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Abstract: This study aims to foster students’ computational thinking by integrating research project-based teaching
methods. It outlines a comprehensive series of computational experiments centered on the first-principles calculations
of the LiFePO4 cathode material, a prominent subject of study in lithium-ion battery research. The designed
computational experiments encompass modeling of crystal structures, structure optimizations, electronic structure
calculations, lithium-ion diffusion estimations, and post-experiment analyses. This approach ensures students gain a
profound understanding of the foundational principles, processes, and analytical methods of first-principles
calculations. Simultaneously, it bolsters both their grasp of theoretical methods and proficiency in software operations.
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1 SERER
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ROASAE B 7 LR 72, DR AE Sk B ig ] b 7 AT Q7 3 R RIS, 23 St Fin 3 — 1 s 2
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55— V£ J5 3 (First-Principles) 8% T8 1 ) 2 JE A% J5 B0 R 25 02 B 40 (DFT) 7 15, RIS
ZUSH, WA HR, BT S R R R BT R, BT R T4
H LA bRk i A 25 SR 890,
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JOEE R B A &, 3B HE Visualizer. CASTEP. Forcite. Amorphous Cell. Sorption.
QSAR. Morphology?5 3L i1 22/ Ml d 45 i AL . &1 /1% M5 71% . SR RIELLKOE B ACR
FREFL. Materials Studio/& — KB AGEAE, B AT E N 2 80mie . BHEBE B 80 kb 523 70 2R 8 20
CU SR AR, HA AT H T B MR R T TAE 2, BEa] TR IR 2, SEER)
W20 05 SCHERHIT .

Materials Poject (MP) 1+ 544 1 H#s FE 1Y (https://materialsproject.org/), F& 3% [E B4kl 5 K 41 K1 7O
— 35y, M TR 2 5 WS 00 5 R AR A PR S A A A, R R A A 4 T 1) AR 26 T
WEEARFEZ —, B AMBLRT “Google” o HFNZEHRE LR TN NI4T+, Reli 45196 75+,
S FEi2.5T0+, GUKMELS3 I+, SRR E 1.3+, RHIKEI T+, AN MM B4+, iRk
MEHL6 T+, BRI EA WY .

5 LBAR
5.1 LiFePOsf kL
51.1 MRHIEEREENER

FH B4R 3 M Materials Projectih B BB 2 J5, FRRAT HEHE FE M UL, fiili “Start Exploring
Materials” #2401, »5 75 5 A ML BOR Bt 4 3241, B w] 43 | Materials Explorer 5t [ (K11 75), 43 7 /4
T EF WL T L. Fe. PMOTTER, 5FILiFePOsRALEHI(ID: mp-19017, E147), i & &R
T #cif (Symmetrized) i 2 i A 45 89 SO, I i 44 A LiFePOA4.cif;

J& 3hiMaterials StudiofXfF, Hrid— 1% N “cathode” M LFEWH, ¥ LiFePO4.cif 34 H 121 3
Materials StudioX {4 % 1, LiFePO4.cif2> H Zh 4% LiFePO4.xsd X 1, f#4FLiFePO4.xsd;

1E TR H F 24 17 LiFePO4.xsd, 1E Fhisg ik #H Copy, AJEH A “cathode” THETIH 4,
1E TP b ik FPaste, RI15 2| —LiFePO4 (2).xsd 344, = iy 4 ~NMn-doped LiFePO4.xsd;

17 Mn-doped LiFePO4 . xsd 5 #4301, miihi S A Build, 78 TR Bk £ Symmetry, FRik$F
Supercell, FIHHEHTA. BAIC/ BN, 2801, BISE A b MEAT 1 x 2 x 137 b 34

#r 7 3% ' Mn-doped LiFePO4.xsd 45 #4) H AT AT —ANFe il 7, 11 5 78 T. R A% o /2 diModify Elementi%
Hl, EHFEMnItER, HTOK, HPSERCE i i — AN Felil 7 NMn, B3RS LiMng 125Feo s75P0415
FREEH .

