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ETMELBERFHNZNEE /FLY- KT HEFHS]

FEok, 2 27

EfRRANECFERER/XRE, BIIRFRERMEHMCEDREIFH O,

BIXRFEZELMIZER, &8 E(] 361005

HE

TR/ AN TN TEREAFAEEEXRERZNER. AXNBTNMETMLESF

MAFRIER SR/ S - KT EMEEFHS . 1T

HRe HS A SRR HIY B HHT LR, IR

ZEMN T FEELNER. SEFEMNETHYTEXRNENSHFARALL, FSEREYFTE
RETHEYI AT 55056 E R RA R TNERFEH RS R,

XiE: s ®B-KFRE; |UY-kFRE; MAESTFHNE

1. 5EN4A

RUFERNBELZEATRNER-RIEFE,
ELNAEE SR -KBERRREMEL) - KB 7
BAE. €& - /KEREAAN—ITEAMERES
BT AL [1] (potential of zero charge, Upy,, U
FREBN)  YeBEBRLTZBEME, €8 -K
REARTFENT. SEMRE Uy, REFH
W, RWEE [2-6], Al Upc 2—1TEEH
SEBL. I, T#E U, BB TEBBELR
PHRN. MBS Up,c MEBERE T RE R
FIRE, MmEEMEN T KOS FRERNAF
RRFHBNERE, REZMHBELEMNE[7]. B
wkl, Uy 2eBREARTERE, EFERERMEXS
FrrESRRAE [3].

NFEAY), BAUMBERpH ISR
HNBEWTE, AERAINEAMERE WA @SR
. 3 pHQXEZTBRR (point of zero charge,
pHpe) » FHFE BB L EFEH B (flat-band
potential, FBP) B, | R\ AT H [8]. It
B, SR ENETHESH K (conduction
band minimum, CBM) Ft7 1 (valence band
maximum, VBM) FAXFFRESERNALE [9].
VBM #1 CBM £ 52596 ALY FBP #4Lmsk [8]. T
fi# pHp,c A1 FBP AT AR AR EAE () EARN

EM. HEAMHBEALRE FBP Y, SHEE—M
SERZEETE, BRTETF-ZNDE[8. 4
MR pH RSB pHp,e Y, REASERNEE, &
7K FHERESN N Z MR FEBIRE (10, 11]. 1
S (R) RN REERELZEBURT VBM/CBM
5%k NEATEBRMPIENVE. Bt L, |k
YaEHHEY 2, EATHENELIREH, CBM
1 VBM EX Firg S BRAIE.

Z b, FrBReETHES, BREERMEX TR
AEHER (BEBR) PNE. fln, @BATEK
BELR, MFESERAINASHE (CBM) M
IR (VBM) o IHTEXEEREFRE TEMSE
hFERE LR EMEXRN.

2. WHLZAMEE
21. FEGEEHIIEL®

HE L, ET SR RE ST EARES R 9]
(computational standard hydrogen electrode,
cSHE) MRELITH, REHR, REEALS

BRBETHSIQAN, BEESASE 3 [3]:

eoUpzc(5h€)==Epormi +(Aap Ao —CiPua”) =

p®® =AEzp D
HA1, Upyc(she) FAEXS TARES HRIRE Upyco
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AdpAy o™, e F AE, 53 5 J9 K FE K AR 4% B
& BT EHBEE[12](15.35 eV), RTFESHENE
B BE [13](15.81 eV, LR E) FIKEEEFH O-
H AT A EE [14](0.35 eV)e —eidua’ Al Epermi’ 3
AREERNKETSNBERENSER S B
FERAELR, FERBEARERNOMLES TN
FUHEBH. FEIR AdpA " HNETES
TEEHRMNEEEN, AEFTERIEAXFHE
I AR R E T EEE. B, 1535eV H
CP2K R it BB E, B I —edpa’ F1 —Epem”
tWHECPK it HEE. MFERAEMEKRLE, Fm
VASP, & H A VASP it H AdpAy o™ Bil.
NFEESEENY, EmHIH A,
15-17]:
eoUpg(she)=—(Eg" - eoPsoria™) +(AdPAH3o+(W)
_eoqbwat(i)) —y®*=AEzp ()
H, U (she) 3 VBM 2k CBM #8Xf TFrOES H
WHAIE. B BRMNELYGHHEEREESTNMN
BINHFHRe —Codend MR HEIER HEEIRIE
HHEREEERE. Eu®. e’ M —edu. IR
EEAERRITHESBE. FRINESSEETH
AKX —E.

