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Abstract

Efficient electrochemical energy storage devices are of particular importance for accelerating
the widespread adaption of renewable energy, and electrode materials are critical to achieve
optimal system performance. MXene (transition metal carbides and/or nitrides) are recently
discovered two-dimensional materials with desirable properties such as metallic conductivity and
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 their potentials. 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 area porous MXene with uniform terminations, while probing their
capability as high-performance electrodes for different types of battery systems. Particular focus
is placed on investigating the influence of uniform Cl-termination and in-plane porosity on MXene
when used as dual-ion battery anode. Afterwards, functions of the porous MXene as Prussian blue
analogue (PBA) crystal growth inducing host for composite material and zinc ion redistribution

protective layer for dendrite-free Zn anode are systematically investigated.

Firstly, a novel one-step eutectic mixture etching method is developed to synthesize Cl-
terminated MXene (TizC2Cl,) with abundant in-plane porosity through carefully controlling the
phase transition of the etchants. Specifically, precise selection of etching parameters and salt

mixture composition activates a mechanism that enables both pore generation and preservation
Vi



through timely formation of solid salt particles within the material structure. The resulting in-plane
porous MXene sheets exhibit homogeneously distributed mesoporosity and four-folds expansion
in surface area to 85 m? g 1. X-ray spectroscopy characterizations reveal predominately edge Cl-
terminations with minimal oxidation on the as-synthesized samples, which ensure orderly crystal
arrangement. Meanwhile, density functional theory calculations confirm lower diffusion barrier
that are beneficial for ion diffusion. When evaluated as anode for dual ion batteries, the optimized
porous TisC2Cly achieves a high specific capacity and excellent capacity retention. This work
opens a green chemistry approach of incorporating in-plane 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 hexacyanoferrate (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 reversible Zn?* intercalation
/deintercalation. Combined 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 gt and robust capacity retention of 94.4% over 3000 cycles.
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 to regulate the electrodeposition of Zn?* towards dendrite-free Zn anode. Its uniform surface
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charge serves to homogenize the surface electric field for even deposition, while its crystal
structure resemblance with the Zn (0002) plane promotes growth of the specific crystal plane
known to favor layer-by-layer deposition. Moreover, porous structure of the MXene nanosheet is
also favorable for ensuring sufficient ion diffusion and electrolyte coverage during high-rate
cycling. Given these advantages, the MXene coated zinc foil achieves long period cycling of over
2000 hours at a high current density of 10 mA cm2, promoting the development of zinc anodes for
large-scale energy storage.

In summary, this work opens a green chemistry approach to synthesize in-plane porous
MXenes, which resolves the long-standing issue of limited porosity and low surface area of
MXene. Meanwhile, the proposed effect on inducing ordered CoHCF crystal growth provides
insights for designing MXene-based composite material with well-controlled crystal structure. In
terms of energy storage application, this thesis addresses the importance of MXene termination
and porosity in two application scenarios, as DIBs anode material and as protective layers for Zn
anode, offering deep understanding on the relations between the structural properties of MXene

and electrochemical behavior.
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Chapter 1 Introduction

1.1 MXene

1.1.1 Background

The history of MXene (transition metal carbides and nitrides) dates back to 2011, when Dr.
Yury Gogotsi discovered the chemical TisC> that started the explorations into these family of 2D
materials.[Y MXene has a general formula of Mn+1XnTx (n=1-4), where M is early transition metals,
X stands for C and/or N, and Tx represents various terminations such as -O, -OH, -F and -C1.1?!
Their atomistic models are shown in Figure 1-1, in which n layers of X are covered by n+1 layers
of M in the arrangement of [MX].M.% 3l MXene is mostly produced by selective etching of the A-
elements (typically group 13 and 14 atoms) from a MAX phase with the formula Mn+1AXn, which
exhibits layered hexagonal structures with P6z/mmc space group, where the X atoms fill the center
of octahedral sites, glued by pure A layers./ To date, over 150 MAX precursors has been reported,

offering opportunities to develop and explore a wide range of applications for MXene. !

As a new category of two-dimensional (2D) material, MXene possess unique characteristics
such as hydrophilicity, high conductivity, and good mechanical properties. For instance, the widely
explored titanium carbide MXene (TizC2Tx) exhibits impressive electronic conductivity of around
10000 S cm™ and remarkable Young’s modulus of 0.33 4 0.03 TPa when evaluated in single
layer.B! There are thousands of publications regarding MXene in diverse fields of energy storage,
medicine, sensors, optoelectronics and tribology.® &7 Particularly, extensive works have utilized

MXene towards high performance supercapacitors, batteries, water treatment, hydrogen storage,
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etc.® Despite the important developments, material science and technology integration for MXene

are still at the beginning stage with enormous potentials to be unveiled.
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Figure 1-1. Typical structures and compositions of MXene.F! Copyright 2021, WILEY-VCH.

1.1.2 Synthesis

The typical synthesis of MXenes from the MAX phases can be categorized as the top-down
method, in which the M-A (metallic bonds) are more active than the covalent and ionic M-X bonds,
enabling the chemical etching of A layers.[®! Conversely, some MXene can be prepared through

bottom-up method of chemical vapor deposition (CVD). For example, ultrathin a-Mo.C was
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synthesized by CVD using methane as carbon source on Cu/Mo alloyed surface, their size, shape
and thickness can be controlled via modifying the synthetic conditions.[*®! Later, p-Mo.C
nanosheets were also successfully prepared using the same method.*!] Although the bottom-up
strategies have benefits of growing MXenes with fewer defects and no terminations that are
suitable for the intrinsic properties investigation, its high cost and harsh experiment requirement

such as high temperature over 1000 °C have limited their practical feasibility.[® 12 3]

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

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

1.1.2.2 HF Etching

Hydrofluoric acid (HF) is the etchant used in the initial discovery of MXene, since then
various MXenes have been developed using 10 to 50 wt.% HF with different etching durations
under magnetic stirring.[ 8 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 the reaction. After the
etching step, solids are washed several times to remove resultant acids. Finally, TisCaTx is
separated from TisAIC by centrifugation.4! Taking the widely studied TisC2Tx as example, the

etching reactions are shown as follows: 4!

Ti;AlC,(s) + 3HF (aq) = AlF5;(aq) + %Hz (9) + Ti5Cy(s) (1-1)
TizCy(s) + 2H,0(aq) - TisC,(0H),(s) + Hz(9) (1-2)
Ti3C,(s) + 2HF(aq) — Ti3zC,F,(s) + H,(g) (1-3)
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In this process, the Ti-Al 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 to form -
F, -O and -OH functional groups on the MXene surface.*> Normally, MXenes consisting of more
layers (higher n numbers) demand stronger etchant and longer reaction time.l? The reaction
conditions can also significantly influence the crystallinity, defect abundancy and surface
properties of the resultant MXene,® providing room to finetune the MXene toward optimal

property for the targeted applications.

1.1.2.3 Fluoride Salt Etching

Owing to the highly toxic and hazardous nature of HF, mixture of strong acid such as HCI
and fluoride salt such as LiF, NaF and KF were developed as alternative etchant for MXene
synthesis.[*®! These milder synthetic approaches generate HF through reaction between the strong
acid and the fluoride salt to avoid direct use of HF.*"] Below is an example of reaction between

LiF and HCI.
LiF(aq) + HCl(aq) - HF (aq) + LiCl(aq) (1-4)

Compared to the direct HF-etched MXene, MXenes prepared by fluoride salt etching exhibit
fewer defects and larger lateral dimensions. The process is then further optimized by a process
called Minimally Intensive Layer Delamination (MILD) that applies higher ratio of LiF and HCI
ratio in the precursors.*® The MILD method only requires manual shaking to produce large
MXene monolayer flakes with few defects, whereas previous methods require sonication to shred
the MXene flakes. Consequently, the MILD method can achieve higher exfoliation yield with

around 70% flakes are one or two layers.



1.1.2.4 Electrochemical etching

Electrochemical etching is another approach to produce MXenes efficiently and safely from
the MAX phases. For example, electro-oxidation using electrolytes consisting of 2 M HCI and 1
M NH4CI + 0.2 M tetramethylammonium hydroxide (TMAOH) has been reported to successfully
synthesize Ti,CTx and TizC2Tx.% 2% The resultant TisC2Tx can achieve large lateral size up to 18.6
um, similar to the MXene prepared by MILD method.?l However, excessive etching of the sample
is @ major challenge, as the MAX phase may be directly oxidized to carbon owing to dissolution

of the “A” and “M” atoms, adding uncertainty and making the process difficult to control.[**]

1.1.2.5 Molten salt etching

More recently, molten salt etching has been reported as a green approach to synthesize
MXene without the use of fluoride ions.[?!! In 2019, the Huang group applied strong Lewis acidic
molten salt ZnCl; to replace Al by Zn, synthesizing novel Zn-MAX precursors including TizZnCy,
Ti2ZnN, Ti2ZnC and V2ZnC.?? Subsequently, the excessive ZnCl, salt removes the Zn atoms and
generated Cl-terminated MXenes such as TizC2Cl, (Figure 1-2). This method expands the list of
available MAX phases for MXene synthesis, adding element such as Zn, Si and Ga to be the
possible A-site elements.[?!) Notably, the molten salt etching strategy also allows finer control of
terminations on the MXenes surface, as uniform distribution of single termination such as -Cl, -Br
and -Se can be achieved, which enables further investigations of their effect on MXene

properties. 2!
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Figure 1-2. Scheme of molten salt etching of TisC2Cl. from TisAlC2.24 Copyright 2019,

American Chemical Society.

1.1.2.6 Delamination

After selective removal of the A-layers 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 often required.”* Organic
solvents are one kind of commonly used intercalation agent to isolate multilayer MXenes. For
example, dimethyl sulfoxide (DMSOQO) has been applied as intercalant for enlarging interlayer
spacing of TizC.Tx flakes prepared by HF. The flakes delaminated from sonication in DMSO are
in the order of few hundred nanometers diameter.!?>-2"l However, DMSO residuals between the
MXene layers are often difficult to be removed entirely due to their high boiling point.[?
Furthermore, other polar organic molecules including urea, hydrazine, tetrabutylammonium

hydroxide (TBAOH) and iso-propylamine have also been applied to detach layers of etched
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MXenes.® 2% 301 Additionally, alkaline ions such as Li*, Na*, K*, AP* and NH4* cations can also
achieve delamination, due to negative charges on MXene.! %2 They paired particularly well with
the fluoride salt etching method, as the cations can in situ delaminate the MXenes after the etching
process without addition of extra molecules.?! The resulting colloidal suspensions can maintain
stable status after mild vibration, primarily due to the negative zeta potential of the MXenes

sheets.[3]

To summarize, the synthesis route of MXene from MAX phases is illustrated in Figure 1-3.
As shown, selective etching via fluoride-contained solution or Lewis acids molten salts is the first
step to remove the A layers and generates multilayer MXene flakes. Compared to hazardous
fluoride-contained compounds, Lewis acid etchants have the advantages of high safety and
controllable terminations.[®! Subsequent delamination by metal cations or organic molecules
separates the flakes from multilayer to few-layers, 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 with long sonication time will yield higher
concentrated solution with smaller flakes and more defects.[*8 It is important to note that MXenes
produced through such methods are non-porous and have limited surface area, which restrict 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. Illustration of typical preparing process of MsX> MXene from MsAX; precursor.

Copyright 2021, WILEY-VCH.
1.1.3 Properties

1.1.3.1 Surface Chemistry

As mentioned above, the synthetic methods can greatly influence the surface termination of
the MXenes product. For instance, TisC2Tx etched by HF has been reported to contain four times
more -F terminations than samples produced via HCI/LiF.** The termination variances may
influence the MXene crystal structure, as specific surface terminations such as -Cl and -Br were
reported to enlarge the MXene interlayer spacing, which was attributed to adsorption of anion
along the edges of MXene nanosheets.[*®] Meanwhile, delamination conditions can also influence
the type and ratio of termination on the final product. In one particular reporting, fluoride
terminations of an exfoliating HF-etched MXene was observed to be replaced by hydroxyl group
upon sonication in tetrabutylammonium hydroxide."8! Additionally, post synthesis processing
such as high temperature treatment and alkali hydroxide reaction can also alter the functionalities

on the MXene surfaces.!®" 3]



1.1.3.2 Thermal Stability

Thermal stability of MXene sheet is highly dependent on its chemical composition and
environment.®®1 For example, the thermal stability of ZrsC.Tx was reported to be better than
TisCTy, as ZrsCz structure is more energetically favored than ZrC, where TisC; is metastable
compared to bulk cubic TiC.[* Meanwhile, different gas environment can also impact its stability,
TisCoTx in particular has been identified to remains stable until 500 °C in an Argon-filled
environment, with its hexagonal structure preserved until 800 °C.*1 While in an oxygen abundant
atmosphere, TisC,Tx is observed to be partially converted to anatase TiO, at 200 °C and fully
oxidized to rutile TiOz at 1000 °C.*? These conversion reactions can be manipulated by controlling
other parameters such as heating rate and duration, providing opportunities to develop a varieties

of MXene/TiO2 composite for different applications.!!

1.1.3.3 Mechanical and Physical Properties

Delaminated MXene flakes have outstanding mechanical flexibility, and can be folded into
different shapes without visible damage.** 3 Previous study has reported an effective Young’s
modulus of 0.33 TPa for a freestanding monolayer TisC,Tx,"! which is close to the predicted in-
plane Young’s modulus value of TisC; single layer (502 GPa).%21 Additionally, the mechanical
properties of MXene films can be tuned by intercalating polymers.[! For instance, composite
films of polyvinyl alcohol (PVA) intercalated TisC2Tx 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 composites for diverse applications.



Furthermore, its high electronic conductivity makes MXene promising candidate for
electrode materials. In general, the electrical conductivity property of MXene heavily depends on
the synthesis and delamination method. TisC>Tx with large flake size and less defects produced by
mild etching can obtain high conductivity up to 9880 S cm™, as there is coplanar alignment
between individual flakes resulting in good contact.[“é! In contrast, MXene etched by HF only
possesses low conductivity of 850 S cm™.%"1 When delaminated by large organic molecules such
as DMSO, the resulted MXene show unsatisfied conductivity likely owing to the suppression of

interflake electron doping.[*®]

1.1.3.4 Electrochemical Properties

MXenes show privilege as host material in rechargeable batteries and hybrid
supercapacitors.[*! Benefiting from abundant pseudocapacitive sites and wide interlayer spacing,
MXenes can deliver high specific capacitance while maintaining its crystal structure through
repeated volume expansion/contraction.®® In one study, TisC.Tx electrodes achieve specific
capacitance of 450 F g with outstanding rate performance in supercapacitor.® Moreover,
delaminated TisC> paper electrode is identified to exhibit outstanding Li storage capability of 410
mAh gt after 100 cycles in lithium-ion battery, which is close to its theoretical limit of 447.8 mAh
gL.12% 521 Though, further analysis reveal limited long period charge/discharge stability of 200
cycles at 1 C.?°1 One of the major challenges of MXenes electrodes is the restacking issue,
inhibiting electrolyte transport and decreasing the ion storage capability.”® To resolve this
problem, low dimensional molecules such as carbon nanotubes (CNTSs), graphene and polymers

have been incorporated with MXene nanosheets to serve as spacers and to provide additional

10



electrochemical capacity.®*%° For example, sandwich-like TisC.Tx/CNTs paper has been
fabricated by alternative filtration method with high volumetric capacitance of 390 F cm™ and
exceptional stability for over 10000 cycles.[*s! Further modifications such as heteroatom doping
and vacancies designing can also enhance the electrochemical performance.l®! Another major
restriction is that conventional MXene lacks confined pores, which decreases the accessible sites
on the surface.®! One of the solutions is forming three dimensional networks by either self-
assembling or hard templating, which not only enlarges the available surface area but also
effectively inhibits restacking.®” %81 Another strategy is post fabrication of in-plane porous
MXene.®! For instance, Cu?* ions are found to partially oxidize MXene to TiOz, forming
mesopores after chemical etching.®®1 However, these methods can only slightly increase the
surface area, and inevitably complicate the process. A novel one-step synthesis of in-plane porous

MXene to will be the primary of the discussion in this thesis.

1.2 Battery

1.2.1 Introduction

Climate change and air pollution concerns in recent decades have urged the transition toward
renewable energy including solar and wind power,®® but extensive integrations of the systems
have been restricted by their inconsistency rooting from high dependence on local weather. These
limitations place ever-increasing demands for economically viable and long lasting energy storage
devices.[®™ Moreover, wide spread societal adaption of electric vehicles (EV) and portable

electronic devices also requires high performing energy storage system to extend their
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capabilities.’52] As such, successful development of optimal energy storage systems are of great

importance for continuing the advancement of modern society and quality of life.

- Charge
Discharge

Figure 1-4. lllustration of typical battery system.!®®! Copyright 2020, Elsevier.

As shown in Figure 1-4, a standard battery 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 state for insertion of the metal
ions.1®2 ¢4 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 reaction.[®® 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 is to inhibit contact of the two electrodes to prevent short-circuiting

without severely hindering the movement of ions.!®! It 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 influences to the performance
of the battery.[®® An ideal battery would be capable to store large amount of energy through fast
charging and possesses long cycle life, which requires high energy density, high power density
and good cycling stability. Moreover, low cost and high safety are also desired properties for
batteries. ]

Proper electrode materials selection and design are essential for high performance battery
system.[%] In particular, redox potential and specific capacity of the electrode materials largely
dictate the final energy density of the system. In terms of power density, which is particularly
important for electric vehicles that calls for quick acceleration, superior reaction Kinetic is desired
for fast ion diffusion within the electrode matrix.[1 Meanwhile, long period cycling stability and
structure resilience towards repeated reactions of the electrode materials are also important
parameters that must be satisfied.

To this end, the benchmarks for superb electrodes for battery include:[® 1) suitable redox
reaction to provide high operating voltage; 2) unique architecture to improve capacity and rate
capability; 3) robust structure to endure repeated charge/discharge process. Among various
architectures, porosity design has been widely adopted as an effective way to maximize active
material capacity utilization, enhance reaction rate and improve charge transfer by providing large

surface area.[*”¢° Following are the detailed advantages of porous electrode materials.
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1.2.2 Porosity in Battery Electrode Materials

Porosity is defined to be the proportion of void space in a solid, it is a critical parameter that
can influence the surface area and permeability of materials.[®°1 According to International Union
of Pure and Applied Chemistry (IUPAC) definition, material pores can be classified into three
categories based on their sizes, which include the micropores under 2 nm in width, the mesopore
that are between 2 to 50 nm, and the macropores with size beyond 50 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 crystal structure.[" In battery application, material
porosity can heavily influence properties such as reaction kinetics and capacity utilization, porous
carbons for instance are often adapted to improve the performance of electrode materials at high
currents. Below are further discussions of battery properties that are affected by the presence of

porosity in electrode materials.

1.2.2.1 lon Diffusion

One obvious property that porosity influences is ion diffusion in the electrode material. As
shown in equation 1-5, the characteristic diffusion time () for active ions is proportional to the

square of the effective diffusion length (1), where D is the ionic diffusion coefficient®):

lZ

T~E (1'5)
A porous material can effectively shorten the diffusion time through establishing a shorter
diffusion length [ for the ions, allowing rapid transportation of the active ions to 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 significant as
14



kinetics limitation becomes less impactful.[’*] Examples including porous TiO2 have demonstrated

drastically improved rate capability upon introduction of porosity to the electrode materials.t’> 7!

