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ABSTRACT OF TEES'S. 

TEF GROWTH AND STRUCTURE OF METALLIC I'LECTRODEPOSITS VIITH 

SPECIAL REFERENCE TO THE EFFECTS OF ION-ASSOCIATION, COMPLEX 

IONS AND INCLUSION OF NON-METALLIC MATERIAL. 

By D.N.LAYTON. 

A study is made of the crystal structure, orientation 

and size of copper deposited from cyanide baths and of silver 

deposited from cyanide and thiosulphate baths at various 

current densities and bath temperatures. 	The effects of 

reducing the cation concentration, though still retaining the 

same total concentration of metal, by increasing the ion-

association was also investigated using silver nitrate 

solutions. 	Deposition was mostly on to polished metal 

substrates, but copper was also deposited on copper single-

crysta1 faces. 

Recent work has established that the growth of the 

crystals in an electrodeposit is affected mainly by the bath 

conditions and the substrate surface effect. "Lateral growth" 

with the most densely populated atom planes parallel to the 

substrate surface, occurs when the bath conditions are such as 

to maintain a high cation concentration at the cathode and a 

high mobility of the ions over the cathode. 	"Outward growth", 

with the most closely packed atom rows perpendicular to the 

substrate surface, occurs when the cation concentration at the 



the cathode is low. 	The crystal orientation and size in 

deposits grown on crystalline substrates under lateral growth 

conditions are largely determined by those of the substrate 

crystals. 	Under bath conditions which favour outward growth, 

the deposit crystals grow uninfluenced by the substrate, except 

in the first few layers. 

It was observed in the present experiments that 

orientations not characteristic of either lateral or outward 

growth occurred under some conditions. 	Both copper and silver 

were found in some cases to have crystallised with the close-

packed hexagonal structure instead of the normal face-centred 

cubic structure. 	The crystal size in the silver deposits was 

generally decreased by increasing the ion-association. 	A 

small crystal size was usually found in deposits from the 

complex electrolytes, but in some cases large crystals were 

formed. 

Three main explanations have formerly been suggested 

for the small crystal size usually found in metals electro-

deposited from solutions of their complex salts: (i) the metal 

is deposited by the discharge of its simple ions produced by 

the dissociation of the 

concentration of cations 

number of crystal nuclei 

discharge of the complex 

complex ions, and the very low 

favours the production of a large 

(ii) the metal is deposited kr the 

ions and the formation of many nuclei 



is promoted by the high energy v,iith Thich the simple cation is 

held in the complex ion; and (iii) the complex ion solutions 

lead to a much greater inclusion of non-metallic material in 

the deposits than do solutions of simple salts, and the crystal 

size is limited by this inclusion. 

The results of the present experiments are discussed 

in relation to the general problem of cathodic crystal growth, 

and it is concluded that in the absence of any specific 

substrate influence the crystal size in electrodeposited metals 

is chiefly dependent on the adsorption of non-metallic material 

on the growing c7,ystal faces. 	The adsorption of such material 

may also affect the crystal orientation -nd even the crystal 

structure. 
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Ill'itaaUCT  

Cry9tal structure end growth have been much studied 

in r-,any kinds of deposit on both amorphous and crystalline 

substrates. Knowledge or the mechanisms involved in SU Ch 

crystal growth should lead to on insight to the nature of the. 

interatomic f Oren in the deposit, !.,Ind betreen the deposit 

and the substrate, nnet t  tiorP generally, to a clearer 

understanling of the properties of these deposits. 

7,here are four main physicril processes for 

produc.tng crystalline deposits: (i) ro h by condensation 

from thr vapour phase, or by cathodic sputtering, (it) 

growth from the molten state, (iii) growth from super-

saturoted solution, onl. (iv) grovth byelectrodeposition• 

In (i), the. stouts, ofter condensation, have their rlobilitj' 

determined by the temperature of the substrate. The 

mobility of the atoms being incorporated in the cristel 

lattice in case (II) will, in generel s, be much t:crenter then 
in case (i). 	In (iii), the conditions ore similor to (t), 

but the obne'ritations lend to the conclusion that the 

mobility of the ..toris is incrensed by imp-acts with the 

solvent molecules, owl atoms deposited in metestrble 

positions can dissolve end be deposited again 	rhere. 
orcover, there may be specific interaction of the atoms 

r!th the solvent, or adsorption of other constituents of 

the. solution, which tqould affect the cryst7.11 growth. 



Growth by electrodeposition is, in many ways, the most 

complex of the four, methods. The process is similar to (ii t) 

but the rate of crystal Qgrowth is readily controled by 

varying the current density at the cathode. Purtne more 

meta may be electrodepositcd from vtirious solutions of 

its salts, and the crystal structures of thr metal produced 

from these solutions may differ in a number of respects, 

either as r result of a difference or the 4.1echanism of ion 

discharge in different solutions, or because of the 

inclusion of foreign rz. .ter in the cathodic deposit. 	The 

purpose of the resent work ir to consider and study in 

some detail the influence of various footors which may 

af•rect the growth and structure of metallic electrodeposits. 

