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Alternating current is widely used in the ~udy of va_,ious kinds of electrochemical ptoces.~,, aml also.for 
effecting or improving a number of-technological p.~ocesses. Thus, alternat~g cu~ent is used in the study of 
the m"acrum of the electrical double layer [t], for the e3uctdatton o f ~ e  kinetics of the format/on and dhso- 
lut]on of oxide films ~],  in the study of the dtscha~e and ionization 5f hydtcgen [3], and also for the anodic 
dissolution of various metals (Cr, Mn, Pt, etc.) [4]. 

Studies have been made in a number of pape.~s of the effect of the superposRion of an aIternating 
current on the cathodic process in the elec'~rodeposlzion of metals. Thus, Izgaryshev, Kudryavtsev, and 
gerkman [5], Kohlschu~er ~nd co-~workers [6], a~d c~e~s have noted a comiderable reduction in the polariza- 
tion of the cathode tn the elec=odepositton of mckei. There are also papers showing that the superposifion of 
an altexnadng current during the elecrrodepes~tion ~f :neta!s greatly affects the s~mctu~e of th~ deposit [6,71 
In spite of these h~vestigations ,on tbi~ subject, the ca,~es of  the eh'ange in. s~mcture of electrolytic deposits 
and of the reduction in the degree, of pot£rizarion of the electrode remain obscure. In the p~esent LnVestigation, 
some supplementary data concerning.the effect of an alternating current on the electrodeposidon of nickel are 
brought forward. 

E X P E R I M E N T A L  

In our study of the effect of  alternating current on the struct~e of electrolytic de,posits of nickel we 
used the followkng circmt (Fig.l); AC is au acct~.-na!a~.or, C a 6onder~:-er, mA d.c. and a.c. ~/tliarm'neter% 

R t and P~ rheostarz, Dp a choke, g the so~rce of a.¢, A ~ e  anode, K the encode ,  and B an au.~-liaxy rachel 
elect~o'le for the superpos~tion of ~ e  al.:e:r~a~ng c ~ e ~ .  Etec~odepos[tion of nickel was carried out from 
electrolyte of the fo!IowLng compodtion: 

] 
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NtSO~-'Z~O . . . . . . .  250 gf l i tc r  

N a C I . .  . . . . . . . .  5 g/liter 
H~80~ . . . . . . . . . .  30 g/IRer 
pH . . . . . . . . . .  5,4~6 

Tbe tempeza~aze of Lhe elec~Olyte was 2G: 

Foz ~he el~crr_odeposifion o¢ ~cke l  r_he density of the dhec~ current 
was varied f~m 1 to 3 amp/sq.dm, and the density of the superimposed 
akemating cu~enz w~s va~ed also from1 to 3 amp/sq.dm. The suuctures 
of th~ elec~olytAc dew~sttt of nickel, as exhibited by the elect-on micro- 
scope *replica'* meLhod (magrdf~can_'on 7000)~ axe sLow.n tn F ie f  2,2 and 
4 , .  The frequency of the alternating cu~ent was 50 cycles/see. Fig. 2 
fl',o~,~ the suucture of z a'-c&el deposit obtained at a direct cu.rtent densi.,y 
of 2 amp/sq.dm w~:Lhoat super'reposed a.c. The depOsit ~_hown in Fig.3 
was formeA a~ a direct ca.~eat demtty of 2 amp/sq.dm with superhnposed 

50 cycles/see a.c. of the same denstr¢. For .he deposit shown in Fig.4, .he d.c, density was 2 amD/~.dm and 
:he a.c. dehdty was 3 amp/sq.dm. 

As wiU be seen from the pho~graphs, in £be range of .%e. demivj i~2 amp/sq.dm there Lq no appreciable 
Irterease in the size of the crystals of the deposit, but at an a.c. dens/rj of 3 am~/sq.dm ~.e grain size increases 
sharply. It is evident that this increase in cc¢~al size h to be observed only when the value of the superposcd 
alternating current exceeds that of the direct current. 

