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Abstract

Employing gaussian 09 Software, and using ub3lyp/6-311+(3df) method, first
do research on iron-zinc alloy electrodeposition, indicating that this method
is in good agreement with the experimental data. The result has shown that at
the electrode surface, the HOMO of Fe atoms is much higher than that of Zn
atoms, the HOMO of Fe atoms is close to the LUMO of Fe**, and these make
Fe atoms easy to transfer electrons to Fe**, and the Fe atoms formed on the
electrode surface are not stable enough and are easy to dissolve again, and the
polarization process adsorbs the positive ions and repels negative ions, and
this makes LUMO of Zn** almost equal to LUMO of Fe**, even greater at the
electrode surface, although the standard electrode potential of Fe is higher
than that of Zn, the Fe** has no priority to get electrons, these are the reasons
of abnormal co-deposition in zinc-iron alloy coating; while the HOMO ener-
gy level of Zn atoms is much lower than LUMO energy level of Zn*, so the
Zn atoms are not easy to lose electrons, and are relatively stable and can move
and spread on the electrode surface. Electroplating additives can affect the elec-
tronic energy level of atoms or ions on the surface of the electrode, and so af-
fect the tunnel electron transfer between atoms and ions, and influence elec-
trode deposition velocity. No less than 4 Zn atoms or no less than 2 Fe atoms
forms a stable nucleus, so zinc is more prone to nuclear deposition at higher
current density. The electric deposition process is divided into de-solvation of
ions (also includes eliminating negative-ion effects), electron transferring and
atoms forming nuclei then forming coating, deciding the free energy change
(electrode potential) of one metal element. The content of each metal element
in the alloy coating is not only related to its free energy change (electrode po-
tential) but also related to its corresponding reaction speed. From the elec-
trical point of view, it depends not only on the electrode potential factor but
also on the resistance factor. Therefore, the electrode potential alone cannot
determine the metal element content of the alloy coating.
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BB S SR B BIF ATl . IR . e A v o el 3 S
M TE T AUEAG B 2 N . B G Simit E pE L SR R e 2~5 £, [RIET
BRA SRR RS Z(1], A EREZRIN. BREEE T it
TR, XSUEdR 1 FREREHLEE2] [3] [4] [5] (6], (HIXLEHIBRARANRESE AR
PR UL AR P 1) 57 ST A

X FHRTUR R A0, H ardak 2 5l 2 m i &k, o
FLANIN—RP 0, (ERERT, JOHORIETE SRR, etk TR R
W [7]-[12]. 5KBA[13])55 & T4 2207 FURR Bk & & 5 W 3R TR, RELEE
HOMO (& =1 G HIE, B F) (4s) e & HLE ) HOMO BEEAK, DAARYE %
ERE, SR SAEEWNETAEE T, HiZW R EER T, FFr
HOMO 5 & 71 LUMO (&= HUBRER, ©AEM) ds)Redit 5, ToikHy
FLF7E HOMO 5 LUMO B2 B )55 . Plieth W [14] 5545 i, FEAE I fg
RO 1) AN 3R THT 25 - 7% P T RO PR, R P 5 7 AR SR T ) ERIZ 3l
B M EHIL RS A TR . XM BT RERE SRz T
XU B FRE VIR G . L FRER K T E S TR T HUB R RE =Y
BEOUT, A ARe R TFROERF, W m T AR S KRR E R
[15], Marcus [16] [17] [18] [19] [20]55 I\ NTE L TREE = T HAZ T REH 1T
BLR RAERIBRIE RN, ZREEE SRR T2 FEm L R 7.

KABTFNE, BRI AT 55 A E—E R0 s
AV Z T (21] [22]. HERAERIIERA T, BTSN TSRS S
FEL R 7 T AR RIF FE R0

H AT b2 O R0 Lh B i o F 5 R 7 AL i T Re e i, A3 m
AT, T TR PR T ) R R S i1 Al 5 A% A e M
NETRE .