(n) CfAhodic crystal growtl,  

rom the results of a systematic study over many 

year by Finch and his collaborators 11-13), the main 

influences under which the crystals of a metallic electro-

deposit grow have been determined. These influences fall 

into two main classes - (t) those due to the bath (i.e. 

general conditions or elfctrodeposition); and. (1i) those 

due to the substrate, 	',hen the bath conditions flavour the 

maintenance of n 	tn.t ion concentration -it the c rltho e 



3. 
high ion-Nobility over the cathode, the deposit 

crystals tend to be oriented with a densely (usually most 

densely) pricked atom plane parallel to the substrate 

surface_. This mode of grorth is termed "lateral growth", 

and it is promoted by hilgh concentration of electrolyte, 

high bath temperature, low or moderate current density 

nn4 stirrinsT. 	If, on thr other hand, the bath conditions 

are such that regions of ion impoverishment are set up 

next to the cathode luring electrodeposition, then the 

deposit crystnle tend to grow with the most closely 

peeked atom rows perpendicular to the cathode. This 

mode of growth is termd "outward growth". 
A crystalline nutstrate rany effect the orientation 

the o ryst nl nuclei ronne d in the crtrly stsges of 

electrode-position, but unless th• bath cor4ditions favour 

laterbl growth, the effect or the substrate is lost, ,ind 

one-degree orierittion chnracteristic of the bath 

conlitions rapidly develops. Lvert under lateral growth 

conditions n one-degree orientation may develop in thick 

de3)osits if the substrate is polycrystalline riith 

small cryltol size, or if them is considerable 

co-le Monition of hydrogen or other non-metallic materiel.  

The excessive adsorption of hydrogen on the 

cathode may result in the crystals of a deposit being 
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wit 	ny preferred orientation, or, in go: efitif of 

ntinony lnd other metals with weak cohesive forces, it may 

even cause the deposit to be rithout any recognis ,. .ble 

crystal ltructure nt all. . Whin the mode of growth of tbk 

cr7.rstalui in an electrodeposit is changed by en appropriate 

change in the bath conditions, there is normally an 

intersx3diate tit rage in which the crystals Ere,  randomly 

lisposed. 

Although this simple general picture [41,5,63 of the-

growth 0 P  crystals in metallic elect= deposits is supported 

by a wealth of experimental evidence, ra number of casts 

have been reported in which the crystal. o ient-tion was not 

characteristic of #^ ither outward or late ral' gro7Jth, or in 

wttich the crystal inttice had been Nodified in aora way by 

the conditions of delmaition. 	These c fl ses rt 	S ULM nrizecl 
in Table 1. Thus, Kersten [22] found that cobalt when 

electrodeposited from baths with low pH values had n mixed 

structure of close-pfIcked hexagonal nnd face-centred cubic 

lrxttices, but from high pir b..ths it has only the hexagonal 
structure. 	Bradley and 01,1etrd I23: in 1927 noted in some 

electrodeposite a close-packed hexagonal modific-ition of 

chromium, which norrtnliy has a body-centred cubic structur- , 
and their findings were,  subsequently confir)ed by  a number 

of other wo rke re 124.283. 	In 1935, vi right p Hirst and 
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5. 
[231 	that this hexagonal Modification only 

occurred in deposits from chromic acid baths if there was 

sufficient trivalent chromium pre s e -t to crisure ral  nvernce 

of at least 18';'; chromium in the cation. 	The he xagonal 

chromium was entirely cOnverted to the cubic form, nnd large 

emantities of hydrogen were evolved, if the deposit was 

hrpted in vacuum vit 8006C. for 13 hours, 

r'uarrell r29] observed hexagonal modifications in 

thin airctrodeposited films of the face-ce,ntred cubic metals 

Inver, nickel, gold and platinum prepared for trnnsmission 

examination by the method described by Finch line 13un [2]. 

The metras showed (0001) hexagonal orientation, but the 

orientation subseeUently became (11C) cubic an the deposit 

thicknonn incr> naede 	".carrell postulated that this 

transition might be caused by a rucking of the (0001) planes 

in the thin depoait which lifted some of the atoms out of 

the plane and caused the crystals in the subsecuent Layers 

of the deposit to have a face-centred cubic structure with 

(110) armee parallel to the original (0001) pl.,,nes. 	re 

suggested that such r 4ticluulista as this ,.lould result in a 

gradual transition from the ixexagona.1 to the cubic structure 

which would in turn account for diffuse bands extendinc from. 

the 	0 cubic ring to a sharp limit inside the 111 cubic 

ring which ooctvirc ,1 in electron diffraction patterns from 



much tronrroission specimens, 	..;uch bonds haVit been observed 

before 11], and had previously been expirdned ns being 

caused by n grrolunl expansion of the crystnl lattice by the 

interstitiol solution of gas in the elcctrodeposited metal 

since the bands (and some *extra" rings olso sometio.,es 

Occurring often disnppcored on hinting the specimen in 

VROUUM0 	dham [30 hove 	 , obtained dif f rnct i on 

patterns from thin electrodtposited films of silver in which 

the bond ARE resolve! into n number of streaks et:it:H.1y 

inclined to the ring rndii, Rnd Finch nnd Viimpn [313 

'pointed out that the existence of the bands might be. 

explmined ns beinn due to diffraction streaks eimilnr to 

theme observmd in potterne from totgil films evspornted or o 

rooksRit. These streaks rairht be associated with refrrction 

ot crystal boundary r,cre or due to poor resolution enured by 

swill crystal dimensions in certain directions, or they 

milt be the romult of repented lamellar i111 twinning. 

