calculated Brunatemmett
Teller (BET) surface area of 171 and 182 git are also relatively close in value. In contrast,
CoHCF/M1% exhibits a much more distinttysteresis loop between the adsorption and

desorption isotherm that is commonly associated with mesopo¥d8itys BET surface of 237.9
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m? glis also the highest among all three samples. Pore size distribution analysis of pure CoHCF
shows concentrated formation of pores in the range below 3.6 nm and aboveRgurm4-2g).

This is agaircomparable to the CoHCFAZR4 distribution that exhibits high pore concentration
above 20 nm, except for the additional pore volume ar8ummd contributed by the porous MXene
(Figure 4-3). While CoHCF/M1% contains primarily mesopores with sizes betwe@md30 nm

plus the < 3.6 nm pore$he high resemblance between the pore size distribution results of pure
CoHCF andCoHCF/M-2% composite may be explained by their relatively similar Co compound
particle sizes and morphology, whereas significantly ineit@snount of mesopores with sizes
between 3.680 nm found in CoHCF/M.% likely arise within the nanotube structures and spaces
between the nanotube bundlés CoHCF/M1% possesses largest surface area, it has ability to
boost electrochemical reaction kiivs by providing ample intercalation sites forrZand offering
sufficient contact with electrolyté®® Meanwhile, the abundant pores permit the shortened
diffusion pathways for Zi transport?”> enabling superior capacity of COHCF/Ma6 during

charge/discharge process.
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Figure 4-3. N, adsorptioitdesorption isotherms and pore size distribution for porous MX&he.

Figure 4-4a shows a transmission electron microscOpgM) image of COHCF/ML%, in

which, it can be clearly observed that mesopores are distributed along the CoHCF nanotubes.
While scanning transmission electron microscopy (STEM) image of the composite capturing both
the CoHCF nanotube and MXene nanosheetvshwell retainment of the iplane microporosity
in the MXene after the synthetic procedsg(re 4-4b). These align with the BET data
interpretation, confirming the origins of porosity measured in CoHCEWA Highresolution
transmission electron micragoy (HRTEM) of the yellow highighted area ifFigure 4-4creveals
the (100) lattice fringe with lattice distance of 0.26 nm for the highly crystalline MXene nanosheet.
While in the red highlighted area, the 0.228 nm lattice fringe representing the (426)qb
CoHCF can be observeBiure 4-4d), matching well with the CoHCF/M% XRD pattern.

Gaussian deconvolution of the higesolutionCo 2p32 X-Ray photoelectron spectroscopy

(XPS) spectra of pure CoHCF and CoHCFIRA both identify two major peaks located/&tl.5
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eV and 786.1 eV, representing the*Cadsorption and satellite feature, respectivélgre 4-
4¢).17°1While more precise comparison of the two spectra further reveals an additional weak peak
at 782.7 eMn CoHCF/M-1%that is commonly assigned to €& Meanwhile, the F&ps2 XPS
adsorption of the two materials at 709.8 eV show minimal variations in peak shape and energy
position, confirming their unchanged 3+ valence state and their irrelevance in the reduction of Co
valence statéFigure 4-4f).27° Furthermore, deconvolution dhe CoHCF/M1% Ti 2p XPS
resulted in three isolated peak pairs, which includes t&[Jipeaks at#54.2 eV (460.3 eV}xhe

Ti-C(ll) peaks a455.6 eV (461.7eVand the TiCl peaks 458.2 eV (463.8 eVIigure 4-5a).

When compared to the pure MXene samplgire 4-5b), propation between FC(Il) versus T4

C(l) is increased, indicating oxidation of the MXene central layeft€r the compositiarThese

results combined point to the fact that-Cdonds have likely formed between the CoHCF and
MXene nanosheet, these would kp presence of Cb via bonding with the less electron
withdrawing C and the increased amount of oxidized Ti is caused by formation of 46€l'iCo
configuration that puts them against the more electronegative metal element of Co. Benefited from
the intefacial interaction and the metallic conductivity of MXene, CoHCF/MXene composites are
expected to facilitate the ion and electron transport pathways during electrochemical reactions and
exhibit improved rate capabilit§’”! Moreover, CeC chemical bonds have potential to alleviate
volume change and irreversible  structural transformation  during repeated

intercalation/deintercalation process, thus enhancing the stability of the composite.
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Figure 4-4. a)}d) TEM, STEMand HRTEM imagesof CoHCF/M1%. e) Co2p,2and f)Fe 2oz

