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Challenges for Understanding Reaction Details
of Lead-acid Battery
— Investigations of Charge Reaction Process
of Pb/PbSO, Electrode —
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Abstract

We have investigated chemical reactions in lead—acid batteries in detail. In this study, /n-situ measurements by
electrochemical atomic force microscopy (EC-AFM) were performed on Pb/PbSO, electrodes in sulfuric acid solu-
tion with and without Na” during constant current charging. Decrease of charge acceptance caused by Na” was du-
plicated. Continuous EC-AFM images simultaneously obtained with the electrochemical data showed that (1)
PbSO, formed by discharge disappears during charging, (2) the timing of the disappearance in the case of with Na*
in the electrolyte is earlier than without Na*, and (3) after the disappearance, the potential shifts which indicate to
switch from PbSO, reduction into hydrogen evolution occur in the both cases. These results were explained by the
following mechanism. (1) The disappearance is corresponding to that PbSO, fixed on Pb as the electrode is separat-
ed from the electrode surface during charging process. (2) Namely, Na" accelerates the separation. (3) Because re-
gions between PbSO, and Pb are extended by the separation, supply of Pb*" from PbSO, to Pb is suppressed. Addi-
tionally, from measurements of PbSO, dissolution rate in sulfuric acid solution, it was suggested that the

acceleration of the separation is due to that the distance that PbSO, can react become narrow.
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ELTZDEREZRIELTHL E]fFENS.
EEMNE TEC S OSDEMIZ, 165 FRIFEA
CidZED->TEDLS, LIFDIL RIS TRENS.

1EMR © PbO,+HSO, +3H+2e” & PbS0,+2H,0
AR Pb+HSO,” & PbSO, + H'+ 2e”

(1)
@)

IEEMIE, INSORIGZEAFIE UTEIES
. L Lahs, RERICITEBEMZHEKT 2IEEN
ZHATHD, Wiz EZTERROBEIIFICEEL,
& SIIEYE BRI ITRNAINZEN TS, %
DihEEk T E 5 RINIIEF IR >TED,
BHIPEREZ ERTIC ) L E B 570 dicid, EEROEM
SG7% KO FEHMCERE L TSR ENH D, TNET
FRAIEZFIEIC I > TR BT RbN TN, Z0
T BRI 1R D B SR (Electrochemical
Atomic Force Microscopy, EC-AFM) 1%, JJSDVE &
TWBZ DY (in-situ) 72T /) A— R IVAT—)IL Dy
fREECIRATMRIRE T H B 1D TIETH S 7.

—EELIL, MIHICBVNT, Na" ZETREDS
JBAA UM, 7A RV YT X~y THOBIEFE 2
fELTABEIC BT 2 AEZ AN ZE TSRS L0
TEERME LR Y ZORENIE, BMOFEERIGCH
BT EERTREERTEN, Th Lo LicDnT
WBHERDBFEICHE £ > T\ e, 22 T4R, AlE
[OSOEfFEE Na' I K57 ERZ AL FOBRZ XD
FANCHE T B 72IC, EC-AFM ZJG5H L T alir
TEIRISD in-situ BIEE L Tz,

2 KERFE

2.1 EC-AFMBIEY AT L

FEMXNZ Fig. 1 IR, FHME UTHRT 2
PROBEMIL, DEIRT EBOICER LIz, Z LI,
B 5 mm OMigh#EZ TRFVRIRICEHIR L, AFM
HlEHoOBLKIEFEEVCE Y b TE S KD ICHETE
L7z, TOHBEMOEMZ LAY /N7 TEFICL

Z D%, i - &mmf@mmﬁ@%ﬁwf:/%
VERBI o, BBIC, TR/ — VIS
mEBTHEWD, MELELRX/—)VE Ar HATT 1
—LTh b, E5bZeicty L (Table 1).
SRR AIER T A v —, SEEMIEIERZ N L7z Pb/
PbSO, B Fl 2. Ar H R DE A 35 X UEMIED
EABELRIEZEIVAIICERT T2 R— 5 k>
Teo A2 FLN—1Z, BEERHOMED SisN, D&
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D% W,