2.2 HHEE

EMLETEAZER, EHNKERML R
(angstrom) , BEBEANAEFREF (eV) , 2L

A, BAKENGEEANLEN. AXAEIT
HISERFIRR M CP2K i # [18]. DFT it&E A
Quickstep R ZMEFLMKE S (GPW) J3%.
B, TETRER DZVP S HrEA [19] #A
S R EETRE A 400 Ry, MEXTEETAES 60 Ry
Cu (3d, 4s), Sn (5s, 5p), O (2s, 2p), H (1s) B9
BFERALE, HERZBFH Goedecker-Teter-
Hutter(GTH) &% [20, 21] #iiA. BFEHET X
% B 1E {2l (GGA) T B9 Perdew-Burke-Ernzerhof
(PBE) iZ & [22] ##i& , B Grimme D3 & &#FIE [23]
WIASEEEMEER. 28 NFITEFERH CP2K/
Fist 23R, 1355%8{E R SCP/E KiEE , EJRFI%
o, BMPNERFRBIEREEER, FHRE
B9 0o

B g #E WSk, B a0 B BT BE (cutoff
energy) WS, AIE CP2K EMSE, XA
BER. IS, €BMALXYINEREA MR
FRIEETH. AMEREHTHITRENEK, BE
THEHNETRUENREER. HXTBASE
Wiki (https://wiki.cheng-group.net) o

BT ERER RS K A Broyden-

Fletcher-Goldfarb-Shanno (BFGS) & 2. £ B /3
B FHNNFEREI, SHAFEDRGRE P 330 K 7
B NVT REGIEH, HELKA2 fse MEXEDT
MAFHNREZKIZEN 0S5 s, REHNVT &
ZEHIE 330 Ko FTE ST W FRARE B
Nose-Hoover #8128 H [24, 25]. HF PBE #ikAY
KN EEML, FERLEER (298 K) KBS
9 330 K SRBFELEM 1L [26]0

AFERRES], AIM github ©F (https://
github.com/robinzyb/Band AlignmentTutorial)
SEMRBAN .

3. ERFEABEAH
3.1. SRFAREEE R

ELHENEEBEAEMNKEERNTE. &
®, AIREEXENY, SRBERERENERERA
RESTRHESSHER—E. R, ERE DFT #
BFTRE AR N R FEUBEE 1000 BFIAT, N
MIEE R <F— BRI 2040 2 (2-4 HK) - @
SR ELE L SR R FAE B R RN E A, 21E 1(a)
79 Cu(100) HIFARIEE o

Hep, [ ML REEREFITHEITOE,
HF CP2K #EKF Gamma A#TiHE, FEILE
BEHI10-15%EE. L IETSHNEE, &%k,
Y FTRER@IEER 15-20 B, ARz ERE
EHREER. L AeBEREENEE. RFRE
h, EEBRENEEREX. fl, £BREMNz T
BAFEENRF I —R. BRRERNEZ4LE
Cu(100) 122, FFBEREAMWEHEXENES,
XERBRE. MERGEBIRMERRAEZFIIAST
MR, SEETEERBXENMR, NENEEH/E
ERs. EEBRAEF, KSEFMNAEEERL
ANEE, INFENNREEROHINR. HLE
& TE 7K B UK B BE A1 L F Th ek 48 X F R £ A9 UK
o

HELZMINE (workfunction) AJFHHZERKEAE
BSEFNATHEFBERARED, B, FTKER

FREXFBTEME, ATHATRR:
EFermis (VaC) = EFermis_(_e¢vac) (3)
Eworkfunction = _EFermis(VaC) (4)

H, —e¢,, AREEE hETERS MRS
BE, Erem: HITEBIME KRR, Epm (vac) N
SEFETNBKREER. LIt s RPREHMES
EHAEEBE] o INE Eyomuncion I Eremi (vac) I
¥ Eit, MERANRSBATSANS: () F
AR  FRER; (i) XN PEREE T
MkEgE Mt  Gil) BE St Eamsea e
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B1 (a) Cu(100) FAREEIRE], (b) Ihek (ZRKAER) X FEMMMBSCNIK, (o) KIRMEEMREXFEHRIKRSIIR, (d) KIKHEEHE

X4k RSSO

Fig.1 (a) A slab model of Cu(100), (b) convergence test of slab thickness using workfunctions (Fermi Levels), (c) convergence test of slab
thickness using adsorption energy of water, and (d) convergence test of k points using adsorption energy of water.