1.2.2.2 Internal Battery Resistance

In batteries, the relationship between battery power density (P) and current (I) is expressed
as follows!™I:

P=VI (1-6)

In which, the actual battery voltage (V) is related to the open-circuit voltage (V) and the
battery internal resistance (Ry) as shown below(™:

V =Vyc — IRy (1-7)

While R, is the sum of resistances in all battery component!®®:

Ry = Ry + R + Ry + Rincy + Rincay + Reo) + Reqa (1-8)

Here, R,; represents the electrolyte resistance; R, and R, are the resistances of cathode and
anode; Rin(cy and R, (4) are the resistances of working ion to transport across the electrolyte-
cathode and electrolyte-anode interfaces; and R¢(c), Rc(a) are the resistances of current collector
of cathode and anode, respectively.

For the internal electrolyte resistance R,; in a theoretical model of cylindrical pores, R,; can

be calculated by the following equation(™!:

l
Ry =2 (1-9)

3nmr?
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Where p is the electrolyte resistivity, [ is the depth of the pore, n and r are the number and
radius of pores in the electrode. To achieve low R,;, large quantities of pore architecture with large
radius (r) and short depth (1) are desired.

Meanwhile, the ion interfacial resistance R, ) and Ri,(4) are proportional to the ratio of

geometrical area (4) and interfacial area (4;,) of the electrodel’!:

A

~—
Ain

R, (1-10)

Given that interfacial area between electrode and electrolyte in porous materials is
considerably increased, its R;,, can be decreased significantly as a result.["8!

Therefore, porosity design of electrode materials can greatly decrease the internal battery

resistance R;, by providing unique structure and abundant electrode surface area, which permits a

high power density for the device.[

1.2.2.3 Active Material Utilization

Bulk materials with no porosity often struggle with site accessibility of the active metal ions,
which restricts complete utilization of intercalation site within the allowed voltage window. Porous
nanomaterials with small feature sizes and high specific surface area can remarkably boost contact
between electrolyte and electrode, minimizing unused intercalation site and thus increasing the
utilization of available capacity.[’l As energy density is proportional to the specific capacity, this
would drastically improve the energy storage capability of the electrode material.["®! However, it
is crucial to note that excessive porosity would lead to low material density and available capacity,

therefore balance must be maintained to achieve optimal electrode performance.
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1.2.2.4 Suppressing Volume Changes

When alloy materials such as Al and Si are used as anode materials, severe volume change
during charge and discharge will result in particle pulverization, interparticle contact loss and
mechanical integrity degradation.”®! Proper pore engineering of such alloy electrodes can alleviate
the stresses by providing room for volume expansion, prolonging cycling time of the batteries. ©]

Overall, incorporation of porous structure to electrode materials can provide benefits to the
battery performance in terms of power density, energy density and cycling stability.® Along with
high electronic conductivity and structural stability of 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 pores of MXene will be further

studied in this thesis.

1.2.3 Lithium-lon Battery

Lithium-ion batteries (LIBs) are regarded as the main energy storage technology of the 21%
century since their market introduction in 1991 by Sony Corporation.[®* 7°-82 A representative
structure of LIBs is presented in Figure 1-5, which shows a L1Bs assembled with the commercially

adapted LiMO; (M stands for Fe, Mn, Co, etc.) cathode and graphite anode.[®*!
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Figure 1-5. Scheme of basic structure in a Lithium-ion battery cell.®*! Copyright 2011, American

Association for the Advancement of Science.

Taking the LiCoO/graphite cell as an example, the redox reactions are as follows, €

Cathode: LiCoO, & Li1_,)C00, + xLi* + xe” (1-11)
Anode: 6C + xLi* + xe~ & Li,Cq (1-12)
Full reactions: LiCo0O, + 6C © Li;_y)C00, + Li,Cq (1-13)

As shown in the reaction equation and Figure 1-5, Li* ions are extracted from the graphitic

anode and released into the electrolyte during discharge. At the same time, Li* ions are inserted
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into the LiCoO> cathode, which keeps the electrolyte ion concentration consistent. These processes
are paired with the transfer of electron from anode to cathode in the external circuit that maintains
the charge balance. Vice versa, the Li* ions would return from LiCoO- to the graphite when the
cell is charged.[® Batteries in which the cations are the only ions actively shuttling between
cathode and anode during the charge and discharge process are termed rocking-chair batteries,
other well-known batteries that behave in this manner include sodium ion batteries and zinc ion
batteries. 6]

At the current stage, LIBs remain the most widely applied electrochemical system owing to
their relatively high energy density as well as mature technology. However, inherent safety
concerns such as thermal runaway,+#¢! increasing raw material prices and supply shortages have
encouraged the development of possible alternatives.®”-°% Particularly, systems towards ‘beyond
lithium® devices such as dual-ion, Zn?*, K* and Na* batteries have been intensively investigated

over the past decade.[®%°

1.2.4 Dual lon Battery

Among the alternative batteries, dual ion batteries (DIBs) possessing high working voltage
have attracted considerable attentions.[®” 190131 Unlike conventional LIBs with rocking-chair
working mechanism, both the anions (A™: PFs, ClO4, TFSI') and cations (M": Li’, Na*, K")
participate in intercalation during the charge and discharge in DIBs.'*! As shown in Figure 1-6,
typical DIBs called dual graphite battery (DGB) use graphite as both cathode and anode. Their
working reactions are as follows!®% 100);

Cathode: CCathode + xA” & AxCCathode + xe~ (1-14)
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Anode:  Cpnoge + XM™ + xe™ © M, Canode (1-15)

Reaction: Cypoge + XM + x€e™ + Crathodge + XA~ © My Cunode + AxCcathode (1-16)
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Figure 1-6. Scheme of working mechanism in DIBs.['* Copyright 2017, American Chemical

Society.

The primary specialty of DIBs is the behaviors of the anions during cycling, as they actively
intercalate/de-intercalate from cathode during the charge/discharge process. Benefiting from this
reaction, DGB has high discharge potential above 4.5 V vs. Li/Li*, which is significantly higher
than traditional LIBs. However, a direct result of activating the anion intercalation reaction is
consumption of electrolyte ions that lowers the available charge carrier in the system, which can
influence battery performance negatively.°!! To ensure sufficient ions availability, thickness of the
separator/electrolyte layer in DIBs is often beyond 100 um, which is thicker than 30-50 um in
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LIBs, lowering the overall battery energy density.!'®! Given such, high ion concentrate and high

voltage stability are both important properties for DIBs electrolyte.[!: 10¢]

1.2.4.1 Cathode

To reversibly host large size anions, layered structure cathode materials with large interstitial
sites are generally preferred for DIBs. Graphite is the first reported anion host for DIBs application,
its ABAB sequenced layer structure assembled by van der Waals forces is suitable for repeated
anion intercalation, and it has the benefits of low cost and processing maturity.''®! For these
graphite cathodes, morphology, particle size and surface area are properties that have high impacts
on the performance, as graphite with smaller particle size and higher surface area have shown
increased capacity and rate performance due to shorter diffusion distance. While large size graphite
exhibits enhanced structural stability, but diffusion limitation severely hinders its reversible

1071 To date, discharge capacities of graphitic cathodes studied for DIBs remains between

capacity.!
100 to 150 mAh g!, which are lower than commercial cathodes of LIBs.! Given so, there are
strong interests in developing alternative cathode such as organic compound and metal-organic
frameworks (MOFs), though specific capacity of these materials are still under 200 mAh g*!, which

requires further improvement to be competitive.['%% 1]

1.2.4.2 Anode

Albeit the cathode material being the significant bottleneck on cell performance of DIBs, the
anode material should provide excess capacity to prevent metal plating that will endanger cell
safety and lifetime.[''Y One obvious anode material candidate for DIBs is the intercalation-type

graphite commonly used in LIBs that shares the same working mechanism. Building on previous
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LIBs works, carbonaceous materials such as microporous soft carbon nanosheets with high
specific surface area was developed and achieved high reversibility of 93% capacity retention after
3500 cycles.!''!) Heteroatom-doped carbon materials were also explored owing to their improved
electronic conductivity and porous structure.l''?) N-doped carbon fibers and P-doped hollow
carbon rods with hierarchical structure in particular show enhanced ion transportation and effective
suppression of volume expansion, which lead to stable operation up to 1500 cycles with 90%
capacity retention.[!12-114]

Despite the development, a major drawback for intercalation-type anode is their low capacity
ceiling, which leave little room for further improvement in energy density.l''?! To address this
issue, alloying-type materials such as Al, Si, Sn and P have been heavily investigated as possible
alternative with far higher theoretical capacity.!''! For example, Si that exhibits a theoretical
capacity higher than 4000 mAhg! is very attractive for anode application, but volume expansion
of over 300% during cycling and deficient electrical conductivity of 10°-103 S cm™ are their

[116

limitations.!''®) Coating the Si particles with carbon is selected to reduce mechanical stress and

increase electric conductivity.!'!”! As for the Al metal, it has a relatively high theoretical capacity
of 993 mAh g, and it can be applied directly as DIBs anode without current collector. However,
volume fluctuation and pulverization during alloying/dealloying often cause capacity decay,!!!®]
artificial protective layer and structural modification are strategies that show effectiveness

alleviating this issue.[!!%- 120]
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1.2.5 Zinc lon Battery

Recently, multivalent-ion (Zn, Mg, Ca, Al, etc.) batteries have gained extensive research
attention owing to their relatively low cost, environmental benignity and operational safety, their
electrochemical properties are summarize in Table 1-1.11221251 Among them, Zn?* ion exhibits a
suitable potential of —0.76 V vs SHE (standard hydrogen electrode) for aqueous system, relative
small ionic radius (0.75 A) and medium-high volumetric capacity of 5855 mAh cm 3126l
Importantly, zinc foil exhibits acceptable reversibility toward stripping/platting in aqueous

condition and various cathode options with promising performance are available.!*?"]

Table 1-1. Comparison of multivalent charge carrier ionsf*?% 129

Category Zn?* Mg?* Ca?* Al
Electrode potential vs SHE [V] -0.76 -2.37 -2.87 -1.66
lonic radius [A] 0.75 0.72 1.00 0.53
Specific capacity [mAh g ] 820 2205 1337 2980
Capacity density [mAh cm3] 5855 3832 2072 8046

Zn battery application began in the 1860s when the first primary alkaline Zn battery was
introduced into the market, and they remain a staple for common household electronic.[** Its
rechargeable version introduced in the 1980s did not achieve any meaningful market adaptation,
as they often lose half of its initial capacity after twenty cycles of use.'*¥ To address the
rechargeability issues, in 1986, Yamamoto et al promised the replacement of alkaline electrolyte
with ZnSO; electrolytes, which fundamentally altered the electrochemical behavior.[**2136] The
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mildly acidic system allows direct conversion between Zn?* and Zn in the anode side, completely
eliminating the electrochemically passive by-products such as ZnO formed in alkaline electrolyte,
enabling remarkably enhanced cycling performance.!*3”1 However, unsatisfactory intercalation
capacity and cyclability due to strong electrostatic interactions between cathode materials and

divalent Zn?* ions remain a challenge to be overcome.37"]

1.2.5.1 Cathode

Upon discoveries of the mildly acidic ZIBs, a large varieties of cathode materials were
investigated for suitability with the new system. To date, manganese oxides, vanadium oxides and
Prussian blue analogues (PBAS) are three material groups that have received the most research
attentions,[138-140]

MnO- has been extensively explored as ZIBs cathode materials owing to its low cost and
relatively high operating voltage of 1.3-1.4 V.7 1381 MnO, can form many different
polymorphous including the a-, B-, y-, &-, 6-, A- and R-phase, this is due to the fundamental unit
MnOs octahedra can be linked by sharing corners and/or edges, allowing the formation of tunnel,
chain or layered structure.l’*Y In ZIBs, MnO, cathode can react through three different
mechanisms: Zn?* insertion/extraction, H* conversion and combination of the two reactions.*?°!
In the early stages of development, manganese oxides often demonstrate poor cycling performance
due to irreversible structural transformation and manganese dissolution in the cycling process.**®
1421471 The dissolution issue can be suppressed by addition of MnSOj4 to the electrolyte, as studies
have reported achieving over 5000 cycles of operation at specific condition with the

modification.[**® In comparison to the manganese oxide cathode, most vanadium oxide cathodes
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exhibit higher capacity and stability owing to their larger and more durable structure.[*49-152]
Nevertheless, the average discharge voltages of most V,Os-based cathodes are only ~0.75 V vs.
Zn/Zn?*, making it difficult to achieve high energy density Z1Bs,[140 153-15]

Lately, PBAs with advantages of inexpensiveness, non-toxicity and facile synthesis are also
promising cathode candidates for both mono-valent cation**6-*%1 and multi-valent cation
batteries.[*2® 1601631 They are also called transition-metal hexa-cyanoferrates (MHCFs), with a
general chemical formula of MFe(CN)es (M = Fe, Cu, Mo, Ni, Fe, V, Mn...) and face centered cubic
structure in Fm-3m space group. The typical crystal structure of PBAs is shown in Figure 1-7,
where Fe (I1l) and M metal ions are linked by cyanide (C=N) ligands and the structure is
established by FeCg octahedra and MNg octahedra.[*®* 1651 Owing to the distinctive crystal structure
with sufficient large three-dimensional diffusion tunnels and interstitial sites for metal ions, PBAS
have been reported to be ideal host material for multivalent cation transportation.™®®! When used
as cathode for ZIBs, PBAs can achieve average operating voltages higher than 1.5 V, which
significantly exceed the majority of reported ZIBs cathodes.l*8”1 There are two redox pairs in
theory, the Fe?*/Fe3* and M?*/M3*, offering two moles of electron for transfer. However, inherent
vacancies and lattice defects of Fe(CN)e formed during traditional production methods often
hinder the complete use of active sites in PBAs. Meanwhile, various types of M give rise to

different electrochemical performances of PBAs by altering the crystal structure. [165: 1661
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Figure 1-7. Scheme of PBAs during Zn?* intercalation/deintercalation.*?®1 Copyright 2018,

American Chemical Society.

In 2015, ZnHCF was first used as ZIB cathode materials and attained a high discharge voltage

of 1.7 VV.['671 The redox reactions of the cell are as shown below:

Cathode: xZn?* + 2xe™ + Zns[Fe(CN)g], © Zns,.[Fe(CN)g], (1-17)
Anode : xZn © xZn?* + 2xe~ (1-18)
Reaction: xZn + Zn;[Fe(CN)g], © Zns, x[Fe(CN)g], (1-19)

Although its discharge capacity of 65.4 mAh g is low, it still achieves a decent energy density
of 100 Wh kg* because of the high operating voltage. Follow up study identified that the ZnHCF
morphology can be controlled by changing the mixing period of the co-participation process,
opening additional path for further optimizations. ¢!

In addition to ZnHCF, other PBAs including CuHCF, FeHCF, MnHCF, CoHCF, NiHCF and
multi-metal HCF such as CuZnHCF have also been applied as ZIBs cathodes.[*®] Among them,

the newly discovered CoHCF delivered high capacity of 173.4 mAh g at 0.3 A g%, with
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operational voltage of 1.75 V and excellent cycling stability of nearly 100% after 2200 cycles at
3.0 A gL.I' The exceptional electrochemical result is achieved through double activation of
Co?*/Co*" and Fe?*/Fe®* redox pairs, whereas other reported PBAs typically utilize the Fe redox
only. As crystal vacancies in PBAs often occupy the intercalation sites of Zn?*, it can trigger
uncontrolled phase transformation during cycling. Further material modification focused on
reducing the lattice defects in the crystal structures can improve the structural stability and redox
utilization of PBAs.[*"1]

Aside for the above three types of materials, researchers have also investigated new families
of cathode materials for ZIBs such as polyanionic compounds,*’? organic compounds,*”! and
metal sulfides!*’* 17°1. These materials with Zn?* hosting ability each have their own attractive
features that are valuable as rechargeable ZIBs cathodes. For instances, polyanion materials with
large channels can facilitate rapid cation intercalation/de-intercalation, organic cathodes exhibit
extraordinary discharge capacity with outstanding cycling performance owing to their unique
redox chemistry, and metal sulfides with layered structure such as MoS; and VS; can endure
volume change during cycling, resulting in high capacity retention.[*?6:137. 168,176 The exploration
of unconventional ZIBs cathodes is still at its starting stage and more suitable nanomaterials are to

be discovered.

1.2.5.2 Anodes Protection

Zinc foil is commonly used directly as the anode for aqueous ZIBs, which involves zinc
plating/striping reactions during charging/discharging process.'’”l However, zinc dendrite
formation is an inevitable obstacle for aqueous ZIBs using mild acidic electrolyte. On one hand,
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corrosion and hydrogen evolution reaction (HER) can easily be promoted by the enlarged surface
area of the dendrites. On the other hand, acute dendrites can puncture the separators and cause
internal short-circuiting in the cells, directly causing failure of the battery.'"®! To date, there are
three main strategies to modify the zinc deposition behavior in the zinc-electrolyte interface and
host-zinc interface, which are electrolyte modification, artificial protective layer design and host

development.lt7l

Electrolyte additives such as thiourea is found to suppress the electroplated zinc growth
towards (1010) and (1011) directions, which are crystal planes that are widely reported to be
responsible for zinc dendrites formation.[*8 Moreover, highly concentrated electrolytes such as 1
M Zn(TFSI)2/21 M LiTFSI were also utilized as ion-enriched electrolytes, which lead to uniform
zinc deposition and the successful suppression of HER.'8 However, organic additives and
electrolyte with high concentration often lower the electrolyte ionic conductivity, which would

deteriorate battery performance due to slower ion transportation.*’

As for artificial protectively layers, it can reduce zinc dendrite formation through either
spatial shielding or multimode-guided ion homogeneous diffusion.[*82 1831 The criteria for suitable
interfacial layer include: 1) good wettability with electrolyte for low ion interface transfer
resistance; 2) excellent mechanical property to accommodate volume change; 3) no chemical
reactions with electrolyte.'”®! For example, inorganic protective layer such as TiO2 and CaCOs
with low electrical conductivity and high dielectric constant were reported to successfully
redistribute zinc ions and guide uniform electrolyte flux near the zinc surface by enriching Zn?*

within a limited range.[*8 1851 Meanwhile, organic hydrophilic polymers membranes made with
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polyamide (PA), poly(ethylene glycol) (PEG) or polyacrylonitrile (PAN) have also been utilized
as nanofences with ion immobility effect and suppress the water splitting side reaction.[*®¢! The
artificial layers are normally prepared by doctor bade coating, atomic layer deposition, spin coating
or in situ interface synthesis. It is believed that thickness is an important parameter to guide ion

flow and lower diffusion resistance.8"]

As zinc often grow randomly on bare zinc foils rather than returning back to its initial
position, host materials have been developed as structural network to regulate zinc growth.!*’® For
instance, conductive host such as three-dimensional carbon nanotube exhibits high surface area
has been reported to mediate electric field distribution for uniform Zn deposition.*’”l Meanwhile,
zincophilic hosts including Cu and Sn also enable host-zinc surface with abundant nucleation sites
and lowered zinc nucleation barrier.[*8 181 According to the density functional theory (DFT), Sn
and Cu metals show higher adsorption affinity with Zn atom than carbon, which is favorable for
zinc deposition over the surface. Other strategies including heteroatom or defect doping
modifications on carbon materials are also expected to enhance their zincophilicity by changing it

surface electronegativity and local dipole.!*%%

1.3 Motivation and Thesis Structure

The objectives of this work are to: 1) develop a green-chemistry method to synthesize porous
MXene; 2) evaluate the performance of porous MXene and its composites as battery electrodes
and electrode supplement in different battery applications; 3) investigate the influence of MXene
properties such as porosity and surface termination on its performance in different battery systems.

Figure 1-7 shows a breakdown of studies conducted in 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. Illustration of projects in this thesis.