The occurrence of the hexagonal modification of 

nickel observed by Pinch, ''"ilman and Yang [4] hrie recently 

been investig;Aed in more detriil by Ynrig [32]. 	lie found 

that a mixture of fpce-centtv:(1 cubic rand close-packed 

hexartenol structures won always present in deposits from 

boths contsining n relatively large proportion of nickel 

chloride ot high current densities rl rat low both temperatures. 



74 

Thr cleposita 	this mixed structure vere found to contrin 

rore ocelwied h3rd.rogen than those }loving only €k fulAvbe fnce 

crntred cubic structure.. 	Yrtng oleo reporte0 tbtf occurrence 

of hexagonal modificftions of silver and copper 

etc: ctrodeposits 4:rorl cyanide baths. 

Thr, occurrence of (112) and (113) orirntations 

Iron electrodupoldts was found by Glocker flltd Kuipp [14:1 

'77 Layton ri ll to be associated kith ferrous chloride baths 

with an excess or chloride ions. 	It vvy,s suT ested by 1,,yton 

that these orientations are probably modifica ions of 

outward growth caused by the co-deposition of hrlre.)g,en or, 

perhaps, oxicles• 

depericience of tLe physical properties of electro-

deposits on the crystal structure,  has been briefly discussed 

by Pinch and Layton t6], 7;tho Linde it cle sr, howevcr, that 

there are a *re qt crony re int, et problems stilikbe investigated. 

In comercial plating pre_ctice, simple baths re 

comparatively rare. Fie arly all the solutions used cont in 

Fidditionn sonittipra inorrmic, but more usually organic 

which  )w2.' the production of de 	rentu :s =  such ns 

grain size or n bright Igurfrce in the electrode posits. 

The knot ion of many additions to practical plating baths 

is very imperfectly understood, nncl there is no doubt that 

n clearer insight into their mode of action •,:7:oulo be  of 



/:r eat practical, benefit as rsresll as being of theoreticra 

interelt. 

The wx,ys in -which various additions L3:.0.-  affect the 

character rind properties of nn electrodeposit arc Lumerous 

nd dive roe 	Buf :Cc ring agents ore f re q ue ntly used since the 

on of a solution determines the possibility of the co-deposition 

of hydrogen with the metal, or the. precipitation of oxides, 

hylroxides or basic salts. The inclusion of such non-metallic 

msterial in the deposit in probably oaf : of th€ most common 

clauses of small crystal size. 

It erns for Ft lont; time thought that sr ali. crystal size 

in electrodeposits was always associated with cathode 

polarization. 	Thus i,ter, and Boerlage [333, for example, 

observed that in the electrodeposition of silver from solutions 

of silver nitrite, the rumber of crystal nuclei was incren.sed 

by R/X7 alteration in the bath conlitions which increased the 

polarization. The two main objections to this view are (0 

the fact that fine-grained deposits of silver are obtnined from 
setA&I -c'vso selento.lyanidez,trith little or no polarization 	(it) rietnis 

of the iron group which show an inherent deposition over-

voltage nt room terlyeratures still form fine.grained deposits 

near 100*C. although it high temperatures the deposition occurs 

very close to the reversible potential. As pointed out by 

731urn and Ilawdon [34], it is necessary, on thermodynamic grounds, 

that the potential cat which small crystals are deposited 



should. be more negative,  than that at rhich Inrge cryatmle of 

the same rotal are deposited. This was formerly thought to 

nupport he theory that crystal S ze was tlependent on cnthod.e 

polarisation, though 131um and finwdon themselves made it clefu.,  

that the differences of potential to be expected wou11 

generally not be more than r few nillivolts. The possible 

relations between the form of electrodvpovited crystnls nnd 

cathode polarisation have been discussed in none detnii by 

Olasatone r35]• 
A number of alternntive explanations iv.Ne been 

n,:ivanced for the smniinese of silver oz7etras uuiiy 

obtained fron cynnide bathes Kohlsohiitter [363 considered 

that such baths farrows contnined Co11oici1 matter, probably 

a silver sub-cyanide, which was adsorbed on the growing 

cr7ftVa faces rand thus inliibited the growth of large c ystran. 

Vnhrnminn 137], however, observed that passivation of silver 

cathodes during interrupted electrolysis did not Occur in 

cyanide bathe ns it did in simple nitrate ones, and he 

mttributed this to such n strong nduorption of cyanide on the 

cathode that the latter ',gas kept free from colloidel 

contamination. 	Mil* Is  of workers have nup:>ortcc3 the 

theory that adsorption of silver cynnisie may inhibit large 

crystal growth, and a possible wny in itlich it might be 

formed at the cathode is by the ischrtrge of complex cations 



1C.. 

e.g. Ag7  CZ*, forninr, s &lye r Ltd siiver cynnide in close 

contact t38]. 	GinzAnov alitt k; chi. ottcr 393 supported this 

complex cation theory and considered thet the inclusion of 

noniemetel.l.ic material dintorted the crystel lattice of the 

electrodeposited metel. 	Raub end liullb.orst 1:401, however, 

found that the cynnide content of the deposited metal 

decreased with int:mane in current density and free cyenide 

content of the bath, nd increased with agitation. These 

facts, and Raubss earlier observation [41:1 that the inclusions 

congregate along crystal boundaries breaking the grnins up 

into small cryntallites rather than distorting the lattice 

of larger cryatals, led Raub end '.iullhorst to conclude that 

silver wn deposited by the discharge of the simple 

Iiseociated from the complex anion Ag(CriLl, . 	Raub had 

previously studied the structure of silver in relation to the 

conditions of deposition r423 and found thet the hardness of 

the deposit increased with increase in the free cyanide conten  
el the bath and decrease ir bath temperature. Even when 

there were no detectable amounts of included material the, 

lattice distortion wag similer to thet of cold-worked silver. 