MEBRKBER; (v) HEINER. BI—PRFHME
RRKESRB EMNRMRE. KETRFEE (E.q ) EX
KB ESBRIENR NAEEZE:

*+H,0 - H,0* (5)
E.q= E(H,O" )-E(H,O)-E(") (6)

H E(H,0%. E(H,0)« E(*) 238K+ &8
SRR KO F. @BFERRENREE. XL
EHEHMETERERSIN. BHit, REFEEHN
WKL BRI D AAE: () FARBREEILE
SEARIREY, (i) FIARERGEN @B FIRIEE,
HESBLEAWME—NKSF; (i) FIFARER
HEZ DMK FERE, (v) NeBEFRIER,
MIKE) € B AR UK S 7K 9 FAE BV ER 34T
gt (v) BEXERERNEEE;  (vi)
RIRA (6) TTERFFAE.

& 1(a) 0 (c) B/R T AE/EE Cu (100) 41
BUHEMER. MEIRER, Epp (vac) M E,q b8
EBHHERAIR S Erem (vac) £ 9 BZEA U
HELFXRE. A, BTMLETESS, 7
ERSWSERNERN 4 BRE. 4 BERELE
2 Erermi (vac) B2 E,, #8210 9 RLUGMIESR. B
I REAIEFE4 BREEAGENEE. WikE 2
FEEHNEER, BNERFRE v FEEEE
F gamma S

AEIE gamma FULMEI AN, FNE4 2
A, THEARE k S TRIRMEE. 21 1(d) Frox,
FABEE (1, 1, 1« (2,2,2)« (3,3,3)F1 (4, 4, 4)
k SMASSHITR, SIS k mMEEE, IR
RER TSN, BELBE01eV AN, BELHR
MIRE K 1XFRAF gamma &= (BI (1, 1, 1) k RMAE)
REIRLIZER.

3.2. &R -KAEBEENYILFE

WEFEMEENEERFER AN, AIEH
packmol LM BB Z MRS FHIKEF. KK
BETEESEREEFETSIIE2 (a) R
SREER, ZERD, KOFEMFIEL TR
KA, B, KOFNSEMKDIFRERE LA
kM. AL, AIFBAEBRSFRINZENKEFH
7 200400 ps B F#. TR, HITHFENNFE
PR, NEERANESERT. HEREN—IEE,
HEKLSF, PLERHEEEAR. LK, €8
EFEEREMEFHERIEE N O-O FFREEEH
(non-bonded) - B2 (d) AFEFEHIKS FLEH.
AILUEMTHE Bk o FSRABERNKEER T a#,
e MEEAETIMEE. &E, BEWRIAKSF
NEZEEERIEE. ME 2(c) BESITFERHH K
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Water from packmol
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T
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B2 WIZHESRE-KFHE (a) £/ packmol £ARMKNFETS S B FRIERHHERE,
(d) FEREASFRINZFEHRMNEE.

(o) BB NNKDFEE,

(b) MRRE R PR B AR I R AR AL,

Fig. 2 Procedures to build metal-water interfaces (a) generate a water box using packmol code, (b) an interface model without bulk
metal area, (c) a water density profile after equilibrium using classical molecular dynamics, and (d) a snapshot of the interface model

from classical molecular dynamics.

DFAzFANZEER. MEBLEATIELEFREE—
B PEIXE, MK, ZKIEHKEERIZA
l1g-om™, IREFHBE 5%, MAE 2 (c) HFERD.
MBKDFRERENR, FEITEMAKSF, ME
BT Fe D ERIUFFINKEEE EILFR.