Il tiome / Apps / Materials Explorer | Fe-Li-0-P | LiFePO, | mp-
. Materials Explorer 8 References @ Documentation

LiFePO,

mp-19017

51.2 TS SEHEE

B 1 AR s e vh LRSI A S5 K SO A, BRATTE T AR 38 SCHRAS 12 XRD s T 345 1)
PREERAE S OBRAE R BT 57 AR AR %), R S AR A Y DS S R S 4 SO o RO STk 5%
TLiFePO M i A S5 M5 2, AIEIRAE . WA W O 74845, 28 T BE ATt W] LUK 2 LiFePOuiih 5
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%1 LiFePO‘tﬁﬁ\ ﬁ%ﬁﬁ\ E?%tﬁ“%ﬂ%%%w%lﬁ\[u]

piica R HEUA (1 A=0.1nm)
a b ¢
Pnma (62#)
10.328 6.009 4.699
J A bR
EERAIES
X y z
Li(4a) 0 0 0
Fe(4c) 0.2820 0.2500 0.9770
P(4¢c) 0.0941 0.2500 0.4138
Ol(4¢) 0.1059 0.2500 0.7423
02(4c¢) 0.4596 0.2500 0.2096
03(84d) 0.1690 0.0380 0.2822

fEprojectX I, M brAiidi “cathode” TAEIIH 4, 7E 3 H 190 15 HE 71 1% £ New 5 i 3D
Atomistic Document , It B 45 Il 3= 4 4F X 380 I — N BB H O (45 M 2 3D Atomistic
Document.xsd);

MR Build, 7 NH A E R Crystal, T Build Crystal%f iEHE, 7ESpace Groupt™H [
Enter Group | i3 H.i%#£62 PNMA, 7ELattice Parameterst 88 N fi A% # %010.328 A. 6.009 A. 4.699 A
(%1), #Ja mifibuild;

& T AA~ fii7Add atoms, Elementi&#¥Li, &ML, a. bMcir AIBEANO. OFI0 (R RE THLiTE
Flx. y. ZJEFAARA), ridiadd, BISERUTALUEFERM: R, 5¢8E T #Fe. PAIOJE TN,
B 13 BILiFePO4 i UL, R A7 I H Ay 44 Y LiFePO4.xsd.

5.2 SRk

FTJFLiFePO4.xsdf5, 7E3K H4“ModulesFiEFECASTEP 8, JEah& 7 it Habe, sS4
BEE XS A 1 (K 2a), Taskik % Geometry OptimizationfE 4%, Qualityi% #¥ Fine¥% %, Functionalif %
GGA-PBEAZ #: ¢ BLIZ PR, Spin polarizationi #Collinear$t 2% B JiE, “2Ji%Use formal spin as initial, ‘2]
HDFT+UHF IE ;

midiMore, HEAMALUS S bR AE 132 B S TH(KEI2b), A ISR #E R B N107° eVeatom™, Il SibR
¥ B 90.03 eV-A™!, Cell optimizationid £ Full (R [F] KLk 5 4 3 H0R iR 7 AL A7) 5

#iiiElectronick(Kl2¢), Pseudopotentialsifk # UltrasoftiB B & A, fiidi4 T fAMore, A\ Basis3k
H X TEHE(E2d), ‘A% Use custom energy cutoff3F4# A\ 340 eV (P UL S)AE);

HENSCF H 5375 iEHE(E2e), SCF tolerance® B 107¢ eV-atom™!;

it NJob Control#(E2f), EFEATACPUKLHZ 51, Hihwk B SECR H S BE;

AL AR FRS, ZEddE— A g — A FeJi ¥, BIE A MFe, MifisgiiModify,
1% ¥ Electronic Configuration, i A\Hubbard Ui & X 1EHE, Feli Fd¥LIE M UME & B N3.7 eV 14,

& a Mt RunPAT JU ST, frRefE. J1. B IERISUE S (K13), RS &AL ik
SEk . BT LiFePO4 i A4 45t A DS SL 38 SCHR,  EUARSS W AR A BT 45 21 1 SR i 5 25 L 22 0

XF T LiMno.12sFe0.87sPOaiB A 451, MnJil 7 dfE U E N3.92 eV, HABSH R E 5 LiFePOs—
.