This thesis contains six chapters. Chapter 1 introduces the basic properties, synthetic
methods and research development of MXene. Background of different energy storage devices
involving dual ion batteries and zinc ion batteries are also provided. This chapter ends with
motivation and structure of this thesis. Chapter 2 includes key characterization and experimental
techniques employed in this thesis, with more detailed descriptions are provided in Chapter 3 to
Chapter 5. Chapter 3 presents work done on developing a feasible and non-toxic eutectic etching
method to synthesize in-plane porous MXene. Electrochemical performance and behaviors of the
porous MXene as dual ion battery anode materials are also discussed. Chapter 4 focuses on the
development of porous MXene/CoHCF composite for application as high performance zinc ion
battery cathode. The functions of porous MXene during the CoHCF crystalline growth is
investigated. Chapter 5 highlights the utilization of porous MXene as protective layer for zinc
anode, effect of the porous MXene in modulation of zinc deposition is elucidated. Chapter 6

outlines the key conclusions and outlook on the basis of this thesis.
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Chapter 2 Experimental Methods

2.1 Physical Characterization

2.1.1 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a widely used physical technique to image the
morphology of the sample surface. The main advantage of adapting electrons for imaging is the
drastically shorter wavelengths compared to visible light, providing SEM with high resolution
down to around 10 nm. Generally, the instrument is constructed with an electron gun, multiple
condenser/objectives lens as well as electron detectors in a high vacuum system. During operation,
electrons are emitted from a heated filament and then accelerated by an electric field ranging
between 5 to 20 kV, it is then focused onto the sample by the condenser and focusing lens. When
the electron beam strikes the surface of the sample, it is either scattered or absorbed, generating
signals including secondary electrons, characteristic X-ray, back scattering electron, etc. 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, SEM was utilized to examine the morphology of synthesized porous MXene
and its composite. It was also used as post cycling characterization to examine the change of the

sample before and after the cycling process.

2.1.2 Transmission Electron Microscopy

Similar to SEM, transmission electron microscopy (TEM) is a commonly adapted tool to

probe structural information of samples. TEM employs electron beam accelerated by very high
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voltages (50-300 kV) to strike through ultra-thin specimen. The number of electrons transmitted
through the sample in each location are then converted to create the final image. Typically, TEM
samples should be very thin with thickness less than 1 um. For TEMs that apply very high voltage,
higher resolution structural information such as lattice distance, defects and dislocations in the
nanometer scale can be obtained.

In this thesis, TEM was primary applied as supplement for the SEM to verify 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.

2.1.3 Energy Dispersive X-ray Spectroscopy

Energy dispersive X-ray spectroscopy (EDX or EDS) is a characterization technique usually
coupled with TEM or SEM system to identify and quantify the sample chemical composition. EDS
collects the characteristic X-ray signals of electrons ejected from the sample after electron beam
bombardment. When the atom is struck by the beam, an electron in the inner shell is ejected from
its ground state. An electron at higher energy level would then drop into the vacancy left by the
pristine electron, and emit X-ray in the process, which corresponds to the energy gap between two
energy levels. As the energy of emitted X-ray is characteristic for different elements, EDS allows
the analysis of the type, percentage and distribution of each element within a particular area of the
specimen. In this project, the EDS techniques were employed to obtained elemental proportion

and distribution information in MXene and its composites.
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2.1.4 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is another technique that allows surface elemental
investigation of the sample. XPS functions by exposing x-ray beam with selected energy to sample
surface and measuring the kinetic energy and quantity of the photoelectrons emission. As shown
in Figure 2-1, the binding energy is calculated based on the following equation:

Ex=hv—Ez—¢ (2-1)

where Ey is the photoelectron kinetic energy and Ej is the binding energy of an electron at a
particular level, hv represents the incident photon energy and ¢ is the minimum energy to move
the electron to infinity from the surface. This information is used to verify the binding energy of
the escaped electrons, which are then compared with the binding energy reference to confirm the
type and chemical states of elements in the sample. XPS peaks are identified as njl, where n is the
principle quantum number, | represents the angular momentum quantum (I = 0,1,2,3 for s, p, d, f
orbitals, respectively) and j stands for the spin angular momentum number which equals to | + s
(s is £%2). For example, XPS peaks for 3p will be separated to 3p1/2 and 3pa. peaks. Compared to
EDS, XPS can provide specific chemical information on the surface chemical interactions and
electronic states, shifting of the characteristic peaks can be used to identify changes in chemical

and electronic states of the same element in different samples as well.
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Figure 2-1. Scheme of a) core-level photoelectron emission and b) energy level diagram of the

XPS sample.*®Y Copyright 2015, Springer-Verlag Berlin Heidelberg.

In TisC,Tx, XPS spectra of Ti 2p is often detected to investigate the oxidation state of titanium
element. The peaks are separated according to the oxidation states of titanium, where Ti 2pz/. peaks
locating at 457.2 eV, 455.8 eV, and 455.0 eV are ascribed to Ti*®, Ti*2, Ti*!, respectively.
Additionally, peaks set at 458.6 eV, 459.3 eV and 460.2 eV are assigned to TiOz, TiO2.xF2x and C-
Ti-F. The existence of Ti-O bonds attributed to TiO. implies the partial oxidation of synthesized

MXene.
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Figure 2-2. XPS spectra of Ti 2p in TisC2Tx.[**?1 Copyright 2016, Elsevier.

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

battery cycling process.

2.1.5 X-ray Diffraction

X-ray diffraction (XRD) is a widely used non-destructive characterization method to
characterize the crystal structure of the specimen. XRD is commonly employed to determine
sample identity by comparing the results with JCPDS reference and obtain detailed information
including grain sizes. It works primary by directing monochromatic X-rays beam to materials in
varying angle and measuring the diffracted beam that returns. Its working mechanism is shown in
Figure 2-3, two x-ray paths with same wavelength X are diffracted off two adjacent lattice planes,
and the distance between the two paths are illustrate by the dashed line. The relationship between
the diffraction angle, X-ray and the crystal interlayer spacing in the lattice is described as Bragg’s

Law as shown below,
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nl = 2dsinf (2-2)
in which n represents integer, d stands for the lattice spacing and @ is the incident angle. When
6 turns to a value that n results in a positive integer, a constructive interference occurs and
generates a peak in the spectrum. The resulting XRD pattern over a range of angles can then be

used to define the material identity and calculate the lattice spacing d.

A

Figure 2-3. Scheme of X-ray diffraction.

As shown in Figure 2-4, the 20 peaks located at 39° and 9.5° correspond the (104) and (002)
peaks of TizAIC.1%1 After etching by HF, the disappearance of (104) peak and lower shift of
(002) peak suggest the removal of Al layers and formation of TisC2Tx.*% Moreover, the lowered
(002) peak indicates the enlarged d-spacing of synthesized MXene compared to MAX phase,

confirming the exfoliation of layered structure MXene.
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Figure 2-4. XRD patterns of TizC2Tx and TisAlC,.[**! Copyright 2017, 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 post-cycling characterization of the materials by comparing the
spacing distance d in different charged/discharged states. Lastly, it was adapted to study
occurrence of different zinc crystal plane to investigate the effectiveness of MXene as an anode

protective layer for ZIBs.

2.1.6 X-ray Adsorption Spectroscopy

X-ray adsorption spectroscopy (XAS) is an advanced synchrotron radiation characterization
suitable for studying the electronic structure, oxidation state and atomic structure information of
sample elements. XAS spectrum is attained by detecting the absorption coefficient u(E) over a

photon energy region based on the absorption law:

u(E) =In () (2-3)
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where I and I, are the transmitted and incident beams.

The mechanism is shown in Figure 2-5, the incident photon with specific energy excites the
core electron to an unoccupied orbital (left), causing sharp absorption rise hamed absorption
energy. This atom which is in the excited state with one hole will eventually decay to its “ground
state”. This decay mostly proceeds X-ray fluorescence (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.

Excitation Fluorescence emission Electron emission
o [ ]
r /
7
/ /‘ g
s ,
/ *‘ /

Bulk sensitive (um) Surface sensitive (nm)

Figure 2-5. Scheme of X-ray initial excitation (left), fluorescence emission (middle) and electron

emission (right).1*%1 Copyright 2017, Royal Society of Chemistry.

A typical XAS pattern can be split into two sections: extended X-ray absorption fine
structures (EXAFS) and X-ray absorption near edge structure (XANES). As shown in Figure 2-
6a, the large jump around 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 region. The XANES section can be further divided into main-edge
and edge-edge regions. The Fe K-edge XAS spectrum of Fe foil, FeO and Fe;O3 is shown in
Figure 2-6b. The main-edge part consists of dipolar Fe 1s — 4p states, whose energy is indicative
of the oxidation state. Since the increase in the oxidation state lowers the screening amount of the
nucleus that core electron will experience, more energy is required to excite the electron from the
nucleus. Therefore, higher edge energy is detected for ion with more positive oxidation state. It is
obvious that the absorption edge of FeO (Fe?*) is shifted to lower energy compared to Fe;O3 (Fe3*)
owing to the lower oxidation state. The pre-edge part can further provide information regarding
the coordination environment of transition metal center, such as coordination geometry and d-
orbital occupancy. The intensity of pre-edge is highly dependent on the dipolar character. Since
the inversion symmetry lost leads to the mix of np and (n-1)d states of transition metal, increasing
the dipolar feature of the excitation, the intensity of pre-edge can probe the symmetry of transition
metal in the compounds. For instance, there are two pre-edge peaks (7113.0 eV and 7114.5eV) in
the octahedrally coordinated Fe K-edge pattern of FePO4 H20, arising from excitations to Fe 3d
togand eq " states (Figure 2-6¢,d). It is obvious that the shape of pre-edge changes after removal of
water, indicating the formation of new Fe 3d states in tetrahedrally coordinated Fe. Moreover, the
strong and sharp pre-edge peak is because of the increased dipolar character of tetrahedral Fe in
FePOa. In general, XANES region is related to the local or atomic characteristic including
coordination chemistry, orbital or band structure and oxidation states of the atoms.

EXAFS portion reveals the scattering information of the neighboring atom when the core
electron is excited. Destructive and constructive interference photoelectron wave will occur when

the scattering path involves the absorbing atom, resulting decreased or increased probability of
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absorption. Normally, k-space patterns are plotted to reveal the oscillations intensity. Bonding
information in atomic level such as coordination number in R-space pattern can be achieved

through the Fourier transformation of k-space.
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Figure 2-6. a) Typical XAS spectrum divided with XANES and EXAFS regions.*%! Copyright
2017, Royal Society of Chemistry. b) Fe K-edge XANES spectrum of Fe foil, FeO and Fe;03.[1%!
¢) Full region and d) pre-edge region of Fe K-edge XANES spectrum of references.**” Copyright

2019, Elsevier.
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In this work, XAS method was utilized to attain the oxidation state and structural information
of Ti, Co and Fe in the porous MXene and its composites. By comparing the pre-edge and main-
edge patterns of Ti K-edge in TisC2Clz and TizC,Tx, the symmetry and oxidation degree of Ti
atoms in two samples are compared. Moreover, Co and Fe R-space difference of CoHCF and

CoHCF/MXene infer the existence of Co-C-Ti bond in the composite.

2.1.7 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a widely used thermal analysis method to determine
the composition information by measuring the weight loss of sample in a chamber with increasing
of temperature. The samples are placed in a furnace in which the temperature is precisely
controlled, and a high sensitivity balance allows precise measurement of material mass change in
specific gas atmosphere. The project in Chapter 4 utilizes TGA in Ar atmosphere to determine the
crystal water content within CoHCF and CoHCF/MXene composites, which is a widely used to

investigate the vacancy information of PBAs.

2.1.8 Gas Adsorption Analysis

Gas adsorption analysis is the most common technology to quantify the specific surface area
and obtain pore size distribution of porous samples. The method is based on the relationship
between inert gas volume adsorbed on the sample surface and equilibrium pressure. The Langmuir
theory can be used for monolayer adsorption condition, whereas the Brunauer-Emmett-Teller
(BET) calculation is more universal with the assumption of multilayer adsorption condition. To
start the gas adsorption analysis, the sample is first purified by a degas process in vacuum and a

high temperature that is lower than the decomposition point of the material. Then the sample is
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placed to interact with inert N2 gas in a small tube is cooled down by liquid nitrogen. By measuring
the pressure profile, the volume of adsorbed/desorbed gas is calculated. Finally, the software can
analysis the specific surface area (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 MR-2) are shown in Figure 2-7a. The SSA of MR-2 is lower than that of MR-0.5,
indicating lower ion-accessible surface when used as electrode material. Although they show
similar mesoporosity concentrated at 3.8 nm, MR-0.5 possesses more pores with range of 4.2 —

18.3 nm, which permits facilitated electrolyte infiltration and ion transportation.
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Figure 2-7. a) N2 adsorption-desorption isotherm plot and b) size-distribution of MR (MXene

ribbons).*%81 Copyright 2022, Elsevier.

As this work is focused on the synthesis of MXene and its composites with porous structure,
BET analysis was employed to evaluate the porosity of the prepared samples. Moreover, the results
are combined with battery performance to investigate the relationship between porosity and

electrochemical behavior of prepared nanomaterials.
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2.1.9 Contact Angle

Contact angle (CA) measurement is a useful technique to characterize the wettability of the
solid surface by measuring the angle between liquid-vapor interface and solid surface in the solid-
liquid-vapor system (Figure 2-7). The contact angle 0 is determined based on the Young-Dupree

equation as follows:

cos (0) = LsLYst (2-4)

YLv

where v is the interfacial energy between two surfaces (S-solid, L-liquid and V-vapor).
According to the Young equation, the solid surface with high surface-vapor interfacial tension
tends to exhibit low contact angle, revealing good wettability. In Chapter 5, the contact angles
between the electrolyte and various zinc anodes were compared to study the hydrophilicity change

induced by surface modification.

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

Figure 2-8. lllustration of contact angle measurement results.[**®1 Copyright 2017, Elsevier.
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2.2 Electrochemical Characterization

Various electrochemical characterizations are applied in this project to investigate the energy
storage performance of the synthesized electrode materials. Specific power and energy density,
cycling stability can be measured by detecting the current and potential of the devices in various
measurements. In this work, two types of cells are adopted 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 used in commercial applications. High voltage window of 2.0-5.0 V vs. Li/Li" is selected
for dual-ion battery full cell, using stable electrolyte of 4 M LiPF4/EMC. Aqueous electrolyte of

15 M ZnCl; is chosen for CoHCF and its composite for higher capacity in zinc ion battery.

2.2.1 Galvanostatic Charge Discharge

Galvanostatic charge discharge (GCD) characterization tests electrochemical cells by
applying a constant current while measuring the cell potential within a specific range of voltage.
The test identifies voltages of the redox reaction plateaus and the practical capacity of the electrode

materials. The specific capacity C (mAh g~1) is calculated based on the following formula:

c =12 (2-5)

T 36m

where I (A) represents the constant current, At (s) is the time and m (g) is the mass of the
active material. The specific current used for this analysis is called the C-rate, which is determined
as the time required to fully discharge an electrode material based on its theoretical capacity. When

fabricating full cell, the mass loading of two electrodes is determined by the balancing equation:
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oy = = (2-6)

m_  Cy

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

Figure 2-9 show the GCD curves of Ti.COx at 0.1 C in a half cell. The capacity loss is mainly
attributed to the solid electrolyte interface (SEI) formation at MXene/electrolyte surface and
electrolyte decomposition in the first cycle. The SEI is known to be formed by reduction of
electrolytes (salt, 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 of Ti.COy, the discharge capacity stabilizes at around 160 mAh g* after five
cycles, corresponding to y ~ 0.75 in the following redox reaction:

Ti,CO, + yLi* + ye~ o Ti,CO,Li, (2-7)

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

Potential (V vs. LiLi")

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

Figure 2-9. GCD curves of Ti>C at 0.1 C in LIBs half cell.’?° Copyright 2012, Elsevier.

In addition to determining the voltage and capacity, GCD data can also determine other
battery parameter such as Columbic Efficiency (CE), which is the ratio between charge and

discharge capacity. Moreover, battery life cycles and durability can also be determined by
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prolonged cycling of the GCD analysis. In this thesis, GCD tests were performed on LAND-
CT2001A battery tester to assess the electrochemical performance of fabricated dual ion batteries

and zinc ion batteries.

2.2.2 Galvanostatic 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
reaction mechanism 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 non-porous and porous MXenes are compared in Chapter 3.

2.2.3 Cyclic Voltammetry

Cyclic voltammetry (CV) technique is utilized to study the redox reactions of electrode
materials. The measurement is accomplished by linearly sweeping the working electrode voltage
under a designated scan rate in a fixed voltage window. The cyclic voltammetry curve is plotted
by recording the current change under different voltage. By analyzing the CV curve shape, location
and intensity of peaks, the redox behavior of the samples can be compared.

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

O+ne”oR (2-8)

where O and R are oxidized and reduced species, respectively. Under a specific scan rate of
v, 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/electrolyte. The cathodic scan normally begins from

OCV (open circuit voltage), which is higher than the reduction voltage and thus merely generating
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capacitive current. The reduction starts when the voltage reaches reduction potential, which
consumes O at the electrode surface. Therefore, there is a concentration gradient between the bulk
solution and electrode surface. The cathodic current is formed by diffusion flux, which is
proportionate to the concentration gradient. When the voltage is more negative, the flux increases
as the surface O concentration decreases. The flux reaches highest if the surface O is exhausted,
resulting cathodic peak potential (E, ;) and current (i,, ;). Similarly, the oxidation potential (E,, ;)
and anodic peak current (i, ,) are obtained during the anodic scan.

Cyclic voltammetry curves of Ti.COy at 0.2 mV s are shown in Figure 2-8b. In the first
lithiation cycle, irreversible peak around 0.6 V is observed, which disappears in the following
cycles due to the formation of SEI, corresponding to the capacity loss in Figure 2-7. Broad
reversible peaks located at 1.6 V and 2.0 V in the subsequent cycles matches the redox reaction

(2-7).
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Figure 2-10. a) Typical CV curves showing a reversible reaction with inset graph of the voltage
change.?° Copyright 2019, Wiley-VCH. b) CV curve of Ti,COx vs. Li/Li* at scan rate of 0.2 mV

5112001 Copyright 2012, Elsevier.
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Furthermore, the reaction kinetic of cation in the system can be evaluated by using the
relationship between peak current (i) and scan rate (v) using on the following equation:
i = av? (2-9)
where a and b are constant numbers. By plotting the data of log i vs. log v (Figure 2-9), the
value of b can be calculated:
logi =loga + blogv (2-10)

__logi-loga )
b="6—8L (05<b<1) (211

b value is the sum of electrochemical reactions consisted of diffusion and capacitive process.
If b equals to 0.5, the reaction is a diffusion-controlled process. If b is 1, the process exhibits

capacitive behavior.

.1)
1
o
(=]
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Figure 2-11. Plot of the peak current vs. scan rate.
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In this thesis, CV analysis was applied to identify the redox potential of MXene and as

fabricated zinc ion batteries, as well as to evaluate the diffusion-controlled behaviors of porous

MXene when used as anode for dual-ion batteries.

2.2.4 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a useful method used to probe the dielectric
property of the material. This measurement records the current response of the system to the AC
voltage, providing the system impedance over a range of frequency (normally 10 mHz~100 kHz).
As shown in Figure 2-10a, the relationship of resistance R and voltage V and current I follows
Ohm’s law when DC voltage is employed. Similarly, when AC voltage is applied to a cell, the
impedance Z(w) can be expressed by the following equation:

Z(w) =72 (2-12)

where w is the angular frequency of the AC voltage.

