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Fig. 1. Modeling structures of [EMIm]|*Cl +AICl; ionic liquid: (a) Basic building blocks of cation and anion where the AI—CI bond
orders and charges on each chloride ion are indicated by numbers; (b) training set models; (¢) molecular structures for property cal-
culations using molecular dynamics simulations.
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Table 1.  Atomic configurations and computational parameters for obtaining ML potential training data.

HEIR TR [AlCL] /4 [ALCL] /4> [EMIm] /4~ R /K I/ (gmL ) AL
400 1.09 NPT
300 1.09 NPT
1.0 408 17 0 17
300 1.28 NVT
300 1.44 NVT
400 1.21 NPT
300 1.21 NPT
1.3 376 11 4 15
300 1.34 NVT
300 1.52 NVT
400 1.17 NPT
300 1.17 NPT
1.5 364 7 7 14
300 1.36 NVT
300 1.52 NVT
400 1.27 NPT
300 1.27 NPT
1.7 376 4 10 14
300 1.38 NVT
300 1.55 NVT
400 1.30 NPT
300 1.30 NPT
2.0 364 0 13 13
300 1.41 NVT
300 1.56 NVT
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Table 2. Initial setups and structural parameters for mo-

lecular dynamics simulations using machine learning poten-
tial.
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A

o By RAA 0 | 4
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1.30 10080 55 400 280 120
1.50 9880 57 380 190 190
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Fig. 2. Workflow of training and validation of deep learn-
ing potential for [EMIm]*Cl'+AICl; ionic liquid.
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Fig. 3. Validation of the trained machine learning potential by means of RMSE for [EMIm]CI-AICl; ion liquids with different molar
ratios, total energy: (a) 1:1.0; (b) 1:1.5; (c) 1:2.0; (d) 1:1.6, T = 350 K; atomic force: (e) 1:1.0; (f) 1: 1.5; (g) 1:2.0; (h) 1:1.6, T =

350 K.
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H2.12 A X5 [AICL] B F N A Al—Cl 1)
2.17 AJRH L. 5 2 JEAFERAY AlI—Cl i R K
231 A, BERR TR 138 Al—C1EE. i AICI,
FIT o5 BE R LB 5, [ALCLy] B FAER = 7 rh A L
Wl 2 32, A 2 28 Al—CLEEY 5 He B T A 0%
WRZE 25%, 7EE 4(c) TR M B G o B3 K,
2.1 AJh B U5 FF IR R BT A7 B, W6 9 1 S T 72 9
B 4(d) 4T C1 Y5 H Z B4R w4340 s % H F
Cl 7 AFAE T [EMIm]*NFRFI [AICL], [ALCL)
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W T A SCYI 25 3045 1 TR B2 2 2T 35 o 5 7E 1540
[EMIm]*Cl +AICly B §- ARS8 A )5 T BAT %
I PE.

3.2 IRNESHEESR
[EMIm]*Cl +AICly & 8 A& b i 32 2 i o
A [EMIm]*FH & F . [AICL] BH &+ & [ALCl;] FH
BT B TR R A 4R 3 S % (vibrational
density of states, VDOS) #T{lL X 3 Z8 8 F 1R
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M A Bl 32 TR AR R B EURE A S R
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AR I S AT {0 B A 4815 B0 4R 5 3 2 e
(VDOS)¥2 ARSI VACF(t) R H (2) =L, K
vi(t) FE AN ETAE ¢ I A E
N
> (wi(0) v (t))
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S (wit) - vilt))
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P& 3 B0 A VACE (£) 554 S 95 880 A % 10
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VDOS(w) = / VACF(H)e~2tdr. (3

