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Motivation
MXenes properties and applications

« Emerging class of 2D materials : single flakes or multilayers

Transition metal
carbides or nitrides

Mn+1XnTZ

= Ti,C,T, J

o —

M = Transition

Y

, | metal (Ti, V, Cr,
T Mo,...)
X - X=Cor/and N
! o T,=surface
groups : O(H), F,
Cl...
n=1-3
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Motivation
MXenes properties and applications

Energy Storage ™

B

N
Electrochemical N 1
Capacitors ‘-\\
Conductive clays — complex architecture Energy
» Flexible structure and chemistry - saters
= Tune the properties . Energy Harvesting

__—

= Applications

CO, Reduction Hll

MXenes ~ Catalysis
2011-2022 |

HER

.

Ti,C,T

3aTa2 ' x

m'}/)é Anasori and Y.
— Gogotsi, Graphene
and 2D Materials 7,
75 (2022)

i —

Additive-free
MXene ink
A. Vahidmohammadi et al.,
Science 372, abf1581 (2021)

ACS Nano (2019),13, 8491
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Motivation
MXenes properties and applications

To play with the / « Modify the elemental constitution

structure and chemistry

of MXenes * Modify a given composition

At the mutlilayer level B el
Modification of the interlayer space ’\Nb?co,
Nb‘)Cj?

Nb,CS,
Nb,CSe

At the flake level

In the TiC skeleton

» Structural disorder (M vacancies)
» Foreign species (N doping...)

p (MQ-cm)
2

1072+

At the flake surface
Modification of the surface groups 1 10 100
Temperature (K)

Kamysbayev et al., Science 369 (2020)
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Motivation
MXenes properties and applications

To play with the / « Modify the elemental constitution

structure and chemistry

of MXenes * Modify a given composition

State of the art

Chemical synthesis steps or post-synthesis annealing

= Lack of control, flexibility and reproducibility on the as-obtained
functionalisation

lons beams Introduction of defects

Electron beams 220
Plasma °O° @

Manipulate the structure and chemistry of
MXene multilayers in a controlled way

N

Marie-Laure David — Institut Pprime — Journées plateforme MOSAIC — March 2026



Motivation

Defect engineering by ion implantation/irradiation

[ lon implantation/irradiation : versatile tool to introduce the desired amount of defects in a given material }

CONTROL

)

* Mass selection \
= Implanted ion

J

 Dose rate
* Substrate temperature
= Defect formation

* Fluence
= lon /damage concentration

I

1.0

0.8

lons (at.%)
o
o

o
~
L

(]
Q
c
o

=

i

[

o
N

N

= lon/damage profile

F Enérg_yl'

Damage (dpa)

A

0 100 200 300 400 500

“o 200 400 600
Sample depth (nm)

\ Sample depth (nm) J

Nitrogen

Nanomaterials (2D)
MoS, K. xu et al,, Semicond. Sc. Tech (2017)

Graphene H. Wang et al., Nano Lett. (2012), G. Lopez}
Polin et al., Nature Physics (2015)

MXenes

lon implantation = approach for structural
modifications and functionalization of

Ti;,C, T,
H. Pazniak et al., ACS Nano 15 (2021) 4245

He ion irradiation = Modification of optical

properties
A. Benmoumen et al., App. Surf. Sci. 652 (2024)
159206
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Motivation
In situ nitrogen implantation in the TEM

Why Nitrogen ?
N doped MXene have better
performances than C-MXene:

» Electrocatalysis v. voon et al, J.
Mater Chem. A (2018), P. Urbankowski et al.,

Nanoscale (2017)
» Charge storage r. vang, J. Mater

Chem (2021), M. Cai et al., Chem Eng. J.
(2023)

» Electrical conductivity (DFT) v.

Wen et al., Nano Energy (2017)

Why in situ ?