Bestd~ studying the st.r'~ctur~ of e!ect~olyttc deposi~ of nickei, we examined the effect of gm zuper- 
- -  - - . . . .  ~ m  

* We exl~re~ our gratitude to A. B. Shekhter and L L Tretyakov fo~ the dete.rmJnafion of the micmstructures o! 
the deposi~ with the aid of the electron mic_eoscope. Sea Piate,p. 847. 
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lrO~ition of an almrnauag current on the porous charac'_er of the deposirL In these investigations electrolytic 
depo~itt of nickel were obtained from ele•ctrolyte of the ~am~i comp~sizion of a d.c. den,ity of 2 amp/,q.dm, 

th~ a.c. dendty ~ l n g  varied from 1-to 3 amp/sq.dm. The ~ic~n~'~s of the deposit inve'33gat~d wa~ 18~20/~, 
The number oi l~res wa~ detetmltied by the aid of a reagent o f  the following ~rnpo~itton: 

NaCI ........... I0 gP,2te~ 

The re,~gen~ was allowed to act tot 2 mir.  The pores were coant~d under the microscope .at a rnag,-,lfi- 
cation of 50 [8~. The expedmemal resul~ are given in Table L 

TABLE 1 TABLE 2 

Dependence of hhe Pore Der~ity, 
on the Relative Dendde~ of the 
Direct and At~raating Currents 
(frequency of a,e, 50~cyctes/sec) 

d e m f J  
(amp/  Numbe~ of pot~. per ~q.cm 

k 

9. 14 I 8 I 0 I il 
i 

I' 16 ! El II I 13 

~r~e~irs ,-esui~ ~iven in 
Table I a~c ave.'age values from 18 
erperimeum. 

Dependence of Po.'e Dev~ity on the Frequency of the Alternating 
Current 

D~c~ 

devilry 
( a m ~ /  

~q.dm) 
( a m p / '  Number of ~o~e*. per sq.cm ] 

sq.dm: i 

I 

No. of 
pores per 

sq, cm 
without 

superpo~- 

~ n  of a,e, 

As will be ~een from rhe~e results, when .'n altemar/n$ 
cur.rein of der~aity of 1-2 amp/sq,dm ~s s~per~npo~d, ~ e  number 
of pore~ dnrir~ishes .~arp!y..=e.ddes -svad~dng uh ~. effect of r2~ 
derairy, of ~e alr.ema~..cg current, we Investigated die effect of 

the frequency of the current on fi~-e porous nature of the elec~ly~_ic depod~ of nickel. Table 2 shows me 

dependence of ~he po~e density on .-_he frequency of ~c aitemar/ng c,~:enL A= .wfl! be ~en from Table 2, a 

h~.h-frequency altetn.arivg current has no effect on the pq.re der~ir/of elec-zolyr/c depo~irz of nickel 

D I S C U S S ~ D N  OF RESULTS 

It is evident t'-~tt, when uhere is ~ sa.u~.rLmpo~,ed alter~a~-~g ¢ ~ e n t  of density ~eate~ r~han ~a t  of the 
direct cunent, condi~ons are created at ~.!~e cadaode that l e ~  not only to indecisive growth In dne nickel c~stals 
formed, but also to their period!c d~ludou in a~c~_~on ~-kh ~e changi-g dd.rcction of the al~emating eta=ont. 

If it is assumed ~mt the elec~olyfic depogt on ~.e cathode comi~ of crystals of variable size (which is indeed 

~o in .-nest cases, see Fig.2), ~hen it may be supposed ~ar  when the d/zec,n/on of f'.e current change.~ there w/ll be 
p~ferential d~soludon of the fine cry~als, owing to fi~e~ greate~ excess of su_rf~c~ ~nerby and therefore lower 
stabil!~ when compared with ~ e  large~ crys~ts.  