198201-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 198201
(@) 114 F (b) (c)
114 —_C—NCP2K 2.0 42 — C—HCP2K 2.0 30 . Al—CI CP2K 2.0
6 — — C—N DeePMD 2.0 28 — — C—H DeePMD 2.0 20 | — — Al—Cl DeePMD 2.0
38} i L
14 10
0 . . . . 0 A ; . 0
96 — _C—NCP2K 1.7 42t — _C—HCP2K 1.7 33| —Al_ClOP2K 17
641 — — C—N DeePMD 1.7 28 — — C—H DeePMD 1.7 22 — — Al—Cl DeePMD 1.7
32t 14 ¢ 1f
= 0 . . . . s 0 pheutr . . g 0
5 8L — C—NCP2K 15 | 15 42} — C—HCP2K 15 | 13 33} A CloPK 15
g 54r -~ - C—NDeePMD 1.5| & 28¢ - —C—HDeePMD 1.5| £ 22 — — Al—Cl DeePMD 1.5
S § 1 g ut
=3 =3 =3
& 0 ! ! ! ! g 0 N " " @ 0
63 | — C—N CP2K 1.3 42 1 — C—H CP2K 1.3 33 —Al—Cl CP2K13
42 — — C—N DeePMD 1.3 28 | — — C—H DeePMD 1.3 22 f — — Al—Cl DeePMD 1.3
21 f 14} 11f
0 ; " " " 0 rihestutn ; ; 0
63 | — C—N CP2K 1.0 42 — C—H CP2K 1.0 51 ' —A1f01 CP2K10
42} — — C—N DeePMD 1.0 28 — — C—H DeePMD 1.0 34t — — Al—Cl DeePMD 1.0
21} 14} 17F
0 ; ; " : 0 N " " 0 ;
0 2 4 6 8 10 0 2 6 8 10 0 8 10
F42/A B42/A /A
(@) | 0T © T
0.86 |
0.43 — Cl—H CP2K 2.0 0.76
0 — — Cl—H DeePMD 2.0 0.38 } — Cl—H CP2K 1.6
1.29F ' ' ' ' 0 J — - Cl—H DeePMD 1.6
0.86 |
331 — Al—CI CP2K 1.6
0.43 — CI-HCP2K 1.7 — — Al—CI DeePMD 1.6
0 - — Cl—H DeePMD 1.7 22r
I 5 ol
1 X |
& 086 2 0 1 ; ; !
§ 0.43 — CI-HCP2K 1.5 R ogrf — C—HCP2K 1.6
@ 0 / - - Ol 7 H DecPMD 1.5 € ssf ~ — C—H DeePMD 1.6
1.29F
0.86 | 291
0.43 L —_— Cl—H CPQK 1.3 0
0 - — Cl—H DeePMD 1.3 - T NorIk Lo
17 A sol -~ — C—N DeePMD 1.6
0.78 }
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4 CP2K K DeePMD 4T 3l J3 2 A 76 A A Y [EMIm]TCL : AICl; = 1:2 (2 BUEIE BN 1.0—2.0) Ho @il T 82 57 %y

A1 43415 BRSO L2

(a) C—N; (b) C—H; (¢) AI—CI; (d) Cl—H; (e) HL#% 2= 2 AWM = = 1.6 B} ) RDF 5

5 CP2K 113 45 1% e

Fig. 4. Comparison of radial distribution functions via CP2K and DeePMD molecular dynamics simulations for representative atom-

ic pairs in [EMIm]*Cl : AlICl; ionic liquids at 1:z ratios (1.0 <

z < 2.0): (a) C—N; (b) C—H; (c) AI—CI; (d) CI—H; (e) comparis-

on of the predicted RDF's using machine learning potential when x = 1.6 with those of profiles obtained from CP2K program.

5(a) AffiH DP #9313 11545811 VDOS
5 DFT 318 A IRS7 B3 BH B 7 i I sh A8 = (4 Xt .
MIE 5 (a), (b) AT AT, 8 IR A R R IR sl s =X
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B4 A YR SIS R L= i, I P S B iR 3l
W7 58 F AR VDOS W HA —— X K &
IR REES R R T ASCHE ST DP #AT LU
A [EMIm]tCl +AICL; 8 T85> T 1 B sy
TR A 1 G B T2 ek, DT aE — 25 A4 E
T DP # W EEE. anlE 5(c) Fias, 90 THz D b
(R IR B o 3 B2 L [EMIm] V& T (1 R