(a) DC voltage (b) AC voltage

% |/\ V(w)
R =-— v \/Z(w)—l(w)

Ohm'’s law in DC circuit Ohm'’s law in AC circuit

>

\Voltage

Time
Figure 2-12. Scheme of diagram for a) DC circuits and b) AC circuits.[?%2

The impedance can then be analyzed in a Nyquist plot, which compares the real segment vs.

inverse imaginary segment of the impedance. Modeling of the result with circuit elements can be
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further performed combining resistors (R) and capacitors (C) to determine impedance of
composition in the cell. In the case of LIBs, CPE (constant phase element) and W (Warburg
impedance) are added to complement non-ideal capacitor and lithium diffusion character. As
illustrated in Figure 2-11, the equivalent circuit can be simplified with following components:

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

CPEsel and Rsg) are the capacitance and resistance of interfacial layer;

CPE-electrode and Rt are double-layer capacitance and charge-transfer resistance;

W (Warburg impedance/resistance) demonstrates the diffusional effects of Li* on the host

material.
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Figure 2-13. Model of equivalent circuit and EIS graph of a LIB half-cell system.[202]
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When SEI layer is absent or dissolved/destroyed, Nyquist EIS spectra of the cell consists of
a low frequency tail and high frequency semicircle, whose equivalent circuit is Randles-type
(Figure 2-14). In this case, bulk resistance is the initial x-axis intercept value (Ry = 20 Q), charge-
transfer resistance is the diameter of the semicircle (Rt = 100 Q). The value R¢ can be used to
evaluate the electronic resistance and reaction kinetics. Moreover, Warburg impedance follows the
relationship of:

W=0w?—jow1/? (2-13)

where o is Warburg coefficient. As the straight line in Figure 2-14 appears 45° slope, the

Warburg coefficient o is 1 Q s™2. When comparing different cells, the increased slope of straight

line in Nyquist plots indicates the facilitated ion diffusion and capacitive behavior of the electrode.
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Figure 2-14. EIS Nyquist plot and equivalent circuit of Randles cell model.?%%
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Generally, EIS is used to compare the charge-transfer resistance, diffusion coefficient and
electrolyte resistance of the fabricated batteries. In this thesis, CV and EIS characterizations of

fabricated cells were performed on Biologic VMP-300 station.
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Chapter 3 Eutectic Etching toward In-Plane Porosity Manipulation of Cl-

Terminated MXene for High-Performance Dual-Ion Battery Anode

3.1 Introduction

Dual-ion batteries (DIBs) are emerging lithium-ion battery alternative with a working
mechanism that involves intercalation of both anions and cations in respective electrodes. They
have advantages of high theoretical energy density and discharge voltage, but struggle with low
anode capacity and reversibility.[% 104 106, 203-2051 Tq this matter, MXenes with excellent

conductivity (6000-8000 S cm™') may be an adequate solution given their promising

performances in studies as intercalation anode.® 2% They have a general chemical formula of
Mn+1XnTx, with M being early transition metal, X representing carbon and/or nitrogen, Tx are
surface terminations such as F, OH, O, Cl and n can be integer of 1, 2 or 3.6 207. 208 Typjcally,
MXenes are synthesized via selectively etching of A elements from MAX (Mn+1AX,, with A being
mostly 111 A and IVA elements) precursors using hazardous fluoride containing solutions.!> 11 The
material family have demonstrated capability in forming flexible three dimensional (3D) foam
electrodes with out-of-plane porosity through methods such as hard-templating, achieving rapid
mass transport and high rate capability desired for battery application.>”1 Despite so, low surface
area and limited site accessibility of MXenes remain major challenges to be overcome. 5% 54 209-211]

Previous studies have attempted to resolve the limitations by incorporating in-plane porosity
on MXene with post-synthesis processing such as sulfur loading-removal and oxidative chemical

etching, but these often result in partial oxidation to the undesired TiO2.[¢ 5% 2121 Alternatively,
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redox coupling between A-site elements in MAX phases and cations in Lewis acids melts was
investigated to explore new MAX phases and surface chemistries to achieve desirable properties
for specific applications.?'® 21 For example, non-porous MXenes with exclusively Cl-
terminations can be obtained using molten salt etching agent, leading to increased lattice symmetry
and improved stability.[ % 2151 These developments significantly reduce the environmental
impacts of the synthetic process and expanded the range of possible applications for the MXene
family, especially in the field of energy storage and conversion. Given such, a fluoride-free process
to synthesize in-plane porous MXene with elevated Li* storage capability and cycling stability is
highly desired.

In this work, a one-step nonhazardous eutectic etching method is reported for the first time to
directly synthesize in-plane porous MXene (Ti3C2Cl2) from MAX (TisAlCz) without post etching
treatment for applications as DIBs anode. A salt mixture of NaCl/ZnCl; is developed as the etching
reagent to generate porous MXene with high specific surface area of 85 m? g and enhanced
discharge capacity up to 382 mAh gt at 0.1 A g * for half cell, which is much higher than the 230

mAhg ™ of non-porous MXene. A pore preserving mechanism in the etching process is proposed

to explain the modified pores distribution and its correlation with the salt mixture compositions.
X-Ray spectroscopies identify symmetric Ti core in the porous MXene, which enables long term
cycling stability of 89% after 1000 cycles at 2.0 A g X. Furthermore, DFT calculation reveals a
lower diffusion barrier of 0.20 eV for Li ions in the TizC.Cl, layers, further confirming their
improved ion transportation compared to the HF treated sample. When assembled with graphitic
cathode, the porous TisC2Cl, shows high discharge capacity of 242 mAh g* (calculated based on

anode mass) at 0.1 A gt with stability up to 83% after 1000 cycles at 1.0 A g~*. Overall, this green
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chemistry approach not only provides a safer and cleaner method to synthesize MXene, but also
enables selective generation of mesoporous anode with ordered crystal structure that excels in Li*

storage.

3.2 Experimental Section

Materials: Sodium chloride (ACS reagent, >99.0%), zinc chloride (anhydrous, reagent grade,
> 98.0%), TizAIC2 ( > 90.0%), natural graphite powder (325 mesh), lithium hexafluorophosphate
(> 99.99%), hydrochloric acid (ACS reagent, 37%), Al foil, Cu foil, poly(vinylidene fluoride)
and 1-Methyl-2-pyrrolidone were purchased from Sigma Aldrich. Super P conductive carbon
black was purchased from MTI corporation.

Synthesis of MXene/porous MXene: In a typical process, TizC.Cl, was synthesized by
annealing grinded mixture of TisAlC, and ZnCl. under Ar at 550 °C for 5 hours. The molar ratio
of TizAIC; to ZnCl, is 1:6.[%1 Porous TisC,Cly, the ZnCl, was replaced by ZnCl,/NaCl mixture
with 33 mol% or 60 mol% of NaCl, the mole ratio between TisAlC; and ZnCl. remained 1:6.
Upon completion of the annealing process, the products were washed with deionized water and
collected by centrifugation. Then the products were washed by 5 wt% HCI for 2 h to remove the
metallic Zn, followed by washes of deionized water and freeze-drying.

Molar ratio of NaCl before and after the etching reaction. Initially, the mole ratio of MAX
to ZnClz is 1 to 6, while the ratio between ZnCl, and NaCl is 40 to 60. When the reaction between
MAX and ZnCl; is processed to completion, 2.5 of the 6 ZnCl, are consumed, which would lead
to changes of the NaCl mole ratio in the salt melt.?*® The final weight ratio is calculated by the

equation below.
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ﬁ X 100% = 72% (3-1)
6

Likewise, the ratio of NaCl in TisC2Cl>-33 is increased to 45.8%.

Material characterization: Morphologies of the prepared materials were obtained by Zeiss
ULTRA plus Field Emission Scanning Electron Microscope. Transmission electron microscopy
was tested by JEOL, JEM-2010 with voltage of 200 kV, the machine was equipped with energy-
dispersive X-ray spectroscopy (EDS) for elemental mapping. X-ray diffraction patterns of the
obtained samples were operated by Rigaku Miniflex 600 X-ray Diffractometer containing graphite
monochromator and a Cu Ka radiation source (A\=1.5406A). The surface area information were
tested by N adsorption-desorption isotherm analysis using a Brunauer-Emmett-Teller surface area
analyzer (Quantachrome Instruments QuadraSorb S14). The pore size distributions were calculated
based on BJH model. X-ray photoelectron spectra measurements were carried out via Thermal
Scientific K-Alpha X-ray Photoelectron Spectrometer System. Ti K-edge XANES measurements
were presented at Canadian Light Source Inc, Canada by the SXRMB beamline in TEY mode.
Reference chemicals were all purchased from Sigma-Aldrich. XANES data were processed by
Athena in Demeter program. 21l

Electrochemical characterization: The battery anodes were obtained by mixing the TizCCl;
or porous TizC2Cl, with super P and PVDF at a mass ratio of 8:1:1. With the help of solvent, the
slurry was pasted onto Cu foil and subsequently dried overnight at 80 <C in vacuum oven.
Afterwards, the anodes were cut into circles (d=15 mm). Meanwhile, 15 mm circular Li foil are
used as counter and reference electrode, with polypropylene separator (Celgard 2400) as separator.

Finally, the battery was assembled using CR2016 coin cell with 4 M LiPFe/EMC as electrolyte in
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argon-filled glove box. GCD tests were performed on LAND CT2001A while CV tests were
conducted by computer-controlled BioLogic VMP-300 workstation from 0.01 V to 3 V. To
fabricate the dual ion battery full cells, graphite was used as cathode material. The mass ratio of
graphite to TisC2Cl, or porous TisCoCl> was calibrated based on their respective discharge
capacity. The full cells were tested between the voltage range of 2.0 V t0 5.0 V.

Cyclic voltammetry reaction kinetic calculation: The kinetic relationship are evaluated
between peak current (i) and scan rate (v) based on the following equation?*);

i =av® (3-2)
a, b are constants. If b-value equals to 0.5, the process is a standard battery behavior; when

value is 1, the surface-controlled current indicates normally capacitive behavior.
The non-diffusion contribution ratio to the discharge capacity is estimated by isolating non-
diffusion current from the current i?*"1:

i = klv + kzvl/z (3'3)
where k,v and k,v'/? are the non-diffusion and diffusion-controlled current at specific

voltage. The non-diffusion ratio is analyzed by scheming i/v/? vs. v1/2 at various voltages.
Diffusion coefficient of Li*: GITT tests are measured with pulse current of 0.1 A g* for 10
min current pulse between 30 min rest intervals. Li* diffusivity coefficient (D,;+) is estimated

based on the folloing equation using Fick’s second law!?%7l;

Dy = — (FEOy2 (1202 (3-4)

nt - MgA AE;
where 7 is the time of current pulse, mg, Mgz and V,, stand for the mass, molecular weight
and molecular volume of the active material, A corresponds to the geometric area of the anode,

AE, and AE; are the voltage difference between current pulse and rest steps.
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Density functional theory. The computational simulations in this work were performed using
Vienna ab-initio simulation package (VASP) with the projector augmented wave (PAW) pseudo-
potentials for describing the atomic cores interaction and valence electrons based on density
functional theory (DFT). The Perdew—Burke—Ernzerhof (PBE) functional within the generalized
gradient approximation (GGA) were applied to implement DFT calculations.?'®! In order to
simulate the solvent environment throughout the calculations, an implicit solvent model was also
implemented in VASPsol. A Hubbard-U correction (DFT+U method) was implemented to
improve the description of localized metal d-electrons in the TizC2Tx and TizC2Cl. systems. The
calculations were spin-polarized. The valence electrons wave functions were expanded using a
plane wave cut-off energy of 450 eV. The convergence criteria of force and energy during
geometrical optimization were set to 0.02 eV At and 105eV, respectively. A vacuum of 15 A was
used to avoid any interactions along the z-direction. Brillouin zone integration was conducted by
a Monkhorst—Pack grid with 2 x2 x1 k-point mesh. The diffusion energy barrier and diffusion
behaviors of lithium cations on the TisC2Tx and TisC2Cl, monolayers were achieved by the
climbing image nudged elastic band (CI-NEB) approach. 2]

The adsorption energy can be estimated by using the equation:

AE = Esystem—Li - Esystem — Ey; (3'5)

where Egystem—1i» Esystem and Ep; are the total energy of the adsorption system, the clean

surface, and the adsorption species, respectively. Accordingly, adsorption energy that are more

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

3.3.1 Material Characterization

Three sets of MXene, TizC2Cl»-0, TisC2Cl>-33 and TizC2Cl»-60 were prepared through a one-
step etching method using NaCl/ZnCl eutectic mixture of varying composition; the number
behind the chemical formula represents the NaCl mole percent in the salt mixture. Furthermore,
basal planes exfoliation of the treated MXene is confirmed by comparing their scanning electron
microscopy (SEM) images to the MAX precursor (Figure 3-1a-d), which show clear separations
of layers along the entire particle. While corresponding energy-dispersive spectroscopy (EDS)

analysis reveals elemental composition similar to previous reporting (Figure 3-1¢).2?]
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Figure 3-1. SEM images of a) TisAlICz, b) TizC2Cl,-0, ¢) TisC2Cl2-33 and d) TisC.Cl2-60. €)

Corresponding EDS analysis of TisC2Cl2-60.

Identities and crystal structures of the samples were first verified using X-ray diffraction

(XRD) analysis (Figure 3-2a). The results show that the (104) peak intensity of TisAICIl, (JCPFD:
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#52-0875) at 39° is substantially reduced for all three samples, indicating significant crystal
structure modification and successful exfoliation of the MAX phase. Meanwhile, an intense (002)
peak emerges for TizC2Cl2-0, TizC2Cl>-33 and TizC2Cl»-60 at 7.94°, 7.92° and 7.23°, respectively,
corresponding to interlayer spacing of 11.13 A 11.15 A and 12 A. The expansion reflects
increasing abundancy of Cl terminations on the TiC layers, which enact repulsion forces between
the layers. These lattice spacing parameters are also wider than ones typically measured on TizCzTx
terminated with -OH or -F functionalities due to the larger radius of Cl atoms.™™ Upon confirming
their identity and physical morphologies, the samples were further investigated by N adsorption-
desorption analysis to evaluate their surface area and porosity. As shown in Figure 3-2b, both
Ti3C,Cl2-33 and TizC2Cl2-60 exhibit Type IV-isotherm with clear hysteresis loops, which is
indicative of their mesoporosity.[??l This contrast clearly against the isotherm of TizC2Cl,-0
prepared using only ZnClz, with minimal hysteresis at the high pressure range. Specific surface
area of the Ti3C2Cl2-0, TisC2Cl2-33 and TisC2Cl»-60 calculated using the Brunauer-Emmett-Teller
(BET) model are 17 m?g %, 37 m?g%, and 85 m?g %, respectively. Pore size distribution analysis
shows that TisC2Cl>-0 contains primarily micropores with sizes below 2 nm and almost no
mesopores (Figure 3-2c). In comparison, TisC,Cl,-33 prepared with the NaCl/ZnCl. eutectic
mixture shows slight micropores and large mesopores volume growth. The increase in mesopore
volume is even more substantial for TizC.Cl>-60 prepared with additional NaCl, with the increment
particularly concentrated on pores with diameter between 3 to 4 nm. The increase in porosity would
likely benefit the material electrochemical performance as both site accessibility and mass

diffusion are improved.
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Given that NaCl is not expected to participate in the etching process,??! the porosity changes
must therefore be a direct result of the differences in salt melt phase transition temperature and
recrystallize particle sizes induced by varying NaCl proportion. The differences in sample porosity
can be clearly identified from their transmission electron microscopy (TEM) figures. As shown in
Figure 3-2d, in-plane micropores can hardly be found on the TizsC>Cl.-0 sheet that exhibits crystal
lattice pattern with interlayer spacing of 1.1 nm. As for the TisC,Cl>-33 sheet, pores smaller than
3 nm and interlayer spacing of 1.1 nm can be observed (Figure 3-2¢). Lastly for TisC.Cl,-60,
numerous mesopores ranging from 2-6 nm are observed to be homogenously distributed across
the entire sheet surface, and expanded interlayer spacing of 1.2 nm is identified (Figure 3-2f).
Uniform distribution of Ti, C, Cl in TisC2Cl>-60 is also confirmed by corresponding scanning
transmission electron microscopy (STEM) elements mapping (Figure 3-3). These TEM results
agree well with the previous characterizations, with the interlayer spacing measured precisely
matching the XRD (002) peak angles of the targeted MXene, while the pore size and quantity
observed complement the N. adsorption findings of mesopore volume growth with increasing

NaCl content.
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Figure 3-2. a) X-Ray diffraction patterns of TizAIC;, TisC2Cl2-0, TizC2Cl,-33 and TizC2Cl,-60. b)

N2 adsorption—desorption isotherms, c¢) pore size distribution of TizC,Cl2-0, TizC.Cl>-33 and

Ti3C2Cl2-60. d)-f) TEM images of TizC2Cl2-0, TizC2Cl2-33 and Ti3C2Cl.-60.

Figure 3-3

mapping images of TizC,Cl,-60.
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. @) TEM, b) STEM-HAADF and corresponding c) Ti, d) CI, and e) C elemental
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Combining the above findings, working mechanism of the one-step eutectic mixture etching
method and effects of salt mixture composition on tuning material porosity are proposed and
illustrated in Figure 3-4a. It shows that with increasing temperature, the melting salt mixture gains
mobility that allows the ZnCl, to undergo redox reaction with the weakly bonded Al layers in
TisAlC,, generating TisC2Clz, Zn metal and AICIz. The overall reaction can be described by the
formulas below reported in previous literature:[?1%]

2Ti3AlC, + 3ZnCl, — 2TisC, + 2A1Cl5(g) T +3Zn (3-6)
TisC, + ZnCl, — TisC,Cl, + Zn (3-7)

Of the three products, the AICIz is vaporized by the high annealing temperature, along with
structural/crystal defects originally on the precursor, they form void spaces that are then occupied
by the freely moving salt melt. These newly established pores are vulnerable to collapse when the
salt melt gradually recrystallizes and applies retraction motion that causes surface tension.[?2% 2221
To avoid this, formation of larger individual crystals within the MXene layers from the NaCl/ZnCl>
salt melt can provide temporary physical supports, which enables adequate post-synthesis
treatment (acid wash and freeze dry) to maintain the mesopores.

The specific transition can be explained with the salt mix phase diagram, in which the samples
are all first heated to the temperature of 550 °C required to react with TisAIC, (Figure 3-4b).[?2
2231 At this temperature, ZnCl; in the salt melt are gradually consumed as the reaction is progress
to completion, shifting the NaCl mole faction from 33% to 45.8% for Ti3sC2Cl>-33 and from 60%
to 72% for TisC2Cl»-60. For TizC2Cl>-60, the mole fraction change moves the salt melt across the
phase boundary, simultaneously causing the formation of NaCl particles, which would then reside

in the void space created by the etching process. In the ensuing cooling process, presence of these
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NaCl particles provides physical reinforcement for the pores as the salt melts retract away and
crystallize, preventing the immediate collapse of the structure. In comparison, the salt melt in
Ti3C,Cl2-33 would not form any solid particles at 550 °C, instead the solid particles (Na2ZnCla)
formation only occurs when the sample is cool to around 300 °C. The delayed particle formation
means that a portion of the pores in TisC2Cl2-33 will not have the support to avoid the collapse,
resulting in lower pore volume and surface area compared to TisC2Cl>-60. As for the TisC.Cl,-0
sample prepared using ZnCl, as the sole etching agent, absence of mesopore in their nitrogen
adsorption analysis likely indicates the ZnCl; particles are either not sufficiently large to support
the structure or their formation occurred after the structure has already collapsed. Based on these
analyses, the 60% NaCl mole fraction is identified to be an appropriate value for effective
functioning of the pore-preserving mechanism. Lowering the value is shown to be less effective in
the TisC,Cl>-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 into the MXene interior to provide structural support during fluid retraction.
This hypothesis is supported by XRD patterns of TisC2Cl2-33 and TizC2Cl»-60 before they were
washed by HCI (Figure 3-4c) which confirms the presence of Na>ZnCls (ICSD #402063) and
NaCl (#ICSD 41439) in TizC2Cl,-60 as predicted by the phase diagram, whereas the annealed

Ti3C2Cl2-33 is found to consist of ZnCl, (#1CSD 16787) and Na2ZnCls.
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Figure 3-4. a) Schematic illustration of in-plane porous TizC.Cl, synthesized by MAX and salt
mixture. b) Phase diagram of NaCl/ZnCl,. Specific data obtained from previous literature.??®1 Blue
and red line represent the reaction process of TizC2Cl2-33 and TizC2Cl2-60. c) XRD patterns of

Ti3C2Cl2-33 and TizC2Cl»-60 before the HCI washing process.