XPS spectra of COHCF and CoHCFWea.
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Figure 4-5. Ti 2p XPS spectra of & o0HCF/M-1% and b) porous MXer&®!
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Insight into the electronic state and atomic structures of the composite materials were also
obtained through comparing the Coeldge Xray absorption neagdge structure (XANES)
spectra of the materials against CoO andGzdReferences Kigure 4-6a). As shown, the
absorption edge position {gof CoHCF is located at 7728.6 eV, which is identicathe edge
position of the Cg0s reference that contains predominately low spif*&é& 27%lIn comparison,
the b of both CoHCF/M1% and CoHCF/M2% are at a slightly lefhifted position of 7727.8
eV, indicating lower oxidation state. Comparison of-pdge peaks near 7722.1 eV, which are
associated with th€o 1sY @transition, also reveals that CoHCF has a clearly more apparent
peak when compared to the CoHCF/MXene composites. Fading of tHeelgeepeak generally
reflects increased Cos Bymmetry, and in this case would also imply higher proportion &f ful
saturated Co centers and less defective CoHCF crystal stridéufr@lTo further analyze changes
in the Co local coordination environment induced by compositing with MXene, extend®d X
absorption fine structure (EXAFS) are measured andkweeighted FourietransformedFT)
spectra are presentedfigure 4-6b. The pure CoHCF exhibits three distinct features at 1.62 A,
2.73 A and 4.71 A which matches previously reported distances of neighboring cyanide N,
cyanide C and Fe near the Co octahedral%fteé’®Similarly, these three features are also found
in CoOHCF/M1% and CoHCF/M2%, but they are notably narrower than the peaks observed in
pure CoHCF. Such changes reflect tightened distribution of the ion distances in the local
environment and are interpregdtin a larger scale as increased toagge ordering of the CoHCF
crystalline. The increased peak intensity also leads to the same inference as they imply higher Co
coordination numbers with neighbouring atofi%.25%: 262. 263, 280, 28)jegnwhile, the CaN bond

distance in the composites are measured to extend above 1.70 A, whereasCtés@ace are
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reduced to near 2.40 A. The former is mainly induced by the previously observed redutti®n of

Co ions that adds electron density into the antibondihgmbitals?”®! While the latter can be
explained bythe newly formed C& connection between CoHCF and porous MXene that are
drastically shorter than the Co and cyanide C distance within the CoHCF crystal, which weighs
down the average G0 coordination distance in the composite. Fedge XANES spectra tie
samples were also investigated to analyze changes in the Fe atomic conditions induced by
composition with the MXene nanoshdgigure 4-6¢). In alignment with the XPS resultsy &f

the three samples show minimal variations as they are all located at almost the identical position
of 7126.6 eV, which matches precisely with theEthe FeOs,2%? confirming the 3+ Fe average
oxidation state for the bulk of the CoHCF crystals. Moreover, the composietigeepeaks at
7116.5 eV are found to beds intensive and less distinctive when compared to the pure CoHCF
counterpart. The improved symmetry points to the same conclusion made with the Co XANES
analysis that CoHCF crystals in the composite are less defective. MeanwhileedgeEXAFS
R-spacespectra of all samples show three distinct peaks corresponding to-@e-E&l and Fe

Co coordination distancegifjure 4-6d).?%% The peaks show minimal variations in position,
matching well with the largely unchanged Fe oxidation state observed in both XPS and XANES.
The consistent FE and FeN distances among the samples also suppertlaim on CaC bonds
formation between the CoHCF and MXene nanosheet given their direct correlation with the Co

cyanide bridge.
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Figure 4-6. a) Normalized Co Kedge XANES spectra, b) Co-&dge EXAFS Rspace spectra, ¢)
normalized Fe Kedge XANES spectra, d) Fe-éddge EXAFS Rspace spectra of CoHCF,

CoHCF/M-1% and CoHCF/M2%.

