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 ABSTRACT 

 

MXenes are two-dimensional (2D) transition metal carbides and nitrides; they are 

derived from their MAX phase precursors by top-down selective acid etching. These 

fascinating 2D nanomaterials have a combination of functional properties suitable for a 

variety of applications such as batteries, supercapacitors, electromagnetic shielding, 

nanocomposites, and sensors. However, fabrication and usage of devices and functional 

coatings based on MXenes remains challenging because MXenes are prone to oxidize and 

degrade rapidly in aqueous and humid environments. MXenes are known reacting with 

water molecules resulting in the structural and chemical degradation. Differences in the 

oxidation rates of MXene nanosheets have been evaluated and reported in various media 

(air, liquid, and solid) via multiple types of measurements to assess their performance and 

shelf stability.  

In this work, the degree of MXene oxidation is measured by the chemical 

composition, crystallographic structure, and electrical property changes. The oxidation 

rate of MXene nanosheets was observed dependent on various factors such as temperature, 

humidity, pH, and dispersion concentration. The oxidation rate is also determined by the 

chemical stoichiometry, surface functionality, and quality of MXenes and influenced by 

the ions and molecules present in the dispersion. 

More importantly, several novel methods have been demonstrated to mitigate or 

eliminate the oxidation of Ti3C2Tx and Ti2CTx MXene nanosheets and films. First, we 

discovered that “MXene antioxidants”, such as sodium L-ascorbate, ascorbic acid, citric 
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acid, tartaric acid, and oxalic acid, can effectively extend the chemical stability of MXene 

nanosheets in aqueous dispersions. The success of this method is evident in the stable 

morphology, unchanged chemical structure, and colloidal stability of MXene nanosheets. 

The minimal electrical property changes also reveal that the resistance to oxidation persists 

in the dehydrated MXenes as well after antioxidant pretreatment. This study also focuses 

on the structural-activity relationship of MXene antioxidants which helps to identify the 

protection mechanism and to choose more effective antioxidants for MXenes. In addition 

to the introduction of antioxidants, we demonstrated that thermally annealing free-

standing MXene films under inert argon gas can induce surface and structural 

modifications, which can remarkably enhance the chemical stability of the films and 

improve their electronic properties. These methods have potential to be also used in 

protecting other types of MXenes besides Ti3C2Tx and Ti2CTx. Findings in this dissertation 

can help to solve one of the most pressing challenges in the field of MXene engineering. 

 

  

 

 

 

 



 

iv 

 

DEDICATION 

 

To my parents (Zhao, Jianjun; Ma, Yun), my wife and son (Shen, Dongning; 

Lucas), and in memory of my grandparents (Ma, Aiqun; Zhao, Xiuying). For their 

selfless, unconditional love and support. 

 

 

 



 

v 

 

ACKNOWLEDGEMENTS 

 

I am grateful to my PhD research advisor, Dr. Micah Green, for your constant 

guidance and support along my journey as a graduate student at Texas A&M. Your 

invaluable expertise, foresights in research projects, and insightful knowledge are pivotal 

to my growth as a young researcher and chemical engineer. I truly appreciate your patience 

and help in all our discussions on research projects and in developing my academic 

communication/writing skills. Thank you so much for your consistent support on 

developing my professionalism and career! 

 Special thanks to Dr. Miladin Radovic, Dr. Jodie L. Lutkenhaus, and Dr. Mustafa 

Akbulut for your time to serve on my PhD committee. I benefit so much from your 

guidance, feedbacks, and all the discussions with you on research projects. I want to 

acknowledge Zeyi, Ian, Kasturi, Shuhao, Dustin, Evan, and all other collaborators and 

members in Radovic, Lutkenhaus, and Akbulut research groups. Thank you for your 

collaborative efforts, offering me instrument trainings, and fruitful discussions. 

I am grateful to former members Dr. Smit Shah, Dr. Touseef Habib, Dr. Wanmei 

Sun, Dr. Nutan Patil, and Dr. Muhammad Anas for helping me and making me feel 

welcomed in the group. Thank you to my fellow colleagues Aniruddh, Huaixuan, Jackson, 

Bryan, Julie, Kailash, and all other members in Green group for your contribution in my 

projects.  



 

vi 

 

Finally, I am thankful for my Lord giving me courage, comfort, and teaching me 

the truth. Your word is a lamp for my feet, a light on my path. Endless thanks to all my 

family members and friends for your love and support.  



 

vii 

 

CONTRIBUTORS AND FUNDING SOURCES 

 

Contributors 

This work was supervised by a dissertation committee consisting of Dr. Micah J. Green 

(PhD advisor), Dr. Jodie L. Lutkenhaus, Dr. Mustafa Akbulut of the Artie McFerrin 

Department of Chemical Engineering, and Dr. Miladin Radovic of the Department of 

Materials Science and Engineering.  

All the MAX phase samples used in this dissertation were synthesized by members in Dr. 

Miladin Radovic lab in Texas A&M University. The molecular simulation data and results 

were provided by Dr. Aniruddh Vashisth. All other work conducted for the dissertation 

was completed by the student independently.  

Funding Sources 

Graduate study was supported by the Artie McFerrin Department of Chemical 

Engineering with their graduate student assistantship. This work was funded by the US 

National Science Foundation under award number 1760859. 



 

viii 

 

TABLE OF CONTENTS 

 

 Page 

ABSTRACT .......................................................................................................................ii 

DEDICATION .................................................................................................................. iv 

ACKNOWLEDGEMENTS ............................................................................................... v 

CONTRIBUTORS AND FUNDING SOURCES ............................................................vii 

TABLE OF CONTENTS ............................................................................................... viii 

LIST OF FIGURES ........................................................................................................... xi 

LIST OF TABLES ......................................................................................................... xxv 

1. INTRODUCTION .......................................................................................................... 1 

1.1. Introduction of MXenes 2D nanomaterials ............................................................. 1 

1.2. Composition of MXenes ......................................................................................... 2 
1.3. Synthesis and processing methods to derive MXene nanosheets ........................... 3 
1.4. Colloidal properties of MXenes .............................................................................. 9 

1.5. Oxidation stability of MXenes .............................................................................. 14 
1.6. Mitigation of MXene oxidation............................................................................. 20 

2. ANTIOXIDANTS UNLOCK SHELF-STABLE TI3C2TX (MXENE) 

NANOSHEET DISPERSIONS ................................................................................... 23 

2.1. Summary ............................................................................................................... 23 

2.2. Introduction ........................................................................................................... 24 
2.3. Materials and methods .......................................................................................... 29 

2.3.1. Sample preparation ......................................................................................... 29 
2.3.2. Characterization methods ............................................................................... 32 

2.4. Results and discussion ........................................................................................... 36 

2.4.1. Sodium L-ascorbate promotes MXene stability against oxidation and 

aggregation ..................................................................................................... 36 
2.4.2. Oxidation prevention for dried Ti3C2Tx ......................................................... 49 
2.4.3. Molecular simulations show that sodium L-ascorbate associates with 

Ti3C2Tx ........................................................................................................... 51 

2.4.4. Interaction between MXene nanosheets and sodium cations (Na+) ............... 55 



 

ix 

 

2.5. Conclusion ............................................................................................................. 58 

3. PH, NANOSHEET CONCENTRATION, AND ANTIOXIDANT AFFECT THE 

OXIDATION OF TI3C2TX AND TI2CTX MXENE DISPERSIONS .......................... 59 

3.1. Summary ............................................................................................................... 59 
3.2. Introduction ........................................................................................................... 60 
3.3. Experiments and methods ..................................................................................... 62 

3.3.1. Materials ......................................................................................................... 62 

3.3.2. Materials characterization .............................................................................. 64 

3.3.3. ReaxFF simulation setup ................................................................................ 69 
3.4. Results and discussion ........................................................................................... 70 

3.4.1. Ti3C2Tx oxidation and pH ............................................................................... 71 
3.4.2. Ti2CTx oxidation and pH ................................................................................ 81 
3.4.3. Concentration effects on oxidation ................................................................. 83 
3.4.4. Citric acid prevents degradation of Ti3C2Tx and Ti2CTx MXenes ................. 88 

3.4.5. ReaxFF simulations ........................................................................................ 93 
3.5. Conclusion ............................................................................................................. 96 

4. MOLECULAR STRUCTURE AND OXIDATION STABILITY: 

INTERACTIONS BETWEEN ANTIOXIDANTS AND TI3C2TX AND TI2CTX 

MXENES ..................................................................................................................... 98 

4.1. Introduction ........................................................................................................... 98 

4.2. Materials and methods ........................................................................................ 101 
4.2.1. Synthesis of MAX precursor particles ......................................................... 101 
4.2.2. Synthesis of Ti3C2Tx and Ti2CTx nanosheets ............................................... 102 

4.2.3. Sample preparation ....................................................................................... 103 
4.2.4. Characterization ............................................................................................ 103 

4.3. Results and discussion ......................................................................................... 104 
4.4. Conclusion ........................................................................................................... 125 

5. ANNEALED TI3C2TZ MXENE FILMS FOR OXIDATION-RESISTANT 

FUNCTIONAL COATINGS ..................................................................................... 127 

5.1. Summary ............................................................................................................. 127 
5.2. Introduction ......................................................................................................... 127 
5.3. Materials and methods ........................................................................................ 131 

5.3.1. Materials ....................................................................................................... 131 

5.3.2. Materials characterization ............................................................................ 132 
5.4. Results and discussions ....................................................................................... 135 
5.5. Conclusion ........................................................................................................... 153 

6. CONCLUSIONS ........................................................................................................ 155 



 

x 

 

REFERENCES ............................................................................................................... 157 

 

 

  



 

xi 

 

LIST OF FIGURES 

 Page 

Figure 1-1 Potential MXene compositions. Reprinted with permission from 

reference3, Copyright 2017 Springer Nature. ..................................................... 3 

Figure 1-2 (a) Schematic of Ti3C2Tx layered structure with a side view atomic model 

of a single sheet. (b) SEM image of a multi-layered Ti3C2Tx particle. 

Reprinted with permission from reference45, Copyright 2014 Royal Society 

of Chemistry. ...................................................................................................... 4 

Figure 1-3 Atomic force microscopy (AFM) images of the Ti3C2Tx flakes produced 

by Route 1 (clay method) and Route 2 (MILD method). Reprinted with 

permission from reference52, Copyright 2016 WILEY-VCH Verlag GmbH 

& Co.................................................................................................................... 7 

Figure 1-4 AFM images of Ti3C2Tx sheets (a) without sonication and sonicated for (b) 

1 minute (c) 5 minutes (d) 15 minutes (e) 30 minutes. Reprinted with 

permission from reference54. Copyright 2019 Springer International 

Publishing. .......................................................................................................... 7 

Figure 1-5 Composition of the Ti3C2Tx surface functional groups produced by etching 

of the Ti3AlC2 in HF and LiF-HCl solutions, per Ti3C2 formula unit, i.e., 

Ti3C2(OH)xFyOz. Reprinted with permission from reference53, Copyright 

2016 Royal Society of Chemistry. ...................................................................... 8 

Figure 1-6 Schematic of Ti3C2Tz nanosheets delaminated and dispersed stably in 

several organic solvents, including propylene carbonate (shown in the 

photo, reproduced from Natu et al.), dioxane, acetonitrile, N,N-

dimethylformamide, dimethyl sulfoxide, and N-methyl-2-pyrrolidone. 

Reprinted with permission from references42, 43, Copyright 2020 Elsevier 

Ltd. ...................................................................................................................... 8 

Figure 1-7 (a) Zeta potential (left y-axis) and average hydrodynamic size (right y-

axis) vs pH. Insets show probable aggregate structures formed at low pH 

(left) and high pH (right), whereas complete deflocculation is represented 

by the middle inset. (b) Dynamic light scattered intensity vs size 

distribution between 10 and 9000 nm at various pH values. Reprinted with 

permission from reference 60, Copyright 2018 American Chemical Society. 

(c) Zeta potential of 0.1 mg/mL Ti3C2Tx suspension depends on pH. 

Reprinted with permission from reference62, Copyright 2015 American 

Chemical Society. (d) Zeta potential dependence on pH for Ti3CNTx and 

V2CTx multi-layer powders with a concentration of 1 mg/mL. The 

horizontal green dashed line indicates the position of zero zeta potential, 



 

xii 

 

which intersects with the zeta potential plot at the point of zero charge 

(PZC). Reprinted with permission from reference51, Copyright 2002 Royal 

Society of Chemistry. ....................................................................................... 12 

Figure 1-8 Typical TEM images of Ti3C2Tx flakes decorated by Au nanoparticles. In 

panels (a)–(c), the gold NPs were negatively charged; in panels (d) and (e), 

they were positive. Reprinted with permission from reference60, Copyright 

2018 American Chemical Society. ................................................................... 13 

Figure 1-9 Oxidation of dispersed Ti3C2Tx nanosheet in water after 20-day storage. ..... 14 

Figure 1-10 Stability of colloidal delaminated Ti3C2Tx different environments. 

Oxidation rate was found much slower in argon-filled vial under low 

temperature (5 °C). Reprinted with permission from reference64, Copyright 

2017 American Chemical Society. ................................................................... 15 

Figure 1-11 Stability of Ti3C2Tx colloidal solutions in water (Ar-filled) and iso-

propanol (pure O2-filled) over time. Reprinted with permission from 

reference65, Copyright 2019 American Chemical Society. .............................. 17 

Figure 1-12 After the synthesis of Ti3C2Tx MXene nanosheets from parent MAX 

phases, their oxidation stability was evaluated after being dispersed in 

various media. Reprinted with permission from reference46, Copyright 2019 

Springer Nature. ................................................................................................ 17 

Figure 1-13 Oxidation and formation of TiO2 nanocrystals start at the Ti3C2Tx 

nanosheet edges. ............................................................................................... 18 

Figure 1-14 Conductivity and TiO2 content as a function of time for samples stored in 

humidity-controlled environments. Reprinted with permission from 

reference46, Copyright 2019 Springer Nature. .................................................. 20 

Figure 1-15 Solution stability of the 0.15 mg/mL MXene colloidal solutions dispersed 

in deionized water calculated by the change in solution absorbance. The 

digital image (inset) displays the differences in concentration of lampblack-, 

graphite-, and TiC-produced Ti3C2Tx samples (left to right) after 12 days. 

Reprinted with permission from reference81, Copyright 2019 American 

Chemical Society. ............................................................................................. 22 

Figure 2-1 Graphic abstract figure shows that sodium L-ascorbate (vitamin C) can be 

used as MXene antioxidant to improve the chemical and colloidal stabilities 

of Ti3C2Tx MXene nanosheets. Reprinted with permission from reference75, 

Copyright 2019 Elsevier Ltd. ........................................................................... 24 



 

xiii 

 

Figure 2-2 Schematics of shelf-stable Ti3C2Tx nanosheet dispersion enabled by the 

antioxidant sodium L-ascorbate (NaAsc). (a) Schematic representation of 

Ti3C2Tx nanosheet synthesis: Aluminum (Al) layer is removed from the 

parent Ti3AlC2 by acid etching, and the resulting multilayer MXene clay 

was intercalated by DMSO and delaminated by sonication. (b) Shelf-stable 

Ti3C2Tx nanosheets stabilized by sodium L-ascorbate: The Ti3C2Tx MXene 

nanosheets were stored both in deionized water and sodium L-ascorbate 

(NaAsc) solution. Without antioxidant, the Ti3C2Tx oxidizes and degrades 

to form TiO2 and carbon. Sodium L-ascorbate shields the nanosheet from 

being severely oxidized. The Ti3C2Tx retained its as-prepared appearance 

after 6 months; however, the appearance of colloidal Ti3C2Tx nanosheets 

stored in water was completely changed. Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. ........................................................ 28 

Figure 2-3 Crystalline structural properties of Ti3AlC2 and Ti3C2Tx characterized 

using X-ray diffraction (XRD). XRD patterns for Ti3C2Tx nanosheets stored 

for 21 days in deionized water (i) with and  (iii) without sodium L-

ascorbate, exhibiting little and severe oxidation, respectively, as compared 

to (ii) as-prepared Ti3C2Tx nanosheets. All nanosheets were obtained after 

etching, intercalation, and delamination. (iv) XRD pattern for the Ti3AlC2 

MAX phase. Samples used for XRD were prepared by vacuum filtration, 

followed by vacuum-drying at 40 ℃ for 12 hours. Reprinted with 

permission from reference75, Copyright 2019 Elsevier Ltd. ............................. 38 

Figure 2-4 Colloidal stability and morphology of shelf-stable Ti3C2Tx nanosheets. (a) 

The average hydrodynamic diameter of Ti3C2Tx nanosheets measured as a 

function of time for dispersions in deionized water and 1 mg/mL sodium L-

ascorbate solution. (b) Time evolution of ζ potential of Ti3C2Tx dispersions 

in deionized water and 1 mg/mL sodium L-ascorbate solution (See also 

Figure 2-5). (c-d) Corresponding images of the dispersions at Day 0 and 

Day 21 are shown. (e) SEM image of Ti3C2Tx nanosheets after being stored 

in 1 mg/mL sodium L-ascorbate solution for 21 days indicates that the 

nanosheets retain their morphology. (f) SEM image of drop-cast Ti3C2Tx 

nanosheets after being stored in deionized water for 21 days shows an 

amorphous and dense structure. Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. ........................................................ 40 

Figure 2-5 Zeta (ζ) potential changes of Ti3C2Tx nanosheets dispersed in deionized 

water and 1 mg/mL sodium L-ascorbate solution (NaAsc) in the first 2 days 

of storage. A dramatic increase of ζ potential of Ti3C2Tx MXene 

nanosheets/water dispersion is observed in the first 12 hours; in contrast, 

NaAsc stabilizes the colloidal dispersion and shows a relatively stable ζ 

potential. Reprinted with permission from reference75, Copyright 2019 

Elsevier Ltd. ...................................................................................................... 41 



 

xiv 

 

Figure 2-6 (a) XPS survey spectrum of as-prepared Ti3C2Tx nanosheets dried after 

delamination labelled with characteristic peaks of Ti 2p, C 1s, O 1s, and F 

1s. (b) XPS survey spectrum of the Ti3C2Tx MXene nanosheets drop-cast 

and dried after being stored in deionized water for 21 days, labelled with 

characteristic peaks of Ti 2p, C 1s, O 1s, and F 1s. The F 1s peak is no 

longer prominent in this survey spectrum due to oxidation and degradation 

of the MXene structure. (c) XPS survey spectrum of the Ti3C2Tx nanosheets 

dried after being stored in sodium L-ascorbate solution (1 mg/mL) for 21 

days, labelled with characteristic peaks of Ti 2p, C 1s, O 1s, F 1s and Na 1s 

(from sodium L-ascorbate). Reprinted with permission from reference75, 

Copyright 2019 Elsevier Ltd. ........................................................................... 43 

Figure 2-7 Chemical composition of as-prepared Ti3C2Tx nanosheets and nanosheets 

stored after 21 days. (a) XPS spectra of Ti 2p, C 1s, O 1s and F 1s for as-

prepared Ti3C2Tx nanosheets, nanosheets stored in deionized water  and, 

those stored in 1 mg/mL solution of sodium L-ascorbate after 21 days.  

Deconvolutions and associated binding energy (B.E.) values are listed in 

Table 2-1 to 2-3. The Ti 2p spectra shows that the peak corresponding to 

TiO2 increased in intensity and that the Ti peak greatly decreased in 

intensity for the nanosheets dispersed in water when compared to as-

prepared MXenes and those stored in NaAsc. This shows that the chemical 

composition of Ti3C2Tx nanosheets was largely retained when sodium L-

ascorbate was present. (b) XPS peak fitting results for the Ti 2p region for 

Ti3C2Tx MXenes. The atomic percentages of TiO2 (Ti4+), Ti3+, Ti2+, Ti-C 

and C-Ti-Fx obtained from the deconvoluted Ti 2p region for as-prepared 

and stored Ti3C2Tx nanosheets in water and sodium L-ascorbate solution 

(NaAsc). Ti3C2Tx stored in water shows the highest percentage of TiO2 due 

to severe oxidation. Sodium L-ascorbate inhibits oxidation; the TiO2 

fraction remains relatively much less-changed when compared to the 

sample stored in water. Reprinted with permission from reference75, 

Copyright 2019 Elsevier Ltd. ........................................................................... 44 

Figure 2-8 Component peak fittings of XPS spectra for as-prepared Ti3C2Tx 

nanosheets and nanosheets after being stored in deionized water and sodium 

L-ascorbate solution (1 mg/mL) for 21 days. Reprinted with permission 

from reference75, Copyright 2019 Elsevier Ltd. ............................................... 45 

Figure 2-9 Normalized conductivity change over time for buckypaper made from 

Ti3C2Tx pretreated by antioxidants. Conductivity changes were measured 

for dried filtered films made from Ti3C2Tx nanosheets pretreated by various 

antioxidants. The drastic reduction of normalized electrical conductivity 

(σ/σ0) due to oxidation was inhibited by the antioxidants. This acts as an 

evidence that antioxidants in general prevent oxidation of Ti3C2Tx 

nanosheets in the dried form. (σ is the real-time conductivity (S/m), σ0 is the 



 

xv 

 

initial conductivity of as-prepared Ti3C2Tx film.) Reprinted with permission 

from reference75, Copyright 2019 Elsevier Ltd. ............................................... 50 

Figure 2-10 Conductivity changes were measured for dried films made from Ti3C2Tx 

nanosheets pretreated by various antioxidants. The decreasing rates of the 

electrical conductivity for buckypapers made from pretreated nanosheets are 

much lower than the sample made from pristine nanosheets. The differences 

among the initial conductivities were possibly caused by the effects of slight 

antioxidant attachments and antioxidant adsorption due to the 

electronegativity of Ti3C2Tx nanosheets. Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. ........................................................ 51 

Figure 2-11 Reactive molecular dynamics simulation (ReaxFF) of shelf-stable 

Ti3C2Tx MXenes. (a) The radial distribution functions of Ti-C bonds 

obtained by ReaxFF are shown for stored Ti3C2Tx nanosheets. A higher 

peak intensity at 2.1 Å was obtained for nanosheets stored in sodium L-

ascorbate, suggesting a higher level of stability against oxidation. (b-c) 

Final molecular configurations of Ti3C2Tx nanosheet after 25 ps simulation 

of oxidation in water and oxidation in the presence of NaAsc and water. L-

ascorbate group associates with the nanosheet (highlighted) restricting 

further reactions between the nanosheets and water molecules. Reprinted 

with permission from reference75, Copyright 2019 Elsevier Ltd. .................... 52 

Figure 2-12 Final molecular configuration of molecules after 25 ps of molecular 

dynamic simulation of systems with (a) Ti3C2Tx MXene nanosheet and 

water, and (b) Ti3C2Tx MXene nanosheet, water and NaAsc. The solid line 

represents the box dimensions for the reaction. Reprinted with permission 

from reference75, Copyright 2019 Elsevier Ltd. ............................................... 54 

Figure 2-13 RDF calculations of the initial and final 0.25 ps of the 

MXene/Water/NaAsc simulations. Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. ........................................................ 57 

Figure 2-14 Number integral of g(r) for Na-O bond at the initial and final 0.25 ps of 

the MXene/Water/NaAsc simulations. Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. ........................................................ 58 

Figure 3-1 Morphology of (a) Ti3AlC2 MAX phase powder, (b) delaminated Ti3C2Tx 

MXene nanosheets freeze-dried immediately after exfoliation in DI water. 

Note that (c) and (d) TiO2 nanoparticles cover the surface of these MXene 

flakes indicating that oxidation occurs even during wet acid etching and 

processing. Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. ................................................................. 65 



 

xvi 

 

Figure 3-2 Morphology of delaminated Ti2CTx MXene nanosheets freeze-dried 

immediately after exfoliation in DI water at a concentration of 6.0 mg/mL. 

TiO2 nanoparticles are observed on the surface of these Ti2CTx flakes 

indicating that oxidation occurs even during wet etching and processing. 

Reprinted with permission from reference61, Copyright 2019 WILEY-VCH 

Verlag GmbH & Co. ......................................................................................... 66 

Figure 3-3 An AFM height image of Ti3C2Tx MXene nanosheets. The lateral size of 

the flake is within the range of 0.5 to 3.5 microns. The thickness of the 

nanosheets is ~1.2 nm. Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. ....................................... 66 

Figure 3-4 Crystalline structural properties of (a) Ti3AlC2 and Ti3C2Tx and (b) Ti2AlC 

and Ti2CTx characterized using X-ray diffraction (XRD). MXene samples 

used for XRD were prepared by vacuum filtration, followed by vacuum-

drying at 40 °C for 12 hours. Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. ....................................... 67 

Figure 3-5 SEM image of cross-section of a Ti3C2Tx film used in electrical 

conductivity measurements. Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. ....................................... 67 

Figure 3-6 Deconvolution and fittings of high-resolution XPS spectra for Ti 2p and C 

1s components for (a) and (b): as-prepared, (c) and (d): partially oxidized, 

and (e) and (f): severely oxidized Ti3C2Tx MXene samples. Reprinted with 

permission from reference61, Copyright 2019 WILEY-VCH Verlag GmbH 

& Co.................................................................................................................. 68 

Figure 3-7 (a) Schematic, and (b, c) results for Ti3C2Tx and Ti2CTx MXene nanosheet 

oxidation in aqueous dispersions with acidic and alkaline pH. A chemical 

structure of Ti3C2(OH) is used in the schematics. Reprinted with permission 

from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. ........... 71 

Figure 3-8 (a) the pH of Ti3C2Tx MXene aqueous dispersions changes with time; (b) 

the atomic percentage changes for Ti(IV) component obtained by X-ray 

photoelectron spectroscopy for Ti3C2Tx. Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. ................... 73 

Figure 3-9 Overlays of the high-resolution spectra of Ti 2p obtained by X-ray 

photoelectron spectroscopy (XPS) for Ti3C2Tx nanosheets at day 8 and day 

30 of storage in dispersions with pre-specified pH. Reprinted with 

permission from reference61, Copyright 2019 WILEY-VCH Verlag GmbH 

& Co.................................................................................................................. 74 



 

xvii 

 

Figure 3-10 (a) ζ potential and (b) hydrodynamic diameter changes for Ti3C2Tx 

dispersions (initial pH indicated in the legend) over the course of 40 days. 