3.3. 2B -7k AIMD #EH

NEADFHNNFEFEERENEBER
VR EMIHEITMLE S FaIHZFE (ab initio
thermodynamics, AIMD) #&#l. % E &R 8
HKH05fs, BT NVT REEN . BT FREmAKE
KMOFRINFHERZREH, FTAE AIMD
IR, SFEREKNENEERT, Mgk
HKHZE. B, FHE AIMD &35 &K
HNEZEENRBFEREZCEA, MBHNFEEH—D
FIEER K 5> FFH B H T IRIEDL

BIEARX, TEM AIMD B3| A2 Kbt
F (Ep) FEHEKAIERRBEE (—ed,.) o @K
FIXIHE X HKEFEBD B RO FRK T A X [E],
Hrh, KEARW xw FEEEFN xy FEER, 2
FEPERE (bulk water width) FENE, 20E 3 (a)
HEEREXE. HZXIERNERAEEHRAE
FZNZH —edao 2 Ex T —edp,,, I RIAFEIIHE
A E B EhE 0.1-0.2 eV DAARY, AIMD #&#)75 8]
1k, & 3(b) BTk 8-16 ps FIXKIFFN () BT

REY 2027 ps FIX 1%, BEKHAFPE, KB
0.1eV, AJI¥LAFE. REIHEFEHR E M —ed,.
BRI A R T ERETHES . AKX EESR
REBARE, BN RES -, NZEBEEHTT 2. [,
HFARELAKSEEKPOMERTE, ZXFEHEE
WARAARK, BENFSESRmAKEEHEIEE.
ATHIEEENEE, —RIE —ed . SEEKERE
FXxZRE, R 3 (d) - AENFANRER, 4=
BRI, —e,. NEAZK.

ME 3 (d) ATAEL, HEEES-11KRZE
B, —e. MEIEEIEK, R AEKERERREEE
K= E ST ERER, EAEERNBEXT 5%it.
M 11-12 RS, —e. ETF4, IEAZE ST
BRE%, AIARKFAEMEKNFRRE. SEEX
F 12 RAS, —ed,.. DFFIR TR, FRAFAEED
KR EKAIEFRBETISHR. FiIL 11-12 1R
H) —eya e BEHITE Er 9 1.394 €V, —e
731478 eVe H AR ILITE AT E Cu(100) A Upye
7 -0.726 V[27]. 5L1E -0.73 V[28] ttE&, 11HE
UPZC Rt .

4. SR EREHSIHTE
41, SRS EER

SR PRERREL, AU RIMELHF



Journal of Electrochemistry, 2023, 29(7), 2216001 (5 of 9)

Bulk Water Width (b)

—— Instant. Fermi Level
—— Cumulative Fermi Level

time [ps]
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time [ps] width [A]

B3 (a) AIMD M#1i%H, HAEREEMEKNIKE. (b) FEEENEKERENEZLRNMZE. (o) FHEKNRNFETRE
REELRIMLE, BFNSFERRARBEENEMEK. (d) FHEKGPHEEAESEAKEENXRMZ.

Fig. 3 (a) An initial structure to launch AIMD simulation, and the bulk water region is shaded by blue cuboid, (b) time cumulative Fermi
levels from the Cu(100)-water interface model, (c) time cumulative electrostatic energies of bulk water region for the interface model,
and (d) the ensemble averaged electrostatic energies vs. bulk water width.
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_6.8 CBM
S -6 ) CBM
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% -71 gap
0.40 eV
%_7_2 VBM gap € gap
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w73
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VBM
15 3 5 6
(c) (d) n [Layer]
-6.9
-13 CBM
— CBM CBM
-7.0 -+ v
-1.4
— -1.46 %
> — -7.1
&, b 1.58 == g - 9ap gap
" —_— § 040e¥ 038 eV 0.39 eV
©—-1.6 < -72
w -1.67 g
-17 w -
VBM VBM VBM
B : : : e - —
: 4x X6X X8x!
n [Layer %
[ayer] supercell

B4 (a) SnO, (110) FARIEERG], (b) BEEEFHIIEXNFEHNBSINK, (o) KEMERANTFEHMBSINL, (d) A=RERH
FlEX F BRI SN I

Fig. 4 (a) A slab model of SnO,(110), (b) convergence test of slab thickness using band alignments of CBM and VBM, (c) convergence test
of slab thickness using adsorption energy of water, and (d) convergence test of supercell using adsorption energy of water.
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IR FREERFREMR, AE 4 (a) 77 Sn0,(110)
B ARAREL .