MMaterials Project(#& 2 1 F % Fe (f&0>37. 757, mp-13)FMn (003777, mp-8634)%: )& fk 451
cif X, F AMaterials Studio®CfF, 1 B AT REBLE 9340 eV, HKZ [EERFEAE 10 x 10 < 107 %
FE A%, AT ST 5, 4300l 345 Fe Al Min il g B8 & (40 B R 29 ) &5 A 2 F04 5 )
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—r |

(@) CASTEP Calculation (b) [ Bl caSTEP Geometry Optimization (c) CASTEP Calculation x
Setup | Bectronic | Properties | Job Contro | Minimizer | Options | Stress | Setp  Bectronic | Properties | Job Control |
| |
Task: Geometry Optimization v More.... Convergence tolerance Energy cutoff: Customized v | 340.00eV
Qualtty Fine - Qualty Fine - SCF tolerance: Fine hd
Functional: GGA ] [PEE | Energy: 10e5 V/atom Energy tolerances per: [Atom -
| Fue s = for DFT- Max.force 0.03 eV/A | kepointset: Fine <] it
Spin polarization: Collinear 'l Max. stress: 0.05 GPa Pseudopotentials: Utrasoft -
¥ Use formal spin as inttial 0 :jl Max. displacement: [0.001 A Relativistic treatment: | Koeling-Hammon <
| ¥ Use DFT+U = pling | I Usecorehole
I Metd Charge: o Max. terations: 100 =
| More....
T m.
| L vaf:*o:l' Fixed Basis Qualty v | |
Compressibilty Hard -
[t |
|8
d) r e
( ) CASTEP Electronic Options ( ) ' 'CASTEP Electronic Options X (f) CASTEP Calculation X N
Bass SCF |kponts | Potentils | DFTD | [Basis | SCF | kpoints | Potentials | DFT-D | Setup | B | Properties {Job Control |
|
SCF tolerance: 1.0e6 eV/atom [ Use custom energy cutoff: [340.0 eV Gateway location: | My Computer -
Max. SCF cycles 0 - FFT gid Jueue -
Convergence window 3 j Denstty: Fine - | xix1 vV Automatic
Blecironic minimizer Densty Mxing _~. T [z | Runinparalelon: [12 = of 12 cores
Density mixing Finte basis comection y 1 j :
Charge: |0.5 Spin: |2.0 More.... | Apply finite basis set comection: |Smart hd Runtime optimization: |Memory v
Orbital occupancy | Comection mode: Automatic v |
V¥ Fix occupancy More Numerical dferentiation using |3 %‘po‘ns
[¥er.. | | = o
Dipole comection } f 0.0
Apply dipole comection: None - ; Fles... | Help IA
|
_tew | i _te |
| . —d L
B2 LiFePOSHARUSHIRE
CASTEP Optimization Convergence CASTEP Geometry Optimization
S 1= * = R e . - ]
§1 ) o = e e -11946.084
27 - - B =
T == TR L s ORI R L 11946088
g . 4
B 4 '/.-\T,_, \ - © -11946.088
2 £ N 1w
= % - -11946.09
8 " b _*\\\_ ;/,_r“".‘\_\“,ﬂ

Optimization Step

Energy Chanage (ev/akom) Max. Displacemant {A) Max. Force (/4] Max, Stress (GPa)