Dispersions were diluted to ~0.01 mg/ml for ζ potential and size 

measurements; (c) electrical conductivity of vacuum-filtered films made 

from Ti3C2Tx MXene dispersions of varying ages; conductivity of the film 

made from an initial pH 10.3 Ti3C2Tx dispersion dropped below ~10-3 at 

day 30 measurement (not shown). Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. ................... 75 

Figure 3-11 (a) pH values change over time for the Ti3C2Tx nanosheet buffer 

dispersions; (b) the atomic percentage changes for the Ti(IV) component 

obtained by X-ray photoelectron spectroscopy for Ti3C2Tx; (c) electrical 

conductivity of vacuum-filtered films made from Ti3C2Tx MXene in buffer 

solutions of varying ages. Each sample was maintained at a specified pH in 

buffer solutions. The dispersions in the study were kept at a concentration 

of 0.3 mg/ml. Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. ................................................................. 77 

Figure 3-12 Overlays of the high-resolution Ti 2p spectra obtained by X-ray 

photoelectron spectroscopy (XPS) for Ti3C2Tx nanosheets at day 8 and day 

30 of storage in buffer solutions. Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. ................... 78 

Figure 3-13 (a) Observed pH for Ti3C2Tx dispersions with time; the pH of the 

dispersion was adjusted periodically to a desired value by supplying extra 

KOH or HCl; (b) conductivity of films made from Ti3C2Tx dispersions 

described in panel (a); (c) atomic percentages for the Ti(IV) component 

obtained by X-ray photoelectron spectroscopy for Ti3C2Tx films prepared 

from the dispersions described in (a). Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. ................... 78 

Figure 3-14 Component peak fittings of XPS spectra for (a) Ti3C2Tx nanosheets 

stored in water and (b) in 0.1 M KCl solution for 10 days. The atomic 

percentages for TiO2 are similar. Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. ................... 79 

Figure 3-15 The oxidation stability of Ti3C2Tx MXene nanosheets derived from 

Ti3AlC2 MAX phases with different purity was investigated after 8 days of 

storage in water. (a) MAX phase A (Ti3AlC2) is considered purer in phase 

than B (Ti3AlC2 mixed with impurity Ti2AlC grains) since there is only one 

(002) peak was observed at 9.5°. In MAX phase B, the (002) peak at around 

13.5° indicates the presence of Ti2AlC phase. This is likely due to the 

incomplete reaction and phase transformation during sintering; (b) and (c) 

suggest that the MXene nanosheets synthesized from MAX phase A exhibit 



 

xviii 

 

higher stability; this may be caused by the defects derived after the rapid 

degradation of Ti2CTx impurities during etching and processing. Reprinted 

with permission from reference61, Copyright 2019 WILEY-VCH Verlag 

GmbH & Co. ..................................................................................................... 80 

Figure 3-16 (a) the pH of Ti2CTx MXene dispersions changes with time; (b) the 

atomic percentage changes for Ti(IV) component obtained by X-ray 

photoelectron spectroscopy for Ti2CTx; (c) electrical conductivity of 

vacuum-filtered films made from Ti2CTx MXene dispersions of varying 

ages; conductivities of Ti2CTx films made from the reference and acidic 

dispersions dropped below ~10-3 in less than 10 hours after being made (not 

shown). Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. ................................................................. 82 

Figure 3-17 (a) pH values change over time for the Ti2CTx nanosheet buffer 

dispersions; (b) the atomic percentage changes for the Ti(IV) component 

obtained by X-ray photoelectron spectroscopy for Ti2CTx; (c) electrical 

conductivity of vacuum-filtered films made from Ti2CTx MXene in buffer 

solutions of varying ages. Each sample was maintained at a specified pH in 

buffer solutions. The dispersions in the study were kept at a concentration 

of 0.3 mg/ml. Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. ................................................................. 83 

Figure 3-18 Oxidation kinetics of Ti3C2Tx changes for MXene dispersions of varying 

concentrations indicated by (a) the increase of Ti(IV) atomic percentage 

obtained using X-ray photoelectron spectroscopy and (b) the drop in 

electrical conductivity of vacuum-filtered films; (c) the color of as-prepared 

MXene nanosheet dispersions and the same dispersions on the 27th day 

(from left to right: 7.7 mg/ml, 1 mg/ml, 0.1 mg/ml, 0.05 mg/ml, 0.005 

mg/ml). Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. ................................................................. 84 

Figure 3-19 (a) A dispersion of Ti3C2Tx MXene nanosheets at a concentration of 3.6 

mg/ml was agitated at 500 rpm using a magnetic stir bar. After 20 days, the 

stirred dispersion (right vial) shows more oxidation indicated by the 

corresponding color change and loss of colloidal stability in comparison to a 

reference sample kept statically at identical environment (left vial). (b) to 

(d) X-ray photoelectron spectroscopy (XPS) spectra for Ti 2p for the as-

prepared sample, sample kept statically, and sample agitated at 500 rpm, 

respectively. From this figure, it can be found that agitation will accelerate 

the oxidation of MXene nanosheets due to the enhanced mobility of water 

molecules. Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. ................................................................. 86 



 

xix 

 

Figure 3-20 (a) A dispersion of Ti2CTx MXene nanosheets at a concentration of 6.0 

mg/ml was agitated at 500 rpm using a magnetic stir bar. After 40 hours, the 

stirred dispersion (right vial) shows more oxidation and corresponding color 

change in comparison to a reference sample kept statically at identical 

environment (left vial). (b) to (d) X-ray photoelectron spectroscopy (XPS) 

spectra for Ti 2p for the as-prepared sample, sample kept for 40 hours with 

agitation at 500 rpm, and sample kept statically for 40 hours. From this 

figure, it is found that agitation will accelerate the oxidation of MXene 

nanosheets due to the enhanced mobility of water molecules. Reprinted with 

permission from reference61, Copyright 2019 WILEY-VCH Verlag GmbH 

& Co.................................................................................................................. 87 

Figure 3-21 X-ray photoelectron spectroscopy (XPS) spectra of Ti 2p for Ti3C2Tx 

vacuum filtered films that had been stored at a concentration of 0.3 mg/ml 

(a) after 50 days in water and (b) after 5 months in 1.5 mg/ml citric acid 

solution; Ti2CTx films stored at a concentration of 0.3 mg/ml after 40 hours 

in (c) water, (d) 1.5 mg/ml citric acid, and (e) EMD Millipore buffer (pH=3, 

made up of citric acid, sodium hydroxide, hydrogen chloride); the buffer 

solution shows better performance in mitigating the oxidation of Ti2CTx due 

to the interaction between citric acid molecules and nanosheets indicated by 

the high content of COO- component (COO- % = 32.5%) shown in (f) the C 

1s spectrum for MXene that had been stored in buffer solution. Reprinted 

with permission from reference61, Copyright 2019 WILEY-VCH Verlag 

GmbH & Co. ..................................................................................................... 90 

Figure 3-22 X-ray photoelectron spectroscopy (XPS) spectra for Ti 2p in Ti2CTx 

MXene nanosheets protected in (a) L-ascorbic acid solution, and (b) citric 

acid solution; it is found that citric acid is much more effective than the L-

ascorbic acid in preventing Ti2CTx oxidizing. Reprinted with permission 

from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. ........... 91 

Figure 3-23 Ti2CTx nanosheets were dispersed together with citric acid in 0.1 M HCl 

and 0.1 M KOH solutions, respectively. (a) mixtures of Ti2CTx dispersed 

with citric acid in HCl and KOH after 3 days. (b)-(d) X-ray photoelectron 

spectroscopy (XPS) spectra for Ti 2p for Ti2CTx nanosheets dispersed at a 

concentration of 0.3 mg/ml after 15 hours in (b) water, (c) 0.1 M HCl 

solution with citric acid (1.5 mg/ml), and (d) 0.1 M KOH solution with 

citric acid (1.5 mg/ml); it is found that citric acid is effective in preventing 

Ti2CTx from oxidizing only in neutral or acidic environments. Reprinted 

with permission from reference61, Copyright 2019 WILEY-VCH Verlag 

GmbH & Co. ..................................................................................................... 92 

Figure 3-24 Final molecular configuration of Ti3C2Tx nanosheet after 25 ps ReaxFF 

molecular dynamic simulation of systems with (a) Ti3C2Tx MXene 



 

xx 

 

nanosheet, water and protons (acidic environment), and (b) Ti3C2Tx MXene 

nanosheet, water, and hydroxide ions (alkaline environment). (c) The radial 

distribution functions of Ti-C bonds obtained by ReaxFF are shown for 

acidic, alkaline, and water-only systems. A higher peak intensity at 2.1 Å 

was obtained for nanosheets stored in the acidic system, suggesting a higher 

level of stability against oxidation. Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. ................... 94 

Figure 3-25 Final molecular configuration of molecules from molecular dynamic 

simulation of systems with (a) Ti3C2Tx MXene nanosheet, water and 

hydroxide ions, and (b) Ti3C2Tx MXene nanosheet, water, and protons. 

Reprinted with permission from reference61, Copyright 2019 WILEY-VCH 

Verlag GmbH & Co. ......................................................................................... 95 

Figure 3-26 (a) Final molecular configuration of Ti3C2Tx nanosheet after 25 ps 

ReaxFF molecular dynamic simulation of systems with Ti3C2Tx MXene 

nanosheet, water and citric acid. (b) The radial distribution functions of Ti-

C bonds obtained by ReaxFF are shown for MXene in water, and citric acid. 

The peak intensity at 2.1 Å represents the higher stability of the nanosheet 

in citric acid. Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. ................................................................. 96 

Figure 4-1 (a) Scanning electron microscopy (SEM) image of the Ti3AlC2 MAX 

precursor particles; (b) morphology of freeze-dried Ti3C2Tx 2D nanosheets 

imaged by SEM; (c) atomic force microscopy (AFM) image and (d) height 

profile of Ti3C2Tx nanosheets. Sample was prepared by drop-casting 

dispersion on a mica disk; (e) SEM image of the multilayered Ti2CTx 

MXene clay particle; (f) morphology of freeze-dried Ti2CTx 2D nanosheets 

imaged by SEM; (g) TiO2 nanoparticles shown on as-prepared Ti2CTx 

nanosheets made by freeze-drying the colloidal dispersion, imaged by SEM; 

X-ray photoelectron microscopy (XPS) spectra of as-prepared (h) Ti3C2Tx 

and (i) Ti2CTx MXene nanosheets. Sample used for XPS analysis was made 

by vacuum filtration. Split peaks of Ti 2p spectra were also displayed in the 

inserted figures. ............................................................................................... 104 

Figure 4-2 Molecular structures of studied organic compounds in the three 

antioxidant classes. Ti3C2Tx nanosheet dispersions were mixed with 

antioxidant solutions; after 3 hours, the zeta potential and hydrodynamic 

size were measured all three classes of antioxidants: (a) α-hydroxy acids, 

(b) polycarboxylic acids, and (c) phenolic compounds. ................................. 105 

Figure 4-3 (a) Atomic composition of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti3C2Tx nanosheets dispersed in water and 1.5 

mg/mL aqueous solutions of α-hydroxyl acids after 14-day storage; (b) 



 

xxi 

 

visual appearance of Ti3C2Tx dispersions before and after storage. Samples 

used for XPS were made by vacuum filtration, followed by a 24-hour 

dehydration process under vacuum. ............................................................... 107 

Figure 4-4 X-ray photoelectron microscopy (XPS) spectra for Ti3C2Tx nanosheets 

after 14-day storage dispersed in (a) water and 1.5 mg/mL aqueous 

solutions of (b) citric acid, (c) tartaric acid, (d) malic acid, and (e) glycolic 

acid. ................................................................................................................. 109 

Figure 4-5 Zeta potential and hydrodynamic size of Ti3C2Tx nanosheets dispersed in 

water and α-hydroxyl acid aqueous solutions after the 14-day storage. ......... 110 

Figure 4-6 (a) Atomic contents of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti3C2Tx nanosheets dispersed in water and 1.5 

mg/mL aqueous solutions of polycarboxylic acids after 14-day storage; 

samples used for XPS were made by vacuum filtration, followed by a 24-

hour dehydration process under vacuum. (b) Ti3C2Tx dispersions before and 

after storage in aqueous solutions of polycarboxylic acids. (c) Comparison 

of XPS spectra of Ti3C2Tx in dispersions in aqueous solutions of oxalic acid 

and succinic acid. ............................................................................................ 111 

Figure 4-7 X-ray photoelectron microscopy (XPS) spectra for Ti3C2Tx nanosheets 

after 14-day storage dispersed in 1.5 mg/mL aqueous solutions of (a) oxalic 

acid, (b) succinic acid, (c) trimesic acid, (d) 1,2,3,4-butanetetra carboxylic 

acid, (e) trans-aconitic acid, and (f) tricarballylic acid. .................................. 112 

Figure 4-8 (a) Atomic contents of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti3C2Tx nanosheets dispersed in water and 1.5 

mg/mL aqueous solutions of phenolic compounds after 14-day storage; 

samples used for XPS were made by vacuum filtration, followed by a 24-

hour dehydration process under vacuum. (b) Ti3C2Tx dispersions before and 

after storage in aqueous solutions of phenolic compounds. (c) Comparison 

of XPS spectra of Ti3C2Tx in dispersions in aqueous solutions of 4-

hydroxybenzoic acid and salicylic acid. ......................................................... 113 

Figure 4-9 X-ray photoelectron microscopy (XPS) spectra for Ti3C2Tx nanosheets 

after 14-day storage dispersed in 1.5 mg/mL aqueous solutions of (a) 2-(4-

hydroxyphenyl) ethanol, (b) 4 hydroxyphenyl acetic acid, (c) 4-

hydroxybenzoic acid, and (d) salicylic acid. .................................................. 114 

Figure 4-10 (a) The antioxidants may be classified based on their antioxidant 

performance in protecting Ti3C2Tx; (b) zeta potential and (c) hydrodynamic 

size changes of Ti3C2Tx nanosheets dispersed in water and studied organic 

acid aqueous solutions over the 14-day storage. ............................................ 115 



 

xxii 

 

Figure 4-11 X-ray photoelectron spectroscopy (XPS) spectra and fittings of Ti 2p and 

C 1s peaks for (a), (b) Ti3C2Tx nanosheets stored in water after 14 days; (c), 

(d) Ti3C2Tx nanosheets stored in 1.5 mg/mL tricarballylic acid solution after 

14-day storage; (e) and (f) Ti3C2Tx nanosheets stored in 1.5 mg/mL 

trimethyl citrate solution after 14 days. Samples used for XPS analysis were 

made by vacuum filtration, followed by a 24-hour dehydration process 

under vacuum. ................................................................................................. 117 

Figure 4-12 Zeta potential and hydrodynamic size measured after introducing Ti3C2Tx 

nanosheets in citric acid, tricarballylic acid, and trimethyl citrate aqueous 

solutions. ......................................................................................................... 118 

Figure 4-13 Chelation reaction between the Ti atoms on Ti3C2Tx surface and 

molecules of (a) citric acid, (b) tartaric acid, and (c) oxalic acid. .................. 119 

Figure 4-14 Correlations between pKa values of studied chemicals and their 

interactions with Ti3C2Tx nanosheet. .............................................................. 121 

Figure 4-15 Correlations between pKa values and atomic percentages of Ti(IV) 

measured by XPS for Ti3C2Tx nanosheets stored after 14 days in aqueous 

solutions of (a) α-hydroxy acids; (b) polycarboxylic acids, and (c) phenolic 

compounds. ..................................................................................................... 122 

Figure 4-16 Atomic compositions of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti2CTx nanosheets dispersed in water and 1.5 mg/mL 

aqueous solutions of oxalic acid, citric acid, tartaric acid, malic acid, and 

glycolic acid after 31-hour storage. ................................................................ 123 

Figure 4-17 X-ray photoelectron microscopy (XPS) spectra for Ti2CTx nanosheets 

after 31-hour storage dispersed in (a) water, and 1.5 mg/mL aqueous 

solutions of (b) oxalic acid, (c) citric acid, (d) tartaric acid, (e) malic acid, 

and (f) glycolic acid. ....................................................................................... 124 

Figure 4-18 Atomic compositions of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti2CTx nanosheets dispersed in water and 1.5 mg/mL 

aqueous solutions of phenolic compounds after 31-hour storage. .................. 125 

Figure 5-1 Schematic of Ti3C2Tz film preparation: films were made by vacuum 

filtering Ti3C2Tz MXene nanosheets and then annealing at high temperature 

under argon. Annealed MXene films were stored in distilled water for 10 

months. The films annealed at 300 °C were completely oxidized and 

degraded. The films annealed at 600 °C only show oxidation on the surface; 

the oxidized layer acts as a barrier for water penetration and protects the 

inner layers of the film. Reprinted with permission from reference74, 

Copyright 2020 American Chemical Society. ................................................ 130 



 

xxiii 

 

Figure 5-2 (a) Morphology of freeze-dried Ti3C2Tz nanosheets by scanning electron 

microscopy (SEM), and (b) free-standing Ti3C2Tz film made by vacuum 

filtration; (c) X-ray diffraction (XRD) spectra of Ti3AlC2 MAX phase 

particles, as-prepared film made by nanosheets prior to annealing, and 

MXene films subject to 10-month storage in water. Images of (d) films after 

annealing at 300 °C and 600 °C, (e) annealed films in water after 24 hours, 

(f) films stored in water after 10 months, and (g) annealed, stored films after 

being dried. Cross-section images for (h) as-prepared MXene film, (i) film 

annealed at 300 °C and then stored in water for 10 months, (j) film annealed 

at 600 °C and then stored in water for 10 months. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. . 136 

Figure 5-3 X-ray diffraction (XRD) spectra of as-prepared Ti3C2Tz film and 600 °C-

annealed film. Reprinted with permission from reference74, Copyright 2020 

American Chemical Society. .......................................................................... 137 

Figure 5-4 SEM Morphology of cross-section areas of MXene films after being 

annealed at 600 °C and being stored for 10 months in water at various 

magnifications. Reprinted with permission from reference74, Copyright 

2020 American Chemical Society. ................................................................. 138 

Figure 5-5 Surface morphology of (a) as-prepared film, (b) 300 °C annealed film, (c) 

600 °C annealed film before storage in water. Images of (d) 300 °C 

annealed film and (e) 600 °C annealed film after 10-month storage in H2O; 

(f) magnified morphology of 600 °C annealed film after storage; The films 

have been dried prior to SEM imaging. Reprinted with permission from 

reference74, Copyright 2020 American Chemical Society. ............................ 139 

Figure 5-6 Morphology and height characteristics obtained by atomic force 

microscopy (AFM) for (a, b) Ti3C2Tz nanosheets deposited on mica discs 

first by drop-casting dilute dispersions (0.01 mg/ml), then annealing at 550 

°C under argon; (c, d) as-prepared Ti3C2Tz nanosheets deposited on mica 

substrate by drop-casting without further annealing. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. . 140 

Figure 5-7 Survey spectra of XPS analysis covering from 0 eV to 1100 eV for (a) 

Ti3C2Tz film after being annealed at 300 °C and (b) after subsequent 

storage; (c, d) film after being annealed at 600 °C and subsequent storage; 

(e) film tested in (d) after argon sputtering for 20 min. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. . 142 

Figure 5-8 Ti 2p and C 1s spectra obtained by X-ray photoelectron spectroscopy 

(XPS) analysis for (a, b) Ti3C2Tz film annealed at 300 °C, (c, d) Ti3C2Tz 

film annealed at 600 °C, (e) 300 °C-annealed Ti3C2Tz film after 10-month 

storage in water, (f) 600 °C-annealed Ti3C2Tz film after 10-month storage in 



 

xxiv 

 

water, and (g, h) Ti 2p and C 1s spectra of the same film tested in (f) after 

being sputtered for 20 min by Ar+ at a current of 15 mA. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. . 146 

Figure 5-9 C 1s spectra obtained from XPS analysis for 300 °C annealed Ti3C2Tz film 

after 10-month storage in H2O. Reprinted with permission from reference74, 

Copyright 2020 American Chemical Society. ................................................ 147 

Figure 5-10 Ti 2p spectra obtained by X-ray photoelectron spectroscopy (XPS) 

analysis for 600 °C annealed Ti3C2Tz film after 10-month storage in H2O 

being sputtered by Ar+ for (a) 10 min, (b) 35 min; (c) Ti(IV) content 

measured by deconvoluted XPS spectra changes sputtering time. Reprinted 

with permission from reference74, Copyright 2020 American Chemical 

Society. ........................................................................................................... 147 

Figure 5-11 Energy dispersive X-ray spectroscopy (EDS) analysis on the cross 

section of Ti3C2Tz film annealed at 600 °C and stored for 10 months in 

water. Reprinted with permission from reference74, Copyright 2020 

American Chemical Society. .......................................................................... 148 

Figure 5-12 Elemental mapping for 600 °C-annealed film after 10 month-storage in 

water; film was dried prior to EDS mapping. Reprinted with permission 

from reference74, Copyright 2020 American Chemical Society. .................... 148 

Figure 5-13 Surface wetting and contact angles of (a) fresh Ti3C2Tz film without 

anneal and storage; (b) Ti3C2Tz film annealed at 300 °C before storage, and 

(c) Ti3C2Tz film annealed at 600 °C before storage. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. . 149 

Figure 5-14 Analysis of O 1s spectra obtained by XPS for as-prepared Ti3C2Tz films 

and films annealed at 300 °C and 600 °C, respectively. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. . 150 

Figure 5-15 (a) Electronic conductivities of Ti3C2Tz film before and after being 

annealed at 300 °C, 600 °C and then stored for consecutive days in 

humidity-controlled chamber at 80% RH; (b) frequency dependence of the 

AC conductivities measured by dielectric spectroscopy. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. . 151 

Figure 5-16 RF heating of the Ti3C2Tz films before storage in water. Maximum 

temperature as a function of time for as-prepared (no annealing) Ti3C2Tz 

film and films annealed at 300 °C and 600 °C. Films were heated using RF 

power of 32 W and frequency of 106 MHz. Reprinted with permission from 

reference74, Copyright 2020 American Chemical Society. ............................ 153 



 

xxv 

 

LIST OF TABLES 

 Page 

Table 2-1 XPS peak fitting results for as-prepared Ti3C2Tx MXenes. Reprinted with 

permission from reference75, Copyright 2019 Elsevier Ltd. ............................. 46 

Table 2-2 XPS peak fitting results for Ti3C2Tx MXene nanosheets after being stored 

in deionized water. Reprinted with permission from reference75, Copyright 

2019 Elsevier Ltd. ............................................................................................. 47 

Table 2-3 XPS peak fitting results for Ti3C2Tx MXene nanosheets after being stored 

in sodium L-ascorbate solution (1 mg/mL). Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. ........................................................ 48 

Table 2-4 Electrical conductivities of buckypapers made from as-prepared MXenes 

and stored Ti3C2Tx MXenes in deionized water and 1 mg/mL sodium L-

ascorbate solution. Reprinted with permission from reference75, Copyright 

2019 Elsevier Ltd. ............................................................................................. 49 

Table 2-5 Sodium to titanium ratios, which are measured by Energy-dispersive X-ray 

spectroscopy (EDS), decreases with the increasing of the washing stages for 

the NaAsc treated MXenes. Reprinted with permission from references75, 

Copyright 2019 Elsevier Ltd. ........................................................................... 55 

Table 5-1 Composition changes from XPS summarized for elements Ti, C, O, F. 

Reprinted with permission from reference74, Copyright 2020 American 

Chemical Society. ........................................................................................... 143 

Table 5-2 Composition contents obtained by O 1s XPS spectra for as-prepared 

Ti3C2Tz films and films annealed at 300 °C, 600 °C, respectively. Reprinted 

with permission from reference74, Copyright 2020 American Chemical 

Society. ........................................................................................................... 150 

 

 



 

1 

 

1. INTRODUCTION  

 

1.1. Introduction of MXenes 2D nanomaterials 

Two-dimensional (2D) nanomaterials draw much attention in nanoengineering and 

fabrication since the discovery of graphene, because of their uniqueness of high aspect 

ratio, tunable surface properties, and versatility to be assembled into various structures. 

As a new member of 2D nanomaterials, the first MXene, Ti3C2Tx, was discovered in 2011 

by Naguib et al. 1, 2 In general, the term “MXene” refers to a family of two-dimensional 

(2D) transition metal carbides, nitrides and carbonitrides; in recent years, there has been 

an avalanche of research studies and material applications focused on MXenes because of 

their excellent chemical, physical, mechanical, and electrical properties.2-4 Prior studies 

have highlighted MXenes’ hydrophilicity, excellent electrical and thermal conductivities, 

ease of aqueous processability, and in-plane stiffness. 5, 6 Most of those properties can be 

traced back to their metallic-like 2D structure and functional groups attached during the 

etching and exfoliation processes.2, 7-10 In addition, the versatile chemistry of the MXene 

family and various functional properties make these materials holding promise for a wide 

range of applications in energy storage,3, 11-15 sensors,16, 17 electromagnetic interference 

shielding,18, 19 functional coatings,20-23 plasmonics,24 water filtration,25, 26 and 

electrocatalysts18, 27-34. 
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1.2. Composition of MXenes 

MXenes are generally described with the chemical formula of Mn+1XnTx, where M 

represents an early transition metal element such as Ti, V, Nb, Hf, Ta, Cr, Mo, or Zr, X is 

carbon or nitrogen, T refers to one or multiple surface terminal groups formed during the 

synthesis which include -OH, -O-, -F, and -Cl; in most cases, n ranges from 1 to 3,4 and x 

reflects the number of terminal groups.32, 35 MXenes are typically synthesized from a 

parent MAX phase (ternary ceramics) bearing a atomically layered crystal structure36, in 

which Mn+1Xn layers are interleaved by a layer of the A element (from group 13 or 14), 

such as aluminum (Al), tin (Sn) or silicon (Si). Multilayered MXenes can be derived by 

selective etching and removal of the A layer from the parent MAX phase37, 38. 

Furthermore, multilayered MXenes may be intercalated and exfoliated to yield single or 

few-layer MXene nanosheets. 

There are more than 30 types of experimentally derived MXenes reported so far, 

with many more predicted to be thermodynamically stable by simulation but yet to be 

synthesized.39 Depending on the MAX stoichiometries, MXenes generally have chemical 

formulas of M2XTx, M3X2Tx, or M4X3Tx.
8 For example, Ti3C2Tx is the most studied and 

first-ever reported MXene.2 MXenes can also be categorized into mono-transition metal 

MXenes, solid solution MXenes, and ordered double-transition metal MXenes depending 

on the composition and arrangement of M element in MAX phase shown in Figure 1-1.3 
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Figure 1-1 Potential MXene compositions. Reprinted with permission from 

reference3, Copyright 2017 Springer Nature. 

 

1.3. Synthesis and processing methods to derive MXene nanosheets 

The majority of the reported MXenes are solution-processed and derived by 

selective acid etching in aqueous environments. MXene nanosheets cannot be made by 

physical exfoliation directly from their layered parent MAX phase. Unlike graphene oxide 

and boron nitrides, which can be typically exfoliated by overcoming the relatively weak 

out-of-plane bonding that holds 2D sheets together, such as van der Waals bonding and 

hydrogen bonding, MXenes have to be chemically etched first to break the primary bonds 

(metallic M-A bonds) in the MAX phase before exfoliation. In MAX phase precursors, 

metallic bonding between M and A layers keeps the Mn+1Xn sublayers together.40 M-X 

bonds are much stronger than M-A bonds, which makes them exhibiting differences in 
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wet etch selectivity. This allows the A element layer to be removed while retaining the 

strength of M-X bonds. To yield single or few-layer MXene nanosheets, two major steps 

are required: the first one is to break the metallic M-A bonds and remove the A element 

from MAX precursors; the second step is to exfoliate (or delaminate) the multilayered 

etched particles by overcoming the strength of secondary bonding between the Mn+1Xn 

layers, such as van der Waals bonding and hydrogen bonding. 

Current research show that the majority of MXenes are synthesized by a top-down 

method by etching MAX precursors in fluorine-containing etchant solutions. The 

commonly used etchants include concentrated solutions of hydrofluoric acid (HF, 47 

wt.%), and HF-forming etchants, such as mixtures of LiF and HCl, and bifluoride salts.41-

43 In the case of Ti3AlC2, its reaction with HF can be written as  

Ti3AlC2 + 3 HF → Ti3C2 + AlF3 + 1.5 H2 

which is a gas-forming exothermic reaction.44 In this reaction, interleaved Al layer is 

removed by HF as soluble AlF3, resulting in the formation of an accordion-like structure 

comprised of multiple layers of Ti3C2 (Figure 1-2).  

 

Figure 1-2 (a) Schematic of Ti3C2Tx layered structure with a side view atomic model 

of a single sheet. (b) SEM image of a multi-layered Ti3C2Tx particle. Reprinted with 

permission from reference45, Copyright 2014 Royal Society of Chemistry. 
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In a newer approach, mixtures of LiF and HCl are used in the synthesis of single 

or few-layer nanosheets. The intercalation of Li+ cations in the etched multilayered 

MXenes helps to weaken the van der Waals forces during the etching step which allows 

more complete etching and easier exfoliation in the following step. Even though the A 

layer is removed, the interlayer interactions between the Mn+1Xn sheets (which are also 

called Mn+1Xn sublayers) are still strong, which prevents the efficient nanosheet 

delamination. Hence, an additional intercalation step is usually required to further weaken 

the interactions between the adjacent Mn+1Xn sheets and separate them from one another. 

This can be achieved by the diffusion of some large organic, inorganic molecules, or ionic 

species into spaces between adjacent sub-layers, such as dimethyl sulfoxide (DMSO), 

tetramethylammonium hydroxide (TMAOH), tetrabutylammonium hydroxide (TBAOH), 

urea. Along with co-intercalation of water molecules, the energy barrier required for 

MXene delamination may be much reduced. A swelling or volume expansion is also 

observed after the intercalation of multi-layered MXene clay.8 Following the intercalation, 

the multilayered structures can be delaminated by probe or bulk sonication.3, 46 

The composition of etchants, etching conditions, and post-etching processing steps 

will have significant effects on the selection of synthesis routes, yield, morphology, size 

distribution, defect level, chemical and physical properties of the derived MXene 

nanosheets.47-50 For example, inadequate etching time, low etching temperature, and 

etchant concentration may result in low yield of MXenes. In contrast, increasing the 

concentration of HF etchant and TBAOH intercalation agent result in the formation of 

higher numbers of defect and nanopores on nanosheets.49 Based on the clay method, 
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Naguib et al. and Alhabeb et al. discovered that increasing the HCl concentration and 

weight ratio of LiF and MAX can result in exfoliation as the clay sample being washed to 

close neutral after etching.8, 51 This allows to delaminate multi-layered MXene clay 

particles merely with gentle hand shaking and mild agitation, without application of high-

power sonication. This method is referred as minimally intensive layer delamination 

process (MILD method). Nanosheets produced by MILD method exhibits larger size with 

distinctive and straight edges than sheets produced by clay method with sonication 

involved (Figure 1-3)52. Sonication can break off nanosheets during exfoliation which 

results in smaller size distribution (Figure 1-4). The composition of etchants can also 

affect the terminal groups on nanosheets. Hope et al. have carried out the quantitative 

nuclear magnetic resonance (NMR) experiments and discovered that the composition of 

the surface functional groups of the derived Ti3C2Tx produced by LiF-HCl clay method 

showed lower -OH, -F contents, but higher =O content, compared to MXenes derived by 

HF etching (Figure 1-5).53 
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Figure 1-3 Atomic force microscopy (AFM) images of the Ti3C2Tx flakes produced 

by Route 1 (clay method) and Route 2 (MILD method). Reprinted with permission 

from reference52, Copyright 2016 WILEY-VCH Verlag GmbH & Co. 

 

Figure 1-4 AFM images of Ti3C2Tx sheets (a) without sonication and sonicated for 

(b) 1 minute (c) 5 minutes (d) 15 minutes (e) 30 minutes. Reprinted with permission 

from reference54. Copyright 2019 Springer International Publishing. 
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Figure 1-5 Composition of the Ti3C2Tx surface functional groups produced by 

etching of the Ti3AlC2 in HF and LiF-HCl solutions, per Ti3C2 formula unit, i.e., 

Ti3C2(OH)xFyOz. Reprinted with permission from reference53, Copyright 2016 Royal 

Society of Chemistry. 

 

 

Figure 1-6 Schematic of Ti3C2Tz nanosheets delaminated and dispersed stably in 

several organic solvents, including propylene carbonate (shown in the photo, 

reproduced from Natu et al.), dioxane, acetonitrile, N,N-dimethylformamide, 

dimethyl sulfoxide, and N-methyl-2-pyrrolidone. Reprinted with permission from 

references42, 43, Copyright 2020 Elsevier Ltd. 
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Novel non-aqueous etching methods to synthesize MXenes have been attempted 

by researchers to avoid the inherent danger of using HF-containing solution and also 

explore the possibility to derive new types of MXenes, which cannot be synthesized by 

selective acid etching, and new possible surface terminations. Natu et al. reported that 

etching and dispersion of Ti3C2Tz MXenes can be achieved in several polar organic 

solvents by using ammonium bifluoride as the etchant (Figure 1-6).42, 43 The formed 

nanosheets were found readily dispersed as stable colloids in those same organic solvents. 

In addition, molten salt methods were developed to create multi-layered MXenes by 

etching MAX phase in the melt of -Cl and -F containing salts.55-57 Ti3C2Tz clay made by 

a molten salt approach was typically found to be halogen-terminated. Recently, 

Kamysbayev et al. demonstrated that MXene clay made by molten salt etching can also 

be delaminated into Ti3C2Tn nanosheets (T = Cl, S, NH), which can form stable colloidal 

dispersions in N-methyl formamide (NMF).58 However, so far, no water-dispersible 

nanosheets have been reported with using the molten salt etching method.  