Thermogravimetric analysis (TGA) performed &/éhin in air show three sparate
regions of weight los@~igure 4-7). In the first section between 30 to 120€C, the weight change is
primary caused by evaporation of surface or adsorbed water, while weight lost in the second
section between 120 to 200€C represent removal of ititexlswater molecules that reside near the
structure defectg®4 Lastly, the weight loss above 200 € is attributed to the decomposition of the

cyanide bridge in the CoHCF structure. From the TGA graph, the pure CoHCF nanosphere is
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measured to contain 16.6 wt.% of interstitial water, while the water cont€@HCF/M-1% and
CoHCF/M-2% are identified to be 13.5 and 11.1 wt.%, respectiv@lyen that interstitial water
content is proportional to the number of structural vacancies, this indicates reduced defect
abundancy in the composite materi&i¥. Meanwhile, compositioranalysis of the CoHCF
components by inductively coupled plasma atomic emission spectroscoppiESPreveals a
Fe/Co atomic ratio of 0.78 for the pure CoHCF, while the composites achieve higher Fe/Co ratio
of 0.89 and 0.93Table 41). Upon normalizing to the Co content, the element and defect
proportions in CoHCF, CoHCF/M% and CoHCF/M2% are determined to be Co[Fe(GN)ys

8 02A 2 ..®, Bo[Fe(CNYJos® 0.1A 2 .o drd Co[Fe(CNJos# 00 1 .20, téspectively.&

stands for Fe(CN)}]*vacacy) These quantitative analysis results align with thea)x
spectroscopic analyses on reduced CoHCF vacancies in the composite safplegrovides

more intercalation spaces for Znand thus enabling enhanced discharge capacity. Meanwhile,
the reduced water content allows CoHCF/MXene an-stfible structure, ensuring long cycle life
when used as ZIBs cathode.

The mechanism of defect reduction by MXene host is proposed heradderetion of
Co?*onto the MXene nanosheets is particularly important for regulating the speed of agitation and
segregating molecules, as interactions betweet! &ul the MXene surface functional groups
alter its interaction with the incoming Fe(GRiand surrounding water molecules, which enforces
steric hindrance toward the water molecules and minimizes their entry into the CoHCH%Pystal.
281, 2841Thjs distinctive structure has the following advantages. Firstly, with the buffer of MXene,
such highly crystalline structural arrangement with large surface area would free up the previously

occupied tunnels to enable extensive and rapid access towezdntescalation sites for the Zn
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ions, making it possible to boost capacity. Moreover, the enhanced overall conductivity enables
faster electron transport speed in the composite, ensuring a higher rate capability and lower
resistance. Furthermore, withgnificantly lowered water content arkisted Co-C chemical

bonds, the composite shows great potential in preserving the integrity of the crystalline structure
during repeatedly Z# intercalation/deintercalation. Therefore, the CoHCF/MXene composites
are expected to perform excellent electrochemical performance during charge/discharge process.

110
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Figure 4-7. TGA plots of CoHCF, CoHCF/M.%, CoHCF/M2%.

Table 4-1. ICP results of CoHCF in composites

Atomic% Relative atomic ratio
H>O molecules per
Sample Co Fe Co Fe host lattice (wt.%)
CoHCF 57.4 42.6 1.00 0.78 16.6
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CoHCF/M-1% 54.1 45.9 1.00 0.89 135

CoHCF/M-2% 53.2 46.8 1.00 0.8 111

4.3.2Electrochemical Performance

To verify the influences of CoHCF morphology and crystal structure modifications on their
electrochemical performance, themepared samples were evaluated as cathode in half cells
fabricated with zindoil anode and 15 M ZnGlelectrolyte. Galvanostatic charge and discharge
profiles of these half cells between 0.7 and 2.0 V at 0.1* Ahgpw that COHCF/ML% achieves
the highest discharge plateaus of 1.95 and 1.82 V among all three sdrnplies 4-8a). It also
achieves a capacity of 197.0 mAHR,gvhich exceeds the 179.2 mAR gf CoHCF/M2% and
145.6 mAh ¢ of pristine CoOHCF nanosptes. The porous MXene was also measured in a half
cell for comparison, and it delivers 57.5 mAhwjith primarily capacitive contributions, verifying
its minimal contribution to capacities delivered above 1.8 V. The significantly improved
performance meased with CoHCF/M1% is the combined results of elevated surface area
provided by the nanotube morphology and reduced defect quantity in the CoHCF lattice. The
former increase the site accessibility and mass diffusion to achieve high capacity utikzatien,
the latter increases number of suitable intercalation site and establishes platform that are more
suitable for ZA* ion diffusion!?®"! Comparison between pure CoHCF and CoHGRAd with
similar surface arealso supports the claim on positive influence of reduced structure defects, as
their performance variation would primarily be induced by differences in the CoHCF crystal