THPR3h A F. K 5 b DP #3500 ) [EMIm]+Cl
+AICL; BTk VDOS r 50—90 THz %t [
WAFTER AR AR, 245 R 5 DFT 11545 21
Mﬁ[ﬁ%ﬁﬁ%?ﬁ&nﬁ@i%fm [vi) 431 3915 R VA % i
PR RAR G W 4. [AICL) B 7 K [ALClL;) 5
T T AL R T A, R R SR A
A AGTE 20 THz LLN BARM Be. sk, £ B F
DP R EUFN 73 2 1 A4, 38 AT DLk — 2054
I HTIREEXT VDOS o7 Fg B 52 m . [5] 5(b)
9300 K 1350 K T VDOS 5 8% L&, &
g5 LL & B, 300 K A 350 K T [EMIm]+Cl +
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Bl 5  DP #4rF 8 J1 2% i 545 2119 [EMIm|*Cl +AICL B F & 2 1% VDOS 5 DFT i+ 5 19 9 57 B BH 25 F 9 20 3% 149 % L
(a) 300 K Bt 19 VDOS 55 B BH B F 4R 3% 43 %t k5 (b) 300 K 455 5 350 K 45 % ks (c) 300 K 4551 5 350 K 45 4 7 1= M &6 43

(> 80 THz) %ttt

Fig. 5. VDOS profiles obtained from DP-MD simulations versus vibrational frequencies of the isolated cation and anions in [EMIm]*
Cl +AICl; ion-liquid at 1:1 to 1:2 molar ratios: (a) VDOS at 300 K; (b) comparison of VDOS profiles at 300 K and 350 K;

(c) comparison of VDOS at 300 K and 350 K above 80 THz.

AICly B PR VDOS ik Bt (<20 THz) JLTF-
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PHEREMERE LS B4 B T H . P RCR BT i
DT 2R BRI (mean square
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2, 40 (4) R (3 DoAY RS, ¢ M)
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K 6(a)—(c) 4 1 T [EMIm]*Cl : AICl, ¥ J¥
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AICl; = 1.0:1.0 I, #3178 I A B 400 B S
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Fig. 6. The diffusion properties of [EMIm]*Cl +AICl; ionic liquids from DP-MD simulations at various temperatures and molar ra-
tios: (a) MSD for the molar ratio of 1.0:1.0; (b) MSD for the molar ratio of 1.0:1.5; (¢) MSD for the molar ratio of 1.0:2.0; (d) dif-
fusion coefficients of AI**; (e) diffusion coefficients of [EMIm|*; (f) diffusion activation energy of AI** and [EMIm]|*.
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7£ 300 K T, [EMIm]*Cl' Y AICl; BE /R L A
1:1 B, [AICL] H R ECH 5.75x10° 7 cm?/s, Hifk
JE n ok 2.823x10% 4~ /m3, AL, [AICL] X} HL &
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BT SR N 27.37 mS/cm. Elterman 55 [17)
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Fig. 7. Comparison of experimental’” and the predicted
ionic electrical conductivity for [EMIm|+Cl : AlCl; (1:1) at

various temperatures.

3.4 [AICL| 5 [ALAL] ## & M DP &

DFRNNFHR
Elterman 55 U7 7 #ff 5% 0 % 42 H 5 48, 7F
[EMIm]*Cl+AICl; & F ¥ 38 1 3 JUHL ]
% [AICL] 1 [ALCL] & ¥ H Y #sh, &1 Hh