Optimization Step
Tokal Eneray

B3 LiFePOLHMMNITFHITEER. /1. MBS RS £
el el fiR. RIS S, A fs e 2

53 HTEWHITH

AL I LiFePO4 xsd filMn-doped LiFePO4.xsd X 14, FiRJH 5ICASTEP & T /1411 Fipki b,

1 FEnergy . ri e THEAL %5 (Klda), EHEFineth BAGEE; # Ak-pointsh i HE(El4b), siiCustom grid
parameters, XN [Jas b & ESE N3 5. 6 (RIKZS (AR A fd H Monkhorst-Pack /7 V413 x 5% 6
WIAS): AkReT . HTAEA. ZEo MR, B R E(Bl4e), HihESHYS

R CES 2D M, FRRPAT 5
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(@) r - 1 (b) (c) r

CASTEP Calculation X T : CASTEP Calculation %
Setup l Blectronic ] Properties | Job Control | Basis I SCF  k-points I Potentials I DFT-D | Setup | Blectronic  Properties | Job Control |
Task - b ¢~ Gamma point only

Corelevel spectroscopy |

Qualty: Fine - " Quality Fine | Density of states
| — | Electron density difference
Functional: GGA ~| |PBE v € Separation:  |0.0 1/A | Electron localization function
Electronic excitations (TD-D
[~ Use |TS & Custom grid parameters ors il
Band structure
| Spin polarization: Collinear ¥ |
Monkhorst-Pack grid |
- = | il gna b c Energy range: {100— eV
[V Use formal spin as inttial 0 = | - — o
| Grdparameters: 3 |5 |6 = | k-point set: Fine -
| ™ Use DFT+U r |
Actual spacing:  0.031746 0.032737 0.034944 1/A Separation: 0.015 A More....
I [ Metal Charge: 0 |
Origin shift: 0 0 0
Fles.. | Hep || __ Dsplayponts._ | ‘ Run |v| Fles. | Hep |
— 4

Help

F4 LiFePOHBFEMITHESHRE

5.4 #BETFyHEEFLESTE

BTN EI B 20 850, A 32 A2 Build, 78 N #2352 F8 ik ¥ Symmetry, £ FMake
Pl, RISGHSSHXFRYE; WElSaffizn, fEMNB 2 ah i 2 il i B — AN B (B, AHARAL A, B
56 8 LiMno.125Feo 87sPOs S5 H B B 14 HA I 46 . ARSI, FFORTE

SRR Tools, 7E FHi3E H ik $EReaction Preview, 7EXFiEHEH (K5b) Reactant | 1732 #iik
FRVIGR 25K , #EProduct T 7 S FLIE R AR S50, i I Matchd% £, 78515 15 AE (] 50)Ji 8 2 i Auto
Find, i [8]$|Reaction PreviewXJ ifitE, & idiPreview, BI5ERHH B T4 HUEE 12 E X

JA ZJCASTEP & T J1 21T H AR e, Taskik # TS SearchfT 55 (5d), i iiMore, 2% Optimize
reactants and products (5¢), BILALT BAAAR G5, KA A:RFEAIH2 < 2 x 2044, HA R EZSHYS
gttt GES 2, ST RunPAT I ESHE R ITH .

5.5 JEALENT
5.5.1 Mn3B 3T REE 5T

FEDFTiF S, —BeRH LN ATt E Mot =8 78 kqe,

E«{Mn-doping) = E(LiMny.125Feo 375P04) + E(Fe)/2 — 4 x E(LiFePO4) — E(Mn)/4

Hrr, E(LiMng 125Feos7sPO4) AMn-doped LiFePO4.xsd 45 ¥ AL J5 A fiE &, E(LiFePO4) NLiFePO4H.A
e ML RE R, E(Fe)MIEMn) 43 7l A Fe M Mn fn J 1) BE & o %A & 74 45 4 D0 AL J5 1) e 5 25018 78 6 B
[1].castep SCAF AR, EEUITELiFePO4.castep SCA S AF Y, I ZESCHEIT “Final energy” , AR5 —
1T “Final energy = —11946.069 eV” , RILiFePO4 X} M fE & N—11946.069 eV,
5.5.2 EBTEMERLT

Ja 3JCASTEPHLH 1 ] Analysis I €, XF T LiFePO4Z5 14, 435447 Band structure Density of states
b, RAFREH . B TAEE. Fet RABHRTEE L (s, p. dPUB)FHIE, W6k EME6H
FRTR . BHOE T LiFePO4RE Y 7 B AR SC SLIG R,  LLECH 20 Hr DF T B B A 5 H 22 8E .