Y=<l /A RXEPIC& D BReiE

KIEL Th S L7z (Table 2).
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Potentio I—
/Galvano stat [ f;_;
[+ Z piezo
| Salt 5"{ translator ﬁ
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Electrochemical

measurement RE
system
%F T T
XY piezo translator /
A-é’;’;’;"////f;’;’fffx’/// ,-;'-'-"-"':
Fig. 1 Schematic diagram of EC-AFM set-up. W.E. :

Pure lead electrode, C.E. : Pure lead electrode, R.E. :
Pb/PbSO, reference electrode.

Table 1
EC-AFM measurements.

Specifications of electrochemical cells for

Items Specifications
Working electrode

Material Pure lead plate
Area /cm? 0.2

Counter electrode

Material Pure lead wire
Area /cm? >>02
Reference electrode Pb/PbSO,
Electrolyte

Specific gravity at 20 °C 1.28 (= 4.9 mol dm)
Volume /cm® 7

Table 2 AFM measurement conditions.

Conditions

Measurement mode

Constant-force contact
mode

Cantilever

Spring constant /pNnm’ 22 (calibrated)

Tip material /nm SisN,

Tip height / um 29

Capture time  /minimage” 2

Scan direction From top to bottom
Scan size / um 10 X 20
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2.2 EC-AFM |2 & % in-situ SfIE
BRIEAIEDRMIILL MRS LBV THD. &

e IZbIch B2 BT EY, KE - KikE

T EFEEREREM LT,

(1) #1788 : -0.2 V vs Pb/PbSO,, 15 min

(2) Ikik 1 2 min

(3) FHEEfKEE © 100 pAcm® GTHYIDENT : +0.5 V)

(4) fR1E 260 min ({K1E 3 ~ 10 min BIZ EfifHE
72 E )

(5) 7 50 pAcm ? 21 min

AFM X, H—EHEHoOa> 27 FE—FIcE
WCHSERIE 9 7RI 57EE 21 T HEX TOMICE T
TV, B ERAERIE Ul AHIEIXBRKRIC Na'
LB L TERVEETEB Aoz (Na" B ¢
0.00, 0.20 molL™"). TEMRKIC Na" Z B HEE 5 %A
SV IITHREROKIE 3~ 10 7 HOMEL, &
R ERRT A LICKk>TH k> Tz. WERDE
RRIEEBHE Na ZFEEVERETRI—E A2 XD
I U7z,

2.3 FRESSADARREDRIE

W% 5.6 mm OH T ZEIZBER (30 mg) X TRt
SEhmResn (BIS(E, 100 mg, 0.02 dm™) Z7EHEL,
AR HIE A 2 LaEsl LTz, 715 LNOREESHh
[E& 7 BN EE S BRI 20 S UM EED KD
TSI L, HOTRERTS 72 O IS BRI U CTARR
9% Pb” 8% ICP-AESIC CRIHIT 2 C &ic ko C,
B SN O VAREE 3Rk Tz

3 BRELUEE

31 REZAFML ZOBEHBGE O
FEEEBAGA 10 R0/ 5 50 pAcm * EEBFHAEHD
TEFMFE N OHERE & Fig 2 (il « RED 1TRT. 78
TS S & EFIMEN DB/ O Na™ O I
HBOTRPTRELEHMT ZT LD S. TD
SIS R LI N KIS (K1) HBIkE
RERISANG D D> e RBRLTWVWS. L
Na' Z&H9 2 ERE VT DY % % TORE
BNV 28, WREEShOBITICHWV bW BXEH D
TV, DT &, Na' 7 FTOFRERZ AEEN
TEERRLTED, BEOBEMRABRTE S N
=83 5. BHEBROBMIIFHRIRENOZ A TH
0, ARIEEEER T LB ISR L TORET
H5. TUCE M D5T, Na' ZEET 5 EMIE
AW EOREBZAMEK FVHETE M5
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COBRII LA EBEMRE DKM, T & ZIEMILOTF
TEIC KB A 4 VIREILECRE DR E e e L
BLTHREHETZEDTHBZT Ebh 3.