AICL; HIFE M [ALCL %38 & [AICL) B AP
IR N THRIZIS R, A SO R AT Be 4 HL I
‘#ﬁ‘iﬁe/\éﬁﬁ AL [AICL] H AR L,
=5 ANt SEATERR A FEFE . [R5 45
ﬁﬁﬁ#u&ﬁ, HETHAEFEALRE R, WK
B TR R oL [ALCL] HIABIEE 1. K] 8
R T HABRKY BN [AICL] B aEfs S5t
TE SIS JE S T 3R, BT BE B T A5, AR SC
i/ DFT 47 1 5752 )35 fe- A aiia v,
[AICL,] 5 [EMIm]*, [AICL,], [AL,CL] %%éﬁé}ﬁ,
RCARIT B 2544, AL 8 o DFT T 32 Ji 4551
L, He [ALCL] IR Iﬂ%@f?&ﬁﬂﬁéﬁ@ﬁ%&
FIREAE 5> 91 M 0.43 eV /AR 0.46 eV /A, (HFES
AL, [ALCL) & BB BA PH S 14 1 I 2
PAEXT AR 2 (B HEFRZS. BN, [EMIm] & F 35
SRS BN, [AICL), [ALCL] & -0 %

SRS T, b BRSO IR T, BT BH B AR
57 75 [a) o3 A AR S A5 B A 7 H i [ALCL) AN

[ALCL] & FHEALE AR J), [EMIm] 8+ HE it
Ehrg . BB T AR S HE TR
TR B Al A5 oA B [AICL) B F 2 B
9 0.78 eV/ARE .

WE—B TR, BR T ABTLLEAAS [AICL] N
[ALCL] BB F ¥ #bLH 4b, BAFAE ALCL; 7 T8
REE RS IR RS ML, B [ALCLy) 20 % R AICI, Al
[AICL], o AICT; 5 H Al 4B 1Y [AICL) 2545,
TR T #HHY [ALCL], MWIMTSEEL T AR HIHL
. B 1(a) 4 [AICL] 5 [ALCl;] i Chargemol*!
T A 2 ) N A—CLE#E B9 8 2% (bond order,
BO). W LLFEH, B8 T WA APTH CIs AP
R 0.56, KT APH5 B— CL R 1450
NEEZR 0.87. L, AP+ 524 CIE54 )5, Al—Cl

4
D\ k'\
% A Ay
v wf’?’ bi‘*@r &
Q;&‘*’ W WW
(f ‘faﬁ%(’ > Jrp F ~ k%
°o agb ?" 3 o 4 . e
V@ o 0 o‘g’a (% .
q//&' O oo o %8 s X dd
0.43 eV/A 0.78 eV/A 0.46 eV/A

B 8 DFT &5 %1 [EMIm]*Cl +AICl, i ¥ 45 ¥ 5 T2 1 1%
Fig. 8. Analysis of atomic forces acting on intermediate structures in [EMIm|*Cl 4 AlCl; ionic liquid from DFT method.
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Fig. 9. (a) Migration mechanism of AlCl; through the con-
version reaction between [Al,Cl;]” and AlICl;, and the cor-
responding reaction barrier heights; (b), (c) transient fre-
quency (number of reactions per ps) and cumulative conver-
sion rates (cumulative number of reaction occurrences)
between [AIC]]™ to [ALCl|
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Molecular dynamics simulation of diffusion dynamic behavior
in [EMIm|*Cl 4 AICl; ionic liquid based on deep learning
potential function”
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(State Key Laboratory of Electrical Insulation and Power Equipment, School of Electrical Engineering,
Xi’an Jiaotong University, Xi’an 710049, China)
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Abstract