 

1.4. Colloidal properties of MXenes 

Ti3C2Tx nanosheets produced by selective acid etching have a variety of terminal 

groups including hydroxy (-OH), oxygen (-O), fluoride (-F), and chloride (-Cl).8, 10, 59 

These polar terminal groups result in strong hydrophilicity and electronegativity, which 

allow them to be dispersed in water and form a colloidal suspension. The colloidal stability 

of MXene nanosheets may be affected by factors such as the types of surface terminal 

groups, dispersion pH,17, 60 ionic strength,60 concentration, extent of oxidation61 etc. 
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Ti3C2Tx MXene nanosheets synthesized by selective acid etching method show a ζ 

potential value from -30 mV to -40 mV. Natu et al., Naguib et al., and Ying et al. reported 

that the ζ potential and averaged hydrodynamic size of MXene nanosheets measured by 

the dynamic light scattering (DLS) technique show strong dependency on dispersion pH 

values.51, 60, 62  

At neutral pH, MXene surface is overall negatively-charged due to the 

deprotonation of terminal groups, such as -OH, resulting in the electrostatic repulsion 

between nanosheets. At acidic pH, abundant protons (H+) in the dispersion restrict the 

deprotonation of the attached surface functional groups, rendering the ζ-potential less 

negative. The electrostatic repulsion among the nanosheets decreases in this case. Hence, 

lower the dispersion pH below 4 was observed causing the aggregation of MXene 

nanosheets (Figure 1-7a and 1-7b). Ying et al. measured that Ti3C2Tx has the isoelectric 

points (similar to point of zero charge (PZC)) at around pH of 2.36 (Figure 1-7c).62 The 

surface of the nanosheets will become positively charged when the pH of dispersion drops 

below the isoelectric point due to the presence of positively-charged protonated terminal 

groups. Naguib et al. reported that V2CTx and Ti3CNTx MXenes have different isoelectric 

points and ζ potentials but displaying the similar trend with pH changes (Figure 1-7d). At 

basic pH, ζ potential of Ti3C2Tx was observed remaining relatively constant up to a pH pf 

12. Sedimentation observed at extreme high pH may be presumably caused by the 

absorption of cations supplied by the base, resulting in a reduction in the double-layer 

thickness.60  
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The colloidal stability of Ti3C2Tx is also a function of ionic strength. Similar to 

other water-dispersible 2D nanomaterials, the colloidal behavior of 2D MXene nanosheets 

is in agreements and can be estimated based on Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory, considering a combined effect from the van der Waals attraction and 

electrostatic repulsion forces.21, 60, 61 An electric double layer is believed to be present 

around the nanosheet surface in electrolytes. Increasing the solute concentration or ionic 

strength reduces the electric double layer thickness, causing the reduction of repulsion 

force, thus leading to the flocculation of nanosheets.  
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Figure 1-7 (a) Zeta potential (left y-axis) and average hydrodynamic size (right y-

axis) vs pH. Insets show probable aggregate structures formed at low pH (left) and 

high pH (right), whereas complete deflocculation is represented by the middle inset. 

(b) Dynamic light scattered intensity vs size distribution between 10 and 9000 nm at 

various pH values. Reprinted with permission from reference 60, Copyright 2018 

American Chemical Society. (c) Zeta potential of 0.1 mg/mL Ti3C2Tx suspension 

depends on pH. Reprinted with permission from reference62, Copyright 2015 

American Chemical Society. (d) Zeta potential dependence on pH for Ti3CNTx and 

V2CTx multi-layer powders with a concentration of 1 mg/mL. The horizontal green 

dashed line indicates the position of zero zeta potential, which intersects with the zeta 

potential plot at the point of zero charge (PZC). Reprinted with permission from 

reference51, Copyright 2002 Royal Society of Chemistry. 

 



 

13 

 

 

Figure 1-8 Typical TEM images of Ti3C2Tx flakes decorated by Au nanoparticles. In 

panels (a)–(c), the gold NPs were negatively charged; in panels (d) and (e), they were 

positive. Reprinted with permission from reference60, Copyright 2018 American 

Chemical Society. 

 

Surface of MXene nanosheets is commonly believed to carry oxygen-containing 

groups, such as -OH, whose deprotonation renders the presence of negative charges on 

MXene surface. Natu et al. shows an interesting finding that the edges of Ti3C2Tx 

nanosheets are more positively charge at neutral pH than the basal plane. They observed 
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under a transmission electron microscope (TEM) that the introduced negatively charged 

Au nanoparticles were more prone to be absorbed along the nanosheet edges, however, 

the positively charged Au nanoparticles prefers basal plane (Figure 1-8). Natu et al. 

claims that some of the Ti bonds at the edges remain unsatisfied during etching and 

exfoliation, and thus causes the edge to become positively charged. 

 

1.5. Oxidation stability of MXenes 

Even though MXenes have been praised for their fascinating physical and 

electrical properties, one particular problem has plagued both the science and applications 

of these materials: Most-known MXenes are prone to oxidation, resulting in structural 

degradation and the loss of functional properties. This oxidation has been observed by 

transmission electron microscopy and even by direct observation of color changes of 

nanosheet dispersions from a black/dark green color (for Ti3C2Tx) to a cloudy 

white/brownish color showing in Figure 1-9.63  

 

Figure 1-9 Oxidation of dispersed Ti3C2Tx nanosheet in water after 20-day storage. 
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Figure 1-10 Stability of colloidal delaminated Ti3C2Tx different environments. 

Oxidation rate was found much slower in argon-filled vial under low temperature (5 

°C). Reprinted with permission from reference64, Copyright 2017 American 

Chemical Society. 

 

Prior studies have reported and explored the issue of oxidation of delaminated 

MXene nanosheets. Mashtalir et al. firstly observed that Ti3C2Tx can oxidize and various 

Ti oxides forms after 1-week in methylene blue aqueous solution.45 The oxidation was 

believed to occur due to O2 adsorption on under-coordinated Ti atoms on nanosheets. 

Zhang et al. investigated the oxidation stability of Ti3C2Tx in air- and argon-filled vials 

respectively at room and low temperatures (Figure 1-10).64 The slower oxidation in argon-

filled vial was reported due to the eliminated the dissolved oxygen molecules, which was 

considered as the main oxidant of the MXene flakes. After 15 days of storage in open 

vials, Ti3C2Tx solution degraded completely, leading to the formation of anatase (TiO2). 

However, in these studies, delaminated Ti3C2Tx single flakes were also found reacting 
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with water in the absence of air. But the reaction with water had not been considered as 

the primary cause for the oxidation. 

Huang et al. and Habib et al. investigated and compared the oxidation behaviors 

of MXenes dispersed in water and organic solvents at conditions with and without oxygen 

present, respectively.46, 65 Rapid oxidation was observed for MXenes dispersed in argon-

filled/bubbled water. However, no sign of oxidation and degradation was observed for 

Ti3C2Tx dispersed in iso-propanol saturated with pure oxygen (Figure 1-11). They 

concluded that the reaction between MXene and water plays the primary role leading to 

the degradation of MXene.  

Oxidation stability of MXene nanosheets can be affected by a variety of factors. 

Habib et al. investigated the Ti3C2Tx oxidation and electrical performance changes at 

various medium and discovered that oxidation of Ti3C2Tx is fastest in liquid media, such 

as water, organic solvents, and slowest in solid media such as polymer matrices (Figure 

1-12).46 MXene nanosheets oxidize in much slower rates in organic solvents compared to 

aqueous solvents.46, 66 In addition, the acceleration of MXene oxidation has been 

demonstrated under the exposure to UV light and plasmonic laser.46, 67, 68 Besides the 

factors like dispersion medium and UV exposure, storage conditions are also found greatly 

controlling the kinetics of MXene oxidation. Chae et al. claimed that Ti3C2Tx dispersion 

maintains chemically stable for more than 39 weeks when the storage temperature is 

sufficiently low (-80 °C).69 
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Figure 1-11 Stability of Ti3C2Tx colloidal solutions in water (Ar-filled) and iso-

propanol (pure O2-filled) over time. Reprinted with permission from reference65, 

Copyright 2019 American Chemical Society. 

 

 

Figure 1-12 After the synthesis of Ti3C2Tx MXene nanosheets from parent MAX 

phases, their oxidation stability was evaluated after being dispersed in various media. 

Reprinted with permission from reference46, Copyright 2019 Springer Nature. 
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Nanosheet size distribution and defect density of MXenes also play important roles 

in determining the oxidation rate. Prior studies by Liptov et al. and Chertopalov et al. have 

suggested that the oxidation of MXene starts at the nanosheet edges.52, 67 We have also 

observed the same as shown in Figure 1-13. The as-formed metal oxide nanocrystals can 

then develop throughout the MXene flake by nucleation and growth.3, 64 Hence, smaller 

nanosheets oxidize faster than large nanosheets due to the low aspect ratio with more edges 

exposed. Xia et al. proposed that MXenes with less defects are more environmentally 

stable.70 Ti vacancies on MXene nanosheets were identified as the preferential sites for 

carbon oxidation. The edges of layers and peaks or valleys of wrinkles were identified as 

the preferred sites for Ti oxidation.70 

 

Figure 1-13 Oxidation and formation of TiO2 nanocrystals start at the Ti3C2Tx 

nanosheet edges. 

 

MXenes with multilayered/stacked structures, i.e. MXene clay particles, are less 

prone to rapid oxidation than single or few-layer nanosheets due to the lower surface-to-

volume ratio; even so, Mashtalir et al. and Habib et al. observed oxidation of multilayered 



 

19 

 

clay particles over the course of several days to weeks indicated by the appearance of 

titanium dioxide nanocrystals on surface and edges of clay particles, and the dramatical 

decrease of electrical conductivity for films made from multilayered MXenes. 45, 46 Single 

to few-layer MXene nanosheets typically exhibit much higher aspect ratio, colloidal 

stability, and processability, but much lower oxidation stability, compared to multilayered 

MXene clay. 

The chemistry of MXene oxidation has not been fully understood. Oxidation of 

Ti3C2Tx MXene is believed spontaneous causing the formation of solid products including 

TiO2 nanocrystals and amorphous carbon.46 Huang et al. analyzed the gaseous products 

arise from oxidation of Ti2CTx and Ti3C2Tx. The investigators confirmed the formation of 

methane (CH4) using gas chromatography without observing any formation of CO, CO2. 

The release of intercalated acidic species, such as HF and HCl, was proposed to occur 

after oxidation due to the observed dispersion pH drop.71 

The oxidation of MXenes causes the spontaneous formation of transition metal 

oxides, which can be studied quantitively by the increased chemical state of the transition 

mental M element. X-ray photoemission spectroscopy (XPS) is a powerful tool to 

determine the atomic percentage of surface M element in their oxide state, which can be 

similarly considered as the degree of sample oxidation. As the oxidation proceeds, the 

Ti(IV) peaks become more pronounced.35, 46, 72, 73 In addition, MXene-assembled 

buckypaper was found showing a gradual reduction of electrical conductivity while 

oxidation happened. Hence, four-point probe measurements of the electrical conductivity 

of MXene-assembled films can also be used in determining the extent of oxidation (Figure 
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1-14). X-ray diffraction, UV-Vis, and electron microscopy have also been used in 

determining the oxidation of MXenes and the formation of transition metal oxides.70, 74, 75 

 

Figure 1-14 Conductivity and TiO2 content as a function of time for samples stored 

in humidity-controlled environments. Reprinted with permission from reference46, 

Copyright 2019 Springer Nature. 

 

1.6. Mitigation of MXene oxidation 

The rapid degradation of MXene 2D nanomaterials has prompted investigations 

into the mechanism of MXene oxidation, and more importantly, the methods to prolong 

their shelf and usage life. Multiple research groups recently observed that the oxidation 

kinetics varies widely depending on the surrounding media and storage conditions.46, 69 

Specifically, the oxidation rates were substantially higher in aqueous phases compared to 

in organic solvents, air, and solid media. Hence, early efforts on improving the oxidation 

stability of MXenes focused on the optimization of storage medium and conditions.  

Maleski et al. and Habib et al. suggested that dispersions in organic solvents could 

mitigate or prevent oxidation and extend the shelf life of Ti3C2Tx in solution46, 65, 66. It was 

believed that the solvation shell of the organic solvent molecules can restrict the reactions 
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of the nanosheets with  water and/or oxygen.66, 76 Since the oxidation rate of Ti3C2Tx 

nanosheets depends on both temperature and available oxidant concentration, efforts have 

been centering on the restriction of oxygen exposure and storing MXene dispersion at low 

temperatures. Reports by Anasori et al. and Zhang et al. implied that MXenes might be 

stored in oxygen-free degassed water or in dry air to avoid oxidation and that light 

exposure should be avoided.3 In addition, storage in frozen dispersion was also reported 

to slow down the oxidation rates of Ti3C2Tx nanosheets.64, 77 Other techniques to slow 

down oxidation include freeze-drying MXene suspension and storage of the MXene 

product in a powder form under vacuum46.  

Surface modification is another approach to mitigate MXene oxidation. Wu et al. 

proposed a carbon nanoplating technique to modify Ti3C2 MXene surface for inhibiting 

oxygen diffusion78. Ji et al. demonstrated that functionalization of MXene surface with 

(3-Aminopropyl) triethoxysilane by a facile silylation reaction can stabilize the MXene 

against structural degradation79. Lee et al. claimed that reducing Ti3C2Tx surface by H2 

annealing at elevated temperature can reduce the surface of partially oxidized MXene 

films80. 

The synthesis of the parent MAX phase was also demonstrated to show an 

influence on the oxidation stability of derived MXene nanosheets. Shuck et al. reported 

that Ti3C2Tx MXenes derived from MAX phase made from graphite as the carbon source 

are more stable than that from lampblack and titanium carbide (TiC)81 (Figure 1-15). The 

differences in stability caused by carbon source were attributed to size effects, defect 

density, and the presence of Ti2AlC impurities. Mathis et al. showed that including excess 
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aluminum during the Ti3AlC2 MAX phase synthesis results in the increased resistance to 

oxidation for derived MXenes, because of the enhanced crystallinity and stoichiometry82. 

Despite these efforts, effective techniques to eliminate or restrict the oxidation of 

MXene nanosheets remain elusive, particularly in the dispersed aqueous state. This 

dissertation focuses on improving the oxidation stability by innovative ways and 

investigating the mechanism of MXene oxidation. 

 

Figure 1-15 Solution stability of the 0.15 mg/mL MXene colloidal solutions dispersed 

in deionized water calculated by the change in solution absorbance. The digital image 

(inset) displays the differences in concentration of lampblack-, graphite-, and TiC-

produced Ti3C2Tx samples (left to right) after 12 days. Reprinted with permission 

from reference81, Copyright 2019 American Chemical Society. 
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2. ANTIOXIDANTS UNLOCK SHELF-STABLE TI3C2TX (MXENE) NANOSHEET 

DISPERSIONS 

 

2.1. Summary 

MXenes such as Ti3C2Tx are fascinating two-dimensional nanomaterials with an 

attractive combination of functional properties suitable for applications such as batteries, 

supercapacitors, and sensors. Although MXene nanosheets have attracted significant 

scientific and industrial attention, however, these materials are highly susceptible to 

oxidation, which leads to their chemical degradation and loss of functional properties in a 

matter of days. Hence, fabrication of devices and functional coatings based on MXenes 

remains challenging. 

We demonstrate an effective approach to arrest the oxidation of colloidal Ti3C2Tx 

MXene nanosheets by introducing antioxidants such as sodium L-ascorbate. The success 

of the method is evident as the Ti3C2Tx nanosheets maintain composition, morphology, 

electrical conductivity, and colloidal stability. This study reveals that the resistance to 

oxidation persists in the dehydrated MXenes as well. We propose that the sodium L-

ascorbate protects the edges of the nanosheets, restricting water molecules from otherwise 

reactive sites; this is supported by molecular dynamics simulations that show association 

of the ascorbate anion with the nanosheet edge. We also show that other antioxidants may 

 

 Reprinted with permission from “Antioxidants Unlock Shelf-Stable Ti3C2Tx (MXene) Nanosheet 

Dispersions” by Xiaofei Zhao; Aniruddh Vashisth; Evan Prehn; Wanmei Sun; Smit A. Shah; Touseef 

Habib; Yexiao Chen; Zeyi Tan; Jodie L. Lutkenhaus; Miladin Radovic; Micah J. Green. 2019, Matter, 1, 

513-526, Copyright 2019 Elsevier Inc. 
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be similarly effective. A graphic abstract of this finding is shown in Figure 2-1. These 

findings have the potential to be generalized to protect other types of MXenes and solve 

the most pressing challenge in the field of MXene engineering.  

 

Figure 2-1 Graphic abstract figure shows that sodium L-ascorbate (vitamin C) can 

be used as MXene antioxidant to improve the chemical and colloidal stabilities of 

Ti3C2Tx MXene nanosheets. Reprinted with permission from reference75, Copyright 

2019 Elsevier Ltd. 

 

2.2. Introduction 

MXenes are a family of two-dimensional (2D) transition metal carbides, 

carbonitrides, and nitrides; in recent, there has been an avalanche of research studies and 

material applications focused on MXenes because of their fascinating combination of 
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physical and electrochemical properties 2; prior studies have highlighted MXenes’ 

hydrophilicity, excellent electrical- and thermal- conductivities, ease of processability, 

and in-plane stiffness 5, 6. These materials hold promise for a wide range of applications 

in batteries, supercapacitors, electronic sensors, electromagnetic interference shielding, 

and electrocatalysts 18, 27-32. Even though MXenes have been praised for their physical and 

electrochemical properties, one particular problem has plagued both the science and 

applications of these materials: Most known MXenes are prone to oxidation, resulting in 

the loss of both their nanosheet structure and functional properties. 

MXenes are generally described as 2D materials with the chemical formula of 

Mn+1XnTx, where M represents an early transition metal element such as titanium (Ti), 

vanadium (V) or niobium (Nb), X is carbon and/or nitrogen, T refers to one or multiple 

terminal groups, n ranges from 1 to 3, and x reflects the number of terminal groups 32, 35. 

MXenes are typically synthesized from a parent MAX phase bearing a atomically layered 

crystal structure 36, in which Mn+1Xn  layers are interleaved by a layer of the A element 

(from group 13 or 14), such as aluminum (Al), tin (Sn) or silicon (Si). Layered MXene 

“clay” can be derived by selective etching and removal of the A layer from the parent 

MAX phase 37, 38. Furthermore, this clay may be intercalated, delaminated, and exfoliated 

to yield individual MXene nanosheets.  

This study focuses on Ti3C2Tx nanosheets, one of the most-studied members in the 

MXene family. These are typically derived by the wet acid etching of parent Ti3AlC2 to 

produce Ti3C2Tx nanosheets where the terminal groups include hydroxy (-OH), oxygen (-

O), fluoride (-F) and chloride (-Cl), depending on the acid in question 8, 10, 59. These polar 
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terminal groups result in strong hydrophilicity and electronegativity, which allow them to 

be dispersed in water and form a suspension. In addition, the types and distribution of 

terminal groups can have a strong impact on the properties, stability and functionality of 

MXenes 59. 

Unfortunately, Ti3C2Tx tends to oxidize and degrade rapidly over the course of 

days when exposed to air and/or water, leading to the disassembly of the layered, two-

dimensional structure and formation of titanium oxide (TiO2) and carbon (C) 45, 52, 64. This 

degradation has been observed by transmission electron microscopy and even by direct 

observation of color changes of nanosheet dispersions from a black/dark green color to a 

cloudy white/brownish color 63. Several prior studies have explored the issue of MXene 

oxidation. Our group recently observed that the oxidation rate varies widely depending on 

the surrounding media; specifically, the oxidation rates were substantially higher in 

aqueous phases compared to organic solvents, air, and solid media 46. Maleski et al. also 

reported evidence showing that organic solvents can mitigate or slow MXene degradation 

compared to water 66. Reactive molecular dynamics simulations suggest that the Ti3C2Tx 

oxidation rate depends on both temperature and available oxidant concentration 83. Prior 

studies have also indicated that the oxidation starts at the MXene edges and defects. The 

as-formed metal oxide nanocrystals can then develop throughout the MXene flake by 

nucleation and growth  3, 64. It is noteworthy that MXenes with multilayered/stacked 

structures are less prone to oxidation than individual nanosheets due to the stacked 

structure’s lower surface-to-volume ratio; even so, Mashtalir et al. and Habib et al. 

observed oxidation of multilayer stacks over the course of several days indicated by the 
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rapid appearance of titanium dioxide and the dramatical decrease in electrical conductivity 

45, 46. In the individual nanosheet form, MXenes typically show better electrical 

performance, colloidal stability and processability but lower oxidation stability compared 

to multilayered MXene clay 46, 84. Zhang et al. studied the degradation of delaminated 

Ti3C2Tx colloidal solutions stored in open vials and concluded that Ti3C2Tx MXenes can 

severely oxidize and degrade after 15 days 64. Thus, strategies to preserve MXene 

nanosheets and avoid oxidation are critical, for both MXene nanosheets in dispersions and 

stacked MXenes in clays or bucky paper films. 

Only a handful of studies have suggested strategies for mitigating Ti3C2Tx 

oxidation, mostly centering on the restriction of oxygen exposure at low temperature. 

Anasori et al. mentioned that MXenes are more stable in oxygen-free degassed water or 

in dry air and that light exposure can accelerate the oxidation 3. Zhang et al. proposed the 

storage of degassed Ti3C2Tx aqueous dispersions in hermetic argon-filled containers at 5 

°C 64. However, they reported that oxidation still occurs at those conditions, but at slower 

rate. It is noteworthy that oxygen solubility is quite low (around 8 mg/L at 25 °C), so it is 

difficult to attribute oxidation solely to dissolved oxygen and water itself is likely play a 

major role in oxidation 46, 64, 65; we explore this possibility in further detail below. Other 

techniques to slow or prevent oxidation include freezing and freeze-drying MXenes under 

vacuum 46. Wu et al. proposed a carbon nanoplating technique to modify Ti3C2 MXene 

surface for inhibiting oxygen diffusion 78. Despite these efforts, effective techniques to 

eliminate or restrict the oxidation of MXene nanosheets remain elusive, particularly in the 

dispersed aqueous state.  
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Figure 2-2 Schematics of shelf-stable Ti3C2Tx nanosheet dispersion enabled by the 

antioxidant sodium L-ascorbate (NaAsc). (a) Schematic representation of Ti3C2Tx 

nanosheet synthesis: Aluminum (Al) layer is removed from the parent Ti3AlC2 by 

acid etching, and the resulting multilayer MXene clay was intercalated by DMSO 

and delaminated by sonication. (b) Shelf-stable Ti3C2Tx nanosheets stabilized by 

sodium L-ascorbate: The Ti3C2Tx MXene nanosheets were stored both in deionized 

water and sodium L-ascorbate (NaAsc) solution. Without antioxidant, the Ti3C2Tx 

oxidizes and degrades to form TiO2 and carbon. Sodium L-ascorbate shields the 

nanosheet from being severely oxidized. The Ti3C2Tx retained its as-prepared 

appearance after 6 months; however, the appearance of colloidal Ti3C2Tx nanosheets 

stored in water was completely changed. Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. 

 

Here, we hypothesize that an antioxidant added to the aqueous MXene dispersion 

will preserve Ti3C2Tx nanosheets by restricting oxidation and thus extending shelf life 

(shown schematically in Figure 2-2). To this end, we use sodium L-ascorbate, which is 

widely available and has been used in food and pharmaceutical industries as a preservative 

or antioxidant. We show that the chemical composition, 2D layered structure, and 

colloidal stability of Ti3C2Tx nanosheets are retained even after 21 days when stored in 
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sodium L-ascorbate stabilized dispersions, in stark contrast to those stored for the same 

duration as the Ti3C2Tx/water dispersions. Reactive molecular dynamics (ReaxFF) 

simulations are also used to probe the mechanism of these interactions between Ti3C2Tx 

nanosheets and sodium L-ascorbate that led to the stabilization of Ti3C2Tx nanosheets.  

 

2.3. Materials and methods 

2.3.1. Sample preparation 

Synthesis of Ti3AlC2 MAX phase 

Ti3AlC2 MAX phase was synthesized from Ti (with an average particle size of 44 

μm and 99.5% purity), Al (with an average particle size of 44 μm and 99.5% purity), and 

TiC (with an average particle size of 2–3 μm and 99.5% purity) powders, which were 

weighed and mixed at the ratio of Ti/Al/C = 3.0:1.2:1.8. All chemicals were used as 

received from Alfa Aesar (MA, USA). To ensure the homogeneity of the blends, we mixed 

Ti, Al, and TiC powders in a laboratory ball mill filled with zirconia beads rotating at the 

speed of 300 rpm for 24 h. The bulk high-purity Ti3AlC2 samples were synthesized by 

sintering the powder mixture in a pressurized chamber of a pulsed electric current system 

at pressure of 50 MPa and temperature of 1,510 °C for 15 min. After sintering, the bulk 

Ti3AlC2 samples were drill milled. The drill-milled MAX phase was sieved to obtain the 

powder with particle size less than 45 μm. 

Synthesis of Ti3C2Tx MXene clay 

Ti3C2Tx MXene clay was obtained by etching the Al layer from the MAX phase 

following a wet etching method described by Ghidiu et.al. 38 First, 50 mL of 6 M 
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hydrochloric acid (HCl) solution was prepared by diluting the concentrated HCl (37% 

[w/w], ACS reagent, Sigma-Aldrich) with deionized water. The 50 mL of 6 M HCL 

solution and 3.3 g of lithium fluoride (LiF) (with the purity of 98%+, Alfa Aesar) were 

mixed using a magnetic stir bar in a polytetrafluoroethylene (PTFE) bottle until all LiF 

was dissolved. The solution of HCl and LiF was heated to 40°C. Five grams of as-prepared 

MAX powder was slowly added into the solution over 15 min to prevent overheating (due 

to large exotherm of the etching reaction). The mixture was continuously agitated and 

reacted for 45 h. The suspension was then centrifuged, and the supernatant (which 

contained the unreacted HF and water-soluble salt ions) was removed. Deionized water 

was used to wash the MXene clay in the sediments. The dispersion was then vigorously 

shaken and centrifuged to remove the water effluent. This step was repeated several times 

until the pH of the water effluent reached a minimum value of 6. 

Synthesis of Ti3C2Tx MXene nanosheet dispersion 

As-prepared Ti3C2Tx MXene clay was intercalated with dimethyl sulfoxide 

(DMSO) (>99.5%, Sigma-Aldrich) and then bath sonicated to exfoliate into nanosheets. 

33 One milliliter of DMSO was added to disperse every 60 mg of Ti3C2Tx MXene clay. 

The MXene clay was intercalated at room temperature for 20 h with continuous magnetic 

stirring. After the intercalation, DMSO was removed by 3-4 cycles of solvent exchange 

with deionized water. The aqueous MXene clay dispersion was bath sonicated for 1 h to 

delaminate the multilayered MXene structures. The delaminated dispersion was 

centrifuged at 3,500 rpm for 1 h to crash out and separate the unexfoliated MXenes and 

other heavier components. The supernatant collected was the Ti3C2Tx nanosheet 

https://www.sciencedirect.com/science/article/pii/S2590238519300451#bib33
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dispersion. The deionized water used in the steps described above had been purged with 

argon gas for at least 1 h to remove the dissolved oxygen to the maximum extent. A 

concentration of 6.06 mg/mL for the delaminated Ti3C2Tx nanosheet dispersion was 

determined by dividing the weight of freeze-dried nanosheets by the volume of MXene 

dispersion used for freeze-drying. 30 mL of the Ti3C2Tx nanosheet dispersion was frozen 

in liquid nitrogen and freeze-dried for at least 3 days to remove the moisture. The dried 

nanosheets were weighed by an electronic balance with an accuracy of 0.1 mg. The lateral 

size of the delaminated nanosheets is around 0.5-5 μm, verified by transmission electron 

microscopy. 22 

Dilution of MXene nanosheet dispersion 

For every 0.1 mL of as-prepared Ti3C2Tx nanosheet dispersion, premixed NaAsc 

stock solution was added to make a 100-mL dispersion with a NaAsc concentration of 

1 mg/mL. Deionized water diluted nanosheet dispersions were prepared in the same way 

for reference purposes. The concentration of NaAsc in the diluted dispersion was 

maintained at 1 mg/mL for maintaining the MXene colloidal stability. 

Vacuum filtration to make buckypapers 

The macro-assemblies of layered Ti3C2Tx nanosheets were made by vacuum 

filtration of MXene dispersion using Polyethersulfone Membrane (Pall Laboratory). The 

MXene nanosheets were pretreated by antioxidants such as sodium L-ascorbate, tannic 

acid, and ascorbic acid at desired concentrations. The filtered films were then vacuum 

dried after filtration at 40°C for 12 h. 

 

https://www.sciencedirect.com/science/article/pii/S2590238519300451#bib22
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2.3.2. Characterization methods 

X-Ray diffraction (XRD) 

XRD patterns of dried Ti3C2Tx were obtained using Bruker D8 powder X-ray 

diffractometer fitted with LynxEye detector, in a Bragg Brentano geometry with CuKα (λ 

= 1.5418 Å) radiation source. The X-ray scan was performed with a step size of 0.02° and 

a scan rate of 1.5 s per step. The Ti3C2Tx samples were freeze-dried before the XRD 

measurements. A zero-background sample holder was used in all the tests. 

Dynamic light scattering (DLS) 

The average hydrodynamic diameters of aqueous Ti3C2Tx nanosheets were 

determined at ambient temperature by DLS at a scattering angle of 90° using a Zetasizer 

Nano ZS90 from Malvern Instruments (UK). The colloidal aqueous dispersion of Ti3C2Tx 

nanosheets was diluted to a concentration of around 0.006 mg/mL before measurements 

to ensure consistency. Each test was repeated at least six times, and an average value was 

derived to ensure accuracy. 