3.3.2 Electrochemical Results

Influence of the structural porosity on lithium-ion storage capabilities were then evaluated
through galvanostatic charge and discharge (GCD) on MXenes half cells in the potential window

of 0.01V-3.0 V vs Li*/Li. As shown in Figure 3-5a, TizC2Cl>-60 delivers a capacity of 382 mAh
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g ! at the rate of 0.1 A g2, which is higher than the 230 mAhg* of TisC>Cl>-0, the 292 mAh g*
of TisC2Cl,-33, the 146 mAhg* of TisC.Txprepared by HF etching and outperforms most Ti-based
MXene previously reported in the literatures (Table 3-1). After several cycles of stabilization,
Ti3C,Cl>-60 reaches an average Coulombic Efficiency (CE) of around 99.5%, indicating high
reversibility toward Li intercalation/de-intercalation (Figure 3-5b).[2% 2241 |ts high structural
stability is also reflected through the 95.7% capacity retention after 100 cycles of charge and
discharge, as well as the minor (002) diffraction interlayer space expansion from 12.0 Ato 12.4 A
in the same period (Figure 3-5¢).[2%5 2261 Benefiting from its mesoporous structure that provides
shorter diffusion paths and lower ion-transport resistance, TizC2Cl»-60 also achieves high capacity
of 320, 281, 251, and 216 mAh gat the current density of 0.2, 0.5, 1.0 and 2.0 A g, exceeding
those of TisC2Cl>-33 and TizC2Cl.-0 (Figure 3-5d). All three samples experience no performance
lost when the current is returned to 0.1A g7, reflecting their suitability toward rapid exchange
between high and low current cycling.

The cyclic voltammetry (CV) curves of TisC2Cl2-60 aligns well with the GCD results,
displaying a pair of broad redox peaks at around 1.9/1.6 V, which corresponds to the
extraction/insertion of Li* in a typical anode electrode (Figure 3-5€).[2% Kinetic analysis of the
CV scan rate (v) and peak current density (i) by log(v)-log(i) plots shows linear fits with slope of
0.844 for the cathodic peak and 0.839 for the anodic peak (Figure 3-5f), suggesting the
electrochemical reactions of Ti3C.Cl>-60 are primarily non-diffusion limited.[2°”) This is further
confirmed by quantifying the diffusion dependency of the electrochemical process, which shows
over 59.4% of the electrochemical process at the 1 mV s? scan rate is not diffusion restricted

(Figure 3-5g). The non-diffusion limited contribution becomes more pronounced as the scan rate
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increases and reaches 89.7% at 10 mV s! (Figure 3-5h), reflecting its capability in
accommodating high current cycling. Given its predominately non-diffusion limited charge
storage mechanism combining the metallic conductivity, TizC2Cl>-60 presents the possibility to
overcome the often problematic trade-off between energy density and power density.?*?1 Moreover,
cycling stability of the three as-prepared TizC2Cl> samples were compared by standard GCD at the
current density of 2.0 A g ! (Figure 3-5i). As shown, Ti3C,Cl,-60 retains 89% of its initial capacity
after 1000 cycles of operation, verifying its suitability for practical long-term cycling, whereas
Ti3C,Cl,-33 and Ti3C,Cl,-0 achieve lower capacity retention of 87% and 86%, respectively. Lastly,
galvanostatic intermittent titration technique (GITT) is employed and Li* diffusion coefficients
(Dy;+) of TisC2Cl2-60 and TizC2Cl,-0 electrodes are calculated for comparison (Figure 3-6a, b).
The result suggests higher Li* diffusivity for TisC>Cl>-60 in all voltage window, revealing
enhanced reaction kinetic and lower diffusion barrier as a result of induced porous structure. 29
2271 Analysis by electrochemical impedance spectroscopy (EIS) also clearly shows that the porous-
structured TisC2Cl>-33 and TisC2Cl>-60 exhibit lower electron-transfer resistance with smaller
semicircle and steeper slope that indicates faster ion diffusion (Figure 3-6¢).2%%22%1 | view of the
above results, TisC2Cl>-60 with high mesoporosity and specific area that affords superior

electrochemical performance fits best as the anode material of DIBs.
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Figure 3-5. a) Galvanostatic charge-discharge curves of TizC2Cl,-0, TisC2Cl2-33, TisC2Cl»-60 and
TisC2Tx at 0.1 A g*. b) Cycling and Coulombic Efficiency results of TisC,Cl,-60, TisC2Cl.-0 at
0.1 A gL. ¢) Ex-situ xrd results of TizC,Cl,-60 before and after cycling for 100 cycles at 0.1 A g*. d) Rate
capability test of TizC2Cl,-0, TisC2Cl2-33 and TisC2Cl2-60. €) CV curves at various scan rates from
0.5 to 10.0 mV s of TisC,Cl»-60. f), g) Calculation of b-values and capacitive contribution of
TisC2Cl2-60. h) Contribution ratio of the capacitive at different scan rates of TisC2Cl»-60. i) Long

term cycling result of TisC2Cl2-0, TizC2Cl2-33 and TisC>Cl,-60.
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Ti3C,Cl,-0. c) EIS data of TisC,Cl»-60, TisC.Cl>-33 and TisC.Cl.-0.

Table 3-1. MXene-based anodes in lithium-ion batteries

Material Etching/ Potential Electrolyte Capacity Cyclability Ref.
Treatment (V vs. (mAhg™)
Li/Li")
TiCT HF 0.005-3 1MLIiPFs 120 at ~25% after 230
0.03A/g 50 cycles
TiCT HF 0.05-25 1MLIiPFs 123at0.26 96% after 75 231
Alg cycles
Ti.C. T ITiO Heat under CO, 1-3 1M LiCIOs 124 at0.05  Stable for 232
3 2 X 2 2
Alg 400 cycles
Ti C.T_/Si Ultrasonication  0.05-2.5 / 188 at 0.2 Stable for 233
3 2 X
Alg 150 cycles
Ti3C2TX/CNT Mix with 10% 1-3 1MLiIPFe ~210at0.5 ~95% after 207
CNT C 100 cycles
Porous NaCl/znCl, 0.01-3 4 MLiPFs 382at0.1 89% after This
Ti .C 2CI , Alg 1000 cycles work
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3.3.3 Structural Analyzation

Given the much-improved electrochemical performance of TisC2Cl.-60 over previously
reported F, or OH terminated MXenes (Table 3-1), elemental characteristics of TizC2Cl>-60 and
the HF etched TizC2Tx were further analyzed. X-ray photoelectron spectroscopy (XPS) analysis
determines the atomic ratio in TizC,Cl>-60 of Ti to Cl is 1.53 to 1 (Table 3-2), with small amount
of residual Zn particles, which matches that reported in the literature.?l Deconvolution of the Ti
2p spectra shows fours peaks at 461.6 eV, 460.3 eV, 455.6 eV, and 454.2 eV that correspond to
the 2p12 and 2pss2 orbitals of the core TiCs octahedral structures in TisC2 based MXene (Figure 3-
7a).11%2:234 Two additional peaks with higher valence at 458.2 eV and 464.0 eV are also observed,
which are assigned to the 2ps; and 2p12 orbital of Ti bonded to Cl terminations.?% 2%! Presence
of the Ti-Cl bond is also supported by identification of its corresponding 2ps» and 2p12 peak at
198.7 eV and 200.4 eV in the Cl 2p spectrum (Figure 3-7b).[2%% 23] These analyses suggest that
the TisC2Cl2-60 is almost entirely Cl-terminated, specific details of the XPS analysis is provided
in Table 3-3. As for the HF-etched TizC. Ty, five separate peaks are identified in the deconvolution
of its 2pas2 spectrum, which include the Ti-C (1) bond at 455.0 eV, the Ti-C (I1) bond at 456.0 eV,
Ti-C (111) bond at 457.5 eV, Ti-O bond at 459.1 eV and Ti-Fx bond at 460.4 eV (Figure 3-7c,
Table 3-4).[192 237-2391 geparation of the Ti-C adsorption to three peaks with different oxidation
states is likely caused by incorporation of -O, -F and -OH terminations on the TizC,Tx, which
causes polarization of different strengths to the core TisC; layers.[?® 239 The presence of the -F
and -O groups are also confirmed from the F 1s spectra showing signals of Ti-F and Al(OF)x
(Figure 3-7d).12%% These comparisons between the two samples reveal that TisC2Cl,-60 prepared

by the one step eutectic etching methods exhibit more ordered elemental distribution in its core,
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which is attributed to the use of high temperature annealing that prevents the formation of Ox
termination and leads to edges that are almost entirely Cl terminated.?*! Previous studies have
reported that steric from the enlarged Cl terminations allows more rapid and extensive Li
interaction,?*%1 which would explain the improved electrochemical performance of the TisC2Cl»

samples over the HF-treated TizCaTx.
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Figure 3-7. a), b) Ti 2p and Cl 2p XPS spectra of TisC2Cl>-60. ¢) Ti 2p XPS spectra of TizCoTx.

d) F 1s XPS spectra of TizCoTx.
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Table 3-2. Atomic composition of TizC2Cl>-60

Element Ti C Cl Zn

mol% 41.1 29.6 26.9 2.4

Table 3-3. Elements from the XPS spectra of TizC>Cl»-60

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 (2p1r2)
458.2 (464.0) 1.9 44 Ti-Cl
Cl
198.7 (200.4) 1.6 (1.8) 100 Ti-Cl
2p312 (2p1r2)
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Table 3-4. Elements from the XPS spectra of TizC2Tx (Ti3C200.1F1.4(OH)o5)

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 2par2 (2p112) 457.5 (463.2) 2(1.8) 24 Ti(l)
459.1 (464.8) 1.2 (1) 4.3 Ti-O
460.4 (466.1) 2.1(2) 9.6 Ti-Fx
685.46 1.62 71 Ti-F
F 2pa2 (2p1r) 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
932 2.1 83 Ti-OH

X-ray absorption spectroscopy (XAS) was also employed to compare the chemical nature of
the molten salt synthesized TizC.Cl, and the HF-etched TizC,Tx. Figure 3-8 shows the Ti K-edge
X-ray absorption near edge spectroscopy (XANES) of different samples. The adsorption edge of
TisC2Cl2-0, TizCoCl2-60 and TisC,Tx all resemble more closely to the curve of TisCz in comparison
to TiO2 or Ti foil. In MXene, the weak pre-edge absorption features represent the Ti 1s — C 2p-
Ti 3d hybridized molecular orbital excitation, while the main-edge region is assigned to the dipole-
allowed transition from Ti 1s to the unoccupied 4p orbital.[?* 2421 The adsorption edge of TisC2Cl>

(4973 eV) and TizC,Ty (4976 eV) are both near that of TizC; (4975.8 eV), which locates between
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the edges of TiO, (4983 eV) and Ti foil (4971.9 eV), indicating their carbide nature.™* The lower
edge energy of the two TisC2Cl. indicates lower average Ti oxidation state compared to TisC,Ty,
which is consistent with its lower Ti-C 2ps; 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 TisC, core.B”l Moreover, pre-edge peak of the TisC2Cl, samples is visibly less distinct
compare to the peak of TisC,Ty, revealing their more symmetric TisC octahedra core.?*: 2431 This
is likely due to CI being the primary termination of their edges, which predominately occupies the
face-centered cubic (fcc) site.[2*3244 Such arrangement is favorable for ion transport, which likely

contributes to the improved electrochemical performance.
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Figure 3-8. XANES spectra of Ti K-edge for TizC2Tx, TizC2Cl2-0 and TizC.Cl2-60 compared to

references including Ti foil, TisC2 and TiOs..
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Electronic states of the samples were also analyzed through comparing their stable monolayer
configuration in DFT modeling, Ti3C200.1F1.4(OH)os was adapted for the HF-treated TisCaTx
based on the elemental composition measured by XPS (Figure 3-9a). As shown in Figure 3-9b,
both TizC2Cl> and TizC2Tx exhibit non-zero density of states (DOS) at the Fermi energy (Es),
indicating that both are electronic conductors.?*! It is revealed that their high electronic
conductivity mainly originates from the Ti d orbitals (Tig), as contribution of these orbitals
dominates the conduction bands.[?61 As for the valance bands, states of TizC,Cl, consist of mix
contributions from the Tid orbitals, C p orbitals and CI p orbitals, which suggest hybridization of
orbitals from the three elements.[?*”1 In contrast, valance band of the TisC.Tx sample exhibits a
section of highly densed states between the range of -8 eV to -6 eV that are almost solely occupied
by the F p orbitals.

Furthermore, adsorption and diffusion behaviors of Li 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 sample (Figure 3-9¢). The results suggest that
Ti3C,Tx actually exhibits a slightly lower adsorption energy compared to TizC2Clz, 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 hopping pass the terminations
as demonstrated by the green arrow in Figure 3-9d, ClI atoms on TisC,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 TisC2Tx would require an activation energy of 0.72 eV, making it less likely to occur.?#81 It is
noted that hopping migration on top of an termination occurs less frequently compare to hopping

between adjacent Ti and C atom, but the accessibility to an additional migration path through the
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Cl atoms would likely be beneficial for battery performance when high power

charging/discharging is required.
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3.3.4 Full Cell Performance

To demonstrate the practical potential of the porous MXene, DIB full cell fabricated using
Ti3C,Cl»-60 as anodes and graphite as cathode, was cycled between 2.0-5.0 V (Figure 3-10a).
Two distinctive charge (4.75 V and 4.9 V)/discharge (4.5 V and 4.7 V) plateaus corresponding to
the intercalation/de-intercalation of PFs~ can be observed.?*®l The discharge capacities of
TisC2Cl-60/graphite DIB are 242, 219, 201, 161, 112 mAh g* at 0.1, 0.2, 0.5, 1.0and 20 A g},
respectively (Figure 3-10a, b). Notably, the TisC,Cl2-60/graphite cell can still deliver a capacity
of 141 mAh g after 1000 cycles, with 83% retention at 1.0 A g (Figure 3-10c). The average
CE of approximately 95% is not desirable, and this deficiency is attributed to unoptimized
electrolyte composition and unsatisfactory reversibility of PFe  intercalation/extraction in the
cathode. %% 251 Despite so, overall performance of the full cell is competitive versus DIBs based
on other anode reported in previous studies,?%* 252-2%51 and improvement is expected with further

development in high voltage electrolyte and novel anion-host cathodes to pursue high CE.[!
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Figure 3-10. a)-c) GCD curves, rate performance and long cycling data of TizC2Cl>-60 based

DIBs.

3.4 Conclusion

In summary, NaCl/ZnCl; salt mixture is firstly applied to produce in-plane porous MXene in
a facile annealing process. Influences of the salt proportion to structure morphologies were
evaluated and a pore preserving mechanism of the eutectic mixture has been proposed. The
increased surface area and mesoporosity of the samples greatly benefit the site accessibility and Li
ion transportation for DIB anode applications. The optimal TizC,Cl, sample achieves a high

discharge capacity of 382 mAh g at 0.1 A g Moreover, the process also incorporates
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predominately Cl-terminations to the TisC; sheets, which leads to more ordered crystal structures
that affords high capacity retention of 89% after operation of 1000 cycles. When assembles with
graphite as full dual-ion batteries, TisC2Cl,-60 achieves a reversible capacity of 242 mAh gt at
0.1 A g ! (calculated based on the anode mass), and 1000 cycle capacity retention up to 83%.
Overall, the eutectic mixture etching method proposed herein demonstrates a green approach for
generating porous MXene with high crystal stability for DIB anode applications and presents a

highly adaptable technique to achieve mesoporosity with MXene for other applications.
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Chapter 4 Vacancy and Growth Modulation of Cobalt Hexacyanoferrate

by Porous MXene for Zinc Ion Batteries

4.1 Introduction

Intrinsically safe and inexpensive rechargeable aqueous zinc-ion batteries (ZIBs) are one of
the most attractive candidates for the next-generation energy storage devices, especially for
stationary storage.l®> 140 2561 Although continuous efforts have been made to improve the
electrochemical performances of ZIBs, cathode materials can yet fulfill the commercial
applications requirements.*?% 121 Among the candidates of interest, Prussian blue analogues
(PBAs) are favoured for their relatively high redox potential.[*”® They have general formula of
MFe(CN)s (M = Mo, V, Fe, Mn, Cu, Co, Ni), with FeCe octahedra and MNs octahedra forming
cubic arrangement linked through the cyanide ligands.[*®* 165 2571 Their unique crystal structure
provides sufficient large three dimensional diffusion channels as well as weak interactions with
charge-carrier active ions. Among them, cobalt hexa-cyanoferrates (CoHCF) particularly have
been reported to possess ultrahigh discharge voltage and specific capacity through proper
utilization of the redox pairs.'’® 281 However, low electronic conductivity and uncontrolled
agglomerations that occur in conventional synthesis methods have led to significantly reduced
energy density in practical application.?>%-2611 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,
causing performance decay and poor cycling stability.[?? To date, most existing modifications

can only regulate single obstacle of PBAs.1?531 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 PBAs-based electrodes to further promote the practical applications of
ZIBs.

MXenes are emerging two-dimensional layered transition metal carbides and/or nitrides
(Mn+1Xn, n=1,2,3) with abundant surface terminations Tx (-O, -F, -OH and -CI).2Yl Their
exceptional conductivity, hydrophilicity and negatively charged surfaces make them ideal
candidates as host material for composition to alleviate common drawbacks associated with energy
storage materials in aqueous batteries.!?! For instance, V2CTx has been reported to be suitable host
for the low-conductive 6-MnO2 nanosheets, and significantly improved its rate capability as ZI1Bs
cathode.?®*l More recently, a non-hazardous and scalable method to prepare in-plane porous
MXene with chemical formula of TisC,Cl. has been discovered.!?%%! This new MXene product not
only possesses the common strengths and conductivity of MXene, but also demonstrates high
surface area with uniformly distributed CI terminations, which could interact with PBAs precursor
molecules and further influence its structural and electrochemical properties.

In this work, the abovementioned TisC>Cl> are utilized to induce self-assembled growth of
CoHCF nanotubes 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 particles and resulted in
a synergistic effect on boosting the battery performance. Specifically, Co?" precursors are
preabsorbed onto the negatively charged MXene surface to form a metastable state that alters their
interaction with CN™ and H>O during nucleation process, which hinders formation of interstitial
H>O and reduces structural vacancies. At the same 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 237.9 m? g and delivers high capacity of 197 mAh g* at current
density of 0.1 A g%, 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 high surface area,
low-vacancies PBAs homogeneously on conductive porous MXene for high performance ZIBs

cathodes, paving road for future MXene-based composite development.