The dependence sf ~lubiliry on smface ener&y a ~  on cleNs~t dimer,.~ion~ Iz given by Thorn~n% ec3mtior.: 

RTh~..~ = 2 a M  .1 i , (i) 
p~ d h rl 

whe~ 1~ is ~ e  vaI~r pressure of crystah of raditm-t~, h i= r.he vapor l~e,~a~.~e of c~stals of r~dxus rl; o iz the 
~ __ __ ,,,.,~,~, ar, d ~ i~ .h'~e ~ . m ~  of-,the Detioth~g ~eL.H.S, ~ur,a~e temdonof ,~,~ ,-~m~-, M ~ the moleculax ..... '~ '* _ " " " . . . . . . . . .  metn_~. 

of  equation ! by ~, the overvoltage, [0] and ass~tmtug : i  r.~ be sufflciendy great/ we obtafn: 

2~M i 
. . . . . .  . (2) 

The de~en~.inafion of file dissolution rates for ¢ryszah oi vaziou~ di~e~ion~ from this formula is 

difficult, fi~.ty o~ing tc ~he absence Cf exact da~a on the s~faee temion of the crystals of solid metal, in 
pm~ttcttlaz tricker, and secondly o w i ~  to ~ e  d~.ffiettlty of ezrzbitfning the exact retatior~d~ip between the ove~- 
voltage and the erysud dimeusion~. 
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A n ~ o ~ . ~  eJdc,tlatiors [rom e~at~on 2 for the deDosttton of silver [9] hav~, sho-~a~ hhat {at a ten-fol~ 
eha~.* ~ cr~stal dtmer~ions (t '  = L4.10 4 and r ~ = L4-1O~), the overvoltagc for silver deposltton cherries by 
o~/y L ' /mY.  When Iti~ considered that the order of magnitude of the ¢r:ervoltage for d i~olvh~ ~ck e l  c r t ~ t ~  
~ c ~ l y  chan~;es In comparhen with that of silver wlth variation in cry~tal dlmenstor~, t; £~ e~dent  that th~ 
o'¢ei~l~a~e ~ h t a g  from differences in the crystal dimenstom tn ~eke l  is very sma~ ".n come . l eon  with th~ 
~ / o v e r . I r a t e  o~%served In the electrod~posttlon of nickel [3_0]. I~ may therefore b~ considered Lhal vari~c$ 
la the ~a~e of dissolution o f  cry~tah due to varta~/om !a size cam-rot play an important ~ar~ In the c l ee t rode~d-  
~ n  of nickel, ~ ~I h thus Lrnpo~r/b!e to explain ~ e  increase in size of nickel c ~ s t s h  when a l ~ e n ~ a ~  c~ rem 
is ~apedmi~ed as the result mere!y of Preferential dL~,soiutton of ~raall crystaL,. 

~%nother p e b b l e  explanado~'Is as follows. When elec~<le..~fltton of nickel o¢c~ ;  In the eou~e of 
e lec~ly~a~ the~e occurs the dir~hatge not ¢~nly ofnicke!  ions, bu~ also of hydrogen ions, w i~  the reml~ r:hal 
¢alk~tdal l~ang-.les of hydroxide are formed directly at the surface of the electrode, parth:uiarly In neura l  or 
weakly acid so!udom [II].  These paxtieles, which ;operate a t  the cathode to~ethex with hhe deposifiz~ mend, 
• et ~ pa~tva~r% hLudeflng the growth of the ~/ckel crystah. As a result of this/nhlbttion of crystal ~ w ~  
fhnely ~ i i n e  nickel deposit is obtained. According te Billlter [12], these particles (passlvar~rs) may be 
deuec'~,d in the f ~ m  of black embedded matter at the boimda~ies of the g~atm by examtna~on of metallo-- 
gxa~htc ~ . ~eparattor~ of the depesit. 

fo~ma~on of finely cw~all lne depo.,ir~ of nickel resulting from the action cf the hydrordde, wh~h 
is fon-~ed at the car.b~de and becomes embedded in the de.rx~it, has been noted abe by cd~er au'_h, oz~ [13]. in 

fac't, when the ~ieked deposit is ~alyzed, a certain amo~mx of oxyBen can be detected., which confirms r.h~t th~ 

embe~,~n~ of hydroxide In the deposit has occurred [12-14]. 