The work hap] since been extended, and other metals included 

r43), but Raub expe rim( lit ra. rue thoda were indirect and did 

not reveal detailed inforantion about the crystal 

orientation or hebit. 
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Olasstone and 31.nignr [44,45] investig ted theeffect 

on the cathode polarization, and the mopes:mace and hardness 

of the deposits, of a number of different snits added to in 

argentocynnile solution, They found thnt the addition of 

carbonate produced softer deposits than withouir any addition, 

and the addition of Litt- tc formate, acetate, hydroxide 

Ahosphrate or sulphate inere-nacd the hardness in varying degrees,  

Bornte or chloride ndditions resulted in very hard deponite. 

Contrary to ilaubi's observation [42], they found that rig" excee 

of cyanide in the bath yielded soft deposits. They suggested 

that the CCU;' crt and VO4 ions which contain inccp. 	octets 

of electrons ry  be adsorbed on the growing silver faces, but 

the other ions, sthich give harder deposits, possess complete 

electron ohhelis and are , the re fore, possibly, not so re adily 
adsorbed. 

1scher [46,47] has developed n theory of cathodic 

erystol growth to account for the lrorered structure of some 

electrodeposited crystals end the notion of growth inhibitors 

in plating bnths. 	In its later form 148,4),():i, the theory 

is merely nn extension of a much earlier theory of i3lum and 

rtawdon 1341. 	The theory in entirely based on the, structural 
rippe nrnnce of deposits by optical zrifthods and laces the 

necesnory foundntion of evidence concerning crystal orientation 

and habit rshich is yielded by electron diffr,tctIon and (to a 
rluch neinller extent) X-ray diffraction exsminations. 
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n. early theory 0.ue to Aten and. Boerla7e [33],  and 

sta...)se rue ntly 	v1ped by Vughe s [51], was that after the ions 

rare fl,ischnrged they remained in an intermediate st-7e as %tome 

before being incorporated in the growing crystal lrttioos they 

atterlpted to relate the' cryetnl growth and structur.e to tire 

concentration of met -,1 atoms in this hypothetical interrlediate 

layer, and regarded cathodic crystril growth ne nrfq.00us to 

7.rowth from the melt, The conditions of cryatni p;rowth in 

electrolytic solutions and miter, metals rim o 0...ifferent, 

however, that this analogy rqui the suggestc d c;.*chtknisr., of 

ro With from e 1 aye r of di ochre rge cl atoms seem irlsh1. Blum. 

r.,:awdon [343 regarded the discharge of the ions and. the 

incorporation of the atoms in the lattice as a. sinale process, 

hr ions migrating over the cathode and being disch,Jrced 

those points at which the lowest discharge potential was rer; ui 

It has been suggested [52] that atoms in metastable positions 

-All become ionized and go into solution to be deposited ,tgain 

in more stable positions, but the extent to which this process 

could occur on a cathode appreciably more negative than its 

reversible potential in the solution (!ql it would be if metal 

were being deposited) would be almost infinitesimally smell* 

Hunt f1,  afte r r e ne rta consideration of the rather so anty 

information nItsal rble up to 193? suggested thE!t the crystalline 

structure Or on electrodeposited metal is governed by the 
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reintion of the metal ion concentration in the cathode film 

to the concentration of the other constituents of the film. 

Generaly, it, seems that n small crystal size is most 

eanuy obtsined by deposition from a bath in which the metal is 

held in a .stsble complex ion, but it is not true, RS is 

freeuently assumed, that such beths cannot yield Large crystals. 

Hammond 1541 obtained large crystals of silver from the USURl 

type of cyanide bnth used in practice, and durinf; the present 

work coarse deoosits of both copper and silver we 	obtained 

from baths contsining i variety or complex ions. 	he mechanism 

1y which metals may be deposited from solutions or their 

table complexes has occupied th( mindn of electrochemists for 

many years, snd several theories, of varying plausibility, have 

been produced. 	omc of these are considered in detail below, 

but it may be remarked here that the deposition of "simple" 

ions can never really occur since all ions in solution are 

ROiTateti • i.e. surroumted by a sheath of solvent molecules ) 
and, furthermore, except in dilute solutions of strong 

electrolytes, all salts are nasocisted to some extent, i.e. a 

proportion of the tons are bound to oppositely charge d jots. 