ζ-Potential measurement 

ζ-Potential changes of Ti3C2Tx nanosheets in water and NaAsc solution were 

probed at ambient temperature using the Zetasizer Nano ZS90 from Malvern Instruments 

and the appropriate capillary cell, DTS 1070, from Malvern Instruments. The colloid of 

Ti3C2Tx nanosheets was diluted to a concentration around 0.006 mg/mL before 

measurements to ensure consistency. Each test was repeated at least six times and an 

averaged value was derived to ensure accuracy. 
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X-Ray photoelectron spectroscopy (XPS) 

The surface chemistry of as-prepared and stored Ti3C2Tx nanosheets was probed 

using an Omicron X-ray photoelectron spectrometer employing a Mg-sourced X-ray beam 

to irradiate the sample surface. The emitted photoelectrons from the sample surface were 

collected by a 180° hemispherical electron energy analyzer. A takeoff angle of 40° 

between sample surface and the path to the photoelectron collector was used in all 

measurements. During all scanning, charge neutralization by a dual-beam charge 

neutralizer was performed to irradiate the low-energy electrons to eliminate the binding 

energy (BE) shifts in the recorded spectra. Samples for XPS measurements were prepared 

by repeatedly drop-casting the Ti3C2Tx dispersion onto hydrophilic silicon wafer, which 

was pretreated in an oxygen plasma cleaner. The samples were then dried under vacuum 

at 40°C for 12 h to prevent any outgassing. High-resolution spectra of Ti 2p, C 1s, O 1s, 

and F 1s were recorded at a pass energy (constant analyzer energy) of 30.0 eV with a step 

size of 0.05 eV. 

Component peak fitting and quantification of the spectra were carried out using 

CasaXPS curve fitting software (version 2.3.16). Prior to peak fitting, a region was created 

for each entry. The background contributions were subtracted by applying a Shirley type 

background function. All spectra were charge calibrated based on the adventitious C 1s 

component (C-C) with a BE of 284.8 eV. Peak fitting was performed using symmetric 

Gaussian-Lorentzian curves (GL30). A few rigid constraints were imposed during peaking 

fitting to ensure reasonable and consistent results with the literature. First, for all 2p3/2 and 

2p1/2 components in the titanium spectra, the peak area ratios were constrained to be fixed 
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exactly at 2:1 (2p3/2:2p1/2) as given by quantum mechanics selection rules. In addition, the 

full width at half maximum (FWHM) of each component was restricted. The same 

component present in each sample was expected to exhibit only small variations in the 

FWHM. The BE and delta values for 2p3/2-2p1/2 splitting for each component were 

constrained according to a series of literature and NIST XPS database reported values. 35, 

41, 72, 85 The standard deviations for the fitted components were computed using the Monte 

Carlo error analysis built into the CasaXPS software. The standard deviations of the 

fittings were found to range between 0.1% and 5.0% for all stated components. 

The Ti 2p region was deconvoluted into five pairs of the 2p3/2 and 2p1/2 spin-orbit 

split components, which were assigned to Ti-C, Ti(II), Ti(III), Ti(IV), and Ti-F, 

respectively. Note that for the MXene sample stored in water, since the atomic percentage 

of fluorine became very low, the Ti-F curves were neglected in the fitting. The C 1s 

spectrum was deconvoluted into six components, namely C-C, C-Ti-Tx1, C-Ti-Tx2, 

CHx/CO, C-OH, and COO, respectively. The O 1s spectrum was deconvoluted into five 

components, namely TiO2, C-Ti-Ox, C-Ti-(OH)x, Al2O3, and H2O. The F 1s spectrum was 

deconvoluted into two components: AlFx and C-Ti-Fx. 

Scanning electron microscopy (SEM) 

The morphologies of Ti3C2Tx nanosheets after storage were observed with an FEI 

Quanta 600 field-emission scanning electron microscope. For imaging, the vigorously 

mixed dispersions of stored Ti3C2Tx nanosheets were drop-casted on hydrophilic silicon 

wafers pretreated with oxygen plasma and then vacuum dried. The acceleration voltage 

used in the imaging was 2 kV. 
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Conductivity measurement 

The electrical conductivity was measured using four-point resistivity probe 

powered by Keithley Instruments models, one 2000, one 6221, and two 6514. MXene 

films used for the conductivity measurements were prepared by vacuum filtering the 

Ti3C2Tx nanosheet dispersions as described above. 

Simulation setup* 

ReaxFF is a reactive force-field molecular dynamics simulation technique that uses 

the bond-order concept to compute the interaction between atoms at each time step. 

Compared with other non-reactive atomistic simulation techniques, ReaxFF provides a 

smooth transition between the non-bonded states and the bonded states. In general, the 

total energy of the system in ReaxFF is described by several contributions and can be 

summed up as follows: 

Esystem = Ebond + Eover + Eunder + Eval + Etors + EvdW + ECoulomb + 

 Elp + EH-bond 

(1) 

The total energy of the system (Esystem) consists of bond-order dependent or 

covalent interactions and non-bonded interactions. Bond-order-dependent terms include 

the bond energy (Ebond), over-coordination (Eover), under-coordination (Eunder), and 

hydrogen bond (EH‑bond) interactions. Energy penalty terms include torsion angle energy 

(Etor), valence angle energy (Eval), and lone pair energy (Elp), whereas the non-bonded 

interactions are van der Waals (EvdW) and Coulomb energy (ECoulomb). At every time step, 

 

* The simulation work and paragraph were completed and written by Dr. Aniruddh Vashisth. 
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bond order is calculated between all pairs of atoms from their interatomic distances and 

updated. Also, non-bonded interactions such as van der Waals and Coulomb terms are 

considered for all atom pairs. Force field parameters describing energy terms are typically 

optimized by quantum mechanics calculations. The force field used in the current 

investigation has been fitted for Ti and C based MXene structure and has shown good 

correlation with experiments 86. 

Two systems were generated, first with 200 water molecules and a single 

Ti3C2(OH)structure and second system had 50 NaAsc molecules was added to it. The 

water and the NaAsc molecules were randomly distributed around the MXene structure. 

The density of both the system was kept at ~1 g/cc. NVT simulations were carried out 500 

˚C (773 K) with 0.25 fs time-steps for a total time of 25 ps using LAMMPS 87. Simulations 

were carried at elevated temperatures as compared to the experiments to accelerate the 

kinetics of the reactions. Although parameters for Ti-F are defined in the current force 

field 86, F group were neglected as Na-F force field parameters were not well defined. 

Radial distribution function (rdf) calculations were carried out using Visual Molecular 

Dynamics (VMD) 88 for the last 10 ps of the oxidation simulations. 

 

2.4. Results and discussion 

2.4.1. Sodium L-ascorbate promotes MXene stability against oxidation and 

aggregation 

Colloidal Ti3C2Tx nanosheet dispersions were diluted with a pre-mixed aqueous 

solution of sodium L-ascorbate (NaAsc), which acts as an antioxidant and ensures a 
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reducing environment, to obtain a concentration of 6.1 x 10-3 mg/mL MXene and 1 mg/mL 

NaAsc. The NaAsc-stabilized dispersions were stored for 21 days in closed bottles at 

ambient temperature. No degassing was practiced before or during the storage, such that 

the MXene colloidal solution was in contact with the bottle’s headspace (air). Control 

dispersions were made by diluting Ti3C2Tx MXene colloid with deionized (DI) water to 

the same final concentration and stored at identical conditions for 21 days. 

X-ray diffraction (XRD) patterns of (i) dried Ti3C2Tx nanosheets previously stored 

in 1 mg/mL sodium L-ascorbate solution after 21 days were compared to those of (ii) as-

prepared Ti3C2Tx nanosheets, (iii) Ti3C2Tx nanosheets previously kept in deionized water, 

and (iv) the parent Ti3AlC2 MAX phase in Figure 2-3. After etching, intercalation and 

further delamination, the pronounced (002) peak shifts from an 2θ angle of 9.7° that is 

typical for the parent MAX phase to a lower 2θ value around 6.5°, which is typical for 

Ti3C2Tx nanosheets 89. The (002) peak tends to broaden gradually in the processing stages, 

which most likely suggests an increased d-spacing and decreased thickness of Ti3C2Tx 

layers 89, 90. After being stored in sodium L-ascorbate solution for 21 days, the colloidal 

Ti3C2Tx nanosheets retained their pronounced (002) peak at a 2θ angle around 6.5°. 

However, the (002) peak disappeared completely from the XRD spectrum for Ti3C2Tx 

stored in deionized water, indicating the total oxidation of crystalline MXene to an 

amorphous structure. Collectively, these XRD results suggest that the crystalline structure 

of Ti3C2Tx nanosheets can be effectively retained by introducing an antioxidant.  
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Figure 2-3 Crystalline structural properties of Ti3AlC2 and Ti3C2Tx characterized 

using X-ray diffraction (XRD). XRD patterns for Ti3C2Tx nanosheets stored for 21 

days in deionized water (i) with and  (iii) without sodium L-ascorbate, exhibiting little 

and severe oxidation, respectively, as compared to (ii) as-prepared Ti3C2Tx 

nanosheets. All nanosheets were obtained after etching, intercalation, and 

delamination. (iv) XRD pattern for the Ti3AlC2 MAX phase. Samples used for XRD 

were prepared by vacuum filtration, followed by vacuum-drying at 40 ℃ for 12 

hours. Reprinted with permission from reference75, Copyright 2019 Elsevier Ltd. 

 

To detect changes in colloidal stability caused by oxidation, the hydrodynamic size 

distributions (shown in Figure 2-4a) of Ti3C2Tx dispersions were measured using dynamic 

light scattering (DLS). After six days, the average size of the material dispersed in water 

increased dramatically due to nanosheet agglomeration (corroborated by ζ potential 

measurements below). At around day 15, the average hydrodynamic diameter reached a 

maximum value of nearly 2200 nm. However, after 15 days, the hydrodynamic diameter 

declined; this is likely associated with further oxidation and degradation to TiO2. In 

contrast, samples dispersed in the sodium L-ascorbate solution exhibited a much more 



 

39 

 

constant size distribution over time. The average hydrodynamic diameter based on 

intensity was found to be invariant at around 500 nm, which suggests that introducing 

sodium L-ascorbate is an effective way to retain the lateral size of Ti3C2Tx nanosheets, 

thus limiting oxidation and maintaining colloidal stability. 

The colloidal stability of Ti3C2Tx dispersions was further examined by 

characterizing ζ potential over time (Figure 2-4b). The surface of a Ti3C2Tx nanosheet is 

negatively charged due to the terminal groups (i.e. -OH, -O, -Cl and -F). The change in ζ 

potential reflects a decrease in the amount of surface charge, which is caused by the 

oxidation of Ti3C2Tx nanosheets. Nanosheets stored in sodium L-ascorbate solution 

generally maintained a stable ζ potential (below -35 mV) during the 21-day storage. In 

contrast, a significant weakening of ζ potential was observed for nanosheets stored in 

deionized water even during the first day, which indicates a rapid loss of colloidal stability. 

 The Ti3C2Tx nanosheet dispersions stored in 1 mg/mL sodium L-ascorbate 

solution and water after 21 days are compared in Figure 2-4c and 2-4d, respectively. In 

addition, aggregates were observed after only a few days in the water dispersion. When 

stored in deionized water without antioxidant, the Ti3C2Tx MXene nanosheet dispersion 

shows a dramatic color change from day 0 to day 21: the dispersion became lighter on 

visual inspection as most Ti3C2Tx nanosheets oxidized into TiO2 and C. Visible 

precipitated clusters of Ti3C2Tx MXene nanosheets were also observed during the storage. 

In contrast, the aqueous Ti3C2Tx MXene nanosheet dispersion stored in sodium L-

ascorbate exhibited little color change or aggregation. 
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Figure 2-4 Colloidal stability and morphology of shelf-stable Ti3C2Tx nanosheets. (a) 

The average hydrodynamic diameter of Ti3C2Tx nanosheets measured as a function 

of time for dispersions in deionized water and 1 mg/mL sodium L-ascorbate solution. 

(b) Time evolution of ζ potential of Ti3C2Tx dispersions in deionized water and 1 

mg/mL sodium L-ascorbate solution (See also Figure 2-5). (c-d) Corresponding 

images of the dispersions at Day 0 and Day 21 are shown. (e) SEM image of Ti3C2Tx 

nanosheets after being stored in 1 mg/mL sodium L-ascorbate solution for 21 days 

indicates that the nanosheets retain their morphology. (f) SEM image of drop-cast 

Ti3C2Tx nanosheets after being stored in deionized water for 21 days shows an 

amorphous and dense structure. Reprinted with permission from reference75, 

Copyright 2019 Elsevier Ltd. 

 

The effectiveness of sodium L-ascorbate in protecting the MXene structure was 

analyzed by characterizing the final morphologies of the stored Ti3C2Tx nanosheets using 

scanning electron microscopy (SEM). Figure 2-4e reveals that the morphology of the 

nanosheets was successfully retained for the materials preserved in sodium L-ascorbate 

solution after 21 days. However, the Ti3C2Tx previously stored in water exhibited an 
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amorphous TiO2 structure, displayed in Figure 2-4f. The typical nanosheet morphology 

could not be observed in this sample; instead, a clay-like paste is seen. 

 

Figure 2-5 Zeta (ζ) potential changes of Ti3C2Tx nanosheets dispersed in deionized 

water and 1 mg/mL sodium L-ascorbate solution (NaAsc) in the first 2 days of 

storage. A dramatic increase of ζ potential of Ti3C2Tx MXene nanosheets/water 

dispersion is observed in the first 12 hours; in contrast, NaAsc stabilizes the colloidal 

dispersion and shows a relatively stable ζ potential. Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. 

 

The chemical composition of Ti3C2Tx nanosheets was characterized using X-ray 

photoelectron spectroscopy (XPS). The presences of titanium (Ti), carbon (C), oxygen (O) 

and fluorine (F) in as-prepared and stored Ti3C2Tx were confirmed in the survey spectra 

(Figure 2-6). High-resolution spectra of Ti 2p, C 1s, O 1s, and F 1s are displayed in Figure 

2-7a. Ti 2p spectra were deconvoluted into Ti+(Ti-C and Ti-F), Ti2+, Ti3+ and Ti4+ (TiO2) 

(Figure 2-8). For both the as-prepared Ti3C2Tx and the Ti3C2Tx stored in sodium L-

ascorbate solution, the TiO2 (Ti4+) comprises relatively low atomic fractions in the Ti 2p 

region (around 6.1 at. % and 13.1 at. %, respectively). However, for the sample stored in 

water for 21 days, the TiO2 (Ti4+) comprises a much higher atomic fraction, around 64.6 
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at. % of the photoemission in Ti 2p region. This can be confirmed by the high-intensity 

peak around 459 eV which is evidence of the severe oxidation of Ti3C2Tx MXene.  

The XPS peaks of the Ti 2p region give important insights into the effect of sodium 

L-ascorbate on the oxidation states of titanium within the Ti3C2Tx nanosheets. The relative 

atomic compositions of Ti 4+, Ti 3+, Ti 2+ and Ti+ species in aged aqueous Ti3C2Tx 

dispersion (with and without antioxidant) are compared in Figure 2-7b. As expected, in 

the case of aging in water, we observe an increase in the relative composition of Ti species 

with higher oxidation states (i.e., Ti 2+ and Ti 3+ are oxidized to Ti 4+, and Ti + is oxidized 

to Ti 2+ and Ti 3+). However, in the presence of sodium L-ascorbate, the chemical state 

transition from Ti + to Ti 2+/ Ti 3+ was inhibited; the increase of Ti 4+ with time was slow.  
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Figure 2-6 (a) XPS survey spectrum of as-prepared Ti3C2Tx nanosheets dried after 

delamination labelled with characteristic peaks of Ti 2p, C 1s, O 1s, and F 1s. (b) 

XPS survey spectrum of the Ti3C2Tx MXene nanosheets drop-cast and dried after 

being stored in deionized water for 21 days, labelled with characteristic peaks of Ti 

2p, C 1s, O 1s, and F 1s. The F 1s peak is no longer prominent in this survey spectrum 

due to oxidation and degradation of the MXene structure. (c) XPS survey spectrum 

of the Ti3C2Tx nanosheets dried after being stored in sodium L-ascorbate solution (1 

mg/mL) for 21 days, labelled with characteristic peaks of Ti 2p, C 1s, O 1s, F 1s and 

Na 1s (from sodium L-ascorbate). Reprinted with permission from reference75, 

Copyright 2019 Elsevier Ltd. 
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Figure 2-7 Chemical composition of as-prepared Ti3C2Tx nanosheets and nanosheets 

stored after 21 days. (a) XPS spectra of Ti 2p, C 1s, O 1s and F 1s for as-prepared 

Ti3C2Tx nanosheets, nanosheets stored in deionized water  and, those stored in 1 

mg/mL solution of sodium L-ascorbate after 21 days.  Deconvolutions and associated 

binding energy (B.E.) values are listed in Table 2-1 to 2-3. The Ti 2p spectra shows 

that the peak corresponding to TiO2 increased in intensity and that the Ti peak 

greatly decreased in intensity for the nanosheets dispersed in water when compared 

to as-prepared MXenes and those stored in NaAsc. This shows that the chemical 

composition of Ti3C2Tx nanosheets was largely retained when sodium L-ascorbate 

was present. (b) XPS peak fitting results for the Ti 2p region for Ti3C2Tx MXenes. 

The atomic percentages of TiO2 (Ti4+), Ti3+, Ti2+, Ti-C and C-Ti-Fx obtained from the 

deconvoluted Ti 2p region for as-prepared and stored Ti3C2Tx nanosheets in water 

and sodium L-ascorbate solution (NaAsc). Ti3C2Tx stored in water shows the highest 

percentage of TiO2 due to severe oxidation. Sodium L-ascorbate inhibits oxidation; 

the TiO2 fraction remains relatively much less-changed when compared to the 

sample stored in water. Reprinted with permission from reference75, Copyright 2019 

Elsevier Ltd. 
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Figure 2-8 Component peak fittings of XPS spectra for as-prepared Ti3C2Tx 

nanosheets and nanosheets after being stored in deionized water and sodium L-

ascorbate solution (1 mg/mL) for 21 days. Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. 
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Table 2-1 XPS peak fitting results for as-prepared Ti3C2Tx MXenes. Reprinted with 

permission from reference75, Copyright 2019 Elsevier Ltd. 

 

Element 
Element 

atomic% 

Binding 

energy (BE) 

(eV) 

Component 

name 

Component 

atomic% 
FWHM 

Ti 2p3/2 

(2p1/2) 
18.5 

454.9 (460.9) Ti-C 33.2 1.3 (2.3) 

455.9 (461.4) Ti2+ 34.4 1.5 (2.9) 

457.1 (462.6) Ti3+ 23.5 1.7 (2.6) 

458.5 (464.1) TiO2 6.1 1.2 (1.9) 

459.3 (465.1) Ti-Fx 2.9 0.9 (1.9) 

C 1s 52.3 

282.1 C-Ti-Tx
a 15.3 0.8 

282.6 C-Ti-Tx
a 16.1 2.2 

284.8 C-C 56.6 1.8 

286.4 CHx/CO 8.9 1.7 

289.3 COO 3.1 1.9 

O 1s 22.4 

530.3 TiO2 4.1 1.7 

530.8 C-Ti-Ox 32.1 1.3 

532.1 C-Ti-(OH)x 23.7 1.6 

532.7 Al2O3 18.5 1.5 

533.7 H2O
b 21.6 2.0 

F 1s 6.8 
685.0 C-Ti-Fx 68.9 1.4 

686.3 AlFx 31.1 2.5 

a Tx represents the terminal groups grafted on the Ti3C2Tx MXene nanosheets. The peak 

corresponding to this bond is asymmetric, so it is represented by two symmetric peaks.     

b Water molecules associated with terminal group -OH. 
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Table 2-2 XPS peak fitting results for Ti3C2Tx MXene nanosheets after being stored 

in deionized water. Reprinted with permission from reference75, Copyright 2019 

Elsevier Ltd. 

 

Element 
Element 

atomic% 

Binding 

energy (BE) 

(eV) 

Component 

name 

Component 

atomic% 
FWHM 

Ti 2p3/2 

(2p1/2) 
14.0 

454.7 (460.7) Ti-C 4.6 1.3 (2.0) 

455.5 (461.1) Ti2+ 16.2 1.9 (2.6) 

457.3 (462.9) Ti3+ 14.6 1.8 (2.6) 

459.0 (464.7) TiO2 64.6 1.3 (2.2) 

C 1s 40.0 

281.7 C-Ti-Tx
a 4.0 1.0 

282.3 C-Ti-Tx
a 5.0 2.1 

284.8 C-C 73.8 1.9 

286.6 CHx/CO 9.9 2.0 

289.0 COO 7.3 2.7 

O 1s 45.8 

530.1 TiO2 17.2 1.6 

530.8 C-Ti-Ox 34.4 1.5 

532.0 C-Ti-(OH)x 14.6 1.8 

532.7 Al2O3 16.1 1.8 

533.4 H2O
b 17.7 1.8 

F 1s 0.2 N/A N/A N/A N/A 

a Tx represents the terminal groups grafted on the Ti3C2Tx MXene nanosheets. The peak 

corresponding to this bond is asymmetric, so it is represented by two symmetric peaks.    

b Water molecules associated with terminal group -OH. 
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Table 2-3 XPS peak fitting results for Ti3C2Tx MXene nanosheets after being stored 

in sodium L-ascorbate solution (1 mg/mL). Reprinted with permission from 

reference75, Copyright 2019 Elsevier Ltd. 

 

Element 
Element 

atomic% 

Binding 

energy (BE) 

(eV) 

Component 

name 

Component 

atomic% 
FWHM 

Ti 2p3/2 

(2p1/2) 
6.9 

454.7 (460.7) Ti-C 26.8 1.3 (2.0) 

455.7 (461.1) Ti2+ 36.0 1.7 (2.8) 

457.2 (462.7) Ti3+ 23.2 1.9 (2.8) 

458.8 (464.4) TiO2 13.1 1.2 (2.2) 

459.5 (465.5) Ti-Fx 1.0 0.9 (1.5) 

C 1s 63.6 

281.2 C-Ti-Tx
a 6.0 1.0 

282.6 C-Ti-Tx
a 4.7 2.0 

284.8 C-C 42.1 1.5 

286.3 CHx/CO 29.6 1.6 

288.1 C-OHb  8.3 1.7 

289.3 COO 9.3 2.6 

O 1s 28.1 

529.7 TiO2 18.2 1.9 

531.0 C-Ti-Ox 10.7 1.7 

532.0 C-Ti-(OH)x 32.5 1.8 

532.9 Al2O3 23.1 1.5 

533.7 H2O
c 15.5 1.9 

F 1s 1.5 
685.1 C-Ti-Fx 67.4 1.3 

686.3 AlFx 32.6 2.5 

a Tx represents the terminal groups grafted on the Ti3C2Tx MXene nanosheets. The peak 

corresponding to this bond is asymmetric, so it is represented by two symmetric peaks. b 

NaAsc associated with MXene nanosheets. c Water molecules associated with terminal 

group -OH.  
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The electrical conductivity of the macro-assembly of layered Ti3C2Tx nanosheets 

can also be used as an indicator of the degree of oxidation 46. Table 2-4 displays the 

changes in the electrical conductivities of MXene filtered films made from the as-prepared 

(day 0) and stored (day 21) Ti3C2Tx nanosheets in sodium L-ascorbate solution and 

deionized water, respectively. The electrical conductivity for the MXene film comprised 

of as-prepared Ti3C2Tx nanosheets (3.2 ± 0.3 x 105 S/m) was consistent with prior studies 

90. After storage in deionized water, the filtered MXene film conductivity dropped below 

10-6 S/m. In contrast, the film made from Ti3C2Tx stored in sodium L-ascorbate solution 

retained an electrical conductivity of 5.7 ± 0.5 x 104 S/m, with a decrease of less than one 

order of magnitude. The relative electrical conductivity stability is evidence that sodium 

L-ascorbate protects the Ti3C2Tx nanosheets from severe oxidation. 

Table 2-4 Electrical conductivities of buckypapers made from as-prepared MXenes 

and stored Ti3C2Tx MXenes in deionized water and 1 mg/mL sodium L-ascorbate 

solution. Reprinted with permission from reference75, Copyright 2019 Elsevier Ltd. 

 

No. of days In deionized water (S/m) In 1 mg/mL NaAsc (S/m) 

0 3.2 ± 0.3 x 10
5

 2.2 ± 0.2 x 10
5

 

21 <10
-6

 5.7 ± 0.5 x 10
4

 

 

2.4.2. Oxidation prevention for dried Ti3C2Tx 

Dried MXene nanosheets are also known to undergo oxidization when stored in 

ambient conditions 46. With this in mind, we tested whether antioxidant-treated MXenes 

would resist oxidation in the dry form as powders or films. We prepared vacuum-filtered 

Ti3C2Tx films that were made from colloidal nanosheet dispersions that had been pre-
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treated several antioxidants, including sodium L-ascorbate, tannic acid, and ascorbic acid. 

Figure 2-9 shows that the decrease of normalized electrical conductivity (σ/σ0) can be 

substantially slowed by the antioxidants introduced in the pre-treatment steps; this 

indicates that the antioxidants alter oxidation chemistry not only in solution but also in the 

dried state. (The absolute electrical conductivity values can be found in Figure 2-10.) This 

technique can potentially make shelf-stable MXenes suitable for a variety of applications 

in the dry environment without substantial oxidation. 

 

Figure 2-9 Normalized conductivity change over time for buckypaper made from 

Ti3C2Tx pretreated by antioxidants. Conductivity changes were measured for dried 

filtered films made from Ti3C2Tx nanosheets pretreated by various antioxidants. The 

drastic reduction of normalized electrical conductivity (σ/σ0) due to oxidation was 

inhibited by the antioxidants. This acts as an evidence that antioxidants in general 

prevent oxidation of Ti3C2Tx nanosheets in the dried form. (σ is the real-time 

conductivity (S/m), σ0 is the initial conductivity of as-prepared Ti3C2Tx film.) 

Reprinted with permission from reference75, Copyright 2019 Elsevier Ltd. 
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Figure 2-10 Conductivity changes were measured for dried films made from Ti3C2Tx 

nanosheets pretreated by various antioxidants. The decreasing rates of the electrical 

conductivity for buckypapers made from pretreated nanosheets are much lower than 

the sample made from pristine nanosheets. The differences among the initial 

conductivities were possibly caused by the effects of slight antioxidant attachments 

and antioxidant adsorption due to the electronegativity of Ti3C2Tx nanosheets. 

Reprinted with permission from reference75, Copyright 2019 Elsevier Ltd. 

 

2.4.3. Molecular simulations show that sodium L-ascorbate associates with Ti3C2Tx
† 

ReaxFF molecular simulations were performed to elucidate the mechanism for 

sodium L-ascorbate and Ti3C2Tx interactions. Two systems were examined: (i) a Ti3C2Tx 

nanosheet surrounded by water molecules, and (ii) a Ti3C2Tx nanosheet with randomly 

placed sodium L-ascorbate and water molecules. Both systems had a density of ~1 g/cm3. 

The starting nanosheet was populated with -OH terminal groups. The -F terminal groups 

were not considered for simulations because the current force field does not have well-

 

† This simulation work was completed by Dr. Aniruddh Vashisth. 
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defined Na-F interactions. ReaxFF simulations were carried out at 500 °C with 0.25 fs 

time-steps for 25 ps using Large-scale Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) 87 and using the ReaxFF force field from Osti et al. 86. It is computationally 

unfeasible to simulate the chemical kinetics of 21 days, therefore the common method is 

to carry out the simulations at a higher temperature as compared to the experiments to 

accelerate the kinetics of the reaction 83.  

 

Figure 2-11 Reactive molecular dynamics simulation (ReaxFF) of shelf-stable 

Ti3C2Tx MXenes. (a) The radial distribution functions of Ti-C bonds obtained by 

ReaxFF are shown for stored Ti3C2Tx nanosheets. A higher peak intensity at 2.1 Å 

was obtained for nanosheets stored in sodium L-ascorbate, suggesting a higher level 

of stability against oxidation. (b-c) Final molecular configurations of Ti3C2Tx 

nanosheet after 25 ps simulation of oxidation in water and oxidation in the presence 

of NaAsc and water. L-ascorbate group associates with the nanosheet (highlighted) 

restricting further reactions between the nanosheets and water molecules. Reprinted 

with permission from reference75, Copyright 2019 Elsevier Ltd. 

 

In order to quantify the stability of the Ti3C2Tx structures after oxidation, radial 

distribution function (rdf) calculations were carried out for the Ti-C atoms; these only 

consider the carbon atoms within the MXene structure. The radial distribution function, 
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g(r), gives the probability of finding a particle at a distance r from another particle in 3-D 

space. The rdf calculations were carried out for the last 10 ps of the simulations. Our 

results indicate substantially less oxidation when NaAsc is present in the system. The Ti-

C rdf calculations show a peak at 2.1 Å (Figure 2-11a), which is characteristic for a 

crystalline Ti3C2Tx structure. The Ti-C rdf peak intensity at 2.1 Å for the NaAsc system is 

higher than the water system, suggesting a more stable Ti3C2Tx structure in the presence 

of NaAsc. The experimental XPS results also support this finding (Table 2-2 and Table 

2-3), as the atomic percentage of Ti-C is higher in Ti3C2Tx stored in NaAsc as compared 

to Ti3C2Tx stored in water.  

The stability of the Ti3C2Tx nanosheet (Figure 2-11b and 2-11c) can be attributed 

to the shielding of the Ti3C2Tx structure by the ascorbate molecules that associate with the 

titanium atoms in the nanosheet 86. The oxidized states of Ti (such as Ti3+, Ti2+, and TiO2) 

are far less abundant in Ti3C2Tx system simulated with NaAsc compared to Ti3C2Tx 

system simulated with water. During the simulation, the NaAsc loses the Na+ cation, and 

the L-ascorbate anion associates with the nanosheet. The Ti-O bonding seen in the 

simulations primarily forms at the edges of the Ti3C2Tx between the nanosheet and L-

ascorbate. The L-ascorbate molecules associated with the nanosheet prevent nearby sites 

from interacting with water molecules, thereby locally shielding the nanosheet from 

oxidation. This is not true for the case of water oxidation, where water reacts with the 

nanosheet by breaking Ti-C bonds and forming Ti-O bonds in the process. The reaction 

between Ti and water subsequently creates more sites for oxidation, thereby reducing the 

size of the nanosheet. ReaxFF simulations also indicate preferred oxidation along the 
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edges, in accordance with previous experimental observations 64. This can be attributed to 

the Ti atoms along the edges of nanosheet, which have significantly high angle strain, as 

compared to the Ti atoms in the basal plane. The final configurations of the simulation 

systems are presented in Figure 2-12. 