AT IE AR AT AW S S AL L, @R S AR R TS BT
HOMO. LUMO f¢k, #HATH TR @i iH 5 s m L5 7 hif
AR, TS ZtaeEt:, @yl ZERI. SRECE T
SRS AR IR ST, AR TR I S SRR IR, A i E R EE . Zn
) HOMO g 5l A b FL A B0 B . DAL S 3 LR B S 5 %

2. M5 5E
SRHH GAUSSIAN 09 %0 {4+ 5, HE A [ 7 35 A R MU R % M T £ R
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THIHEERE, KDL ub3lyp/6-311+G(3df) 5 SLIRAETT A df, RXAIT5E)R K%
[EZ T, AEH 6 A~ GTO Bl —/MriuE, 4M2m 3 4 GTO 44
+1GTO+1GTO AL —AH-FHUE, FMIn— AR R EOR R 3df o 58 HI TR HR
B RHIZETHE T 557 HOMO 5 LUMO, H FRREKITH, HT
BRIE M B e B R i T RS T2 T RIBUE RE &, DAL T s TR IR
18 XK IR FEEEMBA, THRE BT R R 5% T
R (mulliken, T [Fl) B, ST RZ S E P DR TR B2 (5 . 7
FRR T T, F) 5 P 1 B 9 B PR RE B AL ) B /N FEL 58 0.0001au,
GAUSSIAN 09 H37 38 15 B L Se bR S RA3 20, DRI 12 1 R AR B0 HE P
Sy T F TR R 1) 520

3. ifRERS51H2
3.1. EEEHE

R 2 WHEHE, —SoRSEFHRETEELE 1. ZHEE
(multiplicity) [\, JR¥5 8 FREEAFE, % 1 Byl R R ARl 2 &E
MR, FE9NAR TIFERREMNZ HEE.

HL B BE BT AR TR RS Fe R R B AR IR E S, B RIE AT s, R
ub3lyp/6-311+G(3df) J5i%, EIEIMEASETRE, HitEAISETAEE
TRETHRE, &2 2O EERE. —Sns LB RER s B R
T H SRR S S E Le i L3 2.

M 2 B, SRR RN R S SR AR A B, Bk, AT
LA 51 AR 5 235 % T 1% 2 T R

MF 2 K3k 3 #AFH — 545 i1e, Zn JE T HOMO fEZ L Fe ) HOMO
RARTHZ, SETHREFEARGRLEAT. HEBELESBEER
GREHT, ERAFMESEL, XRE M, BESREE T &
Mg, &8 7T AHEAER B, (EANE BT RegUR A T AL, AL
SRR AR T — 2.

Table 1. Energy calculations for some elements and ions (M]J-mol™)

R ETRSETHRETEE

energy at gas state energy in water
element
atom (multiplicity) monovalent ion divalet ion divalet ion
Zn —4672.36 (1) —4671.45 (2) ~4669.68 (1) —4671.49 (1)
Cu -4307.68 (2) —4306.9 (1) —4304.89 (2) -4306.32 (2)
Ni —-3960.48 (3) —3959.72 (2) -3957.91 (3) —-3959.68 (3)
Fe -3318.14 (5) —3317.42 (6) —3315.83 (5) —3317.55 (5)
Co —-3630.81 (4) —-3630.06 (3) —-3628.32 (4) —-3630.07 (4)
Sc -1997.3 (2) ~1996.51 (1) -1995.4 (2)
Ti -2230.29 (3) —2229.66 (4) -22283 (3)
Mn -3022.3 (6) —-3021.57 (7) —-3020.04 (6)

A(N) In Table 1 indicate when multiplicity is N, the energy is the lowest value A.
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Table 2. Comparison of calculated and experimental values of first ionization energy and
second ionization energy of some elements

2. —HEICEREE — A B AEAN A T B RE TR BB SR B LA (M -mol )

First ionization energy Second ionization energy
element
experiment value [15]  calculated value  experiment value [15] calculated value
Zn 0.9064 0.9099 1.7333 1.7738
Cu 0.7455 0.7756 1.9579 2.0077
Ni 0.7367 0.7628 1.753 1.8068
Fe 0.7594 0.7212 1.561 1.5906
Co 0.758 0.7448 1.646 1.74336
Sc 0.631 0.6245 1.235 1.2682
Ti 0.658 0.6377 1.31 1.3573
Cr 0.6528 0.6784 1.496 1.6349
Mn 0.7174 0.7258 1.5091 1.5341