structure. CoHCF/ML% also demonstrates strong rate capability, achieving 197.@, 1182.9,
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157.5 mAh ¢ at the currents of 0.1, 0.5, 1.0, 2.0 Argspectively (Figure 4-8b). Its 50 mV
voltage drop after increasing the current density twenty times from 0.1 to 2i8 Algo relatively

low. Among three samples, CoHCRM/b6 shows stable crystal structure as its capacity returns to
initial value after experiencing high rate cycldsigure 4-8c). Compared to CoHCF, the
outstanding rate capability of COHCHM#b is owing tothe low water content and improved
conductivity with the addition of MXene which help to facilitate the?*Zon diffusion[2¢”]
Additionally, all three samples show minimal performance lost upon returning to the initial current,
confirming their tolerance toward high current cycling. As for their{targn cycling, CoHE/M-

1% maintains 94.4% of its initially capacity after 3000 cycles of operation at 2:6, avljle
CoHCF/M2% shows decent capacity retention of 86.1% with majority of the lost occurred in the
early stagesHigure 4-8d). In contrast, the pure CoHCF exmtes continuous capacity lost over
the 3000 cycles and only retains 72.5% of its capacity at the end of the test. The improved cycling
stability of the CoHCF/MXene composites is attributed to their lessen interstitial water content
and unique C&C bondswhich increase their tolerance toward structural collapse upon repeated
Zn intercalation/extractiol8®® 288 Nyquist plotsof the three samplesalculated fromelectrode
impedance spectroscopy (EIS) measurements all show a single semicircle in-freqoedcy
range associated with chartyansfer resistance and a oblique line in the-imguency area
(Figure 4-8¢).128" Among themCoHCF/M-2% exhibits the lowest series resistance gwimits
higher content the conductive MXene. WhiteHCF/M-1% display the smallest semicircle,
indicative of its fastest reaction kinetics enabled by high active site accessibility through its porous
nanotube morpholog¥®* Comparison between this work and reported PBA cathodes f@rZn

batteries reveal that the remarkable electrochemical performance of CoHG&(Vable 4-2).
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As expected, the low vacancies, high surface area, unig@fomds and enhanced conductivity

features of COHCF/ML% guaranties abundant intercalation sis¢ésble crystal structure and fast

Zn?* diffusion.
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Figure 4-8. a) Galvanostatic charge and discharge curves, c) rate capability and d@rdong
cycling performances at 2.0 Al@f CoHCF, CoHCF/M1% and CoHCF/M2%. b) GCD curves

of COHCF/M1% at different rates. €IS plots of ZIBs using CoHCF, CoHCF/i®% and
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Table 4-2. Electrochemical performance comparison of CoOHCF/MXene and other Prussian blue

analogues ZIBs cathode reported in literature.

Cat hode Vol ta({Aver g Specddpa Cycl e
wi ndojyoper & ( MAR) g perform

(vs Z2n| vol t

(vs

Znl 2
ZnHCH168] 0.-28. 0 1.73 66.5 att 80% aft
cycles ™
ZnHCF @MHX 1.-14. 9 1.68 118 att ( 77% afte
cycles ™a
CuHEP® | 0.16. 3 \ 1.73 53 at 0] 96.3% af
SHE cycles 2
Cu H e 8 1.-24. 3 1.8 70. 4 at 76. 5% af
cycles ™a
Ni HE'pné 0 .-19. 9 1.5 75 at 0| 81%t af 1
cycles ™
CoHeEw 8 0.-2r. O 1.75/173.4 at| 100% af't
cycl egta
NaFe HCES 0.-28. 0 1.3 73.6 att|92. 1% af
cyclesta
CoHCF/ MX 0.-2r. O 1.8 1970.ar*A 94% afte
_ cycles ™

(This work)