On ~e b0zt~ of the above dLw~,.tsslon tt may be re~aried as probable that the formation of a fh'~eiy cr-~- 
s t a~ne  .~tn~ct'aze tn the e lec~le l~dt~ ,~n of t icket  S due to L ~ b i ~ o n  of cr~sta! ~zowr~h. The superp~-.i~on of 
~ e m ~  eurrerct in ;he elec~c~epositiOo of ntc~-keI m t ~  reduce due of fret  of these pa~sivatom, f~ce  ~ e  
eleca~x~e h paia~.zed alterna~e!y e ~ c 4 i c a l l y  a~h anod!ca~ly - when p~la,'iza~ion ts anodie, the hydroxide 
~ , c l e s  not only c ~ n o t  separa~ at r2ie electrode owiv~ r.o their po~ir/ve charge, but will even move aw~y 
from ~ e  el e x : ~ e ,  On ~%e.bther hand, "owir~ to.the'Ahodic polar~z,a~edbf the ele~t~ode~ the d;~ha~'~e cf  
t~ydzr/l ior~will cccu~ there, leadin B ~o ae.id£fication ef the solu~on adjacen~ to the elcc~rodc. Increase in d~e 

ac/~L~y Of ~he layer adjacent ~ .d-r2., cafi~cde: ~4ill result ~'~.~e.~estrnc~ion of ~he hydroxide particle~ nha~ave fc~.ed.  
2~"e~ r~-= ~x, c e s ~  w~1I ze-mk,!z a. reduction Ln the cenc en=atmrt of .the hydroxide, L e.of the ir',h~bitor of evy~tat 
~mwr.h. 

The h ~  ~ve~ol tage  ",-a2ue foz d~e electrodepositton Of nickel is to be exp!atned by the dilfic~/D', 
due to ~ e  in]r/b:ff_~.~g effect of  admrbed nickel hydro~de on me electrode s~face:  of di~har~.ng nickel ~ r z  
~10], "Fee iowe~ta~ of  the o v e r ¢ o k ~ e  by ~he c a p e ~ . ~ n  of  alterrm-kng m~rrent is to be explained by the 
pa~.al ~ m o v a l  ~,f r.he nickel hydmrdde. 

Ou ~ e  basis of t~dL~u~ion [t is evident tha t  ,ss the f a c t ~  causing pasaiva~on of ",he cry~:zh 
rammf.e4. ~o~dition~ are created that e~zoura~e the ~.r~w~h of h~di~du,~l cry~.ta2s, and the factors ~reT~mir~ 
coale~emce of crystals are removed also. CuTLatLn%en~ of the ~wth of a Eroap of growin~ crystalz appea.r~ to 

h~ ~r~ of, ~he c~e~ of the fo~ar'ioo of pores betweep ~e:n [8~ 

Keduc ~fen in the number of pores when al~ernatLng cunent is slpezirnposed is to be explained by a redu~::- 
don in ~ ad~ori~'tion of d~e pa.vJ.vatom (nickel hydros/de) that i~./~.ibit the ~rowt.h and coalescence of the ~owir4 

er/~t~h and pmvemt the fotmadon of more compact 4epodts. The absence of any effect due to the alteraatir~ 
~e~t on the ~m-nber of pores in el6ct~olyzic deposits of nickel when the frequency Is Increa~xl may be ex- 
~ d  L~y tI'~ fac~ lhat a~ h[~ frequencle~ the composition of the solution in uhe ca~od2C layer does no[ a l t e~-  
~ . a d o n  ~r.d. t ~  rsmovai  of hydroxide particles from the- cai~cde layer do r~t occur owin~ to the h~gh 
Lre~eacy with #htCh 0,~ d~ec~don of ~he current char~es [15~ 

SUMMARY 

L The effect of alternating current on the electtode~o~tfoR of nickel has bee~l suadied. It has been 
~ w a  thar~ when ahernattng c0_~ent of ~-~ater than a certain density tt superimposed, fi~e deposit is of a 
eo~mely ety~.s11ine struetur¢. 

2 .  It has ~>een shown that, when alternating el=rent is s:.,.~e.rtrnpo.,~d, the n u m b e r  o f  pores  i~  e ~lex:tro - 



lyric depo~tz of nickel I s r c d ~ .  With Increa~ In uhe f~e~uency of the alternating cu~ent, Its effect 
gradu~Hy ~ p ~ a r ~ .  