Table 3. HOMO and LUMO of some elements and ions
3.~ R 51 HOMO 5 LUMO (MJ-mol ™)

Zn Fe
element
HOMO LUMO HOMO LUMO
Gaseous atom -0.631103 —0.068509 —0.38133 —0.267288
Gaseous M* —3.24689 -2.10359 —2.48697 -2.07917
atom in water —0.485524 0.0496553 —0.250246 —0.149465
MCL, —0.861366 -0.210359 —0.7141 —0.45475
MCI, in water —-0.796297 -0.122103 —0.651558 —-0.263218
M?*" in water —1.4515 —0.389995 —0.790283 —-0.38154
M?*" in water and field —1.45148 —0.389995 —0.786922 —-0.385373
MCL, in water and field -0.79627 -0.122103 —0.651611 -0.263218
atom in wate and field —0.485524 0.0496553 —0.356489 -0.16971

In Table 3, The mulplicity of Zn, 7Zn*", Zn** in water (include in air, water and field) is 1; The mulplicity of Fe,
Fe?*, Fe*" in water (include in air, water and field) is 5; in these states, the energy is the lowest.

BB ROAR R R LA A0 A, IR T TR AR T — RSB RE (L
3.4), JaBeAZ AR A AR B REASAL AR R R IAL o B VUL B EEBR IR
WG 2 (23], RER R AE R D, RN ER TS T Clm
Zn*'LUMO, SUWIH /3R AERE, SN R A .

3.2. —ETEEF5EFHRI HOMO 5 LUMO

K HI ub3lyp/6-311+G(3df) 7715, i 5 — et R 5 5 11 HOMO 5 LUMO
W 3,

% 3 PARSETH HOMO 5 LUMO 5 5 3C#k[23] [24]401E—5, B
5 3.1 IR 8 HUREEE T HOMO REH LUK F11%.
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IR THXT Fe*t 5 Zn® W, XA B CUHEF, 7EHERTTE CLHY
IR, W& 3T LLEH, Zn* ) LUMO LS Fe 5, HEnREMS &,
ESRERI R AR FELAL TR IE, (7R AR T A A REALJe 3R 7o 17 FAR R THIZK
W7 Fe 571 HOMO BEER =, H2 5 T/KERH Fe ) LUMO, %4—
J&F HOMO figitb % —JET LUMO &, HTSMRERE AR .
HOMO fig¢ i, #S B T; LUMO R, MASER . b
TERU] Fe JRFAFRE, 25 5% il BEiE A5 1445 Fe B & REE UK
MBS FHuE, HAGME Fe UIRRE L Zn? MK, Wl 2EeE &2+

TR, KA SFE LR o e )5 T HOMO BEEAR, #ibbiifa e .

AL, 50 CIERHE R Zn?t 5 Fe?* ) HOMO 5 LUMO 77 A4E 5 K EE I,
Xt AT ISR, Be* BESREL Zn (1 R A2 B e OB, T AE AR R T
Zn* 5 Fe? [FlZ FE R 3R B T 1 JRL A o FEAR R T Zn> ) LUMO 5 Fe** [R#5iL,
BT & PRI R, F AN RERf E W Ah 55 50 5 SR 7, AN ReAS 450X
SR A TR LU — JR R . SERRVE R P A SRR Zn* S Fe?r,
BB HE A, AR U ClEsd T, efsslmafE Cc, Kl
RIEAE Zn** 5 Fe* i) LUMO BEE S H . 5510003 T RIS AR SLALEE, 4
F Fe?*, HHEIKIEHH FeCl, B LUMO, HAH N—-0.263218 MJ*mol™", Akt
FLK R ZnCLAR 7, Bk 5 3R T 1.

HRRTE R T )5, BAE 5 Z 2N s F52m, By EH
KR ETFHF . (Bl T RSB RA 2~4 NET, R—A 5 7]
REfITH HOMO 5 LUMO KAk,  MIX PR B2 = A= 2, AR — 28
VIR A FLEE, BOZRIXEE, XAERINLEE, IEH R TP .

SR T HOMO 581/ LUMO KR Z, st & syt IR & .