AT Electron density difference/ #T, )% View isosurface on import, B[ 5 N 54 4518 1 21 & 4 25
e, B JE s T B A H Create Slices (Best Fit), 7E# )X 15 HE H2) i%E CASTEP density difference
from atom, R[5E 2 7 M %5 FE VI, @El67c T A~ . Z5Mltth, #4147 Electron localization functiony
M, WEet TR,



(C) Reaction Preview - X

Reactant: [5) LiFe0. 875Mn0. 125704. xsd 4|
|

| Product: [ LiFe0. 67500, 125F042. 554~
I Have two valid documents

‘ =
1o —-| Number of frames
| ¥ Minimize reaction vector

| " Base preview on reactant
' Base preview on product

Match... Preview Help
(d) ) - (f)
Find Equivalent Atoms X CASTEP Calculation X CASTEP Transition State Search X
(%%, LiFeD. 67800, 125804, x5d_~ || %% LiFe0. 87500, 125P042. s ~ | | Setup | Bectronic | Propeties | Job Control | Search protocol: [Compiete LsT/RST |
=-@8 111 matched atoms 1488 111 matched atoms | . [ =
& 104 | . 101 | | Task: [TSSearch More... | ‘ | Convergence tolerance
: g? : gg‘ | Quaity: |Customed vl Quality: |p,.e -
04 04 | |
@ 404 @ 404 | Functional: [eeca =] [peE =] || RMS convergence:  [0.05 eV/A
504 504
: 604 : 504 | T Use |TS ~| method for DFT-D correction | |
@ 7ul @ 7Uu1 [ i [Colinear =] [ -
@ 8L @ 8ul Spin polarization: Collinear ‘ Max. number QST steps: |5 =1
@ 9Fe2 @ 9Fe2 i 65 —I =
® 1005 ¢ i : = | V' Optimize reactants and products
@ 11Fe2 @ 11Fe2 ¥ Use DFT+U I™ Include spin-orbit coupling | I™ Calculate parttion functions
@ 1205 @ 1205 | |
@ 1373 @ 13P3 | T Metal Charge: 0 Help
@ 1406 @ 1406 —
All tems matched iz o I e L
Rest || aucFind | setMatch || mep |
B5 LiMno.sFeosrsPOBREMHREE T BIESIUTESHRE
RTHONEE, R
[t% DFT\LiFePO4 CASTEP GeomOpt\LiFePO4 Band Structure.xcd [= )@ ] =] | |t DFT\LIFePO4 CASTEP GeomOpt\LiFePO4 PDOS.xcd (o= =]
CASTEP Band Structure CASTEP Density = CASTEP Partial Density of States
2
)
Band gap is 3.244 eV of States 5 M
@ s I IW\ 2 =3
= & 2 B 2 |§‘| WI .‘"\. |
2. RS 8- ‘| A I‘
! o ]
e & 2 \ ‘| vy
« i 1 5 4 it
2o 2o — 1T | Ik
2. 2 0
S 3 2 1 0 1 2 3 4 5 6 7 8
G z T ¥ 5 kS u R 5 2 flUStatZU I3EI ; 40 [a] E"ergy (EV)
ensity o es (electrons | [¥] 5 alpha sheta [v/] palpha pbeta [/ dalpha dbets |
slpha [V] beta slpha [V] beta

% DFT\LiFePO4 CASTEP GeomOpt\LiFePO4 (2).xsd [E=]=]

Bl6 LiFePO H T&#HHELER
b REWMBHTEERE; filk: FeuZxWTFAEE;
KR Z5 e E 00117 MEE R A F: BF R EE 001177 i
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5.5.3 @B Ty BRI
K] 7 ALiMno 125F e §7sPOLIL JE A TS Search it B 45 5, H &7 9 HUS I & G SO T B/ AR ALifL
sOEHR(E], Hy#BE 22 80.375 eVe