 

Figure 2-12 Final molecular configuration of molecules after 25 ps of molecular 

dynamic simulation of systems with (a) Ti3C2Tx MXene nanosheet and water, and (b) 

Ti3C2Tx MXene nanosheet, water and NaAsc. The solid line represents the box 

dimensions for the reaction. Reprinted with permission from reference75, Copyright 

2019 Elsevier Ltd. 
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2.4.4. Interaction between MXene nanosheets and sodium cations (Na+) 

2.4.4.1. EDS measurements after washing away sodium cations 

Here, we assess whether sodium cations can be removed from MXenes in the 

buckypaper by repeated washing. Stored MXene colloid was vacuum filtered to make 

films. After that, different amounts of distilled water were used to rinse the film by vacuum 

filtration. The MXene films were then dried under vacuum for 12 hours. The sodium 

residues in the dried MXene films were monitored by Energy-dispersive X-ray 

spectroscopy (EDS). Since all the titanium detected on the film comes from MXene, the 

weight and atomic ratios between Na and Ti (Na: Ti) are a reasonable metric to quantify 

the sodium content. A sample made by freeze drying the NaAsc-stabilized MXene colloid 

was chosen as a reference since no sodium is removed in that case. Table 2-5 reveals that 

sodium can be nearly removed in full after adequate washing process. After being washed 

by 100 ml water, the sodium content became low, so it may be barely detected (the 

standard deviation is close to the obtained the weight percentage itself, which we did not 

report it in detail).  

Table 2-5 Sodium to titanium ratios, which are measured by Energy-dispersive X-

ray spectroscopy (EDS), decreases with the increasing of the washing stages for the 

NaAsc treated MXenes. Reprinted with permission from references75, Copyright 

2019 Elsevier Ltd. 

 

 

Freeze 

dried with 

no wash 

Vacuum 

filtration with 

limited wash (2 

ml H2O) 

Vacuum filtration 

with moderate 

wash (50 ml 

H2O) 

Vacuum filtration 

with adequate 

wash (100 ml 

H2O) 

Na: Ti (wt %) 1:2 1:27 1:103 1:163 

Na: Ti (at %) 1:1 1:13 1:50 1:80 
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We believed that most of the sodium and excess ascorbate groups left the MXene 

samples during the filtration process. This suggests a weak interaction between sodium 

cation and individual MXene nanosheets, which is consistent with the simulation results. 

In addition, Ren et al. reported that sodium cations carrying a relatively small hydration 

radii have a fast permeation rate through the 2D nanochannels and layer space in MXene 

films. In conclusion, the interaction between sodium cations and MXene nanosheets is 

limited. The strong adsorption and intercalation will not happen in our case for individual 

nanosheets when the concentration of NaAsc is kept low. In contrast, adequate ascorbate 

groups will interact with and stabilize the MXene nanosheets. Note that we add NaAsc in 

excess amount. 

2.4.4.2. Simulation of nanosheet-cation interactions 

We carried out molecular dynamics simulations to address the interactions of both 

sodium cations and the dissociated ascorbate group with the nanosheets. The simulations 

probe a 25 ps timeframe with MXene, NaAsc, and water; the frames from the first and last 

0.75 ps of the 25 ps of simulations were used for rdf calculations. While carrying out rdf 

calculations for Na-O, only the oxygen atoms (O) on the basal plane of nanosheet were 

considered for the calculations. The oxygen atoms in water and ascorbate molecules were 

not considered for rdf calculations. Figure 2-13 shows that the initial 0.75 ps of the 

simulations do not exhibit a peak at 2 Å (bond length of Na-O bond), suggesting no 

association between Na+ and O at the beginning of the simulation. A weak peak is seen at 

the end of the 0.75 ps of the simulation at 2 Å, suggesting minor quantities of association 

between Na+ and O. To quantify this association, we calculated the number integral 
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(∫ 𝜌𝑔(𝑟)𝑟2𝑑𝑟)
𝑟

0
 for all Na-O atomic pairs (where ρ is density, g(r) is rdf and r is inter-

atomic distance). This number integral of g(r) for Na-O is the number of Na cations found 

within radius r of an O atom, which can also be described as a coordination number for 

selected bond types. Figure 2-14 shows int [g(r)] for Na-O atom pair, the inset shows the 

magnified values between 1.5 – 3 Å. From these int [g(r)] calculations we observe a very 

small change in coordination number at ~2 Å, suggesting a very limited degree of Na-O 

association. It should also be noted that the simulations considered only -OH functionality 

in MXene (due to limitations of force field parameters), whereas the experiments suggest 

that other functionalities are also present in the basal plane. Therefore, in experiments, we 

should potentially observe much smaller Na-O interactions. The simulation results 

indicate that the majority of Na is free-moving in the water at a low concentration of 

sodium L-ascorbate during the MXene storage, only the ascorbate groups interact with 

MXenes. 

 

Figure 2-13 RDF calculations of the initial and final 0.25 ps of the 

MXene/Water/NaAsc simulations. Reprinted with permission from reference75, 

Copyright 2019 Elsevier Ltd. 
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Figure 2-14 Number integral of g(r) for Na-O bond at the initial and final 0.25 ps of 

the MXene/Water/NaAsc simulations. Reprinted with permission from reference75, 

Copyright 2019 Elsevier Ltd. 

 

2.5. Conclusion 

This study demonstrates the relatively long-term stabilization of colloidal 

Ti3C2Tx nanosheets in aqueous dispersion using sodium L-ascorbate as the antioxidant. 

Without this antioxidant, the Ti3C2Tx nanosheets rapidly degrade into TiO2, as shown by 

large-scale aggregation and a dramatic loss in conductivity of the Ti3C2Tx paper made 

from these samples. In contrast, the antioxidant enables Ti3C2Tx nanosheets to retain 

their crystalline structure, morphology, colloidal stability, chemical composition, and 

electrical conductivity, even after 21 days in water. The origin of this stability against 

oxidation is attributed to the association of L-ascorbate anions to the edges of Ti3C2Tx 

nanosheets, which prevent otherwise detrimental oxidation reactions. With these 

findings, shelf-stable MXenes become possible, and engineering grade MXene-based 

materials can become a practical reality. 
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3. PH, NANOSHEET CONCENTRATION, AND ANTIOXIDANT AFFECT THE 

OXIDATION OF TI3C2TX AND TI2CTX MXENE DISPERSIONS* 

 

3.1. Summary 

The chemical stability of 2D MXene nanosheets in aqueous dispersions must be 

maintained to foster their widespread application. MXene nanosheets react with water, 

which results in the degradation of their 2D structure into oxides and carbon residues. The 

latter detrimentally restricts the shelf life of MXene dispersions and devices. However, the 

mechanism of MXene degradation in aqueous environment has yet to be fully understood. 

In this work, the oxidation kinetics is investigated of Ti3C2Tx and Ti2CTx in aqueous media 

as a function of initial pH values, ionic strengths, and nanosheet concentrations. The pH 

value of the dispersion is found to change with time as a result of MXene oxidation. 

Specifically, MXene oxidation is accelerated in basic media by their reaction with 

hydroxide anions. It is also demonstrated that oxidation kinetics are strongly dependent 

on nanosheet dispersion concentration, in which oxidation is accelerated for lower MXene 

concentrations. Ionic strength does not strongly affect MXene oxidation. The authors also 

report that citric acid acts as an effective antioxidant and mitigates the oxidation of both 

Ti3C2Tx and Ti2CTx MXenes. Reactive molecular dynamic simulations suggest that citric 

acid associates with the nanosheet edge to hinder the initiation of oxidation. 

 

* Reprinted with permission from “pH, Nanosheet Concentration, and Antioxidant Affect the Oxidation of 

Ti3C2Tx and Ti2CTx MXene Dispersions” by Xiaofei Zhao; Aniruddh Vashisth; Jackson W. Blivin; Zeyi 

Tan; Dustin E. Holta; Vrushali Kotasthane; Smit A. Shah; Touseef Habib; Shuhao Liu; Jodie L. 

Lutkenhaus; Miladin Radovic; Micah J. Green. 2020, Adv. Mater. Interfaces, 7, 2000845, Copyright 2020 

Wiley-VCH GmbH. 
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3.2. Introduction 

As discussed in chapters 1 and 2, MXenes are prone to react with dissolved oxygen 

and water molecules, which results in the formation of transition metal oxides and carbon 

residues. 46, 64, 69 Initially, Zhang et al. claimed that MXene oxidizes due to the contact 

with dissolved oxygen in water. 64 However, Huang et al. and our group also demonstrated 

that water molecules, rather than oxygen molecules, play a critical role in MXene 

degradation. 65, 75 MXenes were reported to oxidize and degrade more rapidly in water 

rather than in organic solvents, air, or polymer matrixes. 46, 66 Zhang et al., Chae et al., and 

Habib et al. (our group) also found that temperature and humidity have an influence on 

MXene oxidation. 46, 64, 69 They proposed that low temperatures and low humidity can 

mitigate the oxidation of MXene nanosheets due to the slower reaction kinetics and 

reduced exposure to water molecules, respectively. In addition, MXene nanosheets that 

are single- to few-layered or have smaller lateral size oxidize faster than multilayered 

MXene clay particles or larger-size nanosheets. MXenes oxidize rapidly when exposed to 

oxidizers such as hydrogen peroxide or treated by flash-annealing at high temperatures. 91, 

92 In addition, elemental composition may influence the oxidation kinetics. 93 

VahidMohammadi et al. and Huang et al. reported that M2XTx MXenes, such as V2CTx 

and Ti2CTx, oxidize and degrade much faster than the more common M3X2Tx, such as 

Ti3C2Tx. 
65, 94 Other aspects may also contribute to the oxidation of MXenes, such as the 

amount and types of terminal groups, etching conditions, ultraviolet exposure, and the 

number of defects on the MXene nanosheets. 
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The shortened shelf life of MXenes due to their oxidation and degradation, has 

prompted a search for strategies to prevent or mitigate MXene oxidation and degradation. 

Wu et al. developed a carbon nanoplating technique to inhibit oxygen exposure and 

transport on the surface of Ti3C2Tx MXenes. Our group and Natu et al. discovered that 

some antioxidants (such as sodium L-ascorbate) and polyanions (such as polyphosphates) 

slow the oxidation of Ti3C2Tx and significantly extend their shelf-life. 75, 95 Shuck et al. 

reported that Ti3C2Tx MXenes derived from MAX phase made from graphite as the carbon 

source are more stable than that from lampblack and titanium carbide (TiC).81 However, 

so far, these studies are limited to Ti3C2Tx and have not been applied to any M2XTx 

MXenes. 75, 95  

In this chapter, we investigate the oxidation kinetics of both Ti3C2Tx and Ti2CTx 

nanosheets in acid, base, and buffer-adjusted dispersions over a pH range varying from 2 

to 10 to elucidate oxidation mechanism in aqueous dispersions. The study aims at how 

both (i) oxidation affects the pH value of the MXene dispersion and (ii) pH affects the 

oxidation rate. These relationships markedly differ for Ti3C2Tx and Ti2CTx. In addition, 

buffers with different pH are used to separate these inter-related effects from one another 

by artificially keeping pH constant over time. Even nanosheet concentration can affect 

oxidation rates, likely due to inter-sheet interactions and steric shielding. In the case of the 

buffer-adjusted dispersion study, we also discovered an effective antioxidant, citric acid, 

which mitigates the oxidation of both Ti3C2Tx and Ti2CTx. In our study, the degree of 

oxidation of MXenes is mainly evaluated by X-ray photoelectron spectroscopy (XPS) and 

electrical conductivity changes of dried films made by vacuum filtering the MXene 
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dispersions exposed to oxidation in aqueous dispersions. Colloidal property changes are 

examined through ζ-potential and dynamic light scattering measurements. Reactive 

molecular dynamics (ReaxFF)96 simulations are also used to evaluate the oxidation 

stability of Ti3C2Tx nanosheets in acidic and basic systems, and in the presence of citric 

acid. 

 

3.3. Experiments and methods 

3.3.1. Materials 

The parent Ti3AlC2 phase was synthesized from the blends of Ti, Al, and graphite 

powders which were mixed at the ratio of 3.0:1.2:1.9 (Ti: Al: C). The bulk Ti3AlC2 was 

synthesized by heating up the powder mixture in a tube furnace to 1510 °C at 10 °C 

min−1 and being kept for 4 h. The bulk Ti3AlC2 was grounded and sieved to the size below 

45 µm. Ti3C2Tx MXene nanosheets were prepared by the selective acid etching, 

intercalation, and delamination processes following the prior works, which were also 

described in detail in prior chapters. 8, 38, 46, 75, 81, 97, 98 Note that in the concentration 

dependency study on MXene oxidation, to accelerate the experimental timescale, TiC was 

used as the carbon source in the MAX phase synthesis to replace graphite, which led to 

relatively faster oxidation kinetics for the nanosheets derived from that source. The blends 

of Ti, Al, and TiC powders were mixed at a ratio of 1.2:1.2:1.8 (Ti: Al: TiC). 

The parent Ti2AlC MAX phase was synthesized from the blends of Ti, Al, and 

graphite powders which were mixed with 2.0:1.0:1.0 (Ti: Al: C) ratio. The bulk Ti2AlC 

was synthesized by heating the powder mixture in a tube furnace to 1410 °C at 10 °C 



 

63 

 

min−1 and maintaining the temperature for 4 h. Synthesized bulk Ti2AlC was grounded 

and sieved to the size below 20 µm. Ti2CTx MXenes were prepared by the modified 

selective acid etching method similar to the Ti3C2Tx with the higher etchant concentrations 

and reduced etching time. 

The as-prepared MXene dispersions were first diluted to a concentration of 0.3 

mg/ml. Then the pH values of the diluted dispersions were pre-adjusted to higher pH by 

addition of 0.1 M KOH solution, and to lower pH by addition of 0.1 M HCl, respectively. 

(The volumes of acid and base added are much smaller than the original volume of the 

MXene dispersion.) The starting pH values of the pre-adjusted Ti3C2Tx dispersion were 

kept at 10.3, 8.2, 3.6, and 2.6, respectively. The starting pH values of the pre-adjusted 

Ti2CTx dispersion were kept at 10.3, 8.4, 3.5, and 2.6, respectively. For the dispersed 

MXene nanosheets in buffers, as-prepared MXene dispersions were diluted directly into 

the concentration of 0.3 mg/ml using strong alkali buffer solution (pH = 10.00 at 25 °C, 

EMD Millipore, made up of boric acid/ potassium chloride/ sodium hydroxide), weak 

alkali buffer solution (pH = 8.00 at 25 °C, EMD Millipore, made up of boric acid/ sodium 

hydroxide/ hydrogen chloride), acidic acetate buffer solution (pH = 3.25 at 25 °C, made 

up of sodium acetate / acetic acid), acidic buffer solution (pH = 3.00 at 25 °C, EMD 

Millipore, made up of citric acid/ sodium hydroxide/ hydrogen chloride). In the 

concentration-dependent study, the as-prepared Ti3C2Tx MXene dispersion was diluted 

with water into concentrations of 7.7 mg/ml, 1 mg/ml, 0.1 mg/ml, 0.05 mg/ml, 0.005 

mg/ml. All samples were stored in sealed jars under dark conditions.  
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3.3.2. Materials characterization 

The pH values of the MXene dispersion samples were measured using a pH meter 

(Mettler Toledo, Switzerland). ζ potential and average hydrodynamic diameter changes of 

MXene dispersions were measured using a Zetasizer Nano ZS90 from Malvern 

Instruments, USA. Scanning electron microscope (SEM, JSM-7500F, JEOL, Japan) and 

atomic force microscope (AFM, Bruker, USA) were used to probe the morphology of 

dehydrated MXene samples. The morphologies of MAX particle and nanosheets obtained 

by SEM were shown in Figure 3-1 and 3-2. The lateral size of the delaminated Ti3C2Tx 

nanosheets is around 0.5 to 5.0 µm, verified by atomic force microscopy (shown in Figure 

3-3). Note that it is challenging to image the morphology of pristine Ti2CTx nanosheets by 

AFM due to structural degradation in air caused by the rapid oxidation. The crystalline 

structures of MAX and MXene nanosheets used in this work were measured by X-ray 

diffraction (XRD) (shown in Figure 3-4). MXene samples used for XRD were prepared 

by vacuum filtration, followed by vacuum-drying at 40 °C for 12 hours. XRD patterns 

were acquired using a Bruker D8 powder X-ray diffractometer with CuKα (λ: 1.5418 Å) 

radiation. The electrical resistance or conductivity was measured using a four-point 

resistivity probe setup (Keithley Instruments, USA) on MXene films made by vacuum 

filtration. The thicknesses of the vacuum-filtered film used for conductivity measurements 

were almost same (1.17 ± 0.05 µm), measured for the cross-sections of each sample by 

scanning electron microscopy (SEM) (shown in Figure 3-5). The surface chemical states 

of MXene nanosheets were determined using an Omicron X-ray photoelectron 

spectrometer (XPS) employing a Mg-sourced X-ray beam. The samples used for XPS 
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analysis were prepared by vacuum filtering the stored MXene dispersions. Before XPS 

analysis, the samples were dried under vacuum for two days to prevent possible 

outgassing. XPS accuracy should not be affected by the thickness (>100 nm) of these 

samples. XPS peak fittings and quantifications were analyzed using CasaXPS software 

(version 2.3.22). Figure 3-6 gives the examples of fitting results of Ti 2p and C 1s of 

Ti3C2Tx before and after oxidation. 

 

Figure 3-1 Morphology of (a) Ti3AlC2 MAX phase powder, (b) delaminated Ti3C2Tx 

MXene nanosheets freeze-dried immediately after exfoliation in DI water. Note that 

(c) and (d) TiO2 nanoparticles cover the surface of these MXene flakes indicating 

that oxidation occurs even during wet acid etching and processing. Reprinted with 

permission from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 
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Figure 3-2 Morphology of delaminated Ti2CTx MXene nanosheets freeze-dried 

immediately after exfoliation in DI water at a concentration of 6.0 mg/mL. TiO2 

nanoparticles are observed on the surface of these Ti2CTx flakes indicating that 

oxidation occurs even during wet etching and processing. Reprinted with permission 

from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

 

Figure 3-3 An AFM height image of Ti3C2Tx MXene nanosheets. The lateral size of 

the flake is within the range of 0.5 to 3.5 microns. The thickness of the nanosheets is 

~1.2 nm. Reprinted with permission from reference61, Copyright 2019 WILEY-VCH 

Verlag GmbH & Co. 

 



 

67 

 

 

Figure 3-4 Crystalline structural properties of (a) Ti3AlC2 and Ti3C2Tx and (b) 

Ti2AlC and Ti2CTx characterized using X-ray diffraction (XRD). MXene samples 

used for XRD were prepared by vacuum filtration, followed by vacuum-drying at 40 

°C for 12 hours. Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. 

 

 

Figure 3-5 SEM image of cross-section of a Ti3C2Tx film used in electrical 

conductivity measurements. Reprinted with permission from reference61, Copyright 

2019 WILEY-VCH Verlag GmbH & Co. 
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Figure 3-6 Deconvolution and fittings of high-resolution XPS spectra for Ti 2p and 

C 1s components for (a) and (b): as-prepared, (c) and (d): partially oxidized, and (e) 

and (f): severely oxidized Ti3C2Tx MXene samples. Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 
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3.3.3. ReaxFF simulation setup† 

ReaxFF is a reactive force field MD simulation technique that uses the bond order 

concept to calculate the interaction between atoms at each time step 99. As compared to 

other non-reactive atomistic simulations, a smooth transition between the non-bonded 

states and the bonded states is provided by ReaxFF. In ReaxFF, the total energy of the 

system can be summed up as follows: 

Esystem = Ebond + Eover + Eunder + Eval + Etors + EvdW + ECoulomb + Elp + EH-bond (1) 

The total energy of the system (Esystem) consists of bond-order dependent or covalent 

interactions and non-bonded interactions. Bond-order-dependent terms include the bond 

energy (Ebond), over-coordination (Eover), under-coordination (Eunder), and hydrogen bond 

(EH‑bond) interactions. Energy penalty terms include torsion angle energy (Etor), valence 

angle energy (Eval), and lone pair energy (Elp), whereas the non-bonded interactions are 

van der Waals (EvdW) and Coulomb energy (ECoulomb). Interatomic distances are calculated 

and updated at every time step, and bond order is calculated between all pairs of atoms. 

Non-bonded interactions such as Coulomb energy and van der Waals are considered for 

all-atom pairs. Quantum mechanics calculations typically optimize force field parameters 

describing energy terms. The force field used in this study has been fitted for Ti and C 

based MXene structures and has shown good correlation with experiments 75, 86. 

Four systems were generated for ReaxFF molecular dynamics simulations of 

MXene oxidation under different conditions. The first system had 200 water molecules 

 

† This simulation work was completed by Dr. Aniruddh Vashisth. 
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and a single Ti3C2(OH) structure, and second and third systems had an additional 150 OH 

and H atoms, respectively. The fourth system had 200 water molecules, a single 

Ti3C2(OH) MXene nanosheet and 10 molecules of citric acid (C6H8O7). The first three 

systems were evaluated to examine the effect of pH on the oxidation of MXene nanosheet, 

whereas the first and the fourth system revealed the improved oxidation stability of 

MXene in the presence of citric acid. The hydroxide anions, protons, water molecules, and 

citric acid molecules were randomly distributed around the MXene structure. The density 

of all the systems was kept at ~1 g/cc. NVT simulations were carried out 500˚C (773 K) 

with 0.25 fs time-steps for a total time of 25 ps using LAMMPS 87. Simulations were 

carried at elevated temperatures as compared to the experiments to accelerate the kinetics 

of the reactions. Radial distribution function (rdf) calculations were carried out using 

Visual Molecular Dynamics (VMD) 88 for the last 2.5 ps of the oxidation simulations. 

 

3.4. Results and discussion 

Titanium carbides Ti3C2Tx and Ti2CTx are used in this study as the most-studied 

members of MXenes family. The etching, delamination, and dispersion processes follow 

the prior works. 46, 75 The as-prepared MXene dispersions were first diluted to a 

concentration of 0.3 mg/ml. To evaluate the oxidation rate of MXene nanosheets in 

various pH conditions, the MXene nanosheet dispersions were adjusted to desired pH 

values by adding 0.1 M potassium hydroxide (KOH) or 0.1 M hydrochloride acid (HCl) 

solutions as illustrated schematically in Figure 3-7 a. Here we also provide a roadmap of 
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the study on the oxidation stability of Ti3C2Tx and Ti2CTx in dispersions with different 

initial pH, displayed in Figure 3-7 b and 3-7 c.  

 

Figure 3-7 (a) Schematic, and (b, c) results for Ti3C2Tx and Ti2CTx MXene nanosheet 

oxidation in aqueous dispersions with acidic and alkaline pH. A chemical structure 

of Ti3C2(OH) is used in the schematics. Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

3.4.1. Ti3C2Tx oxidation and pH 

The drifts in the pH value of the Ti3C2Tx MXene aqueous dispersions were 

recorded and reported in Figure 3-8a for dispersions with varying initial pH values. Rapid 
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decreases in the pH values were observed in the first two days for two initially alkaline 

dispersions, followed by gradual decreases in pH value. The initially dramatic decreases 

in pH for the alkaline dispersions are likely due to the rapid uptake of hydroxide ions. A 

reference dispersion for which the initial pH was not adjusted (natural pH = 4.4) only 

slightly decreased with time. 

The chemical composition changes of Ti3C2Tx nanosheets were monitored using 

X-ray photoelectron spectroscopy (XPS), shown in Figure 3-9. The atomic percentage of 

Ti(IV), as an indicative of TiO2 content formed due to oxidation, was obtained by 

analyzing the high-resolution Ti 2p spectra. Examples of spectra deconvolution and 

fittings for MXene samples with various degrees of oxidation are displayed in Figure 3-

6. It is clear in Figure 3-8b that the initially alkaline Ti3C2Tx dispersions show a higher 

atomic percentage of Ti(IV) component than the initially acidic dispersion, which 

indicates a faster transition from MXene nanosheets to TiO2 in alkaline media. Oxidation 

of MXene nanosheets in acid-adjusted dispersions was similar to the reference dispersion 

at pH = 4.4. We also observed that the nanosheets in dispersion with initial pH of 2.6 

oxidized slightly faster than that in dispersion with initial pH of 3.6. The reason behind 

this is still not clear and is subject of our further investigation. It is possible that there is 

some defect formation caused by the MXene surface reacting with a strong acid. This 

confirms that alkaline conditions promote oxidation of MXene nanosheets in aqueous 

media. 

The colloidal stability of Ti3C2Tx MXene dispersions with a specified initial pH 

was evaluated by characterizing ζ potential over time (shown in Figure 3-10a). In the first 
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two days, ζ potential became more positive rapidly for both acidic and basic media MXene 

dispersions; this can be explained by the adsorption of H+ and K+ cations onto the 

electronegative basal plane of the MXene nanosheets. However, the alkaline dispersions 

exhibit a relatively slower increase of ζ potential over the 40 days, likely due to induced 

repulsion from the -O- described above.  

 

Figure 3-8 (a) the pH of Ti3C2Tx MXene aqueous dispersions changes with time; (b) 

the atomic percentage changes for Ti(IV) component obtained by X-ray 

photoelectron spectroscopy for Ti3C2Tx. Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

Oxidation may also cause the ζ potential value to become more positive. During 

storage, MXene nanosheets gradually lose colloidal stability due to conversion to TiO2.
60, 

75, 95 For initially acidic media, MXenes colloid stability declines with time, as indicated 

by the increasingly more positive ζ potential values and the drastic increase in the 

hydrodynamic size (shown in Figure 3-10b). Note that this aggregation of the MXene 

nanosheets in acidic dispersions may contribute to the slower oxidation rate due to the 

smaller surface to volume ratio. 
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Figure 3-9 Overlays of the high-resolution spectra of Ti 2p obtained by X-ray 

photoelectron spectroscopy (XPS) for Ti3C2Tx nanosheets at day 8 and day 30 of 

storage in dispersions with pre-specified pH. Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

The electrical conductivity was measured for vacuum filtered films made from 

MXene dispersions that had been stored in dispersions with different initial pH for varying 

times. It has been previously determined that the oxidation of MXenes is correlated with 

the diminishing electrical conductivity. 46, 60, 69, 75 Figure 3-10c confirms that the fast 

oxidation of Ti3C2Tx in alkali environments is correlated with related decreases in the 

conductivity of Ti3C2Tx films. For nanosheets in dispersion with an initial pH of 10.3, the 

conductivity of the assembled film dropped from 1.6 ± 0.78 x 105 S/m to 4.1 ± 0.1 x 104 

S/m in 18 days and dropped below the measurable limit of 10-6 S/m in 30 days. 
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Figure 3-10 (a) ζ potential and (b) hydrodynamic diameter changes for Ti3C2Tx 

dispersions (initial pH indicated in the legend) over the course of 40 days. Dispersions 

were diluted to ~0.01 mg/ml for ζ potential and size measurements; (c) electrical 

conductivity of vacuum-filtered films made from Ti3C2Tx MXene dispersions of 

varying ages; conductivity of the film made from an initial pH 10.3 Ti3C2Tx 

dispersion dropped below ~10-3 at day 30 measurement (not shown). Reprinted with 

permission from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 
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The downward pH drifts of MXene dispersions with initially alkaline pH values 

indicate that the majority of hydroxide ions introduced from the added KOH are consumed 

within the first two days. On the MXene nanosheet basal plane, OH- ions react with the 

protons disassociated from the -OH terminal groups. As a result, the -OH terminal groups 

are deprotonated to -O-,60 displayed in the reaction below.  

𝑇𝑖𝑛+1𝐶𝑛𝑂𝐻 + 𝑂𝐻− → 𝑇𝑖𝑛+1𝐶𝑛𝑂− + 𝐻2𝑂 

Additionally, the pH drift may also stem from negatively charged OH- ions 

associating with positively charged nanosheet edges. 60 A counter-hypothesis (from Huang 

et al.) is that acidic carbon derivatives, such as carbonic acid or carbonates, may form 

because of degradation of MXene nanosheets. 65 However, we argue that the formation of 

acidic carbon derivatives may not be the reason for the rapid pH decrease because the 

increased presence of Ti(IV) in Ti3C2Tx is not proportional to the rapid pH drop. 

Our findings above suggest that the hydroxide ion play an important role in the 

oxidation of colloidal MXene nanosheets. Two separate mechanisms may be occurring in 

alkaline conditions. The hydroxide anions play an important role in the deprotonation of -

OH terminal groups on MXenes sheets, resulting in the less-stable -O- groups. We 

speculate that the deprotonated -O- groups render the MXene surface more reactive, which 

leads to faster oxidation. In addition, the OH- from the base may be uptook by and react 

with the relatively positive-charged MXene sheet edges resulting in degradation. These 

findings imply that MXene processing and utilization in basic environments, such as in 

TMAOH, TBAOH and NaOH, may lead to sub-optimal or declining performance due to 

oxidation. Specifically, this result suggests that alkaline supercapacitor electrolytes might 
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degrade MXene electrodes over time. As for acidic conditions, MXene sheets have slower 

oxidation rates indicating an oxidation mechanism similar to the MXene sheets without 

pH adjustments. The more active MXene edges may first react with OH- and H2O. For 

edge-on degradation, the sheets then become smaller in size and gradually oxidize. In 

addition, introducing strong acids may cause defect formation, resulting in more reactive 

spots and a slightly higher oxidation rate. 