S5¢BAEREN, P L AL BEE10-15A
EhE. L, F 1520 A. BRFHERH, SLYNEE
BEUBHCRENX . FI, SnO, L Sn R-F KPR
OFRFA1E. ATFREAKMEBRESR, BEENXME
FTREME, BEUGTHAEBHRR T RE X
HETRRIVER 5 B SnO, &R . 5&RBHREN,
FNE 7K IR BT e FNRE TS (A2 BAEXS T B EHI SR

AUERENTFEESNRETNETRTIA
RESEAETHNFBABEED, B, BHigER
MEEZHBR. THENEESERCINMN
10 (valence band maximum, VBM) FMSTHE
(conduction band minimum, CBM) . BEE AT,
VBM #1 CBM 23 AR S A #E S FHIE (highest
occupied molecular orbital, HOMO) # # &
K EMESD FEHIE (lowest unoccupied molecular
orbital, LUMO) . Bk, A= RERIGEFHTIA
BTHERR:

Ep (vac) = Egs' —(—ePyac ) )

Heh, —e¢,, AREAEHATEHSHBRETEEE,
Ey FHREEHEBEH HOMO = #E LUMO, Ey
(vac) IS EFHETHEER. AL, E=HEHHES!
RN BERA 2 ANS: () FAREREELFE
WRAERL, (i) N PEARBERHITMLEEEIL, (i)
WY REBNERSEE, HOMO M LUMO, (iv)
WHESREBHS. B4 () 2FEEE SO, F
WIEEMET THRETHSTIER. AT0, #EHEE

(gap) FEEFIEMTMAARK, F517E 0.1eV AN,
AW, wHNEBENMERBERERES. B 5 EM6
R, CBM # VBM 7 43 7482 0.09 1 0.05 eV
Hit, 5 BEEXTF SnO, AR Z B .

B, ZARBENEKFIRM RS TR
RNER: 5 —8. AEANE, BEFEFRR
B FTRESH— MK F, DURFRENTR.
XA KAIR T BE T E A

E(2H,0") ZZE(HzO) EC) ®)
H i, EQH,0% EH,0)« E*) % 37 /D
KOF + EUERIEE . KaF. BUFRIE
BB G, XLEHEHMAETFRIER SR FLL,
RN B 2 A3 (1) FIAEER
HEZEEYERER; i) FABREREES
SUYFRIEE, HFEECY EREAMNTRERE
—KaF; (i) FIAREREEL—DKEF
BE; (v) WEEYERESR, mKNEEDE
WRIEEY A R SRR A7k o FAE B ER B TSI (v)
WA XERRENPEGE; (vi) BEBAXITER

Ead=

MigE. KIRMRERINEERERER 4 (o) « 5%
WWIRZERL, 3« 4 BHIRMaEEBR KRR, M5
Bz ERMeEFAKE, FAER 5 BEEREE
Ao

&EE vy FEXNR. ZUR5€EM
k UMK 2. CP2K T+ 3 S4B & {F IR AT
FH OT BEERSUR k%L, m OT BIEF AT
k RITE . EMmEEREY K xy FETTERFIA
MRS, EEIE4 (b) RIERE, Hexy @
H2x4HBH, EEASE, AMHMAN2x4x5
AL, BRI 2x4 x5 3x6x5. 4x8x5 1
R ITETRTHIINITE, ER0OE 4 (d) Fix.
MEFIEY, = MEELLEHE (band gap)
TEREHAIE (VBM, CBM) #4EZxL)l. B,
2x4 x5 ERBRRBHITEEITE,

42. |y - KA EER NV

WEFEREENEERFEAANG, ERK
VIR ML R E—F7K. M/a, AIf#FHA packmol
BRHEER BB EZ DK FRHKETF. BKEFEE
5 iR iE R 52 E 5(a) RIS R RS,
ZIRB, KOFEMHIELTFRERT, B, K
DFREEMAKSFRERIELSNBTCEE. &
I, A BEEESFEINFENKEFH#HIT 200-400
ps BI¥E. TR, #ITHFINZENEN, KE
ERAYIRENEEFMIRMAK, 0E 5a) 12
BIEMS . HIEMEM—ERE, #HEKSF, Fik
HEMBIEHCIAEB. WKW OGS HS5HM
K—E, MPEHRNERERFNNZSENEERIERE