4.2 Experimental Section

Synthesis of porous MXene. The porous TizC.Cl, was prepared using an eutectic etching
method previously reported by our group.?®®! Specifically, TisAIC, precursor was mixed with solid
NaCl and ZnCl; in the molar ratio of 1:9:6. Then the mixture was annealed at 550 °C for 5 h,
followed by 1 M HCI washing and freeze-drying.

Synthesis of CoHCF and CoHCF/porous MXene composites. Firstly, KCoFe(CN)s was
synthesized by simple co-precipitation of 0.1 M Ks[Fe(CN)e] and 0.1 M Co(NOs3)2 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 were dried in oven at 80 °C overnight. CoFe(CN)g (COHCF) was
achieved by extracting K atoms from KCoFe(CN)s via electrochemical process as reported.[!’?!
KCoFe(CN)e was applied as cathode, with 15 M ZnCl, and Zn foil as electrolyte and anode.
CoFe(CN)e was formed with cut-off voltage as 1.9 V. CoHCF/M-1% and CoHCF/M-2% were
prepared similarly with 10 mg and 20 mg porous TizC,Cl; stir with Co(NOs). for 1 h at room

temperature prior to precipitation process.
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Material Characterization. X-ray diffraction results (XRD, Rigaku Miniflex 600) were
achieved with graphite monochromator and Cu Ka radiation as X-ray source (A=1.5406A). The
morphology and crystal structure of CoHCF and CoHCF/MXene composites were obtained by
Scanning Electron Microscope (SEM, Zeiss ULTRA) and Transmission Electron Microscopy
(TEM, JEOL, JEM-2010, 200 kV). The surface area and pore structure were studied by N
adsorption-desorption measurements on the surface area analyzer Quantachrome Instruments
QuadraSorb Sl4, the surface area were calculated using the BET theory and the pore size
distributions were obtained via the Barrett-Joyner-Halenda (BJH) model on the desorption
isotherm. Elemental and oxidation state information of CoHCF and CoHCF/M-1% was collected
by X-ray photoelectron spectra (XPS, Thermal Scientific K-Alpha X-ray Photoelectron
Spectrometer System) and the binding energies were calibrated by C 1s of 284.5 eV. X-ray
absorption spectroscopy (XAS) measurements on Co and Fe K-edge spectra were collected at
Canadian Light Source on the hard X-ray microanalysis (HXMA) beamline and Soft X-ray
Microcharacterization Beamline (SXRMB). The data were then analyzed using Athena and
Artemis software packages. The elemental composition of the CoFe(CN)s material in the
composites were confirmed by inductively coupled plasma atomic emission spectrometry (ICP-
AES). The water content in the synthesized materials were determined by thermogravimetry (TG)
with TGA Q500 thermogravimetric analyzer from room temperature to 500 °C at a rate of 2 °C/min
in nitrogen.

Electrochemical Measurement. Typically, 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 glass fiber sheet, which was then left to dry in oven at 80 <C overnight. Prior to
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assembly, they were punch into disks in diameter of 12 mm, and the active material loading can
range between 1.2-1.5 mg cm. The battery was then fabricated by pairing these disks with Ti foil
current collector and Zn foil anode. Glass microfiber filter membrane with diameter of 15 mm and
15 M ZnCl; electrolyte were used as separator and electrolyte. Galvanostatic charge/discharge
(GCD), cyclic voltammetry (CV), cyclability tests and electrochemical impedance spectroscopy

(EIS) measurement were conducted on electrochemical station (BioLogic VMP-300).

4.3 Results and Discussion

4.3.1 Material Characterization

The porous TisC2Cl, MXene was first synthesized following a method previously reported
by our group, proper replication of the process is confirmed by scanning electron microscopy
images of the products (Figure 4-1).1265] The CoOHCF/MXene-1% composite was prepared through
passive adsorption of the Co(NOs). precursor onto the negatively charged porous MXene
surface, 2561 followed by slow addition of KsFe(CN)e to trigger the nucleation mechanism (Figure
4-2a). 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 anisotropic growth of
COHCF to form nanotubes.[?5”26%1 SEM image of composite prepared with a MXene weight
percent of 2 (CoHCF/M-2%) shows short CoHCF nanotubes with sizes around 400 nm seeded
directly on the MXene nanosheet (Figure 4-2b). When further lowering the MXene weight percent
to 1, the CoHCF is observed to grow into close-packed bundles of nanotubes on the MXene surface
with length of around 3 pm (CoHCF/M-1%, Figure 4-2¢).[° This change is attributed to the

higher amount of precursor available for crystal growth in the COHCF/M-1% synthesis 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 co-precipitation (Figure 4-2d),?"!] indicative of altered CoHCF
crystal growth mechanism due to the presence of MXene in the synthetic process. XRD patterns
of all three samples exhibit individual peaks corresponding to the (200), (220), (400) and (420)
diffractions of CoHCF, which forms face-centered cubic lattice in three-dimensional cyanide-
bridged structure (Figure 4-2¢).X7% The increased (400) crystal facet observed on the composite
materials indicates preferred growth along the <100> crystallographic orientation,?72 273 verifying
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, suggesting minimal lattice expansion from the synthetic process.

Figure 4-1. SEM image of porous TisC2Cls.
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Nitrogen adsorption isotherms of the three samples shown in Figure 4-2f reveal points of
similarities between the pure CoHCF and CoHCF/M-2%, and their calculated Brunauer-Emmett-
Teller (BET) surface area of 171 and 184 m? g are also relatively close in value. In contrast,
CoHCF/M-1% exhibits a much more distinct hysteresis loop between the adsorption and

desorption isotherm that is commonly associated with mesoporosity.?4 Its BET surface of 237.9
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m?2 g is 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 above 20 nm (Figure 4-2g).
This is again comparable to the CoOHCF/M-2% distribution that exhibits high pore concentration
above 20 nm, except for the additional pore volume around 3 nm contributed by the porous MXene
(Figure 4-3). While COHCF/M-1% contains primarily mesopores with sizes between 3.6 to 30 nm
plus the < 3.6 nm pores. The high resemblance between the pore size distribution results of pure
CoHCF and CoHCF/M-2% composite may be explained by their relatively similar Co compound
particle sizes and morphology, whereas significantly increased amount of mesopores with sizes
between 3.6-30 nm found in CoOHCF/M-1% likely arise within the nanotube structures and spaces
between the nanotube bundles. As CoHCF/M-1% possesses largest surface area, it has ability to
boost electrochemical reaction kinetics by providing ample intercalation sites for Zn?* and offering
sufficient contact with electrolyte.?®®) Meanwhile, the abundant pores permit the shortened
diffusion pathways for Zn?* transport,?’5! enabling superior capacity of CoOHCF/M-1% during

charge/discharge process.

88



120

"£0.04

w0
o
9

E,u.nz

dV/dD

[=2]
o

10
Pore diameter (nm)__g

V,,adsgp (cm® g”)
S

00 02 04 06 08 10
Relative pressure (p p,)

Figure 4-3. N, adsorption—desorption isotherms and pore size distribution for porous MXene. 2%

Figure 4-4a shows a transmission electron microscopy (TEM) image of COHCF/M-1%, 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 nanosheet shows well retainment of the in-plane microporosity
in the MXene after the synthetic process (Figure 4-4b). These align with the BET data
interpretation, confirming the origins of porosity measured in CoHCF/M-1%. High-resolution
transmission electron microscopy (HRTEM) of the yellow high-lighted area in Figure 4-4c reveals
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 (420) plane of
CoHCF can be observed (Figure 4-4d), matching well with the CoOHCF/M-1% XRD pattern.

Gaussian deconvolution of the high-resolution Co 2ps2 X-Ray photoelectron spectroscopy

(XPS) spectra of pure CoHCF and CoHCF/M-1% both identify two major peaks located at 781.5
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eV and 786.1 eV, representing the Co®* adsorption and satellite feature, respectively (Figure 4-
4e).1*7% While more precise comparison of the two spectra further reveals an additional weak peak
at 782.7 eV in COHCF/M-1% that is commonly assigned to Co?*.[2761 Meanwhile, the Fe 2ps2 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 state (Figure 4-4f).17%1 Furthermore, deconvolution of the COHCF/M-1% Ti 2p XPS
resulted in three isolated peak pairs, which includes the Ti-C(1) peaks at 454.2 eV (460.3 eV), the
Ti-C(Il) peaks at 455.6 eV (461.7eV) and the Ti-Cl peaks 458.2 eV (463.8 eV) (Figure 4-5a).
When compared to the pure MXene sample (Figure 4-5b), proportion between Ti-C(I1) versus Ti-
C(1) is increased, indicating oxidation of the MXene central layer Ti after the composition. These
results combined point to the fact that Co-C bonds have likely formed between the CoHCF and
MXene nanosheet, these would explain presence of Co?* via bonding with the less electron
withdrawing C and the increased amount of oxidized Ti is caused by formation of the Co-C-Ti
configuration that puts them against the more electronegative metal element of Co. Benefited from
the interfacial 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 capability.?””1 Moreover, Co-C 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, STEM and HR-TEM images of COHCF/M-1%. e) Co2pz. and f) Fe 2pss

XPS spectra of CoHCF and CoHCF/M-1%.
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Insight into the electronic state and atomic structures of the composite materials were also
obtained through comparing the Co K-edge X-ray absorption near-edge structure (XANES)
spectra of the materials against CoO and Co:03 References (Figure 4-6a). As shown, the
absorption edge position (Eo) of CoHCF is located at 7728.6 eV, which is identical to the edge
position of the Co20s reference that contains predominately low spin Co3*.[28.27% |n comparison,
the Eq of both CoHCF/M-1% and CoHCF/M-2% are at a slightly left-shifted position of 7727.8
eV, indicating lower oxidation state. Comparison of pre-edge peaks near 7722.1 eV, which are
associated with the Co 1s — 3d transition, also reveals that CoHCF has a clearly more apparent
peak when compared to the CoHCF/MXene composites. Fading of the pre-edge peak generally
reflects increased Co Tq symmetry, and in this case would also imply higher proportion of fully
saturated Co centers and less defective COHCF crystal structure.[?827°1 To further analyze changes
in the Co local coordination environment induced by compositing with MXene, extended X-ray
absorption fine structure (EXAFS) are measured and the k3-weighted Fourier-transformed (FT)
spectra are presented in Figure 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 site.[?”® 27°1 Similarly, these three features are also found
in CoOHCF/M-1% and CoHCF/M-2%, 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 interpretated in a larger scale as increased long-range ordering of the CoHCF
crystalline. The increased peak intensity also leads to the same inference as they imply higher Co
coordination numbers with neighbouring atoms,[166: 259, 262, 263, 280, 281] \jeanwhile, the Co-N bond

distance in the composites are measured to extend above 1.70 A, whereas the Co-C distance are
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reduced to near 2.40 A. The former is mainly induced by the previously observed reduction of the
Co ions that adds electron density into the antibonding eg* orbitals.>’®] While the latter can be
explained by the newly formed Co-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 Co-C coordination distance in the composite. Fe k-edge XANES spectra of the
samples were also investigated to analyze changes in the Fe atomic conditions induced by
composition with the MXene nanosheet (Figure 4-6¢). In alignment with the XPS results, Eo of
the three samples show minimal variations as they are all located at almost the identical position
of 7126.6 eV, which matches precisely with the Eo of the Fe203,2821 confirming the 3+ Fe average
oxidation state for the bulk of the CoHCF crystals. Moreover, the composite pre-edge peaks at
7116.5 eV are found to be less 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. Meanwhile, Fe K-edge EXAFS
R-space spectra of all samples show three distinct peaks corresponding to the Fe-C, Fe-N and Fe-
Co coordination distances (Figure 4-6d).12%1 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-C and Fe-N distances among the samples also support the claim on Co-C bonds
formation between the COHCF and MXene nanosheet given their direct correlation with the Co-

cyanide bridge.
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Thermogravimetric analysis (TGA) performed at 2<C/min in air show three separate
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regions of weight loss (Figure 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 <T represent removal of interstitial water molecules that reside near the
structure defects.[?4 Lastly, the weight loss above 200 <TC is attributed to the decomposition of the

cyanide bridge in the CoHCF structure. From the TGA graph, the pure CoHCF nanosphere is



measured to contain 16.6 wt.% of interstitial water, while the water content in CoHCF/M-1% and
CoHCF/M-2% are identified to be 13.5 and 11.1 wt.%, respectively. Given that interstitial water
content is proportional to the number of structural vacancies, this indicates reduced defect
abundancy in the composite materials.?®® Meanwhile, composition analysis of the CoHCF
components by inductively coupled plasma atomic emission spectroscopy (ICP-AES) reveals a
Fe/Co atomic ratio of 0.78 for the pure CoHCF, while the composites achieve higher Fe/Co ratio
of 0.89 and 0.93 (Table 4-1). Upon normalizing to the Co content, the element and defect
proportions in COHCF, CoHCF/M-1% and CoHCF/M-2% are determined to be Co[Fe(CN)s]o.7s

[Jo0.22¢2.5H20, Co[Fe(CN)sJo.so[lo.11°2.1H20 and Co[Fe(CN)s]o.93[Jo.07¢1.7H20, respectively. (LI

stands for [Fe(CN)g]*vacancy) These quantitative analysis results align with the X-ray
spectroscopic analyses on reduced CoHCF vacancies in the composite samples, which provides
more intercalation spaces for Zn?*, and thus enabling enhanced discharge capacity. Meanwhile,
the reduced water content allows CoHCF/MXene an ultra-stable structure, ensuring long cycle life
when used as ZIBs cathode.

The mechanism of defect reduction by MXene host is proposed here. Pre-adsorption of
Co?* onto the MXene nanosheets is particularly important for regulating the speed of agitation and
segregating molecules, as interactions between Co?* and the MXene surface functional groups
alter its interaction with the incoming Fe(CN)s* and surrounding water molecules, which enforces
steric hindrance toward the water molecules and minimizes their entry into the CoOHCF crystal.[26%
281, 2841 This 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 toward more intercalation 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, with significantly lowered water content and existed Co-C chemical
bonds, the composite shows great potential in preserving the integrity of the crystalline structure
during repeatedly Zn?" 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 CoOHCF, CoHCF/M-1%, CoHCF/M-2%.

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.%0)
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 13.5

CoHCF/M-2% 53.2 46.8 1.00 0.93 11.1

4.3.2 Electrochemical Performance

To verify the influences of CoHCF morphology and crystal structure modifications on their
electrochemical performance, the as-prepared samples were evaluated as cathode in half cells
fabricated with zinc foil anode and 15 M ZnCl; electrolyte. Galvanostatic charge and discharge
profiles of these half cells between 0.7 and 2.0 V at 0.1 A g show that CoOHCF/M-1% achieves
the highest discharge plateaus of 1.95 and 1.82 V among all three samples (Figure 4-8a). It also
achieves a capacity of 197.0 mAh g*, which exceeds the 179.2 mAh g* of CoHCF/M-2% and
145.6 mAh g? of pristine CoHCF nanospheres. The porous MXene was also measured in a half
cell for comparison, and it delivers 57.5 mAh g with primarily capacitive contributions, verifying
its minimal contribution to capacities delivered above 1.8 V. The significantly improved
performance measured with CoHCF/M-1% 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 utilization, while
the latter increases number of suitable intercalation site and establishes platform that are more
suitable for Zn?* ion diffusion.?®21 Comparison between pure CoHCF and CoHCF/M-2% with
similar surface area also 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/M-1% also demonstrates strong rate capability, achieving 197.0, 180.2, 172.9,
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157.5 mAh g at the currents of 0.1, 0.5, 1.0, 2.0 A g _respectively (Figure 4-8b). Its 50 mV
voltage drop after increasing the current density twenty times from 0.1 to 2.0 Ag is also relatively
low. Among three samples, CoOHCF/M-1% shows stable crystal structure as its capacity returns to
initial value after experiencing high rate cycles (Figure 4-8c). Compared to CoHCF, the
outstanding rate capability of CoHCF/M-1% is owing to the low water content and improved
conductivity with the addition of MXene which help to facilitate the Zn?* ion 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 long-term cycling, COHCF/M-
1% maintains 94.4% of its initially capacity after 3000 cycles of operation at 2.0 A g, while
CoHCF/M-2% shows decent capacity retention of 86.1% with majority of the lost occurred in the
early stages (Figure 4-8d). In contrast, the pure COHCF experiences 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 Co-C bonds, which increase their tolerance toward structural collapse upon repeated
Zn intercalation/extraction.!?6% 2861 Nyquist plots of the three samples calculated from electrode
impedance spectroscopy (EIS) measurements all show a single semicircle in the mid-frequency
range associated with charge-transfer resistance and a oblique line in the low-frequency area
(Figure 4-8¢).1281 Among them, CoHCF/M-2% exhibits the lowest series resistance owing to its
higher content the conductive MXene. While CoHCF/M-1% display the smallest semicircle,
indicative of its fastest reaction kinetics enabled by high active site accessibility through its porous
nanotube morphology.?%41 Comparison between this work and reported PBA cathodes for Zn-ion

batteries reveal that the remarkable electrochemical performance of COHCF/M-1% (Table 4-2).
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As expected, the low vacancies, high surface area, unique Co-C bonds and enhanced conductivity

features of COHCF/M-1% guaranties abundant intercalation sites, stable crystal structure and fast

Zn%* diffusion.
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Figure 4-8. a) Galvanostatic charge and discharge curves, c) rate capability and d) long term
cycling performances at 2.0 A g of CoHCF, CoHCF/M-1% and CoHCF/M-2%. b) GCD curves

of CoHCF/M-1% at different rates. e€) EIS plots of ZIBs using CoHCF, CoHCF/M-1% and
CoHCF/M-2% as cathodes.
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Table 4-2. Electrochemical performance comparison of CoOHCF/MXene and other Prussian blue

analogues ZIBs cathode reported in literature.

Cathode material Voltage Average | Specific capacity Cycle
window operating (mAh g") performance
(vs Zn/Zn*") | voltage
(vs
Zn/Zn*)

ZnHCF168] 0.8-2.0V 1.73V 66.5 at 0.06 A g! 80% after 200
cyclesat 0.3 A g’!

ZnHCF@MnO, 288 1.4-19V 1.68 V 118at0.1 A g! 77% after 1000
cyclesat 0.5 A g’!

CuHCF16°! 0.6-1.3 V vs. 1.73V 53at0.06 A g’ 96.3% after 100
SHE cycles at 0.06A g’!

CuHCFP2#l 1.4-23V 1.8V 70.4 at 0.3 A g’ 76.5% after 1000
cyclesat 1.8 A g’!

NiHCF[2°0 0.9-1.9 1.5V 75at0.1 A g! 81% after 1000
cyclesat 0.5 A g’!

CoHCF70 0.7-2.0V 1.75V 173.4at 0.3 A g! 100% after 2200

cyclesat3 A g'!

NaFeHCF[?°1 0.8-2.0V 1.3V 73.6at 025 A g' | 92.1% after 2000

cyclesat2 A g'!