 

Figure 3-11 (a) pH values change over time for the Ti3C2Tx nanosheet buffer 

dispersions; (b) the atomic percentage changes for the Ti(IV) component obtained 

by X-ray photoelectron spectroscopy for Ti3C2Tx; (c) electrical conductivity of 

vacuum-filtered films made from Ti3C2Tx MXene in buffer solutions of varying ages. 

Each sample was maintained at a specified pH in buffer solutions. The dispersions in 

the study were kept at a concentration of 0.3 mg/ml. Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

To study the effect of continuously supplying hydroxide anions on MXene 

oxidation, Ti3C2Tx nanosheets were dispersed in various buffer solutions and their 

oxidation stability was evaluated. Figure 3-11a shows that the pH of the buffered MXene 

dispersions barely changes (in contrast to un-buffered analogs in Figure 3-8a). The films 

produced from buffered alkaline dispersions indicate more rapid formations of TiO2 

(shown in Figure 3-11b, and Figure 3-12) than the alkaline dispersions with specified 

initial pH values. Consistent with this finding, the electrical conductivity of vacuum-
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filtered MXene films created from the buffered alkaline dispersions (Figure 3-11c) shows 

faster declines. We conclude that the alkaline buffers accelerate MXene oxidation to a 

greater extent because of the higher amount or “nearly unlimited” supply of hydroxide 

anions.  

 
Figure 3-12 Overlays of the high-resolution Ti 2p spectra obtained by X-ray 

photoelectron spectroscopy (XPS) for Ti3C2Tx nanosheets at day 8 and day 30 of 

storage in buffer solutions. Reprinted with permission from reference61, Copyright 

2019 WILEY-VCH Verlag GmbH & Co. 

 

 

Figure 3-13 (a) Observed pH for Ti3C2Tx dispersions with time; the pH of the 

dispersion was adjusted periodically to a desired value by supplying extra KOH or 

HCl; (b) conductivity of films made from Ti3C2Tx dispersions described in panel (a); 

(c) atomic percentages for the Ti(IV) component obtained by X-ray photoelectron 

spectroscopy for Ti3C2Tx films prepared from the dispersions described in (a). 

Reprinted with permission from reference61, Copyright 2019 WILEY-VCH Verlag 

GmbH & Co. 
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In order to rule out any possible side effects brought by the salt ions in the 

commercial buffer solutions as we evaluated the role of OH- and H+ ions, we further 

investigated the oxidation kinetics of Ti3C2Tx nanosheets in dispersions periodically 

supplied with 0.1 M KOH or HCl to maintain relatively constant pH values (shown in 

Figure 3-13). Both the increase in TiO2 formation and the rapid conductivity decline of 

subsequently vacuum-filtered films indicate that Ti3C2Tx oxidizes rapidly when hydroxide 

ions are supplied continuously. In contrast, vacuum-filtered films produced from the 

acidic dispersions showed a fairly stable electrical conductivity (~ 4.0 x 105 S/m over the 

course of 18 days). 

 
Figure 3-14 Component peak fittings of XPS spectra for (a) Ti3C2Tx nanosheets 

stored in water and (b) in 0.1 M KCl solution for 10 days. The atomic percentages 

for TiO2 are similar. Reprinted with permission from reference61, Copyright 2019 

WILEY-VCH Verlag GmbH & Co. 
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Figure 3-15 The oxidation stability of Ti3C2Tx MXene nanosheets derived from 

Ti3AlC2 MAX phases with different purity was investigated after 8 days of storage in 

water. (a) MAX phase A (Ti3AlC2) is considered purer in phase than B (Ti3AlC2 

mixed with impurity Ti2AlC grains) since there is only one (002) peak was observed 

at 9.5°. In MAX phase B, the (002) peak at around 13.5° indicates the presence of 

Ti2AlC phase. This is likely due to the incomplete reaction and phase transformation 

during sintering; (b) and (c) suggest that the MXene nanosheets synthesized from 

MAX phase A exhibit higher stability; this may be caused by the defects derived after 

the rapid degradation of Ti2CTx impurities during etching and processing. Reprinted 

with permission from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & 

Co. 

 

In addition, we examined the oxidation of Ti3C2Tx nanosheets in sodium chloride 

and potassium chloride solution with an ionic strength of 0.1 M. The similarities in the 

degree of oxidation to the reference dispersion without any added salt (indicated by the 
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similar TiO2 percentages shown in Figure 3-14) suggest that the addition of salt ions, such 

as K+ and Cl-, has minimal effect on MXene oxidation. However, the addition of salt can 

disrupt the colloidal stability of MXene dispersions because of the reduced Debye 

screening length. Observed agglomerates of MXene nanosheets precipitated and settled 

down entirely within only a few hours in 0.1 M KCl. 

We also discovered that oxidation stabilities are different for Ti3C2Tx nanosheets 

derived from the Ti3AlC2 MAX phases with and without Ti2AlC impurities. The Ti2AlC 

phase, considered as an impurity phase here, was indicated by (002) plane detected using 

X-ray diffraction, as shown in Figure 3-15a. From Figure 3-15b and 3-15c, X-ray 

photoelectron spectroscopy suggests that nanosheets derived from the Ti3AlC2 MAX 

phase with Ti2AlC impurities bear much faster oxidation. This may result from defects on 

Ti3C2Tx nanosheet resulting from the degraded Ti2CTx grains. These defects may provide 

more edges for initializing oxidation.  

 

3.4.2. Ti2CTx oxidation and pH 

We also investigated the effects of initial pH of aqueous dispersion on the 

oxidation stability of Ti2CTx nanosheets. At high pH, the pH drift for the Ti2CTx 

dispersions exhibited trends similar to that of Ti3C2Tx, shown in Figure 3-16a. However, 

for the Ti2CTx dispersion, its pH value declined far more rapidly due to the swift Ti2CTx 

oxidation as compared to Ti3C2Tx. On the other hand, initially acidic dispersions 

maintained relatively stable pH values over time for both Ti2CTx and previously studied 

Ti3C2Tx dispersions. The chemical composition changes of Ti2CTx nanosheets were 
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monitored by XPS, shown in Figure 3-16b. Unlike the more rapid increase in the atomic 

percentage of Ti(IV) component in initially alkaline dispersions for Ti3C2Tx, oxidation is 

uniformly rapid in both alkaline and acidic environments for Ti2CTx. In addition, more 

rapid drops of electrical conductivities are observed for Ti2CTx, as shown in Figure 3-

16c. Films made from Ti2CTx dispersions generally lost their conductivity much faster 

(dropping below 10-6 S/m in 6 hours) than films made by Ti3C2Tx. 

The oxidation stability of Ti2CTx nanosheets were also evaluated in various buffer 

solutions, shown in Figure 3-17. It is interesting to see that the oxidation is initially fast 

in the alkaline buffer (pH = 10.0); however, in the later stage of observation, the Ti(IV) 

percentages become highest for Ti2CTx dispersed in the water and in the acetate buffer 

(pH =3.25).  

 

Figure 3-16 (a) the pH of Ti2CTx MXene dispersions changes with time; (b) the 

atomic percentage changes for Ti(IV) component obtained by X-ray photoelectron 

spectroscopy for Ti2CTx; (c) electrical conductivity of vacuum-filtered films made 

from Ti2CTx MXene dispersions of varying ages; conductivities of Ti2CTx films made 

from the reference and acidic dispersions dropped below ~10-3 in less than 10 hours 

after being made (not shown). Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. 
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Figure 3-17 (a) pH values change over time for the Ti2CTx nanosheet buffer 

dispersions; (b) the atomic percentage changes for the Ti(IV) component obtained 

by X-ray photoelectron spectroscopy for Ti2CTx; (c) electrical conductivity of 

vacuum-filtered films made from Ti2CTx MXene in buffer solutions of varying ages. 

Each sample was maintained at a specified pH in buffer solutions. The dispersions in 

the study were kept at a concentration of 0.3 mg/ml. Reprinted with permission from 

reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

3.4.3. Concentration effects on oxidation 

In a separate study, we found that oxidation kinetics of MXene nanosheets depend 

heavily on the colloidal concentration. Ti3C2Tx dispersions with five different 

concentrations were examined periodically for the signs of oxidation. Figure 3-18 

suggests that Ti3C2Tx oxidizes much faster in dilute dispersions as compared to higher 

concentrations, as indicated by (i) the accelerated formation of TiO2 and (ii) the decline in 

the electrical conductivity of the vacuum-filtered film. The reason for the slow kinetics of 

MXene oxidation in high-concentration dispersions can be attributed to the capping and 

steric shielding effects among MXene nanosheets in close proximity; this restricts water’s 

access to the MXene sheet edges, where oxidation initiates.  
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Figure 3-18 Oxidation kinetics of Ti3C2Tx changes for MXene dispersions of varying 

concentrations indicated by (a) the increase of Ti(IV) atomic percentage obtained 

using X-ray photoelectron spectroscopy and (b) the drop in electrical conductivity of 

vacuum-filtered films; (c) the color of as-prepared MXene nanosheet dispersions and 

the same dispersions on the 27th day (from left to right: 7.7 mg/ml, 1 mg/ml, 0.1 

mg/ml, 0.05 mg/ml, 0.005 mg/ml). Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

The relevant concentrations can be estimated by considering an individual 

nanosheet as a circular disk with a diameter of D and a thickness of t. The semi-dilute 

transition volume fraction φ* for any anisotropic disc can be determined from the ratio of 

the disc volume to the volume that the disc sweeps out during rotational Brownian motion, 

expressed as 
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𝜑∗ =
𝑉𝑑𝑖𝑠𝑐 𝑀𝑋𝑒𝑛𝑒

𝑉𝑠𝑝ℎ𝑒𝑟𝑒
=

3𝑡

2𝐷
  

Ti3C2Tx MXenes have a density around 3.7 g cm−3;100 and the volume fraction can be 

related to concentration as 

φ =
𝑐

𝜌𝑀𝑋𝑒𝑛𝑒
  

Based on images taken by atomic force microscopy (shown in Figure 3-3), we 

assume that MXene nanosheets have an average lateral size of 1.5 µm and an average 

thickness of 1.2 nm. The critical concentration (c*) at which the nanosheets will start 

affecting each other can be estimated as 4.4 mg/mL by 

𝑐∗ = 𝜌𝑀𝑋𝑒𝑛𝑒𝜑∗ 

This suggests that at dispersion concentrations higher than c*, as in Figure 3-18a, 

the edge-edge interactions of nanosheets will prevent edge oxidation. Accordingly, the 

MXene dispersion having the highest concentration of 7.7 mg/mL exhibited the least 

oxidation. 
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Figure 3-19 (a) A dispersion of Ti3C2Tx MXene nanosheets at a concentration of 3.6 

mg/ml was agitated at 500 rpm using a magnetic stir bar. After 20 days, the stirred 

dispersion (right vial) shows more oxidation indicated by the corresponding color 

change and loss of colloidal stability in comparison to a reference sample kept 

statically at identical environment (left vial). (b) to (d) X-ray photoelectron 

spectroscopy (XPS) spectra for Ti 2p for the as-prepared sample, sample kept 

statically, and sample agitated at 500 rpm, respectively. From this figure, it can be 

found that agitation will accelerate the oxidation of MXene nanosheets due to the 

enhanced mobility of water molecules. Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. 
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Figure 3-20 (a) A dispersion of Ti2CTx MXene nanosheets at a concentration of 6.0 

mg/ml was agitated at 500 rpm using a magnetic stir bar. After 40 hours, the stirred 

dispersion (right vial) shows more oxidation and corresponding color change in 

comparison to a reference sample kept statically at identical environment (left vial). 

(b) to (d) X-ray photoelectron spectroscopy (XPS) spectra for Ti 2p for the as-

prepared sample, sample kept for 40 hours with agitation at 500 rpm, and sample 

kept statically for 40 hours. From this figure, it is found that agitation will accelerate 

the oxidation of MXene nanosheets due to the enhanced mobility of water molecules. 

Reprinted with permission from reference61, Copyright 2019 WILEY-VCH Verlag 

GmbH & Co. 

 

To further understand the role of particle-particle interactions (determined by 

nanosheet concentration) on oxidation, as-prepared Ti3C2Tx aqueous dispersion (3.6 

mg/ml) and Ti2CTx aqueous dispersion (6.0 mg/ml) were stirred at 500 rpm for 20 days 

and 40 hours respectively at room temperature in the dark. The stirred MXenes were 
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severely oxidized. The atomic percentage of Ti(IV) increased dramatically from 6.0 % to 

35.9 % for stirred Ti3C2Tx, as shown in Figure 3-19 For stirred Ti2CTx, the Ti(IV) 

percentage increased dramatically from 9.7 % to 78.9 %, as shown in Figure 3-20. In 

contrast, reference dispersions kept statically under the same conditions reached a final 

Ti(IV) percentage of 8.6 % for Ti3C2Tx and 54.9 % for Ti2CTx, respectively. The agitation 

disrupts the particle-particle steric shielding leading to accelerated oxidation. This 

observation (stirring vs. not stirring) confirms the idea of edge-to-edge interactions 

impacting oxidation. 

 

3.4.4. Citric acid prevents degradation of Ti3C2Tx and Ti2CTx MXenes 

Interestingly, we discovered that a weak organic tricarboxylic acid - citric acid 

(CA), which is one of the components of the acidic buffer solution (pH = 3), is an effective 

antioxidant for protecting MXenes from oxidation and degradation. Both Ti3C2Tx and 

Ti2CTx MXene in this acidic buffer did not show much oxidation, as indicated by the 

relatively stable electrical conductivities and small changes in the Ti(IV) percentage 

shown in Figure 3-11 for Ti3C2Tx and Figure 3-17 for Ti2CTx. Compared to the previously 

reported antioxidants such as a polyphosphate reported by Natu et al. 95 and L-ascorbate 

anion reported by our group, 75 citric acid enables MXene nanosheets to have a much 

higher and longer stability in terms of chemical composition (shown in Figure 3-21 and 

Figure 3-22). It is surprising to see from Figures 3-21a and 3-21b that the Ti(IV) 

percentage does not rise at all for Ti3C2Tx vacuum-filtered films made from nanosheets 

protected by citric acid after even 5 months and longer, while severe oxidation and nearly 
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complete degradation were observed after just 50 days for Ti3C2Tx dispersed in a water-

only reference system. In addition, citric acid can be used to mitigate the oxidation of 

Ti2CTx, as shown in Figures 3-21c, 21d, and 21e, which was not reported in prior studies. 

The later can enable the widespread applications of Ti2CTx, which have been limited 

because of their rapid oxidation. To further demonstrate the antioxidation performance of 

citric acid in the citric acid buffer (pH = 3.0), MXene nanosheets were stored in an acetate 

buffer with a similar pH of 3.25. We found that the acetate buffer (pH = 3.25) does not 

protect MXenes from oxidation like the buffer containing citric acid, as shown in Figure 

3-11b and Figure 3-17b. In both buffers, the MXene sheets tend to aggregate; hence, the 

aggregation of nanosheets is the not the main factor that accounts for the Ti3C2Tx 

stabilization in the citric acid-containing buffer.  
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Figure 3-21 X-ray photoelectron spectroscopy (XPS) spectra of Ti 2p for Ti3C2Tx 

vacuum filtered films that had been stored at a concentration of 0.3 mg/ml (a) after 

50 days in water and (b) after 5 months in 1.5 mg/ml citric acid solution; Ti2CTx films 

stored at a concentration of 0.3 mg/ml after 40 hours in (c) water, (d) 1.5 mg/ml citric 

acid, and (e) EMD Millipore buffer (pH=3, made up of citric acid, sodium hydroxide, 

hydrogen chloride); the buffer solution shows better performance in mitigating the 

oxidation of Ti2CTx due to the interaction between citric acid molecules and 

nanosheets indicated by the high content of COO- component (COO- % = 32.5%) 

shown in (f) the C 1s spectrum for MXene that had been stored in buffer solution. 

Reprinted with permission from reference61, Copyright 2019 WILEY-VCH Verlag 

GmbH & Co. 
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Figure 3-22 X-ray photoelectron spectroscopy (XPS) spectra for Ti 2p in Ti2CTx 

MXene nanosheets protected in (a) L-ascorbic acid solution, and (b) citric acid 

solution; it is found that citric acid is much more effective than the L-ascorbic acid 

in preventing Ti2CTx oxidizing. Reprinted with permission from reference61, 

Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

Similar to other antioxidants such as ascorbate and polyphosphate ions, it is 

reasonable to infer that citric acid protects MXene oxidation through edge capping and 

shielding. Interestingly, citric acid in the acidic buffer showed better protection for Ti2CTx 

than citric acid in its aqueous solution, indicated by the low Ti(IV) percentage presented. 

To gain a better understanding of this, the performance of citric acid as an antioxidant was 

examined in acidic and alkaline environments, respectively. Figure 3-23 suggests that 

citric acid is not effective in MXene protection in alkaline environment, in which the citric 

acid molecules are deprotonated (citric acid is a tricarboxylic acid with three different 

values of pKa = 3.1, 4.7, and 6.4 101). This can be explained by the electrostatic repulsion 

between the deprotonated citric acid anions and the overall negatively charged MXene 

nanosheets, which prevents the anion from approaching the MXene basal surfaces and 

edges for protection. In acidic environments, the antioxidative effect may be achieved by 
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shielding interactions between citric acid molecules and MXene edges as the repulsion 

barrier is removed, and citric acid molecules are able to approach the nanosheets. In 

addition, it may also be a result of the hydrogen bonding interactions between MXene 

functional groups and the protonated citric acid carboxylic groups.  

 
Figure 3-23 Ti2CTx nanosheets were dispersed together with citric acid in 0.1 M HCl 

and 0.1 M KOH solutions, respectively. (a) mixtures of Ti2CTx dispersed with citric 

acid in HCl and KOH after 3 days. (b)-(d) X-ray photoelectron spectroscopy (XPS) 

spectra for Ti 2p for Ti2CTx nanosheets dispersed at a concentration of 0.3 mg/ml 

after 15 hours in (b) water, (c) 0.1 M HCl solution with citric acid (1.5 mg/ml), and 

(d) 0.1 M KOH solution with citric acid (1.5 mg/ml); it is found that citric acid is 

effective in preventing Ti2CTx from oxidizing only in neutral or acidic environments. 

Reprinted with permission from reference61, Copyright 2019 WILEY-VCH Verlag 

GmbH & Co. 
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3.4.5. ReaxFF simulations‡ 

Visualizing and understanding how the dispersed nanosheets interact with ionic 

species is a task best suited to molecular simulations. To further elucidate the mechanism 

of how pH affects the oxidation stability of MXene, ReaxFF molecular simulations were 

performed to examine a single-layer Ti3C2Tx MXene nanosheet in systems with altered 

pH (acidic and alkaline). Three systems were examined: (i) Ti3C2Tx nanosheet surrounded 

by water molecules, (ii) Ti3C2Tx nanosheet surrounded by hydroxide ions and water 

molecules, and (iii) Ti3C2Tx MXene nanosheet surrounded with protons and water 

molecules. In addition, a fourth system with a MXene nanosheet surrounded by water and 

citric acid molecules was also evaluated to examine the improved stability of nanosheets 

in the presence of this antioxidant. ReaxFF simulations were carried out at 500 °C for 25 

ps using Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) 87 and 

using the ReaxFF force field from Osti et al. 86 To accelerate the kinetics of the reactions, 

simulations were carried out at a higher temperature as compared to the experiments, 

which is a common method. 83 

In order to quantify the stability of the Ti3C2Tx structures after oxidation, radial 

distribution functions (rdf) were computed for the Ti-C atoms for the last 2.5 ps of each 

simulation. Only the carbon atoms in the MXene structure were considered for the rdf 

calculations. The radial distribution function, g(r), provides the probability of finding a 

particle at a distance r from another particle in 3-D space. Our results indicate substantially 

 

‡ This simulation work was completed by Dr. Aniruddh Vashisth. 



 

94 

 

less oxidation in the acidic system as compared to the basic system shown in Figure 3-24. 

A peak at 2.1 Å is observed in the Ti-C bond (the backbone of MXene structure) rdf 

calculations, which is characteristic of a crystalline Ti3C2Tx structure. The rdf peak 

intensity at 2.1 Å for the acidic system is the highest, followed by the system with just 

water, and then the basic system. These simulations support the experimental 

measurements, as the Ti(IV) percentage of MXene stored in basic medium increases more 

rapidly as compared to acidic systems due to oxidation in the presence of hydroxide 

anions. The final frames of the oxidation simulations in acidic and basic systems are shown 

in Figure 3-25. 

 

Figure 3-24 Final molecular configuration of Ti3C2Tx nanosheet after 25 ps ReaxFF 

molecular dynamic simulation of systems with (a) Ti3C2Tx MXene nanosheet, water 

and protons (acidic environment), and (b) Ti3C2Tx MXene nanosheet, water, and 

hydroxide ions (alkaline environment). (c) The radial distribution functions of Ti-C 

bonds obtained by ReaxFF are shown for acidic, alkaline, and water-only systems. A 

higher peak intensity at 2.1 Å was obtained for nanosheets stored in the acidic system, 

suggesting a higher level of stability against oxidation. Reprinted with permission 

from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 
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Figure 3-25 Final molecular configuration of molecules from molecular dynamic 

simulation of systems with (a) Ti3C2Tx MXene nanosheet, water and hydroxide ions, 

and (b) Ti3C2Tx MXene nanosheet, water, and protons. Reprinted with permission 

from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

To understand the mechanism driving the higher stability in acidic systems as 

compared to basic systems, we carried out a frame-by-frame examination of the simulation 

trajectories. As detailed in our previous publication, 75 oxidation starts along the nanosheet 

edges in the system with only water and the Ti3C2Tx nanosheet. For the acidic system, we 

observe that protons interact with water molecules to form H3O
+ intermediate species. 

These intermediate species as well as the MXene nanosheet edges are positively charged, 

therefore we observe minimal oxidation in the acidic system (Figure 3-24a). The MXene 

nanosheet stored in the basic system is primarily attacked by the highly reactive hydroxide 

anions, with oxidation starting from the edges, and later affecting the basal plane as well 

(Figure 3-24b). The simulation results indicate that the MXene nanosheet stored in the 

basic system loses Ti atoms in the form of TiO2 and other complex species with Ti, O, and 
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H atoms. Overall, MXene stored in basic system show much faster oxidation due to the 

aggressive nature of hydroxide ions. 

Simulations of the effect of citric acid on the oxidation stability of MXene 

nanosheets show improved stability, mainly due to the steric shielding effect of citric acid 

along the edges. The final structure of a Ti3C2Tx MXene nanosheet after 25 ps is shown 

in Figure 3-26a. The rdf calculations show a higher peak intensity at 2.1 Å as compared 

to just water and MXene system, suggesting less oxidation in the presence of citric acid 

(Figure 3-26b). 

 
Figure 3-26 (a) Final molecular configuration of Ti3C2Tx nanosheet after 25 ps 

ReaxFF molecular dynamic simulation of systems with Ti3C2Tx MXene nanosheet, 

water and citric acid. (b) The radial distribution functions of Ti-C bonds obtained 

by ReaxFF are shown for MXene in water, and citric acid. The peak intensity at 2.1 

Å represents the higher stability of the nanosheet in citric acid. Reprinted with 

permission from reference61, Copyright 2019 WILEY-VCH Verlag GmbH & Co. 

 

3.5. Conclusion 

Our study demonstrates that the oxidation kinetics of Ti3C2Tx and Ti2CTx MXenes 

are dependent on the pH and concentration of the dispersions. MXene nanosheets in the 

aqueous phase can interact with hydroxide anions rapidly, then become more prone to 

oxidation due to the unstable terminal group -O-. Meanwhile, the pH value drops rapidly 
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in the initially alkaline MXene dispersion. Hence, MXene processing and applications in 

alkaline environments may lead to sub-optimal or declining performance due to the rapid 

oxidation. The oxidation of MXene nanosheets in various buffers were also examined, and 

the results suggest that the highest oxidation rate occurs when hydroxide anions are 

continuously available. In addition, an effective antioxidant, citric acid, was discovered, 

which can effectively prevent or mitigate the oxidation of both “312” Ti3C2Tx and “211” 

Ti2CTx. We also demonstrated that the oxidation rate decreases when the MXene 

dispersion concentration is high due to steric shielding effect among the nanosheets. With 

these new findings, we recommend that MXene dispersions be formulated to have a high 

concentration, acidic pH, and citric acid to minimize their oxidation. 
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4. MOLECULAR STRUCTURE AND OXIDATION STABILITY: INTERACTIONS 

BETWEEN ANTIOXIDANTS AND TI3C2TX AND TI2CTX MXENES 

 

4.1. Introduction 

MXenes are a fast-growing family of two-dimensional transition metal carbides, 

nitrides, and carbonitrides.1-3, 5, 40 MXenes have a general formula of Mn+1XnTx, where n+1 

layers (n is from 1 to 4) of transition metal atoms (‘M’ element) are interleaved and 

covalently bonded with n layers of carbon or nitrogen atoms (‘X’ element). Tx represents 

the functional groups attached to the MXene layer surface resulting from the wet chemical 

synthesis methods (-OH, =O, -F, and -Cl). The majority of known carbide MXenes, such 

as Ti3C2Tx, Ti2CTx, V2CTx, and Nb2CTx, are synthesized from their ceramic MAX phase 

(with a formula of Mn+1AXn, where A is a group 13 or 14 element) by the top-down 

selective acid etching method in hydrofluoric acid (HF) or fluorinated aqueous solutions, 

followed by intercalation and delamination steps.8, 44, 102-104 

MXenes are known for a combination of excellent functional properties such as 

high electrical conductivity, good aqueous processability, and a variety of surface terminal 

groups. Extensive studies have focused on the practical applications of MXenes, 

especially in energy storage,13-15, 105-107 electromagnetic wave shielding,18, 108-110 layer-by-

layer functional coatings,16, 17, 20 nanocomposites,19, 22, 33 optoelectronic devices,111, 112 

sensors,17, 113 catalysis,114 and biomedical applications115, 116. 

However, MXenes are generally not stable against oxidation, especially in their 

commonly-used aqueous colloidal state. Prior studies have demonstrated that MXenes are 
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prone to react with water and strong oxidants, resulting in structural and chemical 

degradation over time.46, 65 This phenomenon and issue of rapid MXene oxidation and 

degradation is still not well-understood and is often missing from prior reports on MXene 

applications. Low oxidation stability threatens to restrict both the shelf life of MXene 

dispersions and the product lifetime for MXene-based devices.   

Multiple studies have discovered that oxidation results in the degradation of the 

MXene’s 2D structure and loss of functional properties. Ti3C2Tx and Ti2CTx nanosheets 

in their aqueous colloidal state and in functional films can react with water molecules, 

resulting in the formation of titanium dioxides (TiO2) and amorphous carbon.46, 65, 69, 71 

Oxidation rates of MXene nanosheets dispersed in water were found to be a function of 

dispersion temperature, pH, exposure to laser and UV light, and the presence of oxidants 

such as hydroxide anions, hydrogen peroxide, and ozone.46, 61, 68, 117 In addition to 

dispersed nanosheets, storage or usage of dried MXene nanosheet powders and MXene-

based devices in conditions with high humidity  or elevated temperatures in an oxidizing 

atmosphere may also result in structural degradation and declined electrical performance 

.46, 74, 89 Naguib et al. and others reported that MXene oxidation starts from nanosheet 

edges so that large nanosheets may have better oxidation stability than the small ones.45, 

51 MXene oxidation is also dependent on intrinsic nanosheet properties such as defective 

vacancies and surface functionalization.70, 74 Furthermore, MXenes with small n oxidize 

much more rapidly than their high n counterparts; for example, oxidation rates show the 

following trend: Ti4C3Tx < Ti3C2Tx < Ti2CTx.
61 
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Several investigations have focused on developing methods to prevent or mitigate 

oxidation during storage in the colloidal state and prolong the usage life of MXene-based 

devices. Early studies recommended preserving MXene dispersions under extremely low 

temperatures (for example, at -80 °C) and oxidant-free conditions such as argon-filled 

vials.46, 64, 77 However, these methods restrict the usage conditions of MXene-based 

devices and lower the MXene processability in ambient environment. MXene oxidation 

stability can also be improved by reducing the amount of reactive oxygen-containing 

groups, which may be achieved by thermal annealing under inert or reductive 

environments.74, 80  

Both our team and Natu et al. discovered an approach to prevent the oxidation of 

Ti3C2Tx and Ti2CTx in their colloidal form by introducing antioxidants such as sodium L-

ascorbate, ascorbic acid, citric acid, and polyphosphate anions.61, 75, 95 The shelf life of 

MXene colloid can be significantly improved with this method. For example, Ti3C2Tx can 

be stored in an aqueous solution of citric acid for over 5 months without seeing any 

transformation of its chemical composition, which has a much longer storage life for 

Ti3C2Tx in water.61 However, the protection mechanism of the antioxidant is still not very 

clear. Molecular simulations were used to investigate the interaction between the Ti3C2Tx 

nanosheets and antioxidants. The simulation results suggest that the stabilization of 

Ti3C2Tx is achieved by edge-capping and/or steric shielding caused by the association of 

the antioxidant molecules with the nanosheets, although the nature of the association 

remains somewhat elusive. This interaction restricts water molecules from reacting with 
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the MXene surface. Even so, this protection mechanism still remains elusive, particularly 

in understanding how other antioxidants would interact with MXene surfaces.  

In this study, we carry out an investigation on the oxidation stability of Ti3C2Tx 

and Ti2CTx dispersed in aqueous solutions of antioxidants from groups such as α-hydroxy 

acids, polycarboxylic acids, and phenolic acids. The oxidation stability of the MXene 

nanosheets was determined by X-ray photoelectron microscopy (XPS) after 14-day 

storage for Ti3C2Tx and 31-hour storage for Ti2CTx. This study reveals that MXene 

nanosheets interact differently with each of the organic compounds. We discovered that 

Ti3C2Tx and Ti2CTx MXene nanosheets can be stabilized by multiple antioxidants, 

including citric acid, tartaric acid, and oxalic acid. However, some antioxidant candidates 

actually accelerate MXene oxidation and degradation. Here we analyze the relationship 

between an antioxidant’s chemical structure and its effectiveness in protecting Ti3C2Tx 

and Ti2CTx. This work proposes that a chelation effect induced by antioxidants with 

polydentate ligands helps to prevent or eliminate MXene oxidation. These results 

represent a significant improvement in understanding the stabilization of MXene 

nanosheets in aqueous dispersion, and this paper is the first to report the various effects of 

organic acids on the oxidation stability of MXenes. 