DEIC EC-AFM I & % {F M i D 7 DIFHILHS
% Fig. 3 (BBEIRGELIz2 A 2 71d Fig 2 EEio
TIVT 7Ry MRS 1RT. FRERNCERENS
RO IX, WMEOBRHIN S ° ilsih  #HE I h
%. FEZMET S L, TEEICEHSE NS MR
DU, BRICIEBEIMREDOADBREIND K HICES.
ZDEAI VTG Na 2 E&H T 2 B2 T
B, TS Fig 3 OREGZENT L, WMEEHhDBI%
INZMEEE L U TOBMEICEH, Z0OME% Fig. 2
WORHE L HEIC TR U, FEEOET & & EIChiiE
FROMEALLREMET L, AR 01DV 7cik,
TEFEMNKE L T 5T &b 5d. Fiz, kZ
<orhd % F TORIC T 2 MBI BIR E N5
RELER M 50% & 75 % F TORMOEEIX, Na' Z&
ALEWEE, 95 min/ 18 min = 0.53, Na' #&H
I35, 3.7 min/ 8 min =046 THH, ¥bB5E
KR TEWEE oz, Thud, BETWSRE
JSOFEEE LTI EELEBELTHD, HEICER
MWHBEZRLTVEEDEEZLNS.

WREESN DN R T S N TENC /2 B Ik,  FREESh
WAL TP &b, ZOPH" WNEFEZT LD
TLILE->THTS. TTT, TOREDHET
X 1~ 10 mAem™® & K&EL P —75, WilEhT
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Fig. 2 Potential change (solid line) and change of
area ratio covered with PbSO, (dashed line) in the
case of with and without Na®, which analyzed from
Fig. 3. Sodium ion concentrations with and without
Na* are 0.2 and 0 mol dm, respectively. Charge cur-
rent density is 50 uAcm . Letters of A-O are corre-
sponding to that in Fig. 3 images.
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O Pb* ORIFEEEIL, FiEEIEES 5 mol dm D& &
5.6 pmol dm™® &KW\ . ZD, il HHE M
FOFRERICIT A Y EELBENRHETH D &
WbhNTWS . Leh > T, BMEMNOHER & Hik
fE=ROZbIX, FBMOIHND Pb* OUFEIRT 7 R
LTW38DEEZLNS.
32 REDETICK > THREBHBIRRENEGLED
AHZRX L

koD, FEBHOKEEMm (Fig 2) 137K
FHRERKIANDYIOBEDLDICKZEDTHH, $h D
Pb* DD D ZE KL TV, TT T, TOK
FREL, MBINBIERIN R EoTRIcBI S
END, WEBISMBEEINEZVT &I, PV AN
HoTWVWBTeZZRBLTWA. LNLEND, B
TNzl 72:9 TEhB NS T, BIERENTNIETART
DOWRBBEIMNIR L IR DIHR LIz WS T ETIEAEW. &
¥z, ?EEEF“’?\ PEDME Na™ Z 3 E T 5B D7,
BB E NG BB 2 A I VTR S TH
3. §ixbb, MERNEREFEL TWRICEMDND ST,
EESR MR S Nx <72 D, PO OHFAN S X5

With Na™*

Without Na™

5um

Z scale(Height) m

0 1000 nm

Fig. 3 In-situ EC-AFM topographic images at same
position during rest (51-60 min) and charging (0-21
min). The images in the right and left row are corre-
sponding to with and without Na* (Na* concentration
:0.0 and 0.2 mol dm™), respectively. Charge current
density is 50 uAcm™. Insert gray triangles indicate
the charge start timing, and height and length scale
bars are shown underneath the images. Scan direc-
tion of the all images is from top to bottom and time
capturing an image is 2 min.

WGl bBEABIZONEYTHS.