Independent evidence of this is given by refrnctometric dnta 

[551 which !shows the extetencer, in aqueous solutions of strong 

electrolytes, ofcombinations of oppositely charged ions 

without water molecules between them. 
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(b) 	,t..  eatonition from complex ion solutie  

In 1903, Le Blanc find .Schick [56) sugfosted that the 

complex ions in a solution of potassium argentocrtnide 

dissociate very rapidly. They postulated this in order to 

explain their observation that the rate at 'Which a silver 

electrode dissolved in r potassium cyanide solution when 

passing alternating; current fell off quite rapidly with 

increasing frequency. 	It was supposed that if the compl,,, x 

ions dispocinted rapidly, the silver dissolved during the 

anodic pulses would be: redeposited during the c!AhodicIsles 

Their results COU d$ however, have been explained by supposing 

that the re is n alow stage in the passage of a metza atom into 

the stable complcx ion, and a similar, but even slower, stage 

in the reverse (cathodic) process, 

Hs'ber [57] pointed out that pith stable complex ions, 

the recombination rate is very much greater than the 

dissociation rate, rifld he calculated that under octet a,in 

circumstancse this would appear to necessitate electron 

velocities greater than that of light, which, of course, is 

impossible. As an alte rnative to the theory that silvc r 

was deposited from complex ion solutions by the dischrr.!:,;,:, of 
the pimple Aff'' ions, liodlander 158) suggested that t. hr: complex 
tini no Ag(cr,)t  we re die chnrged at the cathode 

e ;g (Cl ) 
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This new complex was 5UpoIed to Ire ry unstnble and to decompose 

rnpidly 

Ag(C1) 	Ag 	3 cLi 

Ile considered thnt this indirect production of silver at the 

cathode was the cause of amnil crystn1 size in the deposits. 

The earliest theory' of the deposition of silver from 

a cyanide bnth is due to Mttorf [59], *lo supposed that the 

alksli metal ion is first discharged nt the cathode and that it 

reacts with the coraplex anion to precipitate silver: 

(i) K4 	e 	K 	(ii) K + tg(C11): 
	

2Ci ' 	Ag 

nines the silver would thus be the result of s secondary 

process, the growth of large crystsle would probably riot be 

favour,  d. Thin theory is untenable because the me nsured 

cathode potentials during electrolysis of argentocyanide 

solutions nre much more positive than the deposition potentials 

of t} alkali metals. 

Glnsstone r38], in 1929, mensured cathode potentials 

and currert efficiencies in the electrolysis of argentocynnide 

solutions, and found that, within the limits of the 

experimental errors and the approximate onloulntions, the. 

limiting current density for a cnthode current efficiency of 

100,; was determined by the rate of diffusion of the anions 

Ag(CTI)2t to the cathode. 	Ile cone]. uded from this that the 

dissociation of this complex ion 
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Ag(Cr): g 2CE 

, ,,.;art probably rn..p 	tacitly implying that 	the deposition was 

not by thf di schrtrge of the anion. He finally suggested that 

in the bulk o" the volution tilt re were two ecuilibrium reactions 

(1 ) i,g(Cr): 
	

2C11 

(ii) 2Ag+  + CV ' 	t4s2C11+  

and thn.t silver was deposited by the discharge re.-ction 

An obvious objection to this theory in that since this 

equilibrium of (I) is so far to the left, it is unlikely t /int 

the concentration of simple Ag+  ions will evs r be high enough 

for (ii) to occur to any appreciable extent. 

Glasinov and Schleitter {39 later rise postul ote d the 

existence of complex cations Nkce formed directly by the 

rr actiOn 	
2 	(c!)2  . P.g2 C2i+  + 	3Cr' 

This corerex ion in then ft sc hnrge d at the crAhode to give an 

unstable cyanide which decomposes: 

i g2  car+ + e 	Ask  CI: 	r.g + AgCli 

uch a° process would yield silver and silver cyanide in close 

contac- at the cathode, and thus account for the freruerit 

inclusion or silver cyanide in electrodeposited silver. 

Though there is some evidence for the existence of 



17. 

such cations, it is really based on shalom' with complex 

cstions such as Agpi+  nnd Age /8+  which. were inferrel by 

Helltvig [60] from the results of transport experiments to be 

present in solutions of the :louble salt 2/4:0r,,AgI, 	4ince the 

solubility of Age!: in AOOp in sirdlar to that of AgI in Ag0. 
and since the double salt 2Ag/T0r  AgCri is known, it was thought 

likely that the complex cations Ager+  and Age CE++  rant exist 

in arp,Pentocyanicie solutions, 	Schliitter, Korpium end 

Burneister [61] found silver iodide included in silver electro-

de located from iodide baths, and suggested that it was caused 

by the discharge of complex cations Aga  I+. 

According to the well.-known Nernst equation, the 

. .)otential of ?A metal. immersed in a solution of its ions is 

given by 
ia in 
717 

where t is the gas constant, T is the absolute temperature, n 

is the valency of the ion, i is Parody.n constant, a+ is the 

activity (1,e, effective concentration) of the cntions, rind 7-  * 

is a constant equal to the potential at some specified 

temperature when a+  1. Ihe low potentinl of r silver 

electrode in an argentocynnide solution as compared with its 

potential in, for example, a silver nitrate one in thus 

considered to be due to the very low concentration of s1rpi.e 
+ Ag in the cyanide solution. 



(a) 
	 (b) 

(c) 

Fig.1. 

(d) 

Variation of energy of a 
mEtal ion with distance 
prom metal surface and 
sdlvent molecules. 