R, BT HRERE Zn? 5 Fe* 4 i 3R A 26, BT HOMO
5 LUMO BB IMBRELK, AU SRR b IR 73k fase , A RT3y
BUEIHLSE A %, AR TR RIUTR . TR IR E PR S, &5
REBMTFARE T, K4 w IR FEER . DA T LG
WS, ARefaEfE. BANETES BER, BREGEPEFHA—E
BHEMG, SR EFEEFEET IR, SE%knhitEZH82,
AEGIH, i H 4 EEE) HOMO Rt 5 AN EFA—8, &85 7 H
THHE DR, A T REA L HOMO FHisr. &)@ & 7 iR FR A HE— R A1
W, H5EADIBITEE A, Hh—/ PR adue & &8 E P&
HEMZ Db,

3.3. FESRERRRAIGSK

PRI, BT 3RICH T, AR BRI T O PR S 7, MR B S 72 B Al
R H M2 [14], HisshPIHEE r, WM TS S 2R, FIR B2 E 5
JE AR — R LR, R U TR, ARER PR A AR
FAFRIWT R TR T A sERRE, A R T R RIET, BlR R R
Korie ANFEH Rl S A R S g L% 4.
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Table 4. Energy and bond levels when atoms united

R 4. AFBE TR S R AR RS R

3Zn(1) 4Zn(1) 2Fe(5) 2Fe(9) 3Fe(7)
E (MJ-mol™') -14,015.8 —18,689.5114 —6636.33 —6636.4888 -9954.67

AE 1351 (kJ/mol) —12,319 (J/mol)  95.2 (kJ/mol) —69.2 (kJ/mol)  —3385 (J/mol)

N —0.068796  0.085483,0.09543  0.266279 0.291777 0.246605
R#%) 292,295 2.945,2.812,2.71 2.51 2.3957 2.32
EA (MJ-mol™) 4672.375(1) —3318.2098(5)

In Table 4, N indicates Mulliken bond, R indicates the distance between two atoms, EA indicates single
atom energy, 3Zn(1) indicates three Zn atoms to combine and multiplicity is 1, the other is similar.

T UL UANE T4 G REE, 4Rk 4. 1HEIETEE T B
7, K H ub3lyp/6-311+G(3df) field = z-1scrf(solvent=water) it 5, K AIXFE
HUIESERR. WK 4aTUEH, 2 MPLE Fe JRT45A, 44 Zn JET 454,
BIRAC, TR TR, BB BT RE .

2 MEETES, BAA—ERRINMAE, HOKRERVIGEIY KT E
fst. HSRi(21] Mad it REIR[21] 22] B & .

2/~ Zn lpE S5 G AE 45 B2 A T, Mulliken BN 11, ASRERUEE,
ERFRIIE. WNFE4aTEH, 43 N3 AL NERFEE—z, &
SR E M 4 4 MR FREEE R, RemEfRK, BRI IE,
RETE AR E 451 Z . &Mkt A R — 3.

XTI , YT R BRI B PR TR R E T/
JR 2GR E 2 NI R ILEI e, R A S BIE Y BB 4 SO
b Az PR OT 2, ARAE AT AR 7, BRI PR T AR e AR A, R
BORIY, 4 NEFREE— R LR, AR TR U 4 IR BRI
B, 4 ANERREREAE — R LERRG, ReedEd MR B Hizsh, BEALAEE
FIHLE R A ERE =T, BT TR 2R 8.

RIEL 4 FATT LS HEE W, ERSHRERL T, Zn BE GRS Z,
BRI FER N o IXARGF MRS 1 8 SLUTRR I, AT AE IR 35 B s s 0
TRAEKRE

XPFHUTRRERI S, 2 ML R BR R TRl AR — T iAs € %, B
1) FELUL % FE sk BE T A 8 I 45 %« FEARGR T ) AR, s 47
BIFA L RS TR OB % P B 51 45 2B 2 I I R 7 AR 5

M2, BEUVITEZEERN. BREF. § 8BS SRS
FRE, UK, SEeBITRMEIETaE. &53HEEEZA R,
T S & B e m AR R B2, TR EAE, X RS s
T4 254207 =AM, NI % s R e E h & &

3.4. BRERASBRBEAITH

HITTH AT 27 £ X B URR B R AT TR 9. AR T A T 2 £
JE X IR AR AT 7T . SR A ub3lyp/6-311+G(3df) Ji%, AN FE HiIZ (it
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I e BRI RS BB FELE (00 5 R AE DT B A D0 N IE K, JFRIE I, Atk
SEQ LR R M N N

TR R 70 N T I 94 . 49 31 8 7208 SR 1 B R T E I ITRUR
PR AR AR G, D AR E FAR R X S R AR . TP IR 5.