T2 a2 FE—FAMIC K o THRHPICEH
U 2 IREEER DIRGTRER DI, [E THR L il
Ve EO LR HAEER L TS 5ICiEn A
570, COMBEMERIZ, Wiz d 2 BEE T
FOBE XD, ERMICHAET B2EOBEFHuEIC S
ENTHEL B HARE E’Jfﬂﬁﬁfﬁﬁﬁ“(ﬁiﬁb‘b\}:%z
5N5. TOMBEEAN R AN, Mlghidshe
BEEMNNTRREL 72D, TREEIIIBIEREINRE2
CHEEE NS,

SR - MTROMEIC XN Y, FREESHDENC (LT
B, TRl & & O OEREDIER I/ NE W E
FNCBOVTHETS 5 EWbNTWa. UL, SR
LizkEh, miEHIcHl) 2MBIROTAREITIERIC
&<, MEMICTRBERICZED 5 T20DITiE, TRgER»
BERNTZZBIC P MG S NZRENHZ N5 T
HB. FHCBEXDZN, YIal—Ta VORRND
Tl sn —snf OEEEED 50 nm & K& < xhid, &L
A ERIETLRNWT ENRHEN TN .

FEEERHCIRBE SN DRSS & N7z < 7R 2 Bt & Z DMrif
DTTT 7 A )% Fig. 4 [RGB E s
<732 Em b3 e ERT & [FFEE (Table 3) O
200 nm AfEDOEmETZELTED, X, BAIWKNE
{7Z2DTRIESERCESRENZL 5. £, ©E
WD FEEE S G CHERS & N7 i — EE AR S 7 T\

A Ly
A S

Height

10 15
Position / ym

20

Fig. 4 Height profile along a dashed line in an
EC-AFM image (1-3 min charging, with Na®).
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ERIEDETT B X DT N IT DT B BRI IR,

DlEoz s, FREBEOHETE & ICHEER—#h
B & D =MD RE I BV TRISHET L (Fig. 5
step 1), MISOMETIC K> T, Wilgsh— MO A
TEFME8E D (Fig. 5 step 2), RAHICERE BEES N
TWizhifssnnyins (Fig 5 step 3) EDEEZD
N%. Fig 4 ICBVTIEZHD /A AR ENS.
T, EEDSANTREE DY AFM £R5F & Hefil L |
NP ENTZ T LIC KB EDTR TN EEZ BN
%. —H, MEHPANTLES LEESN TV L
XD LI — N OEAHIE R E < K578, &Ml
O Pb* ORI D K 517D, IKEFEEDKIG
Ko EbsLDLHEENS (Fig. 5step 4).
33 FrUTLAF VDR

FRERHCRBEID R E NR X501, Fdos
BO, MEMBEIMOEENININD I LICEBZEDTH

Table 3 Heights of lead sulfate on lead before charging.

Without Na* With Na*
Height/nm 222 340 77 93 161 255
83 220 110 98 567 237

67 140 150 181 778 139

100 160 200 92 105 194

76 190 150 137 56 344

230 170 450 155 138 256

140 300 150 173 200 292

250 620 130 237 192 156
Mean/nm 197 218

The distance that —»-[
lead sulfate can
react

Strong . Step 0
interaction (Before charging)

0, BEENNND T LI K > TEMOINDHEEHD
50 Pb* OEFEMN DL LS ICEBE LEAENS. L
7eWoT, Na" Z8HEE5 L AREBZAEMEL %2
DiF, FEERFICHEEINOEENNNDT < ED T &I
ERL TS EHEENS.

CCZT, Na"Zz8had 5558 LAangat, HGE
AREFS5mAs TRICTHO (RERICEMRZ ER
L, Na ZBHSHCTHELTVWDDT, KHERDOE
RIS Na™ 28 £750Y), BT OMEEIR D
NHIEBTIC, MRBIROE SISOV TEEREZED S
Nz (Fig 6, Table 3). 7z, AFM #E&tic &
DEZZNEEREICHEESNTED, AFM BED
IREESA R EL D BRI T LI K 2B OTHEME S BERR &
N5. Lieh->7T, Na' Zah 9 258 CimgshoE

50,

45¢ : s

40l = with Na additive
235 = without Na additive

0
0 60 120 180 240 300 360 420 480 540 600 660
Lead sulfate particle diameter / nm

Fig. 6 Histograms of lead sulfate particle diameter
of with and without Na* before charging.