« Study the evolution of the very
same flake

* No oxydation from the ambient air

'BJCLab

Iréne Jollot Curle

mosaic ©7 1[Xe
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Sample synthesis and TEM grid
preparation

Chemical exfoliation and
delamination of Ti;AIC,
=Ti,C,T, powder =) -—)

+ deionized water

Ti,AIC,
in LiF + HCI
at 40°C 24h

Colloidal solution

Lacey carbon|copper TEM grid

‘Ti3C2TZ paper

- A P Multilayers -> tens of nm thick
D Few microns wide
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N implantation M ste o o
In situ ion implantation conditions 061 | | los
0.5—- -0.5
Goal: N incorporation ? Structural damage ? oo 0
« Multilayer thickness: 15— 70 nm (8 multilayers) § 031 -0-335
- lon, energy: N*, 7.5 keV (N,*, 15 keV), R;=18 nm 2 0
0.1+ - 0.1

- Fluence * 7 steps of irradiation (1 week experiment) 0o & 00
» Cumulated fluence : 1x10' = 2x10'6 N*/cm? e |

« Damage at max : 0.05 — 10 dpa 0 10 20 30 40 506070
Sample depth (nm)

« Dose rate: 3.9-9.2x10" ions/cm?/s

* Characterization (FEI TECNAI G2,

200 kV, LaB§)
* Bright-field TEM

~, 0

* Electron diffraction %}- 2
* Electron Energy Loss &,k‘ R
Spectroscopy (EELS) WC.o  JANNUS

Marie-Laure David — Institut Pprime — Journées plateforme MOSAIC — March 2026 m@saic en'llfd



N implantation
Ex situ ion implantation conditions

o Ion, enerqy: N+, 5 keV (N2+, 10 keV)  Characterization (JEOL 2200 FS, 200 kV, Q0O fllter)
_ _ * Bright-field TEM
hd Flake th|CkneSS . ~2 nm — 70 nm (50 mUIt”ayerS) ° Energy_ﬁltered electron diffraction
+ Fluence: + Fluence : 1x106, 2x1016 N*/cm? " OEELS
« Damage at max : 5, 10 dpa
« Dose rate: 1.8x10'3 ions/cm?/s
107 TiL,,
1210 1120 —
' o110 2 08 7
1100 = 1070 ; 06 - |
N - < CK
1010 é 04 nf\ \\
"qc')' ClL,, I' \”"k \*f\ ?\i
= 024 w e MFK
P’ 0.0 —W Spectrum acquired with the Nant’Themisg. ] MN
2(I)O 3(I)o 4(|)0 5(IJO scl)o 7c|)0
Institut Energy loss (eV)

Pprime Marie-Laure David — Institut Pprime — Journées plateforme MOSAIC — March 2026
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Morphological evolution

Pristine 5x10'4 cm-2 T a ML4 |
06 I//// T T T T T T T T T T T . ML 5
—A—ML7
» 4 ‘u,é_zf_q‘. v MLS8
F g X x AOS_
Ay , Rl S Mt ?o
s S
& . ;’"r“'r;"gs g »
: o T4 p % 4 7)) 0.4 1
S # & !; (] ]
:C'}.' y ¢ S _E
N
. \ .9& 203+ . . ]
v s";f = o —® 40 R
= 0.2 v v v .
| © vUv
i -— v
0.5 pm | & () = - =
: | = § Xoq- ST VT
16 -2
OO |//// T T T T T T
0.0 140 145 150 155 16.0 165
log(fluence)

» No shape modification
* No sputerring

A\
]1
)3

2 pm

il

2 pm

Flake 7 (0_23) Marie-Laure David — Institut Pprime — Journées plateforme MOSAIC — March 2026




Microstructural evolution

Pristine 5x1074 cm2 1x10'% cm-2

1100

1010

2 inm
| ]

2 nm
|

5x10'5 cm-2 2x10'¢ cm-2

- « Structural disorder T with
fluence
* No sign of oxydation

“ i 9 sin
== =

Flake 7 (t/7\,=0.23) Marie-Laure David — Institut Pprime — Journées plateforme MOSAIC — March 2026



