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Abstract

MXenes are considered potential electrode materials in supercapacitors. Research
indicates that modifying the electronic structure of electrode materials through doping
and defects can enhance quantum capacitance. This study investigates the quantum
capacitance (Cg) and charge storage (Q) of MXenes doped with different transition
metals (TM), including 3d, 4d, and 5d TMs, and vacancy-doped Sc.CF», labeled as
TM@PS and VS, respectively. The research finds that doping with 3d transition metal
atoms effectively tunes the magnetism of pristine Sc.CF, and improves its CQ and Q,
thereby further altering the electrode type of the material. In aqueous and ion/organic
systems, Mn@PS serves as an excellent cathode material, while PS, VS, and Y@PS
are suitable as cathode materials for asymmetric supercapacitors. In ion/organic
systems, V@PS, Zr@PS, Nb@PS, Hf@PS, and Ta@PS are suitable as anode materials.
Fe@PS is suitable as an electrode material for symmetric supercapacitors in aqueous
systems but functions as a cathode material for asymmetric supercapacitors in
ion/organic systems.
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® Density Functional Theory (DFT)
® MXene Supercapacitors

® Quantum Capacitance

® Transition-Metal Doping

® Vacancy Doping

BY LB R4 IR ePaper(2024 #)

=



WRED

i

+ 3 2 DFT 3+ & 2 5 4338 ScoCFa Mxene 4257 7% B2 g *

(W Rk o A PPN 1

28 BB ettt 1

IR -SSR ORRR 2
AN BB 7 ceeieeeeeeeeeeeteeeeeeireeeesiteeseerrteeserateeeesrteeseenns 2
R - SRR 3
6~ AT T A A RFE B e 15

T -HARHTAEBEEY i, 16

8 % BB e eeeeeeeeeeeeeeee e e —————aeeaeaaaeaaaaa———taeeeeeeaaaanannnans 17

92 Q&A BB B oevieiieeeieeeiieeeeeieteeeeeireeeessaneeessreessssaneen 17

R 21
0

KRR e-Paper (2024)



WHEBEFRFDODFT 45 2 7 2485 ScoCF, Mxene 2. %% 7 B2 B *

AL AEE GBS iR BY R RAR F BEDLOE- AL R F SR
&\éééﬁﬁﬁiﬁ?ﬁﬁ%?$$°%&%{,ﬁﬁ+%m'ﬁﬁﬁ’ﬁw
A REATF BEEDLO)TE AT R F S a R B MEFTF L2 B
2B LR B A R AR o F Y A R O AT A
BT B2 REHE > @ Mxenes - BATE - BB L H(TM)F 4 2 g1t
FREMR S G RF OMBTF R B RS ke La o {FHFT AN
MEETHERT AARLTFEY TEMFOE LR - MXenes £ i MAX

B2 AR A WA a5 ManXaTx(n=1-3) > #¢ M 23R &% X
£ CA N TEFHA 64 OHFo % o} M43 chipsevd n %7 3

BEGF BF I A& MXenes & L 4F iy o

TEHH AT CrRTE S =+

T
=h
4
o=
R
P
Z‘s
+
T
=
=
A
=
b
T
@

o)
beics
o
o
p}
(5
i
E“;JA
(@

._]
;ﬂ-
[k
A
e
L
W

v

BFEEFTF Coo nv—gu TR AT IES Co & DB A e B B
g BERGHF 3R LS E G F hsgrMXenes » 8 ¢ ScoCFy £5 4 e

MXenes 14 > F]gt A5 3 @ * H iT 5 MXenes 2k K& 75 ak Kol 2 350

3d~4d~5dE R EH/H~F -

KRR e-Paper (2024)



BEEREF T FNDFT 35 2 % 2433 ScoCFy Mxene 2.5 % % B2 Jig

7% R B % 28T ab-initio ¥ 9% A £ 3072 3 (Density Functional Theory, DFT)
PEORARLIERIHPEDTFRARAT I AIERY TAAE B ET
FRAEAFHEHEOETI R M RN BV NEET T i k& 7 cab-
initio £ - A EHHFHEH? 2 HAALELRY £ 34 FAAREI L H
KPR AT SR T 2 B R L thE
PR Aoy nf A B e R4 F SRR B R RILIEHE o b
FORAR SR S R R RO T NSRRI EG R RO
HAERL - 228 37 0 IR LB R AR P -
4~ R &2
i¢ * Vienna ab-initio Simulation Package (VASP)#% ;% 8 i& {7 % & 230323 o
& * GGA-PBE iTiu* »> 2 f&4p b S0 fc
4-1 ¥ #3 2_

()i £ 2 5 500eV

() * 4 ScaCFs 11 3x3x1 g B & % o

Bz wk T2AHhEZ 2B PR R T enjp 3 iEH o

@) " 5x5x14o13x13x1 4 o

Gk T ® 5 10°%eV 2 4 hjzack & 5 0.01eV/A -

Hreh+ L3 134> ¢4 :3d(Ti~V~Cr~Mn-~Fe)~4d (Y ~Zr~Nb-
Mo) 4= 5d (Hf ~Ta~W - ~Re) ~% - 2+ = A s S 5 Cr@PS ~
Fe@PS ~ Hf@PS + Mn@PS ~ Mo@PS ~ Nb@PS ~ Re@PS ~ Ta@P$ ~ Ti@PS ~
V@PS - W@PS ~ Y@PS - fr Zr@PS -