Butler 162], however, interpretedthe electrode 

potentials in different solutions in terms of differences of 

binding enery of the simple metal ion in the solutions. "'Lis 

theory is similar to that developed by Gurney and Fowler [63) 

using quantum mechanics nd described. below. 	In Fig. , the 

horizontal line represents the energy of a metni ion in vacuo, 

and. curve (a) the variation of its energy with distemoe from 

the metni surface, Curve (b) represents Jt44enriation in the 

energy o- the ion in solution with distance from th roivent 

molecules, the trao energies Urn  and U5  being tht energies of the 

ground levels or the ion in the metallic and solvated states 

respectively, The variation in energy of the ion in 

transition from the metal lattice into solution, or vice versa., 

is represented by the combination of these two curies into (c). 

(The intersection between the two curves is rounded off on 

quantwn. considerations). 	If Um  io lower than Us, ions wili 

tend to be deposited from the Ena ut on on to the total which 

will, if insulated, acquire a net positive charge giving rise 

to a potential difference I! between the metal and solution. 

The energy of all the ions in the metal will then be raised by 

In mount sal:I-where st is the charge on each ion, When 

Um - zte-  = rs, 	uilibrtum 113 attained, and I' is the 

reversible potential of the metal in the solution. 	This 

condition is represented by curve (d). 	If the ion, insten.d of 
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being surrounded by solvent molecules, lb bound in a stnbie 

complex with greater energy so that Us  is lower than Um, ions 

vell tend to go into solution front the metal, which will then 

acquire a negative charge. 	i'he difference in potential of the 

metal in time different solutions is tkAen given (ignoring 

entropy changes) by 
i F 

where 6,•t1 is the difference in the. energies of the,  metni ion 

in the states in which it exists in the two solutions. These 

energy differences can be found in some casco from the 

svaileble thermochemical data, rind electrode potentinls 

calculsted with their mid agree with the measured potentials. 

Accorlinq to this theory, eilVer, for extivriple, rould 

be deposited by the direct discherim of the complex anion at 

the cathode, ns Tiodliinder [58] suggented in 1904. Butler f ô4.] 

considered this process t be analogous to the discharge of 

the simple hydrated cation, Ag(112: 0)x+, :11thotzeA the two types 

of ion involVed carry charges of opposite sign, Because of 

the nisi aryl convectional movements, the complex 'Int o no will 

freeuently come into contact with the cathode, in spite of the 

electrostatic repulsion, tnci it is postulated thnt the anion 

going an additional charge which causes decomposition of the 

complex, id deposition of the metal. 	In the case or the 

silver cyanide complex, the overall reaction would be 

t,g(c11); + 
	

AP;( 011 ):• 	Ag + 2C1.11 
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This theory also offers possible: explanation of the ease 

with which small erytnln re obtained from complex ion ba es«  

If the energy "lamp" over which the ions have to cross in 

order to be discharged is low, then large crystals are likely 

to be formed since ions discharged in unstable or mtastrible 

positions will be able to go bock into solution. 	If, on the 

other hand, the "hump" is high, re-entry of -di ',charge d atoms 

into the solution will be more difficult, sand the formation 

of fresh crystal nuclei will be favoured rather than the 

development of large crystals 

The theory-  certainly ktris the merit of simplicity, 

though the discharge of ,aniotx tt the cathode may seem difficult 

to accept. 	It was largely this difficulty which led Glesc,tone 

and Glazinov and Schlatter, to suggest the existence of complex 

cations. 

.13oth these theories, i.e. the direct discharge of the 

complex anion and the discharge of a postulated complex cation, 

were advanced partly to explain the inclusion of cyanides in 

the depoeits, but chiefly to overcome the difficulty involved 

in the earlier Idea of the discharge of simple cations 

nroluesi by the dissocvAion of the complex anions, Iris. 

Haber's calculations concerning the rates of recor!bination« 

The complex cation throrY: however, seems to create as m Ft ny 

problems as it solvens The very existence of such cottons 
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is hypothetiCal, end nothing is knoen of their equilibriton 

constnnts so that it 1.t3 impossible to estimnte their probebie 

Life* i.e. the time during 'which they are available for 

zlischerge at the cathode* 	The probability that the time 

reeuired for the discharge of a simple, Ag.t  ion was 

considerably greater then the time during which ouch on ion WIZ 

not MEW in.terl with Cle tone was one of the etnin objections to 

the simple ion discharge theory, inc. t the complex cation theory 

Call hardly lie wild to hove overcome this difficulty. 

Butler's interpretetion of Heber'* celculetion Lis 
I 

ahoel..ng thet the dissociation of the complex Ag(CII)a  Lone could 

not be: regerded es nnecessery preliminary stage in the 

electrodeposttion of silver is open to objection since H.Mber, in 

fact, considere the r'iten rit, unit concentration of the reecting 

epecies i.e. the specific retos of the dissociation and 

association rections. Since the equilibrium constent of the 

complex ion is the ratio of these specific rates, end since the 

eeuilibrium conntent of Ag(CIZ)2, 	for example, is of the order 

of 10, the specific rate of association in '1018  times as greet 

as the specific rnte of dissociation* 	 rites urkler 
ate, 

emir given conditions deeenon the concentrntion (or mo re 

strictly the activities) of the various ions involved. Under 

the conditiona prevniling near a c'thode nt rid 	eilver is 

bel.ng electrodepositect at all replay, the concentration of 

simple silver ions will be extremely low, ranch the actual rate 
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`ormation of comple x ions Dom th simple ones will therefor, 

be loTer than at eac~uiiibri urn. 	In any C !1SC Yaberos main object 

in the pa.ler under consideration ryas to point out that the very 

low ionic concentrations and short reaction times for solutions 

of complex lone obtained by colculntion from electrochemical 

me nsurements err- only of mathematical , and riot physical 

significence. This fact was reiterated by = llingham [65] and 

it is clearly not justifiable to tpply Strltistic al results to 

the connideration of individual ions. 