The [EMIm]*Cl +AICl; ion liquid is a promising prototype electrolyte for aluminum-ion batteries (AIBs).
Its ionic transport behavior involves multiple mobile species (Al**, AlICl;, [AICly]" and [Al,Cly]"), with ion
migration mechanisms and conversion reactions among these species unsolved experimentally. This complexity
results in heterogeneous ion migration mechanisms and sluggish diffusion kinetics, which cannot be accurately
and reliably captured by the traditional first-principles molecular dynamics (FPMD) simulations within the
very limited time duration (tens of ps) and relatively small modelling structure (less than 10% atoms). The
classic molecular dynamics simulations based on various force fields are also scarce for studying and predicting
the atomic structure evolution and ion diffusion dynamics of the complex electrolyte system such as ion liquids.
In this work, a deep neural network interatomic potential (DP-potential) is developed through machine learning
techniques, combining first-principles accuracy with classical molecular dynamics efficiency, to systematically
investigate various chemical and physical properties for [EMIm]TCl +AICl; ion-liquid at finite temperatures.
Training and validating of DP potential for [EMIm|*Cl +AICl; ion liquid are implemented with a two-stage
protocol, including the primary training stage and the refining stage. Before initiating the two training stages, a
series of first-principles molecular dynamics (FPMD) simulations is performed for [EMIm]*Cl +AICl; ion liquids
with different molar ratios (1.0, 1.3, 1.5, 1.7 and 2.0) and equilibrium densities (1.09—1.56 g/cm?) at finite
temperatures (300 K and 400 K), resulting in a highly diverse training datasets spanning a board range of
chemical compositions and densities during the primary training stage for DP potential. Then, the trained DP-
potential is employed to conduct long-timescale classic molecular dynamics simulations by using LAMMPS
program for the [EMIm]+Cl 4+ AICl; ion liquids to produce the atomic configurations that either show significant
errors in the calculated atomic forces and total energies or exhibit the unusual atomic evolution before crashing.
Those highly extrapolated atomic configurations are merged with the initial training datasets to reoptimize the
DP potential in the second refining stage. Through this two-stage training approach, a deep learning neural
network interatomic potential with high accuracy is successfully constructed, achieving an energy prediction
error of 5x10* eV /atom and a force prediction error of 5x102 eV/A. The reliability of the finally obtained
machine learning potential is further validated through a systematic comparison of radial distribution functions
(RDF) for some representative atomic pairs such as C—N, C—H, Al—Cl and Cl—H, obtained from both DP-
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MD and FPMD, demonstrating excellent consistency for the results from the two methods. The DP-MD
simulations are systematically carried out to investigate vibrational spectrum and AIP* diffusion dynamics as
well as possible conversion reactions among molecular or ionic species (Al**, AlCl;, [AICl,] and [Al,Cl;]") in
[EMIm]*Cl +AICl; ion liquids within 10* atoms at finite temperatures. From the calculated vibrational density
of states (VDOS), it can be seen that the VDOS of [EMIm]*Cl'4+AICl; ion liquid can be approximated as a
simple superposition of the vibrational spectra of individual species ([EMIm]|*, [AICL,]", and [Al,Cl;]"), with H
related vibrational modes dominating above 90 THz and the Al—CI modes dominating below 20 THz. At 300 K,
DP-MD predicts that regardless of the chemical compositions, the diffusion coefficient of Al>* remains around 4 X
107 em?/s at 300 K and the estimated diffusion activation energy is about 0.20 eV, which is very close to the
experimental measurement value (0.15 e¢V). In addition, the calculated ionic conductivity of [EMIm]|*Cl™ +
AlCl; at room temperature is 27.37 mS/cm, with a deviation of only 18.2% from the experimental value
(23.15 mS/cm). Notably, two different A13* diffusion mechanisms are identified in [EMIm]*Cl +AICl; ion liquid:
1) direct migration processes conducted solely by molecular species including [AICl,] and [Al,Cl;], and 2) the
migration of the neutral AlCl; molecule mediated with two neighboring [AICl,] anions through the conversion
reaction between [Al,Cl;]” and AICl;+[AICl] moieties. Furthermore, first-principles calculations on the

probable dissociation pathways of [Al,Cl;] revealed from DP-MD predict a reaction energy barrier height of
0.49 eV for the AICl; transferring between two [AlCl,]  anions with an increased reaction probability from
0.00047 events/(ps-Al**) at 1:1.3 molar ratio to 0.00347 events/(ps-Al**) at 1:1.75 molar ratio. Overall, a
highly efficient and reliable workflow to train and validate the deep neural network interatomic potential for
complex electrolyte system is successfully proposed, such as [EMIm]*Cl +AICl; ion liquids, thus providing a
more comprehensive investigation of Al** transport mechanisms in ionic liquid electrolytes for aluminum-ion
batteries. In conclusion, this work can further advance the application of machine learning-based potentials in
simulating electrolyte systems characterized by complex molecular architectures and sluggish diffusion

dynamics.
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