- Reaction site

Step 1
(Initial stage)

Separated lead sulfate

Charge

Step 2
(Middle stage)

Step 3 Step 4
(Final stage)

(Hydrogen evolution)

Fig.5 Suggested reaction model of Pb/PbSO, electrode during charging at constant current charging.
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EPNNPT DD, Na DFRERIGRICIER L
eI K DECREDTH S EWVZ, WEIHELN
TWizNa" BWFREBENISZTDEDICHET S E VS HIA
LE—HT 5"

SR DEENNND L TOES R, h—IREEHh
ST OFRTIRE & IREESh D RISIC B 5T X 2 i (K
JGFTREFRREE) & TSN A ERBEDICHYT 2 8 E X
5N5. ik e B0, Na OFRTRONS FREZ
AMEDEE, FEEATOBEMOIREIZIZEALRTUTH
5T EM5, HHOBEETIE AL, RISATREFREEC
ERNHLZEDEEZBND. TORIGFREEE,
TR E0 D TA R IR, %”@Wﬁ@&k@glkio
T, TSR - ILAUED m W& D S DRk
ME D RKZVEFTCH 2T E KGICE G S8 5N
BEICHEBEEZALND. T T, WIBIROVAME
Rz TA, Na' ZzBHEE2LHMIGBT L
Mbinofz (Table 4). Lizh->T, Na' z&H I
% EICE- T, WMEIAATIC< <RD, MickD
IEWIREESR O A U IS TE R W zs, FETT
MO ISNE L S, iash O EE DN 2 DA
Tl DT E S (Fig. 7).

COEXIICNa ZEHEE B LI OIARREE N
TW2DE, LINORT EHD, MBEROTARK IS
HsD 2 e DI 72T U2 5700 T k)L F—[REEN
FLIEBME TRV EHRL TS, Na Z5F
LaWVWE &, WMBIKEREICIIKEA A HENML, b
WA BIKEA A N EETFNRNS. ZOREE, i

Table 4 Solubility rate of lead sulfate in sulfuric acid.

Na* concentration Solubility rate of lead sulfate

/ moldm” /ppms’
0.0 65
0.2 37
Electrolyte Electrolyte

The distance that
lead sulfate can | 4* H Na

react

\ / _PE§9:1__\--— / PbSO, \

-{ Pbﬂ-~* %»Pb” - — L o o~
Pb Pb

Without Na"* With Na*

Fig.7 Comparison of suggested reaction model with
and without Na* during charging at the same quantity
of electricity.
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HEsnh O R T EIADE FEEIIEL AD, ERRIS
DIV F—FEEEI KL 2%, —F, Na ZEET S
&, Na' Zifs 1 4 VICEEBICH G 57200 T,
R FELOEFEEISVEE EAD, Tx)VF—fRE
BEIE <R 5.

4 BbYic

EC-AFM I X % 1 /Tt i $h 25 0D 78
PFHENSDEDT EHRBE NIz,

1. 722D 5 EFRICHEE T N TOIIREBIRN NN S.
2. [ EMNND &, Tilssh —Shi OEEN K E <& D,
fiEESA & M C & % 81\ D Pb”” OIEFEHNES.
3.Na' ZaHEHEB L, FRERICHEEROEENIN

9<% %.

EC-AFM JlE B S MEERICH E L, SEOFHE
2B LT, BMMEREZ LT 2 R SICBIL T,
KOFMARHEZB TS T ENRAICE>TER.
S, AFEZECD LT 2L BEINZIER LT
IEEMOARE 2L, FHMaERZ L Tw
EXA%N
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