CoHCF/MXene 0.7-2.0V 1.8V 197 at 0.1 A g’! 94% after 3000

. cyclesat 2.0 A g!
(This work)

4.3.3 Ex-situ Characterization

To trace the source for the improved performances, ex-situ Co 2psz. and Fe 2pz» XPS
spectra of CoHCF/M-1% at its discharged and charged states were collected for quantitative
analysis (Figure 4-9a, b). As shown, when CoHCF/M-1% is discharged to 0.7 V vs. Zn/Zn?" at

0.1 A g}, 60.0% of the Fe* is reduced and the Co?* proportion is boosted from 9.9% to 30.2%.
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Both redox transitions show high reversibility, as the Co?" percentage returned to near its initial
state at 10.4% and the Fe®* adsorption completely disappears when the electrode is recharged to
2.0 V. In contrast, only 10.8% of the Co®"/Co?" and 32.2% of the Fe**/Fe®* redoxes are activated
when pure CoHCF is discharged to the same condition (Figure 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 intercalated Zn?* ions and permanent
capacity lost. Further Zn 2ps XPS results also reveal more successful Zn?* reversibility in
CoHCF/M-1% compared to CoHCF (Figure 4-9¢). Building on the XPS analysis, discrepancies
between the two samples in their ex-situ XRD analysis are also investigated (Figure 4-9f & 4-10).
For CoHCF/M-1%, 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 to 0.7 V. During this process, a new peak with strong intensity at 17.6° appears 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 of 18.4° reappearing 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 reversible phase transition of CoHCF/M-1%. Similarly, the pure
CoHCF also experiences the phase transition with a fading (200) peak and an emerging (011) peak
during discharge (Figure 4-10). However, the (200) peak failed to return to its initial position
when recharged, suggesting lattice space shrink that is likely caused by attraction force from Zn?*
ions remained in the crystal structure. These ex-situ characterizations explain the improved

capacity of CoHCF/M-1% as the more feasible intercalation sites offer more redox reactions.
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Meanwhile its lower water content and Co-C bonds well preserve the crystallinity structure of

COHCF, avoiding capacity loss caused by structure collapse.[?8%]
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Figure 4-9. Ex-situ Co 2pz, XPS spectra of a) COHCF/M-1%, ¢) CoHCF and Fe 2pz, XPS spectra
of b) CoHCF/M-1%, d) CoHCF at the initial state, discharged to 0.7 V and recharged to 2.0 V vs.
Zn/Zn?". €) Zn 2ps;2 XPS spectra of CoHCF (top) and CoHCF/M-1% (bottom) after cycling. f) Ex-

situ XRD patterns of CoOHCF/M-1% at selected cycling 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 surface charges on the MXene nanosheets are utilized to induce growth
of CoHCF nanotube, while influencing the Co?* interactions with CN- ligands and water molecule
to form crystals with well-established structure. This is discovered to improve tolerance toward
Zn? insertion/extraction and reversibility of the redox transition. Benefiting from the high specific
surface area, enhanced conductivity and reduced structural defects, the CoHCF/M-1% composite
achieves a high discharge capacity of 197 mAh g* at 0.1 A g* and only lost 5.6% of its initial

capacity after 3000 cycles at 2.0 A g This work demonstrates a facile method to induce
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modulated growth of high crystalline PBA on porous MXene as stable composite electrode, and

it is of high practical value for investigations in a wide range of energy storage application.
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Chapter 5 Porous Cl-terminated MXene Promoted Horizontal Growth of Zn

Electrodeposition Towards Non-Dendritic Zn Anode

5.1 Introduction

Metal anodes featured with high theoretical energy density and reversibility toward
electrochemical process are of great importance for rechargeable batteries, but numerous obstacles
exist prior to fulfillment of their complete potentials.*"® 292.2%31 Among the different metal anodes,
zinc (Zn) is extensively investigated due to its high theoretical capacity (820 mAh g1), low redox
potential (—0.76 V vs. standard hydrogen electrode), environmental benignity and intrinsic
safety.[181.186.294] However, its propensity to participate in side reactions such as self-corrosion and
hydrogen evolution reaction often results in poor Coulombic Efficiency (CE).E" 2561 More
importantly, dendrites formation during repeated cycling can pierce the separator and cause
internal short circuiting that leads to complete battery failure, severely hampering the
commercialization of rechargeable zinc-ion batteries (Z1Bs).[127. 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 structure. 187 294.297. 2%1 partijcularly, the (0002)
crystal plane has been identified to induce even charge distribution in the electrolyte-electrode
interface, which encourages smooth and parallel deposition.[?%®: 3% This contrast against the other
common crystal planes of (1010) and (1011) that cause inhomogeneous interfacial charge
distribution and uneven Zn?** flux near the electrode surface, leading to rapid dendrites
formation.[294 299301 3021 The difference in cycle life between the preferred (0002) and the other

crystal planes have been reported to exceed five folds, as the (0002) plane was also modeled to
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exhibit lower surface energy that ensures electrochemical stability.[2°® 221 Other research efforts
encompassing electrolyte modifications and surface engineering have also been devoted with
corresponding positive and drawbacks.% 3% For example, electrolyte optimization strategy such
as “water-in-salt” systems have been reported to improve life span from 5.3 h to 170 h, though low
ionic conductivity due to limited water content.[*8 However, the expensive cost of the electrolyte
are practical challenges remain to be overcome.[*8% 306 3071 Meanwhile, several nanostructured
materials (ZrO2,B%1 Ti0,,184 CaCOs,1®! PAB®I etc.) have been investigated as protective
coating layer, but low conductivity of these ceramic and polymeric materials inevitably increase
the anode surface resistance.% 319 As a result, despite successful suppression of Zn dendrites
formation, overall performance of the above-mentioned strategies are still far from satisfactory for
practical applications, especially considering their low current density (<5 mA cm) and large
overpotential (> 0.1 V at 5 mA cm).12%:3021 To symmarize, an ideal coating layer is required to
be: 1) well adhered to Zn substrate, ii) highly ionic and electrical conductive to avoid extra
impedance, iii) wettable in aqueous electrolyte environment and iv) flexible to accommodate

volume change of Zn anode.B*!]

To this end, MXenes with hexagonal closed packed structure would provide the ideal lattice
match, negatively charged surface, superb conductivity and high hydrophilicity desired for the
targeted ZIBs application.[*'232% Previous studies using TizsC2Tx**! and sulfur-doped TisCo T[]
have shown preliminary successes, but limited porosity and randomly distributed termination still
hinders overall performances. In this contribution, for the first time, porous Cl-terminated MXene

(p-TiCCly) is utilized as coating layer to realize stable Zn platting/stripping and prevent dendrite
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growth for ZIBs application. Particularly, uniform CI terminations on the p-Ti.CCl; are utilized to
minimize variance in near surface Zn?* distribution, while its surface crystal arrangement induces
preferential growth of the Zn (0002) crystal plane for dense and leveled deposition. Furthermore,
the highly hydrophilic p-MXene ensures sufficient electrolyte coverage on the electrode surface
and its high porosity enables sufficient ion transfer for rapid reactions. With these advantages, the
p-Ti2CCl, coated Zn anodes achieve low polarization and remarkably ultralong lifespan of 2000 h
under both low and high current density of 1 and 10 mA cm2 in symmetric cells. When assembled
with MnO- cathode in a full cell, the ZIBs deliver distinctive capacity of 200 mAh g* at 5 C with
excellent capacity retention of 91% after 2000 cycles. Remarkably, this work reveals the
significance of porosity and terminations for MXene coating layers, paving way for promising

large-scale zinc-based energy storage devices.

5.2 Experimental Section

Synthesis of Ti2CClz and porous Ti.CClz (p-Ti.CCl2). Porous Ti>CCl> was produced using the
eutectic etching method reported by our group.?®! Ti,AIC was mixed with NaCl and ZnCl; in
molar ratio of 1:9:6. Then the mixture was annealed at 550 °C for 5 h, followed by HCI washing
and freeze-drying. Non-porous MXene was etched in same condition without NaCl.

Fabrication of Ti2CCl2//Zn and p-Ti.CCl//Zn. First, produced Ti>CCl; or p-Ti.CCl, powders
were mixed with polyvinylidene difluoride (PVDF) at a weight ratio of 1:9 in NMP (N-methyl
pyrrolidone) solvent followed by 12 h magnetic stirring at room temperature. Then, the resulting
suspension was dispersed uniformly onto Zn foils by spray coating method and finally dried in

vacuum at 80 T overnight.
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Material Charaterization. X-ray powder diffraction results were achieved by XRD, Rigaku
Miniflex 600 with Cu Ko radiation as X-ray source. Scanning Electron Microscope (SEM) images
of the samples were performed by Zeiss ULTRA. Transmission Electron Microscopy (TEM)
pictures were recorded by JEOL, JEM-2010, 200 kV. The surface chemistry of p-Ti2CCl2//Zn was
investigated by X-ray photoelectron spectra (XPS) by Thermal Scientific K-Alpha X-ray
Photoelectron Spectrometer System with binding energies of C 1s calibrated by to 284.5 eV.
Contact angles of 5 uL 2 M ZnSO4 droplets on the bare and MXene coated Zn foils were tested by
Dataphysics OCA20 contact angle meter.

Electrochemical Measurement. Typically, two bare Zn or MXene coated Zn foils were
assembled in symmetric cells using glass microfiber filter membrane and 2 M ZnSQ, as separator
and electrolyte, respectively. The potentiostatic current-time transient curves of symmetric cells
were achieved at a current density of 0.2 and 10 mA cm2 with total capacity of 0.2 and 5 mAh
cm 2 on a LAND battery-testing equipment to investigate the stripping/plating manner and cycling
stability of bare and modified Zn foils. For Zn/MnO. full cells, commercial MnO. 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 MnO; estimated to be 1.2-1.5 mg cm, and
then dried at 80 <C overnight. The battery was fabricated with MnO; coated glass fibre, bare or p-
Ti,CClo//Zn foil and 2 M ZnS0O4/0.1 M MnSO; as cathode, anode and electrolyte. Galvanostatic
charge/discharge (GCD) and cyclability tests were carried out on LAND battery system while
cyclic voltammetry (CV) tests and electrochemical impedance spectroscopy (EIS) measurements

were conducted on electrochemical station (BioLogic VMP-300).
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Simulation of the Electric Field Contribution in COMSOL. Simplified two dimensional electric
field distribution at the interface between electrolyte and anode was simulated based on a parallel
plate capacitor model using COMSOL to demonstrate the inhibitory effect of p-Ti.CCl> coating
layer during Zn crystals growth. The length of two electrodes was set to be 250 um with distance
of 200 um. The protuberance of bare Zn surface was represented by two semicircles with a
diameter of 40 um and a height of 50 um. Moreover, there is a thin coating layer with a thickness
of 10 pm for p-Ti2CCl2//Zn anode model. The size information of these simulations are based on
the resultant SEM images. It should be noted that these models can only represent an ideal system
other than real condition. The ionic conductivity of 2 M ZnSO4 which filled in the gap between
anodes was 5 S m™. And the electrical conductivity of p-Ti>CCl, and Zn metal were set to be
1.610% S m'* (achieved from conductivity test) and 1.67>107 S m%, respectively.[*’”l 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

5.3.1 Structural Characterization of MXene

Few layers p-Ti2CCl, was firstly synthesized by a eutectic etching (ZnClz/NaCl) method
reported in our previous literature, 2%l while non-porous Ti.CCl, was prepared by etching with
ZnCl,.[21 As shown in their X-ray diffraction (XRD) patterns, both of the MXene samples exhibit
characteristic peaks located at 10.22° corresponding to the (002) planes, verifying their layered
structures with interlayer distance of 8.68 A (Figure 5-1a). Meanwhile, scanning electron

microscopy (SEM) images of the p-Ti.CCl, and Ti>.CClI; reveal proper exfoliation when compared
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to the Ti2AIC MAX parent (Figure 5-1b-d). Transmission electron microscopy (TEM)
measurement further confirms distribution of porosity with sizes above 5 nm across the p-Ti>CCl>
sheet (Figure 5-2a), which are not presence in the Ti.CCl, (Figure 5-2b). Moreover, elemental
analysis by X-ray photoelectron spectroscopy (XPS) reveal presence of Ti-Cl adsorption at 458.6
eV (2pzr)/464.8 eV (2p12) in the high-resolution Ti 2p spectra (Figure 5-2c¢), and at 199.0 eV
(2p312)/200.6 eV (2p12) in the Cl 2p spectra, validating predominate Cl termination on the p-MXene
(Figure 5-2d). Upon confirming their successful synthesis, the as-prepared Ti.CCl, samples were
mixed in NMP with PVDF and spray coated onto bare Zn foils, the resulting electrodes are denoted
as p-Ti2CCl2//Zn and Ti2CCl.//Zn, respectively (Figure 5-2e). Surfaces of both coated samples are
observed by top-view SEM to be homogeneously covered by the MXene nanosheets, with no
agglomeration or other undesired structures that might disrupt the zinc deposition (Figure 5-3).
The flat surface and desirable porosity of the p-Ti.CCl> coating layer are promising for future

uniform and efficient Zn stripping/plating.
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Figure 5-1. a) XRD patterns of Ti.AlIC, Ti>CCl. and p-Ti.CCl,. SEM images of b) Ti>AIC, c)

Ti,CCl and d) p-Ti.CCl..
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Figure 5-3. SEM images of a) bare Zn, b) Ti.CCl//Zn and c) p-Ti>CCl2//Zn.

An obvious change to the electrode surface upon being coated by the Ti.CCl. layer is their
wettability toward the selected aqueous electrolyte, which was analyzed by contact angle
measurements. As shown in Figure 5-4a, the bare zinc foil exhibits a contact angle of 134<
indicating a surface with high hydrophobicity, whereas the surface contact angle of Ti.CCl.//Zn is
significantly reduced to 102<(Figure 5-4b). The change is attributed to specific behavior of the
surface chloride functional group on MXene that are hydrophilic.[*¢! Interestingly, the contact
angle of p-Ti.CCl.//Zn reaches an even lower value of 70< which shifts the electrode surface to
one that is moderately hydrophilic (Figure 5-4c). The differences between p-MXene//Zn and n-
MXene//Zn reveal 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 formation. 2871
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b)

Figure 5-4. Contact angles of 2 M ZnSOs4 solution on a) bare Zn, b) Ti.CCl»//Zn and c) p-

Ti.CCl.//Zn electrodes.

5.3.2 Anodes Electrochemical Performance

Building on the above discussed advantages of the MXene coated electrodes, each sample
was evacuated in symmetric cells with 2 M ZnSO; electrolyte. The plating/stripping tests were
first performed at 1 mA cm with a limited capacity of 1 mAh cm (Figure 5-5a,b). As shown,
p-Ti2CCl2//Zn displays an ultra stable voltage profile with the lowest voltage hysteresis of 20 mV
after 1000 h. While Ti2CCl2//Zn also endures 1000 h of cycling, but its overpotential reaches 35
mV. In stark contrast to the stable voltage platform observed on the Ti,CCl, coated sample, the
bare Zn foil experience large voltage fluctuation after 50 hours of cycling, and short circuited at
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 mA cm2 with capacity limit of 5
mAh cmto demonstrate their practical viability (Figure 5-5c¢,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 cycles, with the p-Ti>CCl2//Zn manifesting a lower polarization of 80 mV compared to
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the 120 mV of Ti.CCl//Zn, verifying the effectiveness of the MXene layers on promoting stable
cycling in practical conditions. The improvement in cycling performance is attributed to the
uniformly charged surface on the MXene protective layers, which promote homogeneous
distribution of Zn?* ions during the platting/stripping process.E®! Cyclic voltammetry (CV)
analysis in half cell versus Zn foil reveal similar behaviors for all three samples, and it shows p-
Ti,CCl2//Zn reaching far higher peak current densities in both the anodic and cathodic scans
(Figure 5-5¢).3¥1 The CV curves also shows significant cathodic onset potential decreased from
the 117 mV of bare Zn foil to the 64 mV of Ti.CCl, and 50 mV of p-Ti>CCl; (Figure 5-5f). The
reduced overpotentials represent the facilitated Zn plating with the help of MXenes. While the
enlarged current represent the boosted nucleation active sites of porous MXene layers compared

to non-porous MXene.38!
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Figure 5-5. Galvanostatic cycling voltage profiles of bare Zn foil, Ti2CCl2//Zn and p-Ti.CCl2//Zn
symmetric cells at a), b) the current density of 1 mA cm with capacity limit of 1 mAh cm2, and
c), d) the current density of 10 mA cm™ with capacity limit of 5 mAh cm?. e), f) Cyclic
voltammetry curves and enlarged profiles of bare Zn foil, Ti2CCla//Zn and p-Ti>CCla//Zn

plating/stripping performance.

Electrochemical impedance spectroscopy (EIS) also reflects a similar trend, as the high-
frequency regime semi-circles of the MXene coated samples are significantly smaller than the one
of bare Zn foil, which are direct indication of faster charge transfer and reduced interface resistance
(Figure 5-6a). Additionally, the trend remains after 100 cycles of zinc platting/stripping, ensuring
that improvements induced by the MXene layers are not temporary. The kinetic improvements
measured are attributed to the combined contributions of optimized surface chemistry and surface

structure, which permit lower nucleation energy and more uniform Zn nucleation.% 3141 |n the
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ensuing rate performance analysis, p-Ti2CCl2//Zn outperforms the Ti.CCl2//Zn and zinc foil as
expected, with polarizations of 12, 20, 36, 60 and 80 mV at the current densities of 0.2, 1, 2, 5,
and 10 mA cm2, respectively (Figure 5-6b). These results outperform many in previously reported
literatures regarding Zn anodes protection (Figure 5-6¢, Table 5-2). In addition, p-Ti>CCl2//Zn is
the only one of the three samples that recover to its original state when the current density is turn
back from 10 to 0.2 mA cm2, whereas the final polarization of Ti,CCl2//Zn is cut to 48.3 % of the
original value. Bare Zn even encounters short circuit caused by undesired zinc dendrite when
returned to initial current density. This comparison again demonstrates the high reversibility of p-
Ti,CCl2//Zn toward zinc platting/stripping in different working condition. Its high cyclability is
further supported by long term stability test, which shows p-Ti.CCl.//Zn achieving ultra-long
cycling of 2000 h at both low and high current densities without obvious oscillation, proving its

excellent potential for practical applications (Figure 5-6d).
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Table 5-1. Comparison of this work and previously reported Zn anode protection results

Anode materials Electrolyte Voltage | Current Area Cycle | Ref.
hysteresis | density | Capacity | Life
(mV) (mA (mAh (h)
2 2
cm ) cm )
CaCO,@Zn M 105 0.25 0.05 836 | 185
ZnSO,+0.IM
MnSO,
CNT@Zn 2M 36 0.1 0.5 1800 | 319
Zn(CF SO,),
Polyamide@Zn Zn(TfO), 100 0.05 0.25 8000 | 309
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ZrOz@Zn 2MZnSO, 37 0.25 0.125 3800 | 308
TiOz@Zn 3iM 57.2 1 1 150 | 184
Zn(CF3SO3)2
MoSz@Zn 1 M ZnSO +1 120 2.5 0.416 165 | 310
M MnSO .
ZnS@Zn 1 M ZnSO, 98 2 2 1100 | 295
ZnF @Zn 2MZnSO, 71.5 1 1 800 | 320
PANZ@Zn 2 M Zn(TfO), 75 1 1 1145 | 321
HsGDY@Zn 2MZnSO, 60 0.5 0.1 2400 | 322
80 1 0.1 2400
120 2 0.1 2400
Kaolin-Zn 2M ZnSO4 30 0.2 0.05 50 307
45 1.8 0.45 50
70 4.4 1.1 800
rGO@Zn 1M ZnSO4 50 1 2 200 | 323
80 2 2 200
100 5 2 200
200 10 2 200
MXene@Zn 2M 47 0.2 0.2 800 | 314
ZnSO,+0.2M 48 0.5
MnSO, >4 I
80 3
112 5
ZnSe@Zn IM ZnSO, 28 1 1 1500 | 305
105 10 1 1500
S/MXene@ZnS@Zn 2M ZnSO, 30 0.5 0.5 1600 | 315
26 1 0.5 1100
27 1 1 1100
128 5 5 400
279 10 1 180
p-Ti:CCLL@Zn 2M ZnSO, 12 0.2 0.2 This
20 1 1 2000 | work
36 2 2
60 5 5
80 10 5 2000
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Post cycling characterizations of p-Ti2CCl2//Zn and the short circuited Zn foil were also
collected after operation at 10 mA cmto compare their morphological and cryptological changes.
As shown in Figure 5-7a, cross-section SEM image of p-Ti2CCl2//Zn reveals a smooth and dense
deposited layer of Zn with thickness of around 1 pm on top of the 10 pm thick p-Ti>CCl> coating
layer. Meanwhile, its top view SEM image shows that the deposited layer consists of hexagonal
basal Zn crystals horizontally and homogeneously across the surface (Figure 5-7b). In comparison,
randomly oriented nanoflakes with different sizes are found on the bare Zn foil surface in
alignment with previous reporting, which is known to cause short circuit (Figure 5-7c,d).[302 315
3201 Notable differences in crystal plane are also identified in the post cycling XRD spectra of the
two samples. Specifically, rapid growth of the (0002) peak is observed in p-Ti.CCl.//Zn, with its

I(0002)/1(1011) ratio raised rapidly from 0.19 to 0.42 in 1000 cycles, while its I(1970y/I(1011)

remain around 0.23 and 0.27 during the same period (Figure 5-8a and Table 5-2). This indicate a
preference for (0002) peak growth, which is likely due to Ti2CCl2 and the zinc (0002) plane sharing
a hexagonal crystal arrangement of similar dimension. As for the bare Zn electrode, its
I(0002)/1(1071) ratio only reached 0.15 when it short-circuited, where as the I(1o79)/I(1071) grew
more than four times from 0.47 to 1.16 (Figure 5-8b). Crystal arrangements of the three planes
are demonstrated by the visual illustration displayed in Figure 5-8c. Of which, the (0002) plane is
known to prefer grow along the basial axis in parallel to the substrate, whereas the (1010) and
(1011) planes are often affiliated with dendrite formation.*24! Their variations directly lead to the
different deposition phenomenon presented in Figure 5-8d. As deposition on the bare Zn surface

occurs predominately in the form of (1011) or (1010) flakes, each step of the platting/stripping
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process adds onto the surface inhomogeneity, which eventually ends in short circuiting by dendrite
contact. The p-Ti.CCl2//Zn on the other hand promotes growth of the (0002) planes, leading to

formation of smooth and dense deposit layer that are highly suitable for long term stable cycling.