 

4.2. Materials and methods 

4.2.1. Synthesis of MAX precursor particles 

Elemental powder mixtures of Ti, Al, and TiC were used as starting materials to 

synthesize the precursor Ti3AlC2 and Ti2AlC MAX phase. The mixtures were sintered 
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using the Pulsed Electric Current System (PECS). The high-purity MAX powder was 

made by drill-milling and being sieved to obtain powder with particle sizes below 44 μm 

for Ti3AlC2 and below 20 μm for Ti2AlC. 

4.2.2. Synthesis of Ti3C2Tx and Ti2CTx nanosheets 

Ti3C2Tx nanosheets were synthesized by etching aluminum from the MAX phase 

following the selective acid etching method reported in prior literatures.8, 35, 38 50 mL of 6 

M HCl solution  was made by diluting concentrated hydrochloric acid (HCl, ACS reagent, 

37% w/w Sigma-Aldrich) with DI water. 3.5 grams of lithium fluoride (LiF, 98+% purity, 

Alfa Aesar) was dissolved into the HCl solution. 5 grams of Ti3AlC2 MAX powder was 

slowly added to the HCl+LiF solution to prevent overheating. The mixture was stirred and 

kept at 40 ºC for 40 hours. After etching, several washing cycles were implemented to 

remove HF and Li cations until pH of the mixture reached a value of above 6. Ti3C2Tx 

clay was then intercalated with dimethyl sulfoxide (DMSO) (ReagentPlus, >99.5%, 

Sigma-Aldrich) for 20 hours. Excess DMSO was removed by multiple cycles of solvent 

exchanges with DI water and centrifugation at 9000 rpm. The intercalated Ti3C2Tx clay 

particles in DI water were bath sonicated for 1 hour at room temperature followed by 

centrifugation at 3500 rpm for 1 hour to separate the heavier components. The synthesize 

Ti3C2Tx nanosheet dispersion has a concentration of 8.8 mg/mL.  

Ti2CTx nanosheets were synthesized by a similar method with Ti3C2Tx but with a 

reduced etching duration of 12 hours and a lower etching temperature at 36 ºC. The as-

prepared Ti2CTx nanosheet dispersion was measured to have a concentration of 10.0 

mg/mL. 
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4.2.3. Sample preparation 

Before introducing the MXene nanosheets, 250 mL aqueous solutions of organic 

compounds in groups of α-hydroxy acids, polycarboxylic acids, and phenolic acids were 

prepared at a concentration of 1.5 mg/mL. 0.5 mL of the as-prepared dispersion of MXene 

nanosheets was then introduced and diluted individually into each of the target solutions. 

The dispersions of Ti3C2Tx in each solution of organic substances were stored in closed 

bottles for 14 days at ambient conditions. The dispersions of Ti2CTx were stored in closed 

bottles for 31 hours. 

4.2.4. Characterization 

Scanning electron microscope (SEM, JSM-7500F, JEOL, Japan) and atomic force 

microscope (AFM, Bruker, USA) were used in the morphology study of dehydrated MAX, 

clay particle, and MXene nanosheets. The degree of MXene oxidation was determined by 

using an Omicron X-ray photoelectron spectrometer (XPS) employing a Mg-sourced X-

ray beam. The films used for XPS analysis were prepared by vacuum filtration of the 

stored MXene dispersions. Prior to XPS, the films were dried under vacuum for 20 hours 

to prevent possible outgassing. XPS peak fittings and quantifications were analyzed using 

CasaXPS software (version 2.3.22). ζ potential and hydrodynamic size changes of MXene 

dispersions were measured and monitored using a Zetasizer Nano ZS90 from Malvern 

Instruments, USA.  
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Figure 4-1 (a) Scanning electron microscopy (SEM) image of the Ti3AlC2 MAX 

precursor particles; (b) morphology of freeze-dried Ti3C2Tx 2D nanosheets imaged 

by SEM; (c) atomic force microscopy (AFM) image and (d) height profile of Ti3C2Tx 

nanosheets. Sample was prepared by drop-casting dispersion on a mica disk; (e) 

SEM image of the multilayered Ti2CTx MXene clay particle; (f) morphology of 

freeze-dried Ti2CTx 2D nanosheets imaged by SEM; (g) TiO2 nanoparticles shown 

on as-prepared Ti2CTx nanosheets made by freeze-drying the colloidal dispersion, 

imaged by SEM; X-ray photoelectron microscopy (XPS) spectra of as-prepared (h) 

Ti3C2Tx and (i) Ti2CTx MXene nanosheets. Sample used for XPS analysis was made 

by vacuum filtration. Split peaks of Ti 2p spectra were also displayed in the inserted 

figures. 

 

4.3. Results and discussion 

Ti3C2Tx and Ti2CTx MXene nanosheets were synthesized via the selective acid 

etching method used in prior literatures.8, 35, 38 Morphologies of bulk Ti3AlC2 MAX 

particle and freeze-dried Ti3C2Tx nanosheets are shown in SEM images in Figure 4-1a 
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and 1b. AFM images indicate that Ti3C2Tx nanosheets have a size distribution from 0.5 

to 5 µm and a thickness of ~1.4 nm (Figure 4-1c and 1d). For the Ti2CTx samples, the 

morphologies of both the clay and the delaminated Ti2CTx nanosheets are shown as well 

(Figure 4-1e, 4-1f, and 4-1g). Even for measurements taken right after exfoliation, TiO2 

nanoparticles were already observed on Ti2CTx nanosheet surface, indicating that these 

nanosheets have very poor oxidation stability. XPS confirms the presence of titanium, 

carbon, oxygen, and fluorine elements on the as-prepared Ti3C2Tx and Ti2CTx surfaces 

(Figure 4-1h and 4-1i).  

 

Figure 4-2 Molecular structures of studied organic compounds in the three 

antioxidant classes. Ti3C2Tx nanosheet dispersions were mixed with antioxidant 

solutions; after 3 hours, the zeta potential and hydrodynamic size were measured all 

three classes of antioxidants: (a) α-hydroxy acids, (b) polycarboxylic acids, and (c) 

phenolic compounds. 

 

For the antioxidant study, as-prepared nanosheet dispersions were introduced and 

diluted individually into distilled water and each of the 1.5 mg/mL aqueous solutions of 
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the antioxidant candidates. The mixtures were stored in closed bottles for 14 days at 

ambient conditions. We utilized the following characterization techniques to assess 

oxidation: XPS determines the extent of Ti3C2Tx oxidation by Ti(IV) atomic percentage 

in each dispersion before and after the storage. The colloidal stability of dispersed Ti3C2Tx 

MXenes in each solution were investigated by measuring the zeta-potential and 

hydrodynamic size average using the dynamic light scattering technique (DLS). Ti2CTx 

nanosheets were assessed as well, over a much shorter time frame of 31 hours due to their 

rapid oxidation. 

We have grouped the antioxidant candidates into three major categories based on 

their molecular structures (displayed in Figure 4-2): α-hydroxy acids, polycarboxylic 

acids, and phenolic compounds. After 3 hours of storage, the Ti3C2Tx nanosheet 

dispersions with additives already exhibited different colloidal behaviors. Ti3C2Tx 

nanosheets in the α-hydroxy acid solutions and water maintained their colloidal stability, 

showing stronger zeta potential values (less than -30 mV) and generally small 

hydrodynamic sizes (Figure 4-2a). However, the polycarboxylic acids (except oxalic and 

trimesic acid) rapidly induced aggregation, resulting in the formation of nanosheet clusters 

with large hydrodynamic sizes (over 6000 nm) (Figure 4-2b). Natu et al. reported that at 

low pH, there are few deprotonated hydroxyl (-O-) terminal groups, leading to decreased 

electrostatic repulsion and eventual aggregation.60 However, we find that Ti3C2Tx in oxalic 

acid solution showed a stronger zeta potential value, even though oxalic acid is a stronger 

acid than the other polycarboxylic acids (with a low pKa of around 1.2). Finally, the 
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addition of phenolic acids leads to weaker zeta potential values and increased 

hydrodynamic size, shown in Figure 4-2c. 

 

Figure 4-3 (a) Atomic composition of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti3C2Tx nanosheets dispersed in water and 1.5 mg/mL aqueous 

solutions of α-hydroxyl acids after 14-day storage; (b) visual appearance of Ti3C2Tx 

dispersions before and after storage. Samples used for XPS were made by vacuum 

filtration, followed by a 24-hour dehydration process under vacuum. 

 

In prior studies, our group demonstrated that citric acid, which is a tricarboxylic 

acid in the α-hydroxy acid group, can effectively enhance the oxidation stability of 

dispersed Ti3C2Tx nanosheets. Here we generalize these findings to other types of α-

hydroxyl acids, including glycolic acid, malic acid, and tartaric acid. XPS analysis 

indicates that Ti3C2Tx nanosheets stored in citric acid and tartaric acid solutions were the 

most stable after 14 days, yielding low Ti(IV) atomic percentages (reflecting the formed 

TiO2 content) of 3.1 ± 0.6 at.% and 3.6 ± 0.4 at.%, significantly lower than samples stored 

in water (Figure 4-3a). (The full XPS spectra of Ti3C2Tx in hydroxyl acids are summarized 

in Figure 4-4.) Malic acid showed behavior similar to that of water, but glycolic acid 
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actually appeared to accelerate the oxidation of Ti3C2Tx. These findings are consistent 

with changes in visual appearance of the Ti3C2Tx dispersions over time (Figure 4-3b). 

The effective antioxidants not only prevent TiO2 formation, but they also maintain zeta 

potential and hydrodynamic size after 14 days in storage (Figure 4-5). 

We also investigated the interactions of several polycarboxylic acids with Ti3C2Tx 

nanosheets. In contrast to α-hydroxyl acids, polycarboxylic acids contain two or more 

carboxyl groups in their molecular structures but do not have an α-hydroxy group adjacent 

to the carboxyl groups. Oxalic acid, which is the simplest dicarboxylic acid, was 

discovered to be an effective antioxidant for Ti3C2Tx in this study, showing a Ti(IV) 

content of 1.7 ± 0.3 at.% after storage, which is much lower than that of water (Figure 4-

6a). However, succinic acid, trimesic acid, 1,2,3,4-butanetetra carboxylic acid, aconitic 

acid, and tricarballylic acid were observed to accelerate the oxidation of Ti3C2Tx, 

displaying much higher TiO2 content after the testing period. (The full XPS spectra of 

Ti3C2Tx in polycarboxylic acids are displayed in Figure 4-7). In addition, oxalic acid 

retained the colloidal stability of Ti3C2Tx dispersion after 14-day storage (Figure 4-6b) 

while the dark green/black aggregated Ti3C2Tx in other polycarboxylic acid solutions 

turned into brownish-gray sediments, confirming the degradation of Ti3C2Tx.  
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Figure 4-4 X-ray photoelectron microscopy (XPS) spectra for Ti3C2Tx nanosheets 

after 14-day storage dispersed in (a) water and 1.5 mg/mL aqueous solutions of (b) 

citric acid, (c) tartaric acid, (d) malic acid, and (e) glycolic acid. 
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Figure 4-5 Zeta potential and hydrodynamic size of Ti3C2Tx nanosheets dispersed in 

water and α-hydroxyl acid aqueous solutions after the 14-day storage.  

 

Several phenolic compounds were investigated in this study as well. 2-(4-

Hydroxyphenyl) ethanol (tyrosol) is a phenylethanoid which has been used in other 

settings as a naturally occurring antioxidant. After 14-day storage, tyrosol did not exhibit 

any major effect on the oxidation and colloidal stability of Ti3C2Tx nanosheets. However, 

4-hydroxyphenyl acetic acid, in which the -OH group in tyrosol’s side chain is substituted 

by -COOH group, actually accelerates the oxidation of Ti3C2Tx (Figure 4-8a). We also 

compared 4-hydroxybenzoic acid (para-hydroxybenzoic acid) and salicylic acid (2-

hydroxybenzoic acid or ortho-hydroxybenzoic acid). After the testing period, salicylic 

acid did not show much impact on the Ti(IV) content in the sample. However, 4-

hydroxybenzoic acid can completely oxidize the Ti3C2Tx, as indicated by a high Ti(IV) 

content of 81.5 ± 0.7 at.%. The XPS spectra of Ti3C2Tx in polycarboxylic acids after 
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storage are summarized in Figure 4-9. Note that in all cases, acids (not the tyrosol) caused 

visual aggregation of Ti3C2Tx even in the as-prepared dispersions (Figure 4-8b). 

 

Figure 4-6 (a) Atomic contents of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti3C2Tx nanosheets dispersed in water and 1.5 mg/mL aqueous 

solutions of polycarboxylic acids after 14-day storage; samples used for XPS were 

made by vacuum filtration, followed by a 24-hour dehydration process under 

vacuum. (b) Ti3C2Tx dispersions before and after storage in aqueous solutions of 

polycarboxylic acids. (c) Comparison of XPS spectra of Ti3C2Tx in dispersions in 

aqueous solutions of oxalic acid and succinic acid.  
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Figure 4-7 X-ray photoelectron microscopy (XPS) spectra for Ti3C2Tx nanosheets 

after 14-day storage dispersed in 1.5 mg/mL aqueous solutions of (a) oxalic acid, (b) 

succinic acid, (c) trimesic acid, (d) 1,2,3,4-butanetetra carboxylic acid, (e) trans-

aconitic acid, and (f) tricarballylic acid. 
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Figure 4-8 (a) Atomic contents of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti3C2Tx nanosheets dispersed in water and 1.5 mg/mL aqueous 

solutions of phenolic compounds after 14-day storage; samples used for XPS were 

made by vacuum filtration, followed by a 24-hour dehydration process under 

vacuum. (b) Ti3C2Tx dispersions before and after storage in aqueous solutions of 

phenolic compounds. (c) Comparison of XPS spectra of Ti3C2Tx in dispersions in 

aqueous solutions of 4-hydroxybenzoic acid and salicylic acid.  
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Figure 4-9 X-ray photoelectron microscopy (XPS) spectra for Ti3C2Tx nanosheets 

after 14-day storage dispersed in 1.5 mg/mL aqueous solutions of (a) 2-(4-

hydroxyphenyl) ethanol, (b) 4 hydroxyphenyl acetic acid, (c) 4-hydroxybenzoic acid, 

and (d) salicylic acid. 

 

The antioxidant performance of α-hydroxy acids, polycarboxylic acids, and 

phenolic compounds is summarized in Figure 4-10a. The data indicate that citric acid, 

tartaric acid, and oxalic acid can effectively protect Ti3C2Tx from oxidation; however, 

other antioxidant candidates have limited or even deleterious effects on the nanosheets. 

The effective antioxidants not only prevented the transformation of T3C2Tx structures into 

TiO2, but also retained stable negative zeta potential values and hydrodynamic size 

(Figure 4-10b). In contrast, the poor antioxidants, such as malic acid and glycolic acid, 
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cause the Ti3C2Tx dispersion to have weaker zeta potential values and increased 

hydrodynamic size (associated with nanosheet aggregation). 

 

Figure 4-10 (a) The antioxidants may be classified based on their antioxidant 

performance in protecting Ti3C2Tx; (b) zeta potential and (c) hydrodynamic size 

changes of Ti3C2Tx nanosheets dispersed in water and studied organic acid aqueous 

solutions over the 14-day storage. 

 

Antioxidants, defined in biological, pharmaceutical, and food sciences, are often 

categorized as radical scavengers. They tend to react with radicals, which prevents the 

damage to cell and tissues from radical oxidants. However, antioxidants for MXenes may 

function via mechanisms other than radical scavenging. In the current work, certain strong 

radical scavenging antioxidants were investigated, such as 2-(4-hydroxyphenyl) 

ethanol,118-120 but these molecules did not strongly affect the oxidation stability of Ti3C2Tx. 

Hence, we argue that the radical scavenging ability of antioxidants is not the key role that 

they play for preventing oxidation of MXenes. (Note that prior studies of MXene-radical 
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interactions relied on external factors such radiation from an external source or the 

introduction of radical-forming chemical agents, such as hydrogen peroxide (H2O2) or 

ozone (O3).
46, 91, 117, 121 Note that MXenes still oxidize without these factors present.46, 65) 

We conducted an additional comparative study with several variants of citric acid, 

with slightly modified chemical structures to elucidate which aspects of this highly 

effective antioxidant are important. Specifically, we examined the oxidation stability of 

Ti3C2Tx in solutions of trimethyl citrate, which is an ester of citric acid, and tricarballylic 

acid, which is a tricarboxylic acid, but not a hydroxy acid. XPS analysis indicates that the 

introduction of trimethyl citrate or tricarballylic acid cannot protect Ti3C2Tx as effectively 

as citric acid (Figure 4-11). Instead, the use of tricarballylic acid leads to more severe 

oxidation of Ti3C2Tx. In addition, tricarballylic acid caused the Ti3C2Tx to lose colloidal 

stability, indicated by a weaker zeta potential and large hydrodynamic size average 

(Figure 4-12). 

Given the data above, there are a few possible mechanisms that may explain Ti3C-

2Tx stabilization by certain antioxidants: (i) In chelation, a polydentate ligand forms two 

or more coordinate bonds with a single metal atom. (ii) Another possible effect is 

induction. Induction occurs when an electron-withdrawing or donating group is present 

near an ionic group within a molecule, which affects the electron density of the molecule 

and can enhance or inhibit dissociation depending on charge sign. In the case of carboxylic 

acids, the enhanced dissociation of hydrogen by adding an electron-withdrawing group 

can lower the pKa of a molecule. (iii) Finally, intermolecular, or even intra-molecular 

hydrogen bonding may have an effect on the ability of antioxidants to stabilize MXenes. 
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These mechanisms, and pairs of effective and ineffective antioxidants that possibly 

demonstrate them, are discussed in the following paragraphs. 

 

Figure 4-11 X-ray photoelectron spectroscopy (XPS) spectra and fittings of Ti 2p and 

C 1s peaks for (a), (b) Ti3C2Tx nanosheets stored in water after 14 days; (c), (d) 

Ti3C2Tx nanosheets stored in 1.5 mg/mL tricarballylic acid solution after 14-day 

storage; (e) and (f) Ti3C2Tx nanosheets stored in 1.5 mg/mL trimethyl citrate solution 

after 14 days. Samples used for XPS analysis were made by vacuum filtration, 

followed by a 24-hour dehydration process under vacuum. 
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Figure 4-12 Zeta potential and hydrodynamic size measured after introducing 

Ti3C2Tx nanosheets in citric acid, tricarballylic acid, and trimethyl citrate aqueous 

solutions.  

 

Chelation complexes formed between the citric acid molecules and surface Ti 

atoms are a likely candidate for the observed oxidation trends. In a citric acid molecule, 

oxygen atoms in the hydroxy and nearby carboxy groups tend to share unpaired electrons 

with a positively-charged Ti atom on the Ti3C2Tx surface, forming coordination bonds. 

The six-membered ring complex formed by chelation effects (Figure 4-13a) is chemically 

stable, which may prevent the oxidation of Ti3C2Tx structure from reacting with water. In 

contrast, without the hydroxy group, tricarballylic acid cannot form coordination bonds 

with Ti atoms. Instead, the carboxy groups pull electrons away from Ti atoms because 

they are a strong electron-withdrawing group. Trimethyl citrate, another tested 

antioxidant, is like citric acid except that the hydroxy in the carboxy groups is replaced 
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with a methoxy group (-OCH3). Oxidation stability of Ti3C2Tx was found to be unaffected 

by trimethyl citrate.  

 

Figure 4-13 Chelation reaction between the Ti atoms on Ti3C2Tx surface and 

molecules of (a) citric acid, (b) tartaric acid, and (c) oxalic acid. 

 

Tartaric acid, similar to citric acid, can also form a chelation complex with Ti 

atoms on nanosheets, which is indicated by its good performance in oxidation prevention 

(Figure 4-13b). Both citric acid and tartaric acid are polydentate ligands, which means 

that there are multiple electron-donating oxygen atoms that can form coordination bonds 

with Ti atoms on Ti3C2Tx. However, malic acid and glycolic acid, both α-hydroxy acids, 

do not have the same good performance in protecting Ti3C2Tx from oxidation. The 

denticity of malic acid and glycolic acid is less than citric acid and tartaric acid based on 

their structure. In addition, because of the shorter chain, glycolic acid cannot form five- or 
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six-membered rings with Ti atoms on the surface, which is necessary for a stable chelation 

complex. 

The chelation effect can also be observed between oxalic acid and Ti3C2Tx. Oxalic 

acid was found to be an effective antioxidant for Ti3C2Tx. The deprotonated form of oxalic 

acid, the oxalate ion, is well-known as a chelating agent (Figure 4-13c). In contrast, 

succinic acid, which is also a dicarboxylic acid, is not effective. Because of its longer 

molecular chain, the -COOH groups are too far from each other within the molecule to 

form chelation complex with MXenes. The mechanism that is most likely responsible to 

antioxidant protection is the chelation effect. This mechanism features the most significant 

interaction between MXene and the antioxidants compared with the other potential 

mechanisms.  

By comparing how 4-hydroxybenzoic acid and salicylic acid interact with Ti3C2Tx, 

we also note that the distance between the -COOH and -OH groups can affect the 

interactions with Ti3C2Tx nanosheets. In the 4-hydroxybenzoic acid molecule, the -COOH 

is distant from the -OH, and the Ti3C2Tx in 4-hydroxybenzoic acid was oxidized after 

storage. However, for salicylic acid, the -OH is adjacent to the -COOH on the benzene 

ring. Intramolecular hydrogen bonding may occur between the hydrogen atom in hydroxy 

group and =O in carboxy group, restricting the electron-withdrawing ability of -COOH. 

In addition, the benzene ring in the salicylic molecules is an electron-withdrawing group 

that prevents the chelation effect with Ti3C2Tx. As a result, salicylic acid has limited 

interaction with Ti3C2Tx, showing little effect on Ti3C2Tx oxidation.  
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Figure 4-14 Correlations between pKa values of studied chemicals and their 

interactions with Ti3C2Tx nanosheet.  

 

The close proximity of -OH and -COOH in salicylic acid is correlated with a lower 

pKa than 4-hydroxybenzoic acid due to an induction effect. We have summarized the pKa 

of the studied compounds and their performance in protecting Ti3C2Tx in Figure 4-14 and 

4-15. However, we did not observe any clear trend that indicates a correlation between 

pKa and antioxidant effectiveness in protecting Ti3C2Tx. 

Note that the carboxyl group (-COOH) may actually accelerate oxidation of 

Ti3C2Tx. We observed that interactions between 2-(4-hydroxyphenyl) ethanol or 4-

hydroxyphenyl acetic acid with Ti3C2Tx are different because of the presence of -COOH 

in the latter compound. Ti3C2Tx has accelerated oxidation rates in solutions of 
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polycarboxylic acids as well, such as succinic acid, trimesic acid and 1,2,3,4-butanetetra 

carbolic acid, which contain -COOH groups that do not form chelation complexes. 

 

Figure 4-15 Correlations between pKa values and atomic percentages of Ti(IV) 

measured by XPS for Ti3C2Tx nanosheets stored after 14 days in aqueous solutions 

of (a) α-hydroxy acids; (b) polycarboxylic acids, and (c) phenolic compounds. 

 

We have also investigated the effectiveness of the antioxidant candidates in 

protecting “211” Ti2CTx nanosheets from oxidation. Citric acid, tartaric acid, and oxalic 

acid were also confirmed to be effective antioxidants, as shown in Figure 4-15 and Figure 

4-16. The α-hydroxy acids exhibit a similar trend of oxidation protection effectiveness for 

Ti2CTx as with Ti3C2Tx. However, we discovered in this work that the Ti2CTx nanosheets 
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oxidize faster in water than in organic acid solutions. Protons provided by the 

disassociation of organic acids may mitigate the oxidation of Ti2CTx, but the same findings 

were not observed for Ti3C2Tx, as noted above. The mechanism behind these differences 

is still unclear. Figure 4-17 illustrates that the addition of phenolic compounds with lower 

pKa values may help to retard the oxidation of Ti2CTx. For instance, we observed that 

Ti2CTx in salicylic acid with a low pKa of 2.97 exhibits lower Ti(IV) content than in water, 

2-(2-hydroxyphenyl) ethanol, 4-hydroxyphenyl acetic acid, and 4-hydroxybenzoic acid.  

 

Figure 4-16 Atomic compositions of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti2CTx nanosheets dispersed in water and 1.5 mg/mL aqueous 

solutions of oxalic acid, citric acid, tartaric acid, malic acid, and glycolic acid after 

31-hour storage. 
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Figure 4-17 X-ray photoelectron microscopy (XPS) spectra for Ti2CTx nanosheets 

after 31-hour storage dispersed in (a) water, and 1.5 mg/mL aqueous solutions of (b) 

oxalic acid, (c) citric acid, (d) tartaric acid, (e) malic acid, and (f) glycolic acid. 
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Figure 4-18 Atomic compositions of Ti(IV) measured by X-ray photoelectron 

microscopy (XPS) for Ti2CTx nanosheets dispersed in water and 1.5 mg/mL aqueous 

solutions of phenolic compounds after 31-hour storage. 

 

4.4. Conclusion 

Here, we demonstrated that several organic acids can be used to improve the 

oxidation stability of Ti3C2Tx and Ti2CTx MXene nanosheets. A systematic study on the 

antioxidant performance of several organic compounds with similar structures was 

conducted to illustrate that the chelation effect between antioxidant molecules and Ti3C2Tx 

surface atoms may be the main cause of the stabilization effect. These findings address 

one of the major challenges in using 2D MXene nanomaterials by identifying the key 

characteristics of effective antioxidants for mitigating oxidation and degradation of 

MXene nanosheets. The interactions we discovered in this work between organic 



 

126 

 

compounds and MXenes in aqueous solutions, such as the chelation effect, may also 

suggest new pathways in tuning the nanosheet surface functionality. 
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5. ANNEALED TI3C2TZ MXENE FILMS FOR OXIDATION-RESISTANT 

FUNCTIONAL COATINGS* 

 

5.1. Summary 

2D transition metal carbide and nitride nanomaterials, known as MXenes, exhibit 

low chemical stability in aqueous environments; they tend to oxidize and react with water 

molecules, resulting in structural degradation and decreased electrical conductivity. This 

significantly limits their storage lifetime and potential use in the presence of water, 

particularly in nanosheet-assembled films for battery electrodes and functional coatings. 

Here we demonstrate that thermal annealing of Ti3C2Tz films at elevated temperatures (~ 

600 °C) causes changes in the termination distribution as well as the formation of a 

protective layer of TiO2 on the outermost layer of films. The induced chemical and 

structural changes during thermal treatment arrest MXene oxidation and enable the 

MXene films to be stable in aqueous solutions for over 10 months. 

 

5.2. Introduction 

MXenes are a family of 2D layered transition metal carbides, carbonitrides, and 

nitrides with the general chemical formula of Mn+1XnTz, where M represents an early 

transition metal such as Ti, V, Nb, Cr, and Mo, X is C and/or N, T refers to terminal 

 

* Reprinted with permission from “Annealed Ti3C2Tz MXene Films for Oxidation-Resistant Functional 

Coatings” by Xiaofei Zhao; Dustin E. Holta; Zeyi Tan; Ju-Hyun Oh; Ian J. Echols; Muhammad Anas; 

Huaixuan Cao; Jodie L. Lutkenhaus; Miladin Radovic; Micah J. Green. 2020, ACS Appl. Nano Mater., 3, 

11, 10578–10585, Copyright 2020 American Chemical Society. 
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groups, n ranges from 1 to 5, and z reflects the number of terminal groups. 2-4, 122, 123 

MXenes with a multilayered structure (MXene clay) are typically synthesized by a top-

down selective etching step in fluoride-containing acid (i.e.. HF) to dissolve and extract 

A layer from their MAX counterpart, where A refers to a group 13 or 14 element, such as 

Al and Si. 8, 44 Single or few-layered MXene nanosheets, which are one to a few 

nanometers thick, can be further derived by exfoliation of these multilayered MXene 

structures by agitation or sonication. 5, 8, 10, 35, 36 One of the most-studied members in the 

family of MXenes, Ti3C2Tz, is terminated with numerous functional groups (-OH, -O-, -

F, -Cl) during etching and exfoliation in the aqueous phase. Terminal groups such as -OH 

and -O- enable MXene nanosheets’ hydrophilicity and surface electronegativity, making 

them readily dispersible in water and certain polar organic solvents. Free-standing films 

made from Ti3C2Tz have shown promise in flexible energy storage devices such as 

supercapacitors, 3, 30, 94 portable electronics, 108 electromagnetic interference shielding 

coatings, 18 and gas-separation membranes. 124 The wide range of applications are enabled 

by MXenes’ excellent electrical conductivity, abundant surface functionalities, metallic 

properties, in-plane stiffness, and large-scale processability by filtration, blade coating, 

spray coating, layer-by-layer coating, and drop-casting methods. 8, 20, 46, 125 

However, MXene nanosheets oxidize rapidly in aqueous and humid environments, 

resulting in the degradation of the 2D structure into transition metal oxides and carbon 

residues, which precludes many of the properties that make MXenes-made devices 

attractive. 46, 65, 69 Early reports claimed that Ti3C2Tz nanosheets react with dissolved 

oxygen in water and fully oxidize within just 15 days. 64 More recent studies, including 
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our own, revealed that MXenes are prone to react with water molecules rather than 

dissolved oxygen. 46, 65 In addition, free-standing MXene thin films also suffer from 

oxidation and loss of functional performance, but at a slower rate than in the dispersed 

form. Rapid decreases in the electronic conductivity and growth of TiO2 nanocrystals were 

observed on Ti3C2Tz films stored in humid air. 46, 52, 80 

This limited lifetime for MXene devices has prompted a search for strategies to 

mitigate MXene oxidation and degradation. A number of studies have focused on slowing 

down MXene oxidation by controlling the storage conditions and restricting the exposure 

of MXenes to water and oxygen. 46, 64, 66, 69, 78, 126 In addition, oxidation can be mitigated 

by introducing antioxidants such as ascorbate and polyphosphoric anions. 75, 95 Lee et al. 

reported that reducing Ti3C2Tz by H2 annealing can mitigate the oxidation of MXene film. 