(c) :Present wori;. 
It is clear from the above review that the; processes 

of ion-association nrici complex formation are important in the 

growth of metal crystnls by electrodeposition, though the 

me chnni ems by which these p rocc s se s e Jitt rt their influence is not 

understood. 

In order to study some of the effects of ion-

association and complex fornntion on the crystel growth of 

electrodeposita, the crystal structure of copper and silver, 

electrodepoeited from a number of different baths under various 

conditione of current density and temperature, was examined by 

electron diffraction and Optical microscopy. Ilectron 

diffraction is a particularly powerful tool for the study of th 

growth and structure of clectrodeposits since the precise 

information it yields coricerning the cystal structure 



23. 

orientation, habit tqA slse is confined to thnt rclnting to tiie. 

surfnee layers or the deposit. This is due to thr low 

penetrating power of even. high enera electrons. it is thus 

possible to follow the changes in t) crystal structure of 

electrodeposits stage by stage. 

Copper inn deposited from. three solutions each 

consisting simply of cuprous synnide and potassium cyanide in 

vnrious proportione. It is known thnt about 1.5 equivslents of 

alksli metnl cynnide nits needed to di' solve CuCi, rnnct Glasstone 

r661 interpreted thin rim ,,ndiontinn that Cu(Cr) : rind Cu(ct): '  

ions nre formed tu such n solution in npproximntely et,uni 

eunntities. lilver wns nlectrodeposited from cynIdde bths 

contnining silver cyanide and vnrious cunntities ot ' rc  

potsfulium cyanide (104. cyanide in excess of the 1 t(Aav,)ieLt 

requirod to dissolve the silver eynnide) Ald also, in..5uMC 

crises, containing additions of potnssium carbonate or potassium 

chloride. These two ndltions were found by Olnestone and 
Innignr to civ e very soft and very hard deposits respectively. 

311ver WAS nlso entienctorily deposited from n complex tido-

sulphate bath and from nitrate baths in which the ion-

associntion had been incressed. 

Clone-pncked hexagonal modifications of both copper 

r, n1 silver were found to be deposited under some circumstances. 
The crystal else in eleetrodeposits from silver nitrnte bnths 
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'me 	to be deorensed by incren ing the ion«association, 

n1 it IffIR 9.180 :"ours d that large crystal; could sometimes be 

obtained rom complex oynnirie baths. Further examples of 

crystal orientations which were not characteristic of eitl-icr 

outward or into ral growth Tie re also found. 

These re 3ults together with those of' previous ro 

on t.hr fie ponition of silver from nitrate baths and of iron frotz 

itaphnte owl chloride briths, =are discussed in mintion to the 

cenerql. problem of c'yst ,a1 growth by tieetrodeposition. 



Ag.2. Circuit dingrnm. 

Pig.3. silver deposited from 
dilute cyanide bath at 
2 nvicr? sni 20"C. 
for 20 eec. 
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I'lectrodeposition was carried out Unittif, abou 

of the appropriate solution in a 250 cc. beaker thich was 

surrounded by i thernosttically controlled water ,j-Icket. 	,13y 

this mans the temperature of the electrolytic bath WI:Pi 

riintnind conettult 	 The el.ectrical circuit is 

shorn in figure 2. The cathode +me suspended in the middle of 

the bath with an anode each side of it in order to achieve as 

un.iform a distribution of current as possible. 

For gene ?pi !mire stigations of the effects of bath 

conditions, brass discs I irch in diameter were used. as 

cathodes. 	These it.irics were poliritted with "Bluebell" 

commercial metal polinh on chamois le-nther, ond degreased in a 

jet 01 grense.frce c.rystallisahle benzene. 	the silver was to 

be slectrodeposited on them, the discs were given a 20 second 
2 

'latish" deposit st a aliVcri 4. from a bath containing 3+5 g+/I. 

Rtg011 ni 60 g./1. MN in order to avoid the formation of a 

silver deposit by chemical displacement. I'lectron diffraction 

examination shoed thin deposit to consist of small randomly 

disposed crystals (Fig.3)0 Copper Was also electrodeposited 

on to copper single crystals, and these were prepared by 

carefully smoothing the des/ md faces on 3/0 emery paper 

lubricated .with benzene, and! then electropolishing in r50; 

phosphoric acid solution [67]. 

C cc 
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t;ft :r e1ect odesorlt1 on, the spf cimens re rE rinshed 

t e it tely in dintill(A water, dried in neetone snd trnnsferrect 

to thr electron dirfraction cam ern. 	The surfsc s of the 

spectrlens we re subnenvently examined by verticel illumination 

microscopy 
	The ew:Udit of metal depoei.tod rns determined by 

reinhinT,  the discs before stnrting deposition and after 

exnninItion by electron diffraction,. ,,nd from this weight, the 

cur,.ent used and the time of deposition, the cathodic current 

efrici.f cy Inns calculated. 