4 .3.3Ex-situ Characterization

To trace the source for the improved performaneasitu Co 2p2 and Fe 2p. XPS

spectra of CoHCF/M.% at its discharged and charged states were collected for quantitative

analysis Figure 4-9a, b). As shown, when CoHCF/NI% is discharged to 0.7 Vs. Zn/Zré* at

0.1 A g, 60.0% of the F&is reduced and the Eoproportion is boosted from 9.9% to 30.2%.
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Both redoxtransitionsshow high reversibility, as the €gpercentage returned to near its initial

state at 10.4% and the ¥eadsorption completely disappears when the electrode is recharged to
2.0 V. In contrast, only 10.8% of the €4Co** and 32.2% of the F§F&* redoxes are activated

when pure CoHCF is dibarged to the same conditidfigure 4-9c, d). Reversibility of this Fe

redox reaction is also poor, since 27.6% of the Fe remained with an oxidation of 2+ when CoHCF
is fully charged back to 2.0 V, signaling inability to extract intercalatedi@ns aml permanent
capacity lost. Further Zn 2p XPS results also reveal more successfuf*Zeversibility in
CoHCF/M-1% compared to CoHCH-{gure 4-9¢). Building on the XPS analysis, discrepancies
between the two samples in theksitu XRD analysis are also investigatdddgure 4-9f & 4-10).

For CoHCF/M1%, it experiences clear crystal phase transition upon Zn intercalation during
discharge, its (200) peak gradually loses intensity and completely disappears when the voltage is
lowered b 0.7 V. During this process, a new peak with strong intensity at 4@p@ars when the
battery is discharged to 1.8 V, which corresponds to the (011) plane. The phase transition is
reversed upon the cell are recharge, with the (200) peak ofré8ppeeng at 1.7 V, and the (011)

peak completely disappear once the half cell is fully recharged to 2.0 V. Positioning of the (200)
peak after discharge and charge process shows minimal variation and the peak is also notably
narrower, revealing the highly reaible phase transition of CoHCFMab. Similarly, the pure
CoHCF also experiences the phase transition with a fading (200) peak and an emerging (011) peak
during dischargeHigure 4-10). However, the (200) pediiled toreturn to its initial position
whenrecharged, suggesting lattice space shrink that is likely caused by attraction force ffom Zn
ions remained in the crystal structure. Thesesitu characterizations explain the improved

capacity of CoHCF/ML% as the more feasible intercalation site®mfhore redox reactions.
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Meanwhile its lower water content and -Cobonds well preserve the crystallinity structure of

CoHCF, avoiding capacity loss caused by structure coll&se.
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Figure 4-9. Ex-situ Co 2p2 XPS spectra of a) COHCFA#%, c) CoHCF and Fe 2pXPS spectra
of b) CoHCF/M1%, d) CoHCF at the initial state, discharged to 0.7 V and recharged to 2.0 V vs
Zn/Zr?*. e)Zn 22 XPS spectra of COHCF (top) and CoHCF19b (bottom) after cycling) Ex-

situ XRD patterns of COHCF/M.% at selectedycling potentials.
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Figure 4-10. Ex-situ XRD plots of CoHCF before and after cycling.

4.4 Conclusion

To summarize, an effective strategy is developed to synthesize low vacancy CoHCF
nanotubes on porous MXene nanosheets as superior composite for ZIB cathode application.
Specifically, the negative dace charges on the MXene nanosheets are utilized to induce growth
of CoHCF nanotube, while influencing the Cimteractions with CNligands and water molecule
to form crystals with welkstablished structure. This is discovered to improve tolerancedowa
Zn?*insertion/extraction and reversibility of the redox transition. Benefiting from thespiggtific
surface area, enhanced conductivity and reduced staldgefects, theCoHCF/M-1% composite
achieves a high discharge capacity of 197 mAtag0.1A g and only lost 5.6% of its initial

capacity after 3000 cycles at 2.0 Al.gThis work demonstrates a facile method to induce
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modulated growth of high crystallin®BA on porous MXene as stable composite electrode, and

it is of high practical valuéor investigations in a wide range of energy storage application.
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Chapter5Por outserCmhi nat ePdo MXEe@sdi zG@rnavatlh of Zn