%, DFT\LiFe0.875Mn0.125P04-LiFe0.875Mn0.125P04-2 CASTEP TSSearch\LiFe0.8.. (= |[[= |22 | | [B% DFT\LiF0.875Mn0.125P04-LiFe0.875Mn0.125P04-2 CASTEP TSSearch\LiFed.8.. [ = |2 |52 |
CASTEP Transition State Search
— 473796 I
3 g i L.
Z 4rmE {I >
5 By
0 4ram o \.\\\
r’// \.\‘\‘
] 01 02 03 04 05 06 07 08 03 1
Path Coordinate
Gt o Emergy ws. LST path 1 Energy s, CG path 1 Transition state
| [ 1 2
DFT\LiFe0.875Mn0.125P04-LiFe0.875Mn0.125P04-2 CASTEP TSSearch\LiFe0.8... [~ |[ -5 ][] | & OF1\LiFe0.875Mn0.125P04 LiFE0.875Mn0.125P04-2 CASTEP TSSearch\LiFe0f.. [ = | @ | 52 |

Converged in 19 iterations to a total energy of —644.3739 eV

Fseudo atomic calculation performed for Fe 3d6 4s2

Converged in 32 iterations to a total energy of —855.0682 eV
Transition State Found!

Energy of reactant: —47380. 19297 &V

Energy of product —47380. 19345 eV

Energy of tramsition state -47279. 81763 eV
Location of transition state 0. 49683

Barrier from reac tant 0.37544 &V

Barrier from product: 0.37692 eV

Energy of reaction: —0.00048 eV

E7 LiMno.i2sFeossPOsmA P EE T BB ERLERDTIL
kb ERg R AR PEGERERERML: AT PEBEERELE; AT PR R ESLS K

6 SLREZRNAEMEZ T
%N (10057):
(1) FEMPEUR T, 8T TG SENMY, Wit — = dn N RO RREM4EN; (155)
(2) #5ELiCo02 LiMnaO4 IERATEIAH SR, 73 A LiCoO2+ LiMnaOadi R S5 M58 s (15757)
(3) #4546 LiMno 125Feo s7sPOLSEDFTHE B g, 11 EMnB R EE; (154))
(4) 4B LiFePOLMRERT . T AR ESHYE, oWriitErmakEmikit): (159)
(5) 4G LiFePOJZ 7 i 2 Ll T )Rk, 2 Fe—O. P—OfEHFHRIEM: (155)
(6) FERLiMno,125Feos7sPOB R R T 5T, B H MG . B8 BTa%E.
27 W Anr % B AR T SR 3 R 3, I LU LiFePOSKT I 0BT 2 57 (2547)
07 DNHESERA, EREZNECHEAT), &EMILERE LR .

7 Sk A HE

ARSI TH] 17 o A AR B AE B AR OB ST AR TR, SRR A 3 UF B R 5 5 AR 22 38 BT 7 R IR
Materials Project® 48 FEIK 5, f 28—t JR BEOH 5 B FE AR SR BN AR R AT 1) EE 0 W, IR b AT E EESe
AR 7R o AR SIS FHUR B3N2I SE R, A BB 4 oM B v SR A e e v SR R ROR, FERT ALK,
ATDME ARG R 2 HE . BRIG 2R  AEMST 4RS SEER A iy, e B % .

8 4iE
KT E R 2, 3 T4 B T o M LiFePOL IE MR bR RLTF S i 22 0 B+ — AN 58—k JEL
TG A S, R W R R 2 ) 8% HC B VR A LR BT ER R 2 5 B S i AR
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SRR RO R B B ARSI TS S S ST SR AR, AR AT DL R T S R
3 PEAE T D7 A G AR S A AR T 0, D B R s RS . SCHORIBZ B B EMRAL . P
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