(Nonbonded) #HEERH, BRI

5(d) BIFERERKS FEH. LSRN
BHKSFERBERKEBER TEHR, 2—MEH
AT EE. &, EFHIAKSFREERS
EE. WA 5(c) BEFITHARIME KA FRzE
MHZEER. B EATAELEFEE—BRFEENXE,
BEMAEK. EXIBHKBRENIZA 1 gem™ , 1RE
BT 5%, 1E 5(c) BB . WMRKSFE
EARIEYR, FETERMKSF, MEBXHITHTF
BN FEFRIAKE BB R IAFR.

4.3. S -KFER AIMD )L

AR TN F R ERENEMIERVIRE
T AIMD E#l. BEEBIEEIZK A 0.5 fs,
BT NVT REEN. BTREKELES TFEIN
FHERENERI, FrUE AIMD #EHE, &
FEREAKNER L LR, NIERERKNZRE,
A It FH#E AIMD =R EEKNZEEDRFE
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(a) (b)
Water from packmol OSn © O °H

e N
o o

Density [g-cm ™3]

o
o

0 5 10 15 20 25

z [A] I Statistical Average

5 LA -KRAE (a) £A packmol £MHKDTETSANMFARER N BHEERL, (b) MBRE L) FARRAE XIS FHIR
B, (o) AEBRENNEKSTFRE, (d) EREASFHNZFEENRE.

Fig.5 Procedures to build metal-water interfaces (a) generate a water box using packmol code, (b) an interface model without bulk SnO,
area, (c) a water density profile after equilibrium using classical molecular dynamics, and (d) a snapshot of the interface model from
classical molecular dynamics.

(@) Bk Solid Bulk Water Width (b)

OsSn © O°H -43—5 2 7 3 8 10 12

(c) (d) time [ps]

35 3.5

3.4

33
§ /_—%\ﬁ\o\ﬂ
.32
¢

31

30 — 8 —10 —12 — 14| 130

—9 —11 —13 — 15
295 2 2 6 8 10 12 295 10 11 12 13 13
time [ps] width [A]

B 6 (a) AIMD M¥I#R%EH, HrpE bR AARKFEEE B XK. (b) AEEMMRIAFRAEEN LN Z, BNEFERTRE
BEMEAEE, (o) AHKHRAFBAERNBL LML, BONEFRRTEEENEHEK. (d) AHEKEF5E BB SEMRK
TEMK AL,

Fig. 6 (a) An initial structure to launch AIMD simulation, the bulk water region and bulk SnO, region are shaded by blue and green
cuboid, respectively, (b) time cumulative electrostatic energies of bulk SnO, region from the SnO,(110)-water interface model, (c) time
cumulative electrostatic energies of bulk water region for the interface model, and (d) the ensemble averaged electrostatic energies vs.
bulk water width.
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RESEEA, WBENHEE—DHILR KD FIF
BEFFIREDL

RIEAR, FEM AIMD S EIAAEE A (—ed.)
A KA ER R B EE (—ed.)o AIEKAIX IR E X
IKEFESHHRONHRKGTEXE, Hf, K75
HHxy FESEFH xy FEEE, z FAMNEE
(bulk water width) FNE, NE 6 (a) KK
P Xig. ZXIFAEE R AR BEZH
ZIM —eyoco HRHHEARE AT SRR OXNTRKT
hX[E, ME6 (a) WREBIAEXE, HEFRR
BERSESHMEKEN. TEME, TEBAKESE
(nanosmoothing) Y75 AR08 E A XI5 E K
BRBEENS), REERFEY [29].