El ectr oddpwarNd sDem d rZinAni ocd e

5.1 Introduction

Metal anodesfeatured with high theoretical energy densitgnd reversibility toward
electrochemical process are of great importance for rechargeable batteries, but numerous obstacles
exist prior to fulfillment of their complete potentid& 292 2%lAmong the different metal anodes,
zinc (Zn) is extensively investigated due to its high theoretical capacity (820 rAlvw redox
pot ent i alvs. gtandard h@meV electrode), environmental benignity and intrinsic
safetyl18 186, 294 o\wever, its propensity to participate in side reactions such aswsetision and
hydrogenevolution reaction often results in poor Coulombic Efficiency (£f).2% More
importantly, dendrites formation during repeated cycloan pierce the separator and cause
internal short circuiting that leads to complete battery failure, severely hampering the
commercialization of rechargeable zilon batteries (ZIBs}27: 179: 186, 295, 296]

One possible solution for the dendritic issue is through the optimizing the nucleation and
growth by finetuning the Zn anode surface atomic structéré®* 2°7. 2%8particularly, the (0002)
crystal plane has been identified to induce even charge distribution in the eleattetytede
interface, which encourages smooth and parallel depo&tfoff® This contrasagainsthe other
common crystal planes op pmt and p pp that causeinhomogeneous interfacial charge
distribution and uneven Zh flux near the electrode surface, leading to rapid dendrites
formation294 299. 301. 302iThe difference in cycle life between the preferred (0002) and the other

crystal planes have been reported to exceed five folds, as the (0002) ptaalsavenodeled to
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exhibit lower surface energy that ensures electrochemical staiflit§?* Other research efforts
encompassing electrolyte modifications and surface engineering have also been devoted with
corresponding positive and drawba€®$.3%IFor example, electrolyte optimization strategy such

as Nwmadtaént 0 systems have been reported to i mpr
ionic conductivity due to limited water conteHt! However, the expensive cost of the electrolyte

are practical challenges remain to be overcBfe’®® 07IMeanwhile, several nanostructured
materials (ZrQ,B%! Ti0,,1184 CcaCQ,'®! PAR etc) have been investigated as protective
coating layer, but low conductivity of these ceramic and polymeric materials inevitably increase
the anode surface resistaf®®.3% As a result, despite successful suppression of Zn dendrites
formation, overall performance of the abewentioned stratgies are still far from satisfactory for
practical applications, especially considering their low current density (<5 m# and large
overpotential (> 0.1 V at 5 mA cAp.l?*> 3921To summarize, an ideal coating layer is required to

be: i) well adhered to Zn substrate, ii) highly mrand electrical conductive to avoid extra
impedance, iii) wettable in aqueous electrolyte environment and iv) flexible to accommodate

volume change of Zn ano&é!

To this end, MXenes with hexagonal closed packed structure would provide the ideal lattice
match, negatively charged surface, superb condiycend high hydrophilicity desired for the
targeted ZIBs applicatiof* 3*3IPrevious studies usings0,Tx*** and sulfurdoped TiC, T35
have shown preliminary successes, but limited porosity and randomly distributed termination still
hinders overall performances. In this contribution, for the first,tpoeous Clterminated MXene

(p-Ti2CCl) is utilized as coating layer to realize stable Zn platting/stripping and prevent dendrite
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growth for ZIBs application. Particularly, uniform Cl terminations on #ie@Cl, are utilized to
minimize variance in neaurface ZA" distribution, while its surface crystal arrangement induces
preferential growth of the Zn (0002) crystal pldoedense anteveled depositior-urthermore,

the highly hydrophilic gfMXene ensures sufficient electrolyteverage on the electrode surface

and its high porosity enables sufficient ion transfer for rapid reactions. With these advantages, the
p-Ti-CCl coated Zn anodes achieve low p@ation and remarkably ultralong lifespan of 2000 h
under both low and high current density of 1 and 10 m& gnsymmetric cells. When assembled

with MnO; cathode in a full cell, the ZIBs deliver distinctive capacity of 200 mAlatgs C with
excellent capacity retention of 91% after 2000 cyclé&emarkably, this work reveals the
significance of porosity and terminations for MXene coating layers, paving way for promising

largescale zinebased energy storage devices.