3. A hypot~.ests b ~ve~ m the paper concerning the pc~s~.ble mechanism of u%e aed~n of alt~rnadng 
current on the slmcrJm of the deposit and also on the oT~rvoluL~e/or the discharge of nickel ion:. 

RecOver3 December 28, 1951 L'~/tute of Physical Chcmhtry of the 
USSR Academy o~ Sciences 

L I T E R A T U R E  C I T E D  

[1].Y. L MeDk IGaykazya~l and P, L Dolin, New Methyls for the Phy,~ico..cher~ica! ~vestlga~ion of 
Surfm:.e Phemomena. Trans. InsL Phys. Chsm., No. L Acad. So/. USSR ~es% 1950; ~L A. ProskumLn and M. A. 
Vo~Lm~. ~ A¢~. Sci. USSR 24, 915 (I~); M. A. Pro~kufin a~d A. N. Fnunklr,, Ttans.Far. So¢. 31, II0 (1938), 

[2]B. Y. ~n~h/er. Tram. Second Conference on Co~roslon of ~etals. Acad. Sol. USSR Pres~+ Par~ ~,, !943, 

[3] 9. L Doitn and B. V. Er~hl~r. I. Phys. Chem.~ I~, 886 (1940). 

[4]P. Hal/a. Z. Elektrochent 3,5, 842, 1929;, A. ~ochel ar~i A Petit, Z. Elektrochen% 10, 989 (IS04), 

[5] N. A. Izga~,Tshev and S. S. Berkmap, Z.. E/ak_,2ochem. 31, i0 (1925~, N, A. Izgaryshev and N. T. 
Kudryavt~ev, Z. Elek~ochem. 38, 131 (1932). 

[6] V. KohBc.hutrer ~nd Schodl, H~Iv. chim. Acta 5~ 490, 5@3 (1922). 

[q] G. T. Bak,hvalov. Trans. Second All-Urdon Conference oa Theor. and Applied Elec~rochen%. Acad. $cl. 
USSK Pies..K!ev) 1949. 

[8] A. A. Sur/a~na a~ A. T. Va~ramy~'L ]. App1.Ch~'n., 24, ~ 5  (1051).~ 

[9] A. T. V~a.myam Elec~<leposldon of Me~al~ Acad. Sci Uc~eR, i~0. 

[I0] .4_ T. Va~n~an ~ndZ. A..~lovyev~. Pro¢, Acsd, SeL USSR, qq, 629 (1951). 

[I!] G. S. Vozdv~zher~ky. L APpl. C~hem~, 20, 813 (i04'~)~ ~/.. N. Foluk~ov. J. Gen. Chem., IS) 1583 
(194@~ .,L~ZV. Kuznet~ovo /. PhTs. Chem., 24, 574 (i950). 

[12] Zh. B~/~/tcr. Fundam~n~ of Galvanotech~ics. !!~c~:~ Sci.-Tech. Pree% I~e37. 

[13] I<. M. Gorbunova, T. V. Iv~novskaya: and N. A, S~i~hakov. A Phys. Chem., 25) 981 (I~I). 

[14] D. ~. ;vlacnaus/,tan and A. W. Hothe~all, TranL Far. S<~$ 2~, 49? (!9'28}; 38q (Ir~28); D. A Mac- 
nau~h~an and ~ A. ~. Hammond, Trans. Far. Soc. 2~, 481 (i~30); 2q, 633 (ISg!); A. K. Gardarn ~sd D. i 
Mac~au~htan, Trar~.% Pal. Soc. 29, 753 (IS88). 

~I~] N. i Stepaaov. Bull. Acad. Sci. USSR, 8, 13~5 (1914); M. ietlanc and K. Sch[tl% Z. phys. Chem. 
4~, 213 (1O0~); Z. Elc/<~ochem. !~, 28 (i91W. 

" See Conmlta,.~cs B'xe~u =aml8don, p 1025 
• ,See Cor,.~ultans B~eau ~anslatton, p. a-l. 

4VZ 