5 hRVEFIREEAR G 1 S, B MPTRIIE L SRR RE R
Feo R DIFAERSEIRE O, X B RET AU . R SE BRI KA
Wk MR B Z CI, HEREAIREE TR, WREEREREK, 15
SRINER, X BRI

5 Y Lo AT AR R AL, SEMEBEA TR R S, KEA
FETEIR o

25 R AL T SR H IS T Cime, FEAR T R R
DRI AL AT WA 5 8k il T e AR I AR AR AR AR ), P e B AR T e
AR T U SE . Mk bR Al A B s, R TIER R T Cl
frsoni . e T LR R T HE R O T CR i 2 .

WRYE A EBTIT, Bk A R HRTTRAMU R F AR T, LA
FERIRE G o DUE AOARAE AR LAt E0 4 1 X 28I RS, X B8RRI A2
R, BRI, BIAAAE A S RO ]

Bk, MR EAR L, Wt a haedil, e iHE mmEi. Nl
SE MIARAE AR AL, ARBL T RERR I B AR L. 10 Bt REAR LB 2 LA
R RE, AMEEGRTZIERE A BREAR L, EHR T OB R R . X T T
BBk 5, BARIARME BB A RE, EUTRRE AR AR T A
FasE, ARMTI HEHHES 5 SR i SR, BRSO R, i DA
JZh R,

3.5. BIRERAE ST

WRYEATIT 7T, IR R A EEFRL . BT BRI T LR T
LT RRAEZ S5 — RENAE, BATIE B bR i At X — R A FE Y
gZadii. X2 Zn Ji T HOMO fE&E SRR R 700 i 7~ S5
B, ABJREIE BRI RE D, Nk CIIE, (875 A AR fa A 50
AL T 92 vh A J o0 i T FRL DO — R A R DR TR P R

RN, IR AR IE RS TR, W T, dEhE IR
T LUMO REZR AR, S BT BB IE RS o IX A2 Tt 4 TR e

Table 5. Energy change of electrodeposition process and calculation of electrode potential

# 5. RUTBIE AR AL 5 s LA AT 5

Energy electrode
(MJ-mol™) potential (V)
Electrodepositional
t t
element X get electron 2 oms. ° Calculated standard
Desolvation combine
[24] . -1.0 (V) [15]
coating [23]
Zn**>Zn 1.81405 -2.6397 -0.1142 -0.51 -0.763
Fe’*>Fe 1.725465 -2.3204 —-0.3402 -0.51 -0.44
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SFE I B B v FA LA PR AR A I A

R BA Gd AR vh, 7E ARER T X AR AL I 18, 30T Zn™ 5 Fe?
) LUMO ReZ i, o IIgRHBGR A e : — 77 Bk HOMO ik, H
TR R TR R e, ReqE AR R ute s IR S 7 55— 71, BAs
BRIR FERRRTEAATE, BHEM, ey e e eSSl e 1
MG, Xl B E e w ILTTRIM E 2R .

TR B IR AR LN, AR S a %, Eai®sE b
D B 25 Ty il At A% o AF LR BT OB BE () RS AT P T T, — A LR B
B, AR TR R A A, ST EE . T, R g N,
ARG, A Zn® 5 Pe PUARIEEERG N, TR E S Zn™ 5 Fe i
LUMO A %, LUMO ReR X2 BN Z MM . R g, sEfE(k
Fe J 7" HOMO fe4t, 1E£—EFERIE M Fe J5 T 1FRE . MU RZ I X
EPSENINEaSES - AR

TR R R B - [ - BRI TR, BEEEIRS
JEFHE Ll (1 HOMO e 20 ¢ 351 3R BUE T 1) LUMO e DIFHOG, Hor
BT FLT REZLSZ BIVE W HAR & AN ES 7 Ky T Rg, mRER R 1, BT
R 70T, BERE 5 2 BN RIS M o FRAER T AR B st =, D
i 5 — AR, AR BT, TTEENA S R 57 1 o T e AL .
X ZETCHE I A2 FARE VA IV E AL —