Figure 5-7. Cross-sectional and top-view SEM images of a), ¢) p-Ti2CClz//Zn electrode and b), d)

bare Zn electrode after cycling.

121



Q
-

o
-~

p-Ti,CCL/Zn (1071)
(0002)

Bare Zn (1010) (1071)

(1070)

c)
1000th|
500th

S Oy X
AN JL—““"‘ - h ’ !a‘ !
I — \ :
J‘A___&: _J_jl_f& (0002) (1070) (1071)
- A
* ) Theta (deg‘;z “ * 2 Theta (deg) "

(0002)

s

Intensity (a.u.)
Intensity (a.u.)

d)

Zn2¢

o Electrodeposnlon Cycllng
. [ ]]
']

Figure 5-8. XRD spectra of a) p-Ti.CCl.//Zn and b) bare Zn after different cycles at 10 mA cm™2,

¢) Scheme of crystallographic planes of (0002), (1010) and (1011). d) Schematic illustration of

Zn deposition and cycling on p-Ti2CCl.//Zn (top) and bare Zn (bottom).

Table 5-2. XRD comparasion of p-Ti.CCl2//Zn and bare Zn after different cycles and
electrodeposition times

p-Ti2CCly//Zn Bare Zn

I0002 IlOTO I0002 I1010
/No11 /No11 /011 /011

Cycle number " 0.19 0.23 = 0.15 0.47
50" 0.26 0.23 " 0.09 0.24

100" 0.33 0.32 50" 0.08 0.27

200" 0.29 0.27 100" 0.15 0.36

500" 0.37 0.29 200" 0.16 0.69

1000" 0.42 0.27 230" 0.15 1.16

Electrodeposition | Initial 0.06 0.28 Initial 0.06 0.28
time 20 min 0.12 0.18 20min | 0.09 0.41

40 min 0.21 0.31 40 min | 0.08 0.49

1 hour 0.25 0.26 1 hour 0.05 0.69
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More direct observations of the morphological evolutions were further collected on
samples subjected to 20, 40 and 60 mins of Zn electrodeposition at 10 mA cm. As shown in
Figure 5-9a-c, the deposits on p-Ti.CCl.//Zn adapt the hexagonal morphology early on and
expand horizontally in size with increasing deposition time, while its vertical growth occurs layer
by layer with limited void spaces. Such type of basal growth are ideal for the targeted ZIB
application given the minimal surface-to-bulk ratio of the deposit,?* which minimize surface
roughness and increase electrode energy density. In striking contrast, zinc clusters with randomly
oriented planes are observed after 20 mins of deposition on the bare Zn surface (Figure 5-9d).
They further aggregate as deposition time increases, resulting in large protrusions of irregularly
shaped zinc dendrite by the end of the 60 mins deposition (Figure 5-9¢,f). The different deposition
behaviors are also captured in larger scale by optical microscopy (Figure 5-9g). The presence of
sharp dendrite on the Zn foil is apparent after 20 mins of platting, while surface roughness and
cluster formation are also worsened as the deposition continues. By contrast, the deposition on p-
Ti,CCl2//Zn remained compact and smooth throughout the entire deposition process, without any

discernible dendrite formation over 1 hour of deposition (Figure 5-9h).

Ex-situ XRD spectra of the electrodeposition samples also points to a similar conclusion as
the post cycling analysis, which shows bare Zn favoring the (1010) growth with its I1070)/I(1011)
ratio growing significantly from 0.28 to 0.69 in 1 h of deposition, while its I y902)/I(1071) ratio
reduces from 0.06 to 0.05 (Figure 5-9i & Table 5-2). As for the p-Ti2CCl2//Zn, its 1 yg02)/1(1011)
ratio gradually increases from 0.06 to 0.12 in 20 mins and then to 0.25 in 1 h, with minimal growth
of the I(1010)/I(1011) ratio (Figure 5-9j & Table 5-2). This experiment again verifies deposition
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of the Zn (0002) plane is favored on the p-Ti.CCl.//Zn surface, ensuring that accumulation of the
(0002) plane occur during the deposition process, instead of it being a residue from the
platting/stripping process. Lastly, theoretical simulation of the electric field distributions at the
electrode/electrolyte interface are modeled using COMSOL Multiphysics to reveal the impact of
dendrite length to uniformity of near surface electric field. As depicted in Figure 5-9k, uneven
micro-protrusions found on the bare Zn foil would cause inhomogeneity of surrounding field,
leading to high electric field intensity of 2820 V m™ at the tip of the structure that exacerbate
dendrite growth.F?! Meanwhile, the flat deposits on p-Ti.CCl.//Zn effectively passivated the
electric field perturbance, promoting even charge redistribution that minimize variances with

maximum electric field intensity reduced to 530 V m* (Figure 5-9I).
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Figure 5-9. SEM images of a)-c) p-Ti2CCl//Zn and d)-f) bare Zn electrodes after 20, 40, 60 min
Zn deposition. In-situ optical microscopy visualization of g) bare Zn and h) p-Ti.CCl.//Zn, with
scale bar representing 50 pm. Ex-situ XRD spectra of i) bare Zn and j) p-Ti2CCla//Zn. Electric

field simulation of k) bare Zn and I) p-Ti2CClx//Zn.
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To address the influence of MXene terminations during the dendrite prevention process,
Ti.CTx with random terminations is prepared using LiF and HCI as reported.[2%1 XRD patterns
showing (002) peak at 10.1° and SEM image with layered structure reveal the successful synthesis
(Figure 5-10a,b). Although Ti.CTx//Zn also shows more stable cycling performance than bare Zn
foil, it encounters short circuit after 931 h at 1 mA cm and 920 h at 10 mA cm with significantly
higher voltage hysteresis than those of Ti.CCl2//Zn and p-Ti.CCl.//Zn (Figure 5-10c). To probe
the reason of inferior performance of Ti.CTx compared to Ti.CCl;, SEM and XRD
characterizations are also performed during zinc deposition process. As shown in Figure 5-10d,
even though Ti>CTx//Zn can also passivate the dendrite growth after 20 mins by forming parallel
plates, subsequent vertical flakes start to grow after 40 mins (Figure 5-10e). Finally, dendrites
growing vertically still exist after 1 h (Figure 5-10f). The morphology formation well matches ex-

situ XRD results in Figure 5-11 and Table 5-3, the I(4002)/I(1011) ratio indeed increases to 0.15
in 40 mins, but then sharply decreases to 0.05 in 1 h, with growth of the I(1079)/1(1011) ratio sharply
boosting from 0.24 at 20 mins to 0.68 at 40 mins. After 1 h, the Ig02)/I(1011) and
I(1070)/I(1011) ratio drop to 0.05 and 0.11. This phenomenon can be explained by the random

distributed terminations of Ti.CTx. These diverse terminations with different affinity result in
uneven electric field distribution, promoting zinc crystals growing along (1010) after 40 mins and

(1011) after 1 h during Zn plating process, which eventually form dendrites.
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Figure 5-11. Ex-situ XRD results of Ti.CTx//Zn after electrodeposition time of 20 min, 40 min

and 1 h.

Table 5-3. XRD information of Ti.CTx//Zn

TioCTx//Zn
loooz /11011 Lio10/11011
Electrodeposition Initial 0.06 0.28
time 20 min 0.11 0.24
40 min 0.15 0.68
1 hour 0.05 0.11
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5.3.3 Full Cell Electrochemical Performance

Building on the above observations, practical application viability of the anodes were
further evaluated in full cells by pairing with commercially available MnO; that have been widely
investigated as aqueous ZIBs cathode owing to their low cost and high theoretical capacity. 26!
Although the full cell cycling stability heavily depends on the cathode material, the test still permits
probing of impacts by the modified anode. CV graphs of all three ZIBs exhibit redox peaks that
align with previous reporting,®2” with two anodic peaks near 1.58 V and 1.64 V, and two cathodic
peaks positioned near 1.23 V and 1.39 V, confirming that the baseline redox reactions remain the
same (Figure 5-12a). The lower voltage polarization of 30 mV and higher current suggest smaller
polarization and improved Zn?* kinetic benefited by p-Ti2CCl..2% 3% Their galvanostatic charge-
discharge (GCD) curves at current density of 0.1 C also share similar platforms, with the p-
Ti,CCl,//Zn ZIB delivering a remarkable capacity of 302.1 mAh g that is higher than the 292.3
mAh g of bare Zn ZIBs (Figure 5-12b). Figure 5-12c compares the rate capability of the two
Z1Bs, which shows the p-Ti2CClz//Zn outperforming the bare Zn ZIBs anode on discharge
capacities and voltages in all testing conditions. The lower charge transfer resistance further
confirms the higher ion conductivity of p-Ti>CCl.//Zn anode compared to bare Zn anode (Figure
5-12d).B¥ The p-Ti.CClo//Zn ZIB also possesses ultralong cycling stability, maintaining 91% of
its 200 mAhg* discharge capacity for over 2000 cycles operation at 5 C (Figure 5-12¢). Its surface
after the full cell cycling remains free of dendrite and is occupied predominately by hexagonal
shape zinc deposit (Figure 5-13). This cycling performance is top tier among the reported literature,

confirming the high viability of p-Ti.CCl2//Zn as anode for practical ZIBs.
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Figure 5-12. a) GCD, b) rate capability, ¢) CV, d) EIS and e) cycling curves of full cells with bare

Zn and p-Ti2CCl2//Zn as anodes and MnO: as cathode.

Figure 5-13. SEM image of p-Ti.CCl2//Zn after full cell test.
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5.4 Conclusion

In summary, this study developed a widely applicable strategy to resolve the long-standing
issue of zinc dendrite in ZIBs using Cl-terminated porous MXene. The p-Ti>CCl> provides a
hexagonal crystal structured platform that promote preferential growth of Zn (0002) crystal planes
through close structure alignment. Meanwhile, its uniform Cl terminations lowers the zinc
nucleation energy and suppress dendrite appearance through minimizing the protuberances in the
surface electric field. The high ionic conductivity and hydrophilicity of p-Ti.CCl; are also critical
for the optimal electrochemical performance as they provide sufficient electrolyte and ion flux
during repeated zinc platting/stripping. As a result, the p-Ti.CCl.//Zn anode achieves reduced
overpotential of 80 mV at the high current density of 10 mA cm™2 for over 2000 h in symmetric
cell. This high cyclability further extends to full cell assembled with MnO2 cathode, which
achieves stable cycling of 2000 cycles at current density of 5 C with a capacity retention of 91%.
Overall, our findings on the Cl-terminated porous MXene solidifies the case for implementation
of the safe and environmentally friendly aqueous Zn-ion systems, paving a path for the continued

development of dendrite-free metal anode for next-generation battery systems.
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Chapter 6 Summary and Future Perspectives

6.1 Summary

In this thesis, porous MXene is produced by an advanced green chemistry method and its
applications for dual ion battery (Chapter 3) and zinc ion battery (Chapter 4 and 5) are explored.
Using different characterization techniques, the mechanism to induce porosity during the synthesis
of MXene is identified. The function of its porosity and Cl terminations during CoHCF crystal
growth and zinc electrodeposition rearrangement are also unveiled. Further insights of MXene and
MXene based composites for electrochemical applications are underlined in energy storage
devices.

In Chapter 3, a nonhazardous annealing synthesis is introduced to produce Cl-terminated
MXene (Ti3C2Cl) with controllable in-plane porosity prepared directly from MAX precursor
(Ti3AlC2) using salt mixture of NaCl and ZnCl.. Phase diagram analysis of the mixture
dependencies on composition and temperature reveals a pore-preserving mechanism enabled by
unique eutectic mixture, which leads to substantial increase in mesoporosity and four-folds growth
in surface area. DFT modeling demonstrates the lower Li diffusion barrier of Ti3C2Cl> compared
to Ti3CoTx. While X-ray spectroscopies analyses reveal increase of TiCs octahedral symmetry in
the MXene layers as a result of the predominant Cl-terminations. Benefiting from these
optimizations, the resulting porous Ti3C>Cl, achieves a high capacity of 382 mAh g ! at current
density of 0.1 A g as anode for dual ion battery, with excellent capacity retention of 89% after
1000 cycles at 2.0 A g'. A TisC2Cly/graphite dual-ion battery full cell was fabricated to

demonstrate the material application potential, which delivers 242 mAh g' at 0.1 A g”! with 83%
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retention over 1000 cycles at 1.0 A g!'. To summarize, a new path based on green chemistry is
demonstrated to optimize MXene porosity and structural crystallinity for electrochemical
applications.

In Chapter 4, in-plane porous MXene is further employed as conductive template to grow
cobalt hexacyanoferrate. It is identified that the negative charges of porous MXene successfully
induce the crystal growth of CoHCF from nanospheres to nanotubes. Aided from the unique
morphology, the surface area of the composite is increased to 237.9 m? g’!, providing more Zn**
ion intercalation sites. Meanwhile, the crystalline of CoHCF is found to be increased with the
addition of porous MXene. The formed metastable Co’>*-MXene influences the competitive
relationship between CN™ and H>O, reducing the structural vacancies in the CoHCF. By alleviating
the drawbacks of PBAs as ZIBs cathode material including low surface area, low conductivity and
high defectiveness, the nanotube shaped CoHCF/MXene composite delivers high capacity of 197
mAh gt at 0.1 A g with significant voltage plateau over 1.8 V and only 5.6% capacity decay
after 3000 cycling at 2.0 A g*. This work underlines the multifunction of porous MXene during
inducing the crystal growth of CoHCF: controllably modifying the morphology, increasing
crystalline and enhancing overall conductivity of the composite, thus greatly improves the
electrochemical performance of CoHCF. These adjustments are given rise to the negative charged
nature, metallic conductivity, and high porosity of the synthesized MXene.

In Chapter 5, porous MXene is applied as coating layer for Zn anode to suppress the dendrite
growth. The uniformly distributed CI terminations of the as-prepared MXene helps to rearrange
the electrodeposition of Zn?* ions towards horizontal plates with significantly increased (0002)

crystal planes compared to bare Zn foils. It is unveiled that random terminations on Ti.CTy are
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detrimental for uniformizing Zn deposition compared to Ti.CCl,. Based on the advantage of
MXene, porous Ti2CCl, helps to lower the voltage hysteresis. Due to the high porosity and
hydrophilicity characteristics of porous Ti.CCly, the lifespan of symmetric cell is extended up to
2000 h even at 10 mA cm2, with low voltage polarization of 80 mV. The zinc ion battery fabricated
with MnO> as cathode and porous MXene//Zn as anode exhibits excellent capacity retention of
91% after 2000 cycles. This work uncovers the importance of sole terminations on MXene during
suppressing dendrite growth and unveils the benefit of porosity on MXene as efficient coating

layer, paving the way for porous MXene as redistributor for other metal anodes.

6.2 Future Outlook

Based on the above results in the thesis, suggestions for future research and development
regarding porous MXenes and their applications for energy storage devices are provided.

1. Further exploration on eutectic mixture synthesis towards porous MXene with different
halogen terminations. Although eutectic mixture etching strategy has been proven to be effective
in synthesizing porous MXene in Chapter 3, only Cl termination was studied. As MXenes with
other halogen terminations (-Br, -1) have also been invented,?! eutectic etching method may also
be employed to create in-plane pores on MXene with varieties of terminations. The different
halogen termination and surface chemistry of porous MXene and their influence on
electrochemical performance are important information for further optimization of the materials.
Moreover, intercalation kinetics and discharge capacity of the porous MXene can be further
improved through tunning its interlayer spacing, this can be done through modification of

parameters such as organic solvents, additives in its delamination process. However, attention
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should be paid that terminations may be replaced by -OH or -O during the delamination process.
Characterization such as EDS and XPS can be used to examine the termination difference before
and after delamination. Beside fundamental investigations, scaling up the eutectic etching method
with optimization of temperature, heating rate and precursor ratio can also provide better feasibility
for this green chemistry synthesis method.

2. Developing composites based on porous MXene. In Chapter 4, the as-prepared porous
MXene is proven to effectively enhance the energy storage capability of CoHCF as ZIB cathode.
The inducing effect of porous MXene is attractive for tuning the crystalline structure and
morphology of the composite materials as the negative charged MXene can absorb the cationic
precursor for control of the crystal growth route of nanomaterials. The work in this thesis only
discussed the effect of Co?* cation concentration during the synthesis. Exploring different types of
cations such as Ni%* and Cu?* are encouraged to study their susceptibility to the inducing effect
from MXene. The effect of different terminations (-Br, -1) on MXenes during composite growth
is also worth to be investigated. Further research regarding composition with organic materials or
metal-organic frameworks, which are also promising ZIBs cathode candidates, are recommended
to pursue high performance energy storage devices.

3. Defects and doping engineering on porous MXene. Defects (vacancies) design and atom
doping are effective strategies to modify the stability and properties of MXenes. In conventional
HF etching, the highly concentrated HF can cause more defects on produced MXene,®! but the
determining factor of defects on MXenes nanosheet produced by eutectic etching method is yet to
be unveiled. As the active sites of MXene can be greatly improved by defects and atom (N, S, P)

doping engineering,[! these modifications are likely to enhance the electrode activity.
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Additionally, when used as redistribution layer for metal anode, porous MXene with modified
electronic structure can attract more zinc ions in the electrolyte, resulting in denser and more planar

deposition layer.
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