L —euua T —e, B R TR A 8] Y 3K =
7£0.1-0.2 eV IRNAS, AIMD IS AMFLE, NE
6 (b) FT/RAY 8-12 ps FIXIHA () Frzmhy 9-12
ps WXk, ELRAFE, KIFEI0.1 eV,
A AEE. REWEEFEIH —eduq T —ed .
AT AR ERETHET o ARAEZK X8 28 B
SeRAEGRAEL, THERRE. ME6(d) B
BEMEEN 11-11.5A REHHE —edyiq 1 —4.161
eV, —ep,,. H3.385 eV, HOMO H LUMO HJ Ey°
2517 4.973 F16.056 eV, wALRK 2) ITHEAF
SnO,(110) VBM F1 CBM HI&ETHHEFI 2518 1.76 V
#10.68 V. 55C36E VBM (3.747 V) F1CBM(0.147 V)
EE%: [30, 31], ZIMHFEA VBM HIZEEEBELE K,
RE CBM &R, XNARERZFSHEEL
MEREBEZINT [15]e KRFTAH, GCGA THZ &
FEBIMIZZE (delocalization error) o ZIRES
SEENMER. B%, FH GCGA ITES KA.
HR, WFeRRFENErRNHRSE¥SHR
©LHiF. FTALBHITE Uy ZEER AT
HEFE IR SR (E.

5. 8 &

AXNBTWMAFAMEEDFNAFHT
ER-KAERARMELT-KAEFRRPETHE
F. ABEAENERAE, FEHTERIELE
EiR, SRS FRINEMNKEFEE, URM
LB FRINFFENERAEEER. BYREE
BB REEE, URABETSNERER, ALS
I ENRETHES . AXHETRANGF, 23l
& Cu(100)- /KR EANZ BB (-0.726 V), AKX
SnO,(110)- KR EMINHIN (1.76 V) FISH K (0.68
V). ¥ DFT ZERMNBHIRE, HEETFEKLY,
EREENITE Up,c SXREREMNIE .
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Band Alignments of Metal/Oxides-Water Interfaces Using Ab
Initio Molecular Dynamics

Yong-Bin Zhuang, Jun Cheng*

State Key Laboratory of Physical Chemistry of Solid Surfaces, Collaborative Innovation Center of
Chemistry for Energy Materials, Department of Chemistry, College of Chemistry and Chemical
Engineering, Xiamen University, Xiamen 361005, Fujian, China

Abstract

Band alignments of electrode-water interfaces are of crucial importance for understanding electrochemical interfaces.
In the scenario of electrocatalysis, applied potentials are equivalent to the Fermi levels of metals in the electrochemical
cells; in the scenario of photo(electro)catalysis, semiconducting oxides under illumination have chemical reactivities
toward redox reactions if the redox potentials of the reactions straddle the conduction band minimums (CBMs) or
valence band maximums (VBMs) of the oxides. Computational band alignments allow us to obtain the Fermi level of
metals, as well as the CBM and VBM of semiconducting oxides with respect to reference electrodes. In this tutorial,
we describe how to obtain the band alignments using ab initio molecular dynamics simulations. To be simple, we
introduce the protocol of computational band alignments through two selected charge-neutral interfaces, i.e., Cu(100)-
and SnO,(110)-water interfaces. It should be bear in mind that one can also apply this protocol to electrified interfaces.
The band alignments at charge-neutral interfaces have different meanings for metals and semiconducting oxides. For
metals, the alignments amount to Potentials of Zero Charge of metals, under which the metal-water interfaces possess
zero net charge. For semiconducting oxides, the alignments show the positions of CBMs and VBMs under a special pH
and potential. The special pH is named as Point of Zero Charge and the special potential is called Flat-Band Potential.
The oxides-water interfaces have zero net charge if they are at the special pH and potential. It is worth noting that neither
the positions of CBMs nor VBMs are directly interpreted as applied potentials. In the protocol, we refer computed
levels to standard hydrogen electrode (SHE), and thus directly compare the levels with those from electrochemical
experiments. With PBE functional, the computed Fermi level of Cu(100) is -0.726 V with respect to SHE and matches the
experimental determination of -0.73 V (SHE). The CBM and VBM of SnO,(110), however, are computed as 1.76 V and
0.6 V (SHE), respectively, which fails to match the experimental values of 3.747 V and 0.147 V (SHE), respectively. We
attribute the failure to the delocalization error of density functional theory. Because of the error, DFT tends to spatially
delocalize one-electron orbitals, which occasionally has negligible influences on the Fermi level of metal, but significantly
underestimates the band gaps of semiconducting oxides.

Key words: Scanning tunneling microscopy; Electrochemistry; Copper electrodeposition; Underpotential deposition
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