Elemental analysis (EELS)

1.0 - Tily, Fluence
(cm2)
0.8 4 2x1016
3 1x1016
L
"y 7x1015
= 0.6 1
c
E 5x1015
©
g 0.4 4 1x1015
T
E 5x1014
o
= 0.2 4
’ 1x1014
Pristine
0.0
250 300 350 400 450 500 550

Electron energy loss (eV)
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Elemental quantification (EELS)

—=— ML 4 (0.14)
1o o o ML5(0.21) —
- . | | | | - ML e2e) 061 ® ML4(0.14) T ]
- v ML 8 (0.16) _ o I ci02)

1.0 - ¢ ML9(0.46) 0.5 A ML7(0.23) ° -

ML 10 (0.10) | v MLs(.16) i
08l _ 041 | 3 ML 100010 P
i : e S R E 031 A Y

a 0.6- :: /7//* =17 4 TR | Z | ‘ T
- t 0.2 .

) v
0.4 4 . 014 - 4
0.2- ] 004 = ) * » e O -
// 7/

0.0 14.0 145 150 155 16.0 16.5
log(fluence)

T7/

0.0 140 145 150 155 16.0 16.5
log(fluence)

* No visible modification of the C/Ti ratio

» Detection of N for a fluence of 5x101® cm2
» » Successful incorporation of N up to 15 at%

* No correlation between C/Ti and N/Ti
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EELS-fine structure analysis : C K-edge

N ion implanted samples

A B T D :
(. | : (cm2) [ = ML4(0.14) | | | | |
] 2x10° e 71 L W72 '
164 v ML8(0.16) v
1X1016 (eX) E 2 ML 9 (046) A v v u
S 154 < ML 10(0.10) i ¢ .
L " X A
2x1016 m 14 - . < u -t T
m 1 S e
x © 13 1 * .
= 1x1016 Q g * . N
8 = 12— : v 'S L 2 2 7]
© 7x101® é 11 - | . * i
® |/ Lol ¢ ]
c 5x1015
oo V1 ] _
7 ' 9 - 4
(7)) " ]
— 1x1015 y
w | : 8 i 77 ! I ! I i I 4 I 4 I ! I i
N | er0r 0.0 140 145 150 155 16.0 16.5
I I | X
A /A : log(fluence)
1Y 1 e ] xiom
[ 1 | I I
| |
M Pristine » « Broadening of peak B of the C K-edge with the fluence
I | | | 0 . .
Lo Lo « © gradual increase of defect amount in the Ti;C, skeleton
300 325 '

Energy Loss (eV) Marie-Laure David — Institut Pprime — Journées plateforme MOSAIC — March 2026



EELS-fine structure analysis : C K-edge

Ti;C, T, synthetized using different etchants

B)

| Aggressive etchant

» Peak B (B’) of the C K-edge: structural
disorder in the Ti;C, skeleton

v

-+

c

g HF-pyridine

= LiF/HCI

;.-,’_ FeF,/HCI

" HF C-K edge
270 280 290 300 310 320 330 340

Energy loss Sev) Bilyk et al., J. Phys. Chem. C, 2020, 124, 49, 27071-27081
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EELS-fine structure analysis : C K-edge
He ion irradiation, 180 keV, 3-70x10'® cm-2

1 !5 ' I ' 1 4 I ! I 4 = = 1 3 1 * 1 . 1 ¥ I ¥ I = 1 o 1 * 1
Pristine : #-\ i
C_K Edge - 83 1 0.25 ﬁ f .‘m [~
R B 32 - 88 12 - é 020 w;’\.%v. %
A 1 _— 81 5 ] -?: 015 ;:,‘ ‘\‘. ,’(J \ o -
:(g\ ; E 0.10 j:i‘ 4 \\\
= L 114 o= = B
_9 2 OOD 28’{] 285 ;;0 ------ 2-9_5“"“3;0“““;05 -
g é Energy loss {eV) 870 .
= L 10+ / |
c oM 5
2 X o
B © g. é/ s15 -
ié/ S8 I
8 |
0 S3 =
280 300 320 340 360 380 0 10 20 30 40 50 60 70
Energy loss (eV) fluence (x 10*15 ion/cm?)