FEL A VAN 0 5911 5 M T ) O B DR B T S5 AR AR R PRAIC R 1 Bl
) HOMO R, BH LR 5 8R 7 15 8 7 1 o7 e 8%, A i i s e 5
B, A AR T B R B AR AR . Rk, RE RIS R IR T &
HA5ZW HOMO Red, B 24 /24 20 B g8 s o ) o

JEFIRIR TG, 4GB AL BORRGH I EZ. Bl a2 1)
A BN i 53 S A% BB [25], AT LS AR R o o -3 22 AN W7 A% 1 B A
JUAN R TRl S5 4% — P i b IR . ) LN R T RERE S i S, Re BRI
TR T R E % . AREEITRE SR T8 WM, 5T
A N, AR T8 R TR S5 A% . T NGC B8 [25] 58 1 F TR I
IFEH Nucleation(45#%)——Growth(4E & )——Collision(filf 1# ) (Y ¢ &1 2,
SR — b R R R T R e R, R T I R S EA FLA EEU AR OG,
bEAE HAR AL AR A, FAR AT RE FHUTRR AR VA i, XU ST 2 R 5 5k
I ST BT .

M, BUTRERER G &l R T, & & &AM S 3 i Re (R HL L)
AR, BERPREGR, £ RIS, SRR R E TR
SNEFE

MELZE L, WIAMEE R T A AL K 2, B e TR 3 . FpTR
PRG-I AR, SHREN TR RN, B RA AR .

4, &ig

KH gaussian 09 K fF, 7F ub3lyp/6-311+(3df) /K- _bXt B iRk & 4t
THEFE, RAZT IR RS S AR S, ARTHE 4 AR I
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R G S UIRU AR SR st . WH R, BARERI R AR OE,
BERARERT, HTHF T 78+ Cl, i1 Zn* 5 Fe? 5t fi 1 HURICE A 11
Jo: BARRTIEKEE S Zn T 1 HOMO REARLL Fe JEFIK, AAE LK
LT, WBRE. TKERT IR A Fe JA 7 HOMO REZHE 2 HLEAA
JSZ[¥] Fe* ] LUMO BEZ i, Fe JR TR 5[0 Fe BB HLT, AFE, BoHH
TAE LG HE RE RS B B T HUE, M OUE M, XAUE SRR Fe &
RARHIE R o 4 4> Zn IR B 7l BETE RS E I 45 4% 2 1 Pe JE 7Rl 4 e
TS E BIRZ, B AT il FE AN I e B B2, e a5 A% TR . (AR
TERIE T BAR T, RER 2 T K, B AR TN Pe JE 1RO SE
1.

RPTR IS R st e 1A - 5T - B TR 78R, i 1
HOMO R4 5% 11 LUMO REZRIAZ, Wulizni 15 B 1 A B 1 (1 F%iE
Fergad i, iy tmT ARSI AR (4 P S B

HRPTBUE RE 0 MBS T I BTG B2 T AON I KR 785 a8 6 3
PR EL G BRI R 0 T CIRIEn, RGBT RE A
REASALTH SR AR R, B S R AR R A F) o SR BB 5 Bk v P
AL ZE S th 0 T CUSliE, BB T CURIRI, 4R & EInEEts
HEHLAR FLA .

W5 AN REAR UF AR R4 )R 7 HOMO REZLm, [z IR RE )
5, AH F R LA EV AR ) S

B mTRVREEAHE S A H R (B A AR, 5 RN EE
AR, FE—RIIRNA B, REEDERRERBELE. WM, WA
(EHR T R AR AR, IEHGR T RBEE R . R, B2l s bl B A AN RE R
EAEWEERERITRSE. HERAN T AFKRBIIRE, BRI R
18, e RA RN R, FmAARREE.

WL SR, BT NS T B AN e, REVS AL SL58 T By 8
AN, ARG S T H TR DR L A 9

B W

A HRiE R 22 Tl (SRR AT IR STE A RO A SO il i R 5 5
fei, ROIRMIE N JRA IR AR AR I 3R
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