80 They reported that the TiO2 formed by MXene oxidation could be reduced by H2 gas at 

elevated temperatures. They also found that the fresh MXene films annealed in H2 

environment have even slower oxidation rates in humid environments. However, the 

enhanced stability of MXene films was solely attributed to its reaction with H2; the effect 

of structural alterations brought up by thermal annealing on film stability was not 

addressed. In addition, the long-term stability of annealed MXene films that are immersed 

in water has not been discussed in prior studies. 

In this study, we demonstrate that thermally annealing free-standing MXene films 

under inert argon gas can induce surface and structural modifications which increase the 

chemical stability of the films and extend their storage life in water. Through annealing, a 

sandwich-like film structure was developed, with the formation of a protective TiO2 layer 
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on the films’ surfaces and more compact nanosheet stacking that prevents water ingress 

and degradation of the interior structure, shown schematically in Figure 5-1. As-prepared 

Ti3C2Tz films were annealed at 300 °C and 600 °C respectively to address the differences 

in stability caused by low and high annealing temperatures. In contrast to the fully 

degraded untreated Ti3C2Tz film and films annealed at 300 °C, almost no changes in 

chemical structure and composition were observed in films annealed at 600 °C, even after 

10-month storage in water. This method allows MXene thin films to have an extended 

lifetime and be used in a range of environments. 

 

Figure 5-1 Schematic of Ti3C2Tz film preparation: films were made by vacuum 

filtering Ti3C2Tz MXene nanosheets and then annealing at high temperature under 

argon. Annealed MXene films were stored in distilled water for 10 months. The films 

annealed at 300 °C were completely oxidized and degraded. The films annealed at 

600 °C only show oxidation on the surface; the oxidized layer acts as a barrier for 

water penetration and protects the inner layers of the film. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. 
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5.3. Materials and methods 

5.3.1. Materials 

Synthesis of Ti3C2Tz MXene nanosheet 

The synthesis of Ti3C2Tz MXene followed an in-situ fluoride acid etching method. 

8, 38, 44 First, 3.0 g of lithium fluoride (LiF) (with the purity of 98+%, Alfa Aesar) were 

mixed and dissolved in 30 ml 6 M HCl solution (ACS reagent, Millipore-Sigma) with a 

magnetic stir bar in a 100 ml polypropylene beaker. The mixture of HCl and LiF was then 

heated and kept at 40 °C. 3.0 g of as-prepared Ti3AlC2 MAX powder (sieved to obtain a 

particle size less than 45 µm) was slowly added into the solution over 15 minutes to 

prevent overheating. The mixture was agitated for 40 hours, and then centrifuged. The 

supernatant containing the HF and water-soluble ions was decanted. MXene clay produced 

after etching was washed by DI water for multiple times and the water effluent was 

removed after centrifugation until pH of the water effluent reached a minimum value 

around 6 to 7. Ti3C2Tz clay was then intercalated with dimethyl sulfoxide (DMSO) 

(>99.5%, Sigma-Aldrich) for 26 hours with continuous agitation 123. DMSO was removed 

by solvent exchange with deionized water. The expanded MXene clay was bath sonicated 

for 1 hour for delamination. The delaminated dispersion was centrifuged at 3500 rpm for 

1 hour to crash out and separate the unexfoliated MXenes. The supernatant was collected 

as the Ti3C2Tz nanosheet dispersion. The dispersion of Ti3C2Tz nanosheet has a 

concentration of 6.0 mg/mL. 
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Preparation of Ti3C2Tz freestanding films 

The freestanding Ti3C2Tz films were made by vacuum filtration of MXene 

dispersion with polysulfone membranes with a pore size of 0.2 µm. The filtered films were 

then vacuum dried after filtration at 30 °C for 12 hours. Freestanding MXene films were 

peeled off from the membrane filter with a tweezer and cut into halves. 

Film annealing and storage 

MXene films were placed in the tubular furnace purged with desiccated extra high 

purity argon gas for 72 hours to remove air and traceable water in the system. The films 

were then heated up at 5 °C/min and annealed at set temperatures for 30 mins. The system 

then was allowed to be rapidly cooled to room temperature. The annealed films were 

transferred into vials filled with distilled water and stored for 10 months in a dark 

environment. 

5.3.2. Materials characterization 

X-ray Diffraction (XRD) 

XRD patterns of Ti3AlC2 powder and Ti3C2Tz films were obtained using a Bruker 

D8 powder X-ray diffractometer fitted with LynxEye detector, in a Bragg Brentano 

geometry with CuKα (λ = 1.5418 Å) radiation source. The samples were scanned at a step 

size of 0.02° and a scan rate of 1.5 s per step. A zero-background sample holder was used 

in all the measurements.  

X-ray Photoelectron Spectroscopy (XPS) 

The chemical electronic states of Ti, C, O, and F on the surfaces of Ti3C2Tz films 

were determined with an Omicron X-ray photoelectron spectrometer employing a Mg X-
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ray source. The emitted photoelectrons from the films were collected by a 180° 

hemispherical electron energy analyzer. A takeoff angle of 40° between sample surface 

and the path to the collector was set in all measurements. High-resolution Ti 2p, C 1s, O 

1s, F 1s spectra were obtained at a pass energy (constant analyzer energy, CAE) of 30.0 

eV with a step size of 0.05 eV. A dual beam charge neutralizer was used to eliminate the 

shift of binding energy in the recorded spectra. Component peak fitting and quantification 

of the spectra were carried out using CasaXPS curve fitting software (version No. 2.3.16). 

Argon sputtering the sample surface was carried out with ultra-pure Argon gas with a 

beam current density of 15 mA/cm2. 

Surface and cross-section morphology and elemental analysis 

The surface and cross-section morphologies of Ti3C2Tz films were imaged by an 

FEI Quanta 600 field emission scanning electron microscope (FE-SEM, JEOL JSM-

7500F, JEOL Ltd., Japan). The acceleration voltage used for morphological study was 2.0 

kV. Energy-dispersive X-ray spectroscopy (EDS) coupled with SEM was used to detect 

the elemental compositions of film cross-sections. An acceleration voltage of 20.0 kV was 

used for EDS. The surface morphology of individual Ti3C2Tz nanosheets deposited on 

mica disc was studied with an atomic force microscopy (AFM, Bruker Dimension Icon). 

The tapping mode was used. Before measurements, dilute MXene dispersion (< 0.01 

mg/ml) was drop-casted on a clean surface of mica disc and dried in vacuum oven for 24 

hours.  
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Interfacial properties and wettability 

The surface wettability of MXene film was investigated by checking the static 

water contact angle using the sessile drop configuration. The contact angle was analyzed 

by ImageJ software (developed by National Institutes of Health, United States) via low-

bond axisymmetric drop shape analysis (LBADSA). 127 

Film electrical conductivity measurements 

Electrical conductivities of Ti3C2Tz films were measured using four-point 

resistivity probe powered by Keithley 2000, 6221 and two 6514. MXene films were dried 

under vacuum for at least 12 hours prior to conductivity measurements. The thickness of 

films used for conductivity calculation was measured by SEM. The AC conductivity in 

the cross-section direction of the MXene films were measured using a capacitive structure 

consisting of two conducting plates connected to a network analyzer with an N‐type 

connector and a coaxial cable. 

Radio frequency (RF)-induced heating on MXene films 

A fringing-field applicator was used for RF heating of MXene films. The 

applicator was fabricated on a Teflon substrate using two copper strips (9 cm long, 6 mm 

wide) with a 2 mm spacing.  Polyimide tape was used to coat the applicator. A signal 

generator (Rigol Inc., DSG815) connected to a 500 W power amplifier (Prana R&D, 

GN500D) were used to generator RF power which was transmitted to the fringing-field 

applicator via a 50 Ohm coaxial cable. The cable was terminated with an N-type connector 

and alligator clips were soldered to center pin and ground reference for smooth connection 

with the applicator.  Temperature as a function of time was collected using a Forward-
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Looking Infrared camera (FLIR systems Inc., A655sc). RF power and frequency used in 

this study were 32W (45 dBm) and 106 MHz. The frequency where the highest heating 

occurred was chosen for the study. MXene films with a dimension of 2 x 2 cm were used 

in the RF heating. These RF experimental methods were adapted from our group’s prior 

studies in this area. 128, 129 

 

5.4. Results and discussions 

Ti3C2Tz nanosheets (Figure 5-2a) were first derived from Ti3AlC2 following 

prior methods; we use the in situ HF method with a solution of LiF and HCl as etchant, 

followed by intercalation and delamination (sonication) steps. 8, 44, 81, 98 MXene films 

used in this work were prepared by vacuum filtration of nanosheet dispersions through a 

polyethersulfone filter; these films were dried under vacuum and peeled off from the 

polymeric filter (Figure 5-2b). The free-standing films were heated and annealed at 

either 300 °C or 600 °C in a tube furnace under argon flow. Before heating, the quartz 

tube was purged with desiccated high-purity argon for 36 hours to remove trapped air 

and water molecules. After annealing, films were transferred into DI water and stored for 

10 months. 

X-ray diffraction, XRD, indicates the structural transformation from Ti3AlC2 

MAX phase to Ti3C2Tz nanosheets by the shift of the (002) XRD peak from 2θ = 9.8° to 

2θ = 6.0° (Figure 5-2c). After annealing at 600 °C, the (002) peak shifted slightly back 

from 2θ = 6.0° to 2θ = 8.7° (Figure 5-3), suggesting a decreased interlayer spacing which 

may be caused by the loss of bonded water and terminal groups. 9 Anayee et al. and 
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Persson et al. discovered that annealing MXenes up to 600 °C results in the release of 

intercalated and bonded H2O, H2, OH, CO2, CH4, and HF. 122, 130 The absence of these 

attached or desorbed species caused the nanosheet stacking to become more compact.  

 

Figure 5-2 (a) Morphology of freeze-dried Ti3C2Tz nanosheets by scanning electron 

microscopy (SEM), and (b) free-standing Ti3C2Tz film made by vacuum filtration; 

(c) X-ray diffraction (XRD) spectra of Ti3AlC2 MAX phase particles, as-prepared 

film made by nanosheets prior to annealing, and MXene films subject to 10-month 

storage in water. Images of (d) films after annealing at 300 °C and 600 °C, (e) 

annealed films in water after 24 hours, (f) films stored in water after 10 months, and 

(g) annealed, stored films after being dried. Cross-section images for (h) as-prepared 

MXene film, (i) film annealed at 300 °C and then stored in water for 10 months, (j) 

film annealed at 600 °C and then stored in water for 10 months. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. 
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Figure 5-3 X-ray diffraction (XRD) spectra of as-prepared Ti3C2Tz film and 600 °C-

annealed film. Reprinted with permission from reference74, Copyright 2020 

American Chemical Society. 

 

After the 10-month storage in water, MXene film previously annealed at 600 °C 

retains the pronounced (002) peak, however, the (002) peaks completely vanish for 

unannealed and 300 °C annealed films. Instead, (101) and (110) peaks appear indicating 

the formation of anatase TiO2 and rutile TiO2 respectively suggesting the complete 

oxidation and degradation of unannealed and 300 °C-annealed films. 131, 132 We observed 

that Ti3C2Tz films become less flexible and more brittle after annealing and storage, likely 

due to the reduced number of functional groups. Functional groups can act as a “mortar” 

between nanosheet “bricks”, similar to terminal group behavior for graphene oxide 

(GO).133, 134 This may potentially limit the films’ performance in particular applications. 

Ti3C2Tz films annealed at elevated temperatures did not show significant changes in 

appearance compared to as-prepared films (Fig. 5-2d and 5-2e). However, after 10-month 

storage in DI water, films annealed at 300 °C turn cloudy white, while the samples 
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annealed at 600 °C did not show any noticeable difference in appearance, as it is shown 

in Figure 5-2f and 5-2g. The color change of the films suggests that the MXene film 

annealed at 300 °C fully degraded in water after the 10-month storage. MXenes typically 

degrade and lose properties in water within a month. 46, 64, 65, 69 However, MXene films 

annealed at 600 °C remained grey-black, with no visible changes in color before and after 

storage. This is remarkable because MXene films can be stable for over 10 months in 

water without any changes in synthesis recipes and introducing any antioxidation 

additives. 

The cross-sectional SEM image of a film annealed at 600°C and then stored for 

10-month in water appears similar to the as-prepared film displaying a layered structure 

(Figure 5-2h, 5-2j and Figure 5-4). However, the film annealed at 300 °C changed from 

a layered structure of stacked nanosheets to an amorphous structure after long-term storage 

in water (Figure 5-2i). 

 

Figure 5-4 SEM Morphology of cross-section areas of MXene films after being 

annealed at 600 °C and being stored for 10 months in water at various 

magnifications. Reprinted with permission from reference74, Copyright 2020 

American Chemical Society. 

 



 

139 

 

 

Figure 5-5 Surface morphology of (a) as-prepared film, (b) 300 °C annealed film, (c) 

600 °C annealed film before storage in water. Images of (d) 300 °C annealed film and 

(e) 600 °C annealed film after 10-month storage in H2O; (f) magnified morphology 

of 600 °C annealed film after storage; The films have been dried prior to SEM 

imaging. Reprinted with permission from reference74, Copyright 2020 American 

Chemical Society. 

 

The surface morphology of Ti3C2Tz film after being annealed at 300 °C and stored 

in water for 10 months exhibited an amorphous nature with large aggregates present 
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(Figure 5-5). In contrast, stacked nanosheets were observed on surface of the film 

annealed at 600 °C and stored at same conditions. We next compare the surface of 600 

°C-annealed film before and after 10-month storage; Figure 5-5f show that the surface of 

the stacked nanosheets is covered with 30-60 nm hills, which were not visible on the as-

prepared (Figure 5-5a) and 300 °C-annealed films (Figure 5-5b).  

 

Figure 5-6 Morphology and height characteristics obtained by atomic force 

microscopy (AFM) for (a, b) Ti3C2Tz nanosheets deposited on mica discs first by 

drop-casting dilute dispersions (0.01 mg/ml), then annealing at 550 °C under argon; 

(c, d) as-prepared Ti3C2Tz nanosheets deposited on mica substrate by drop-casting 

without further annealing. Reprinted with permission from reference74, Copyright 

2020 American Chemical Society. 
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In addition, the effect of annealing on individual Ti3C2Tz nanosheets was 

investigated. The nanosheets were first drop-casted and dried on a plasma-treated mica 

disc, and then annealed at 550 °C. Atomic force microscopy (AFM) suggested that small 

bumps 3 to 9 nm in height formed on annealed nanosheets (shown in Figure 5-6). In 

contrast, as-prepared nanosheets exhibited cleaner surfaces without bumps. This indicated 

that some TiO2 particles may form on the nanosheets during high-temperature annealing 

even in an inert atmosphere. 
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Figure 5-7 Survey spectra of XPS analysis covering from 0 eV to 1100 eV for (a) 

Ti3C2Tz film after being annealed at 300 °C and (b) after subsequent storage; (c, d) 

film after being annealed at 600 °C and subsequent storage; (e) film tested in (d) after 

argon sputtering for 20 min. Reprinted with permission from reference74, Copyright 

2020 American Chemical Society. 

 

 



 

143 

 

Table 5-1 Composition changes from XPS summarized for elements Ti, C, O, F. 

Reprinted with permission from reference74, Copyright 2020 American Chemical 

Society. 

 

MXene films Elemental Compositions (at.%) 

Annealed at 300 °C 

Ti 14.2 

C 61.4 

O 20.4 

F 4.1 

Annealed at 300 °C 

Stored in water for 10 

months 

Ti 20.6 

C 24.2 

O 51.4 

F 3.9 

Annealed at 600 °C 

Ti 9.3 

C 45.3 

O 44.4 

F 1.1 

Annealed at 600 °C 

Stored in water for 10 

months 

Ti 10.8 

C 51.7 

O 37.2 

F 0.4 

Annealed at 600 °C 

Stored in water for 10 

months [Argon 

Sputtered] 

Ti 29.0 

C 12.6 

O 57.2 

F 1.3 
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X-ray photoelectron spectroscopy (XPS) was used to measure changes in the 

MXene film surface chemistry after annealing and 10-month storage in water. The survey 

spectra and surface elemental compositions obtained by XPS are displayed in Figure 5-7 

and Table 5-1. After being annealed at 300 °C, the high-resolution spectra of Ti 2p and C 

1s did not vary much from the as-prepared films, except for a slight increase of Ti(IV) 

content (around 5 at.%), shown in Figure 5-8a and 5-8b. The slight oxidation may be 

caused by the reaction between the de-bonded surface water and Ti-C. After 10 months 

storage in water, films annealed at 300 °C were completely oxidized, as it is indicated by 

the rise of Ti(IV) component percentage from 23.1 at.% to 88.1 at.% and the disappearance 

of C-Ti-Tz peak (shown in Fig. 5-8e and Figure 5-9). Combined with the evidence of the 

films color change, this data suggest that the film annealed at 300 °C were completely 

oxidized and degraded after the 10-month storage in water.  

XPS suggests that the surface of MXene films was severely oxidized after being 

annealed at 600 °C by showing a Ti(IV) content of 56.0 at.% and decreased C-Ti-Tz 

content in Fig. 5-8c and 5-8d. Titanium carbonates (-O-C=O-O-) were also observed after 

600 °C annealing, suggested by a pronounced peak at around 290 eV. The Ti(IV) content 

increased even more to 87.0 at.% after the 10-month storage in water. In addition, films 

annealed at 600 °C showed relatively unchanged Ti, C, and O compositions before and 

after the long storage (indicated in Table 5-1). In combination with prior SEM 

observations, the results indicate that a surface layer of TiO2 formed uniformly after the 

600 °C annealing step. Since the system was purged with inert gas, the formation of TiO2 
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and carbonates is more likely caused by the oxidation reaction from surface attached H2O 

molecules and O-containing functional radicals. 

However, the oxidation of 600 °C-annealed film surface as indicated by XPS is not 

obvious in the unchanged visible appearance of the film. Since XPS is limited to 

characterizing only the topmost surface of the films, the removal of the film top layer is 

needed to determine the interior film composition. Argon sputtering was used to remove 

outmost layer of the stored MXene film annealed at 600 °C. The interior composition of 

the film was much less oxidized, indicated by a significant drop of Ti(IV) content from 

87.0 at.% to 33.0 at.% in Ti 2p XPS spectra before and after Ar-sputtering for 20 mins. In 

addition, pronounced C-Ti-Tz peaks (with binding energy of 281.6 eV and 282.4 eV) 

reappeared after sputtering, as it is shown in Fig. 5-8h. The chemical composition of 

Ti(IV) of sputtered sample may be even lower since Ar-sputtering etched the surface layer, 

at the same time could also mixed some surface TiO2 components into the interior region, 

depending on the ion current and time applied in the sputtering. Sputtering at a reduced 

duration resulted in a relatively higher TiO2 composition, while longer sputtering time 

leads to lower Ti(IV) content as it is shown in Figure 5-10. XPS results also suggest that 

a layer of TiO2 formed on the film surface when the sample was annealed at 600 °C; 

however, the protected interior part of the film did not show severe oxidation even after 

10-month of being in contact with water. 
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Figure 5-8 Ti 2p and C 1s spectra obtained by X-ray photoelectron spectroscopy 

(XPS) analysis for (a, b) Ti3C2Tz film annealed at 300 °C, (c, d) Ti3C2Tz film annealed 

at 600 °C, (e) 300 °C-annealed Ti3C2Tz film after 10-month storage in water, (f) 600 

°C-annealed Ti3C2Tz film after 10-month storage in water, and (g, h) Ti 2p and C 1s 

spectra of the same film tested in (f) after being sputtered for 20 min by Ar+ at a 

current of 15 mA. Reprinted with permission from reference74, Copyright 2020 

American Chemical Society. 
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Figure 5-9 C 1s spectra obtained from XPS analysis for 300 °C annealed Ti3C2Tz film 

after 10-month storage in H2O. Reprinted with permission from reference74, 

Copyright 2020 American Chemical Society. 

 

Figure 5-10 Ti 2p spectra obtained by X-ray photoelectron spectroscopy (XPS) 

analysis for 600 °C annealed Ti3C2Tz film after 10-month storage in H2O being 

sputtered by Ar+ for (a) 10 min, (b) 35 min; (c) Ti(IV) content measured by 

deconvoluted XPS spectra changes sputtering time. Reprinted with permission from 

reference74, Copyright 2020 American Chemical Society. 
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Figure 5-11 Energy dispersive X-ray spectroscopy (EDS) analysis on the cross section 

of Ti3C2Tz film annealed at 600 °C and stored for 10 months in water. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. 

 

 

Figure 5-12 Elemental mapping for 600 °C-annealed film after 10 month-storage in 

water; film was dried prior to EDS mapping. Reprinted with permission from 

reference74, Copyright 2020 American Chemical Society. 

 

To better characterize the difference in the degree of oxidation between the Ti3C2Tz 

film’s surface and interior structure of the film, elemental analysis was conducted by 

energy dispersive X-ray spectroscopy (EDS), shown in Figure 5-11. The elemental 
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mappings of oxygen and titanium are displayed in Figure 5-12. The extent of oxidation 

was determined by oxygen content in the defined regions of the film cross-section. The 

oxygen content in the region close to the surface of the film was calculated to be 45.4 wt. 

%, much higher than 25.6 wt. % in the interior of the film. In addition, the titanium 

percentage of the interior region was 51.6 wt. %, which was higher than the surface layers 

at 36.2 wt. %. The elemental contents of fluorine and chlorine are also found to be higher 

in the interior region than close to the film surface. Our findings with EDS confirm that 

the MXene film was more oxidized on the surface, while Ti3C2Tz was mostly retained in 

the film interior. 

 

Figure 5-13 Surface wetting and contact angles of (a) fresh Ti3C2Tz film without 

anneal and storage; (b) Ti3C2Tz film annealed at 300 °C before storage, and (c) 

Ti3C2Tz film annealed at 600 °C before storage. Reprinted with permission from 

reference74, Copyright 2020 American Chemical Society. 

 

The oxidation layer formed on the film’s surface was also confirmed by the surface 

wetting behaviors. Figure 5-13 shows that after being annealed at 300 °C, the contact 

angle of water on the film increased from 59.6° to 73.5°, indicating increased surface 

hydrophobicity. This may be caused by the loss of surface terminal groups and bonded 

water during annealing. However, the film annealed at 600 °C exhibits a much smaller 
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contact angle of 27.6°. This suggests that the film surface turns hydrophilic with the 

formation of a TiO2 layer at the elevated temperature.  

 

Figure 5-14 Analysis of O 1s spectra obtained by XPS for as-prepared Ti3C2Tz films 

and films annealed at 300 °C and 600 °C, respectively. Reprinted with permission 

from reference74, Copyright 2020 American Chemical Society. 

 

Table 5-2 Composition contents obtained by O 1s XPS spectra for as-prepared 

Ti3C2Tz films and films annealed at 300 °C, 600 °C, respectively. Reprinted with 

permission from reference74, Copyright 2020 American Chemical Society. 

 

 

Based on XPS and EDS results, we propose that the dense TiO2 surface layer 

covering the film’s surface may act as barriers preventing water ingress and oxidation in 

the interior. However, there are difficulties to justify the surface property changes by 

experiments and needs to be justified in the future works. In addition, XRD suggests that 

annealing MXene films at elevated temperatures may cause the stacked nanosheets to form 

a more compact packing, which could be another obstacle for water permeation and 
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oxidation. This is consistent with prior reports. 86, 108 Another possibility for the enhanced 

stability of 600 °C annealed film is reduction of the number of oxygen-containing groups 

in the films. This is indicated by the decreased content of Ti-Ox, Ti-OH, and bonded H2O 

in of O1s XPS spectra shown in Figure 5-14 and Table 5-2. 

 

Figure 5-15 (a) Electronic conductivities of Ti3C2Tz film before and after being 

annealed at 300 °C, 600 °C and then stored for consecutive days in humidity-

controlled chamber at 80% RH; (b) frequency dependence of the AC conductivities 

measured by dielectric spectroscopy. Reprinted with permission from reference74, 

Copyright 2020 American Chemical Society. 

 

We next investigated how thermal annealing and storage changes the electrical 

properties of Ti3C2Tz films (Figure 5-15). The electrical conductivity was found 

decreased after 300 °C-annealing but increased after 600 °C-annealing. First, the increased 

film conductivity after °C-annealing may be caused by the reduced amount of oxygen-

containing functional groups attached to the MXene surface. Berdiyorov et al. and Jiang 

et al. reported that a considerable reduction of the electronic transmission can be caused 

by the terminated oxygen-containing groups. 135, 136 Attached functional groups may have 
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electron-withdrawing ability which prevents the electronic transmission within 

nanosheets, 137 so removal of these oxygen-containing groups via high-temperature 

annealing (at 600 °C) will accelerate the electronic transmission. In addition, suggested 

by reduced d-spacing of MXene flakes after annealing, more compact MXene films may 

cause faster electronic transmission due to more nanosheets overlaps and contacts. The 

stability of MXene film conductivity is also investigated. When stored in a chamber with 

controlled humidity at 80% RH (high humidity is used to shorten the experimental 

duration), the film annealed at 600 °C exhibited more stable conductivities than both the 

as-prepared and 300 °C-annealed samples shown in Figure 5-15a.  

We also investigated the frequency-dependent AC conductivity in the annealed 

films’ cross section direction by dielectric spectroscopy, from 0.1 Hz to 10 MHz. The 

results (Figure 5-15b) show that the Ti3C2Tz film annealed at 300 °C exhibited the lowest 

conductivity. However, the as-prepared and 600 °C-annealed Ti3C2Tz films exhibited 

higher conductivity and show similar electronic properties. This suggests that the TiO2 

layer induced in annealing is thin and does not affect the electrical properties of the MXene 

film. In addition, despite the existence of the thin oxidized film, the conductivity of 600 

°C annealed film was retained due to the more compact surface structure and reduced 

amount of surface functionalities. 

Radio-frequency (RF)-induced heating can also be used to quantify the interactions 

between the MXene films and electromagnetic waves; this heating response is correlated 

with the structure and AC bulk conductivities of the samples. 22 Figure 5-16 shows the 

dynamic thermal response of these structures; again, the 600 °C-annealed films (before 
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storage in water) showed a response similar to the as-prepared structure, whereas the 

plateau temperature for the 300 °C-annealed films is far lower, indicating a loss of 

conductivity. 

 

Figure 5-16 RF heating of the Ti3C2Tz films before storage in water. Maximum 

temperature as a function of time for as-prepared (no annealing) Ti3C2Tz film and 

films annealed at 300 °C and 600 °C. Films were heated using RF power of 32 W and 

frequency of 106 MHz. Reprinted with permission from reference74, Copyright 2020 

American Chemical Society. 

 

5.5. Conclusion 

Our study demonstrates that annealing Ti3C2Tz films at elevated temperatures such 

as 600 °C helps to prevent film degradation, even for films stored in water for over a 10-

month period. This method significantly extends the oxidation-resistance of Ti3C2Tz 

MXene films, which may be potentially used as electrodes in batteries and 
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supercapacitors, membranes, and catalytic surfaces, and may broaden the durable 

application of MXene devices in aqueous environments. 
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6. CONCLUSIONS 

 

Low oxidation stability shortens the shelf life of MXene nanosheets, such as 

Ti3C2Tx and Ti2CTx, and brings challenges in the implementation of these nanosheets in 

MXene-based devices. We devise unprecedented approaches to improve the oxidation 

stability of MXene nanosheets and films. It was found that introduction of antioxidants, 

such as sodium L-ascorbate, citric acid, tartaric acid, and oxalic acid, can prevent the 

transformation of titanium carbide MXenes into titanium dioxide, leading to the 

significant improvement of the oxidation and colloidal stability of Ti3C2Tx  and Ti2CTx 

nanosheets in aqueous dispersions. In addition, we proved that a simple pre-treatment step 

by antioxidants could make MXene nanosheets oxidation-resistant in the dry form as 

powders or films. We also analyze the relationship between an antioxidant’s chemical 

structure and its effectiveness in protecting Ti3C2Tx and Ti2CTx in a systematic study. This 

work indicates that the chelation effect induced by antioxidants with polydentate ligands 

helps to prevent or eliminate MXene oxidation. Our results represent an improvement in 

understanding the stabilization of MXene nanosheets in aqueous dispersion. In addition, 

we developed a method by thermally annealing free-standing Ti3C2Tx MXene films under 

inert gas, which was found to induce surface and structural modifications. This method 

leads to remarkable increases in the chemical stability of the films and extended storage 

life in water. Effects of dispersion pH, nanosheet concentration, salt addition, and 

aggregation on the oxidation stability of MXene nanosheets were investigated in this 

work. We discovered that MXene oxidation can be accelerated by the introduction of 
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hydroxide ions from a base. Our study emphasizes that MXene processing and utilization 

in basic environments, such as in TMAOH, TBAOH and NaOH, may lead to sub-optimal 

performance due to oxidation. 

Moving forward, this study on MXene stabilization techniques is being extended 

to other types of MXenes, especially on the less-stable M2X type of MXenes including 

Nb2C and V2C. Addition of antioxidants during MXene selective acid etching and 

exfoliation steps can also be explored to understand whether this will promote the 

nanosheet yield and oxidation stability. In addition, we will focus on investigating how 

the MXene stability will be affected by the species and amount of the functional groups 

on the basal plane of nanosheets. The molten salt etching technique is known to enable 

new surface terminations on derived MXenes where there are not much oxygen-containing 

groups. We aim to understand whether this new terminations will have an impact on the 

oxidation stability of MXene nanosheets. 
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