{ ®) Gradual increase of peak B of the C K-edge as a function of the amount of defects in the Ti,C, skeleton }

A. Benmoumen et al., App. Surf. Sci. 652 (2024) 159206
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Surface groups L2 edge - edge
O K edge B B
x B Fluence ‘
| | (cm2) m 3 .
//W "é 3 ﬁ ; 2x1078 (ex)
/! : 2x10° E | AL
] I : L : !
| | 2 dh i n
| ! 1x1016 © *
| | ~— |[41AF i
] © |, :‘.' 1x10'6 (ex)
I c :
I I 2x1016 oo |
'y | l ‘w
- ™. } (7))
= ' ' 1x1016 -l Pristine
-5 | | I.LH
! I
L0
o | ' 7x1015 I S I S i :
~ | | 05 210 215 220 225 230 680 685 690 695
-_— I
©
© i | 5x 105 Energy loss (eV) m
20 | |
w
(V)]
-
wl
w

- - 1x1015
: : . / No sputtering and no modification of the O K-edge revealed
/W e The same for ex situ experiments

d

|
|

i o | xt0 N The same for Cl and F (ex situ)
|

n . Pristine = Surface groups are not sputtered by N ions
| ! Behavior = from in situ e- irradiation where Cl and F are sputtered.
' : O content is stable.
1

530 540 550
Energy loss (eV) Marie-Laure David — Institut Pprime — Journées plateforme MOSAIC — March 2026



N K edge

Nitrogen doping

;r;mm FS s Ls o . o
WAL AT + Surface group-substitution ?
NN ». B ™ g N M

~
~

. Adsorpfion ? -

~

Ti,CNT,
e- irradiated

e Carbon substitution in Ti
octahedra with structural
disorder ?

Ti,G,T,
At 2x10%6 cm-

i

I

i

“

\ .
A eXsitu

.
5
%

EELS signal (arb. units)

DFT calculations and XPS in progress...

Chengjie Lu et al.,
Adv. Funct. Mater. 2020 /

1 Ti;C, T,
2x10% cm
in situ

1
I
I
I
I
I
I
I
I
I
]
1
I
L

~ g i
'\ a ® 395i 400 405 410 415
&‘ )‘ ¥ ew Ir a Energy Loss (eV)
JANNUS nl ' & Marie-Laure David — Institut Pprime — Journées plateforme MOSAIC—w[_cB.Z%SOﬁ’ A. Thakur, Purdue Univ., USA



Summary and outloook

‘\ |
oW L
P W \h AW
@ 4.0x10° 4 f M V““\u‘“/‘v/'m‘f”‘:“ M A
[ I A

N2+ implantation

J
ooy I

380 390 400 410 420 430 440 450 460
Energy loss (eV)

N ion implantation in situ in the TEM
(7.5 keV, 1x1074 — 1x1015 cm-2)

= No sign of oxidation

= No sputtering of the surface groups

= Introduction of structural disorder
(TiC octahedra)

= Incorporation of N up to 15 at%
= N in substitution of C in TiC
octahedra (with strutural disorder)?

= DFT calculations ?

= Effect of temperature ?

= How can we relate the microstructural
characteristics to the material properties?

-1

Normalised transmission

0.6+

=]
o~
1

e
L]
1

0.0

Wavelength (nm)

1600 1100 800700 600 500450 400 350 300 250 214
! "I N ' " J——PriStine mean
e SN 1
f——SN5
——SN ME

——SN10

Energy (eV)
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