5.2 Experimental Section

Synthesis ofi2CCl> and porousTi>CCl, (p-Ti2CCl). Porous TiCCl, was produced using the
eutectic etching method reported by our grBép Ti.AIC was mixed with NaCl and Zn&in
mol ar ratio of 1:9:6. Then the mixture was an
and freezalrying. Norrporous MXene was etched in same condition without NaCl.

Fabrication of TACCl//Zn and pTi.CCl//Zn. First, produced BCCl> or p-Ti2CCl, powders
were mixed with polyvinylidene difluoride (PVDF) at a weight ratio of 1:INMP (N-methyl
pyrrolidone) solvent followed by 12 h magnetic stirring at room temperature. Then, the resulting
suspension was dispersed uniformly onto Zn foilsspgay coating method and finally dried in

vacuum at 80 € overnight.
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Material CharaterizationX-ray powder diffraction results were achieved by XRD, Rigaku
Miniflex 600 wit faysurceKSdanming Bléctioh MicroscopegSEM) images
of the samples wergerformedby Zeiss ULTRA. Transmission Electron Microscopy (TEM)
pictures were recorddsy JEOL, JEM2010, 200 kV. The surface chemistry eT pCCl//Zn was
investigated by Xay photoelectron spectra (XPS) by Thermal ScientifiAlgha X-ray
Photoelectron Spectrometer System with binding energies of C 1s calibrated by to 284.5 eV.
Contact angl e sasdroplets bnthe hareandMXehe cddded Zn foils were tested by
Dataphysics OCA20 contact angle meter.

Electrochemical Measurementypically, two bare Zn or MXene coated Zn foils were
assembled in symmetric cells using glass microfiber filter membrane and 2 M ZaS€parator
and electrolyte, respectively. The potentiostatic custiemt transient curves of symmetric cells
were achéved at a current density of 0.2 and 10 mA with total capacity of 0.2 and 5 mAh
cm 2 on a LAND batterytesting equipment to investigate the stripping/plativagine and cycling
stability of bare and modified Zn foils. For Zn/Ma@ull cells, commerciaMnO. were firstly
mixed together with CNT in weight ratio of 3:1 and then sonicated in ethanol. Afterwards, the ink
was filtrated on glass fibre cloth with mass loading of Me€timated to be 1.2.5 mg cn¥, and
then dried at 80 € overnight. The batyewas fabricated with Mn@coated glass fibre, bare or p
TioCCl//Zn foil and 2 M ZnS@0.1 M MnSQ as cathode, anode and electrolyte. Galvanostatic
charge/discharge (GCD) and cyclability tests weaeried outon LAND battery system while
cyclic voltammetry (CV}estsand electrochemical impedance spectroscopy (EIS) measurements

wereconductedn electochemical station (BioLogic VMB00).
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Simulation of the Electric Field Contribution in COMS@implifiedtwo dimensionaglectric
field distribution at the interface between electrolyte and anode was simulated based on a parallel
plate capacitor modelsing COMSOL to demonstrate the inhibitory effect efipCCl> coating
| ayer during Zn crystals growth. The Il ength o
of 200 & m. The protuberance of bare Zn surf a
di ameter of 40 & mMaeowks ttere Is a thig dodtingdaler Vaith a thiakness
of 10 <€iaCCly//Bnranode model. The size information of these simulations are based on
the resultant SEM images. It should be noted that these nuashetsily represent an ideal system
other than real condition. The ionic conductivity of 2 M ZnS@®ich filled in the gap between
anodes was 5 Sh*'% And the electrical conductivity of-pi-CCl. and Zn metal were set to be
1.6X10° S m* (achieved from conductivity test) and 1.67X®nit, respectively*’” The cathodic
potential parameters are set based on the experimental voltage hysteresis (with or without p

Ti-CCl. coating) and the anodic potential is zero constantly.