4-2 %% 23\ (U 2.\;“?@?]» LAY

4

A . — _ _
£t E Ep: Ey = Etotat — Erm — Evs

N E e Econ t Ecop = 1/n— ETMcrystal — Ery

2
KRR e-Paper (2024)



BREBHEFTFODFT Y 2 3 =455 ScoCF, Mxene 4257 3 B2 i *

27 — ¢2D0S(~Ve)
dec

|l
4y
&3
%}
@)
o)
Qﬁ
Il

sy

FRFAQ: AQ = [T DE)f(E) - f(E — ey,)]dE
-t Cot Cp=e? [ D(E)Fr(E — ey, )dE

FE R S¥ Fr(FE) = (4kBT)_1sech2(2kLT) ks : Boltzmann % #& /T : 300K
B
BELFQ:Q =f(;VGCQd\|/

5Bk

51 BB

B 1.PS ~ VS ~ TM@PS ¢ Seinb i it B 4f o

AP E o B 1 BT 7 PSS VS e TM@PS e i 1 354 0 427 ko eiil § 35

B REEA A e-Paper (2024)



WRED

[

+ 3 2 DFT 3+ & 2 5 4338 ScoCFa Mxene 4257 7% B2 g *

4+ 4 -
St o
,:n &l ] : IIIB IVB VB VIB VIIB VIII
- v
J ] ]
- , AE, »6 eV
mB VB VB VIB VOB VOB -
AE, <6 eV
(a) (b)

Bl 2. TM@PS ¢ stef % (@B fr E_ 2 B L% AB ()~ h & #H 27

TM@PS i Serf 2t o Fd % 7 B TIRE o F ¢ % 7 5 TR o

M2 ERT TM@PS i stefg s “r5 TM@PS ¢ i85 § § @7 ABy>
RCT9~-143eV 0 iz 4 P 915 TM@PS & S8 HAE T o ABp AR f % & B L 4o
T o #53dTM R+ H TM@PS & 52 ABy i F + 504832 4d ~ 5dTM k5 ¢
TM@PS & 325 i34 7352 4d ~ 5d TM B+ ¢6 TM@PS & st 4832 3d TM k&
I TM@PS & 3t { 8% o f8(a)¥ 25 1 > PS k5B § #] e ARy & P PS
#3 & TM@PS 4 ¥ *Kimé‘é cTi~V~Cr~Mn-Fe 2 3d TM F - 8 R
FOoVFERAESEF RF B R Seh Koo B RFIEFILBOTM 3 £ 3
AR EHER S RERTE AAY T EAT AR c B2 4d5d RS TM RS
chf e FAEIA FTE R o 50 F B K SenfE it 0 A(b)? AP 13 e

v

%, h z =
VARSI o A S

:\*:t

LRS-

I RERER LS H e-Paper (2024)



WRED

[

+ 3 2 DFT 3+ & 2 5 4338 ScoCFa Mxene 4257 7% B2 g *

5-2.PS f= VS 4 5

60 -

DOS (electron/eV)
E =

DOS (electron/eV)
8

:

I

-4 LZ 0 2 '; K
Energy (eV) Energy (¢V)

Olw = - - - -

L 1
2 <

I
e

(a) (b)

B 3. PS(a)fr VS(b) 4 5304 fi % A o

—— - . - ———t—y fr—— T r T ——

24000 | e
—ps oF i
—V5 I J—
2 ] - f —Vs ]
|

1,

Co (pf.-‘cm" )
:

2
=
=
S ——

0 5 s o ro .
42 09 06 03 00 03 06 09 12 2 09 06 03 00 03 06 08 12
Potential (eV) Potential (eV)

(a) (b)

B 4.PS 4 VS & seehf 3 3 % Cola)frd & w5 2 7 Q(b)

B3&MPS kil LEMEFM M5 1.017eVed VS LB £ 4
PR R F A5 20 Sc i AN ETIFLNMENE - B 47 i d
B 5Kk g FI(-0.6V~0.6V) - PS k112 VS & #ih Co BN » @
PS2 VS i sttef HABRTE G B+ 7CoE PS 2-048V 3 # = Cq & 3595.30
uF/cm? > @ VS k% £-0.24V pF 3 B+ Cq 5 4669.30 uF/cm? o ¥ 2 ;31 ~ Sc
2l BRT N Co B o W EE A40)F FIPS A A Q B AL BRTHE
¥R RH E D E AR F # (824 pClem?) » # L - BE P Q oo @ RfE K
Fege BN o f BRT K senho® Q /4.889.9uC/cm? # 4c ¥ 1181.4uClem?

B REEA A e-Paper (2024)



BEEREF T FNDFT 35 2 % 2433 ScoCFy Mxene 2.5 % % B2 Jig

B SC Al 2 B4 PS AT RBE fRERTHQE NPT i
Sc Z il AR A T f RERT Q o F A K £ IF R 2 ifiAe a T
Bl a4 o S E B 30 Co "TF F K i FEriT DOS cdf4ead 4 > B4 P
Co & DOS =t o

201 ok H sk x C (uF/cm) Q(uF/cm Yo R it AL ehigiE o B iz

et C 4ol C frC %7« Biifelb s Q A 4d Q frQ &7 -

System Cqc Cqa Cqa/Cqe [Qc| | Q4| |Qal/|Qc| | Electrode type
PS 3295.30 82.20 0.02 889.85 8.24 0.01 Cathode
VS 4669.30 1902.6 0.41 1181.42 | 425.59 0.36 Cathode

Ti@PS 1638.88 | 1968.83 1.02 155.22 | 440.23 2.84 Anode

V@PS 616.44 3193.21 5.18 172.26 | 605.61 3.52 Anode

Cr@PS 546.02 1531.50 2.80 102.95 | 264.59 2.57 Anode

Mn@PS 442.39 2369.51 5.36 49.89 | 567.22 11.37 Anode
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Nb@PS | 1761.22 | 2599.72 1.48 190.51 | 576.58 3.03 Anode

Mo@PS | 6917.88 | 1447.33 0.21 857.36 | 424.10 0.49 Cathode
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