5.3 Results and Discussion

5.3.1Structural Characterization of MXene

Few layers pli.CCl, was firstly synthesized by a eutectic etching (ZATACI) method
reported in our previous literatu€> while nonporous TiCCl, was prepared by etching with
ZnCh.2Y As shown in their Xray diffraction (XRD) patterns, both of theXéne samples exhibit
characteristic peaks |l ocated at 10. 22 corres
structures with interlayer distance of 8.68 Rigure 5-1a). Meanwhile, scanning electron

microscopy (SEM) images of theTp.CCl. and TeCCl; reveal proper exfoliation when compared
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to the TpAIC MAX parent Figure 5-1b-d). Transmission electron microscopy (TEM)
measurement further confirms distribution of porosity with sizes above 5 nm acrosEitkEp
sheet Figure 5-2a), which are ot presence in the F&Cl, (Figure 5-2b). Moreover, elemental
analysis by Xray photoelectron spectroscopy (XPS) reveal presence©f dasorption at 458.6
eV (2p2)/464.8 eV (2po) in the highresolution Ti2p spectra igure 5-2c), and at 199.0 eV
(2p312)/200.6 eV (2po) in the CI2pspectra, validating predominate Cl termination on thd{ene
(Figure 5-2d). Upon confirming their successful synthesis, therapared THCCl, samples were
mixed in NMP with PVDF and spray coated onto bare Zn fiiksyesulting electrodes are denoted
as pTi2CCl//Zn and TCClL//Zn, respectivelyKigure 5-2€). Surfaces of both coated samples are
observed by towiew SEM to be homogeneously covered by the MXene nanosheets, with no
agglomeration or other undesiredustures that might disrupt the zinc depositiéigQre 5-3).
The flat surface and desirable porosity of th€ig-Cl, coating layer are promising for future

uniform and efficient Zn stripping/plating.
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Figure 5-1. a) XRD patterns of BAIC, Ti.CClk and pTi2CCl. SEM images of b) BAIC, c)

TioCCl: and d) pTi2CCl.
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Figure 5-2. TEM images ofa) Ti2CCl, andb) p-Ti2CCl. c)d) Ti 2p, Cl 2p XPS spectra of p

Ti2CCl. €) Schematic illustration of pi.CCl//Zn and TiCClx//Zn electrodes fabrication.
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Figure 5-3. SEM images of a) bare Zn, b),TCl//Zn and c) pTi>CCL//Zn.

An obvious change to the electrode surface upon being coated bip@t&, layer is their
wettability toward the selected aqueous electrolyte, which was analyzed by contact angle
measurements. As shown kigure 5-4a, the bare zinc foil exhibits a contaahgle of 134
indicating a surface with high hydrophobicity, wherthassurface contact angle GbCCl//Zn is
significantly reduced to 10 Figure 5-4b). The change is attribudgo specific behavior of the
surface chloride functional group on MXene that are hydrophificinterestingly,the contact
angle of pTi2CClL//Zn reaches an even lowealue of 70, which shifts the electrode surface to
one that is moderately hydrophiliEigure 5-4c). The differences betwegaMXene//Zn and n
MXene//Znreveal positive influences of the structural porosity toward electrolyte contact, likely
through fluid absorption and increased adsorption sites. These are anticipated to improve
electrolyte/electrode accessibility and ion flux uniformity, minimizing factors that are known to

trigger dendrite formatioR®!
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Figure 5-4. Contact angles of 2 M ZnSGsolution ona) bare Zn, b) TACCl//Zn and c) p

TioCCLlL//Zn electrodes.

5.3.2AnodesElectrochemical Performance

Building on the above discussed advantages of the MXene coated electrodes, each sample
was evacuated in symmetric cells with 2 M ZnS#lectrolyte. The plating/stripping tests were
first performed at 1 mA crwith a limited capcity of 1 mAh cn? (Figure 5-5a,b). As shown,
p-Ti2CCl//Zn displays an ultra stable voltage profile with the lowest voltage hystere$iswy 2
after 1000 h. Whildi.CCl»//Zn also endures 1000 h of cycling, but its overpotential re&@hes
mV. In stark contrast to the stable voltage platform observed omitB€l, coated sample, the
bare Zn foil experience large voltage fluctuation after 50 hours of cycling, and skartedrat
313 h with the cell voltage suddenly dropping below 5 mV. The cells were further evaluated at
harsher conditions with a higher operating current density of 10 mAwith capacity limit of 5
mAh cm?to demonstrate their practical viabiliigigure 5-5¢,d). As expected, short circuiting of
the bare Zn foils occurs at an earlier stage of 236 h and the cell voltage fluctuates with greater
magnitude. Meanwhile, both of the MXene coated zinc electrodes achieve stable cycling for 1000

h or 2000 cycleswith the pTi2CCl2//Zn manifesting a lower polarization of 80 mV compared to
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