The detailed compositions of the copper and silver 

cyanide bathe !Are given in Trl.blee 2 and 3 with the experimental 

remultn. The three copper cyanide baths may be represented ne 

IV5r0u(31,41=1, 11/5reue1?,2.5= 	II[CuCIT,2KChl, respectively. 

In all the silver bathe used, except some of the nclueoue nitrate,  

nni chloride ones, the eolutions were !/4 with respect to silver» 

Complex silver bsths, other than the cyanide ones, used were 

obtsined by dimeolving silver chloride in almost enturated 

oolutions of calcium chloride or anznevium chloride, or in 

soluti ons. containing sodium thiosul ph,  to 	0 0, A, O. Aithough 

AgC1 is *,47.14 soluble in solutions 	c7,1cium chloride or 

mngr, sium chloride than in solution: of any other chloride, the 

maximum nolubility only eorremponde to n silver ion 

contentratlon of about 0.05 normal 168]. 



The association of fl dissolveA electrolyte can, in 

general, be increased. either by increasing the concentration of 

the electrolyte or by decreasing the dielectric constant of the,  

solvert. 	Noss and Kraus [69:1 derived an expression for tile 

frnetion or nemocintion, 6 , of an electrolyte 

6 47.rr  
."°".1 

 

r  15 
(b)  

y z• -,............ 
I)ricT 

1)1cT 

where ?I 1131  Avogadro's number, 
c 	concentration of electrolyte in mole s per litre 
6 electronic charge, 

ts. dielectric constant of the solvent 
k Boltzmann's constant, 
T Absolute tempernture, 
r distance apart of the. ions in the solution, 

snralest distance or approach of the ions. 

vraire  of c.,(1)) for various vlues of b have been tabulated 14), 

701. It will be apparent from the, expression nbor that the 

value of & is much more affected by changen in tie dielectric 

constant of the solvent than by cip.Ingcs in VriE,  coricentrAion 
or the electrolyte. 

1)e 	co'' silver vans the rt. fore .rttcildtect f7,013 114 

solutions of Aglirt in mixtures of writer rid dioxan„ Mixtums 

contnining 	water and 10;; witer were used, and the 	head 
dielectric constants of about 4.5 and 6 respectively F6)]. 

Gement r711 h715 estimated values of the dissociation constant 

of AgNO, dissolved in vinten-dioxfui mixtures from measurements 



of the 	tentia7]. differencen in concentr Lion cells rond by 

extrapolstion it seems likely that in the solutions used in 

the present work, the dissociation constant would have a value 

of the order of 10 

The expe mentll technique or electron diffrnction 

mnd the interpretation of patterns hnve been described by 

Finch and Vilman [31]. The interpretation of one-degree,  

orientation wItterns has rccently been discussed in detail by 

wil..„„ f72], but r brief note 	the derivation of the patterny.;, 

to be expected for certain orientations is given in an tIpde ridiX 

to this thesis., 



rlectrodeposi ..ior of Copper. 

(a) Moijhoue substrates. 

The exerirerLtnl re sults are suranarized in Trible 2. 

It is well losowa that copper dissolves in cyanide 

solutions with the evolution of hydrogen, nnd this, and the 

very low current efficiencies found at 20*C. in the first b,ntil l  

nre duel to the potenttnl of s copper electrode in solutions 
contnining nn excess of cynnide being below the reversible 

Ilydrogen .potential in such solutions. 	Although tile lvdrogen 

overvoltags st copper is nbout 0.2 volt [73], the excess of 

cyanide in the first bnth is sufficient to cnuse preferential 

deponition C Iva ro,!en rnther thnn co ppe r. 	I'he preference of 
crystal orientstion in these deposits produced nt such low 
current efficiencies was very weak rind indeterminate (Vig.4). 
The fle ne ril appearance of the depo Sita WAS rnther dark*  ps if 

they lend been oxidised, nnd there 17u-  no appreciable varintion 
in the crysta size, which r/ns 	ilbotat 200 A, diritxter) 

.4th current density, lialler nnd Bradley [743 obtnined very 

dark deposits of copper from copper sulphate solutions, -rind 

X-Prsy examination of these deposits showed the inclusion of up 

to 2Zof n copper hydride, Cufl• They had previously extunined 

this hydride, prepnred chemically, nnd assigned to it a 

29. 
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Fig.4. Copper deposited 
from Bath 1 at 
5 mA/cm2  -Ind 20°C. 

7i 4.5. Cooper deposited from 
Bath 1 at 10 mA/erd2  
and 60°c. 
(110) orientation. 

Copper deposited 
from 33r,th 	nt 
10 tailcte knd 6o °G, 
(Ion) orientation. 
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t,exnlonal structure v7ith a = 2.1 	. 	c/a = 1.595. 

'rating 4.-4(1 3rodkorb 	lso from X.ry Examinntiot., 

assignrd to Cull s) cubic structure likethat of metallic 

copper, but expanded., with a = 4.33 /.. 

13.0otron diffraction examination of the deposits 

otrtninrd in the present work, however, did not suggest the 

presence in the deposits of Cul: with Either of these !structures, 

but revealed the inclusion of Cu, 0 in many deposits. 	At 60 t 

rlthough the hydrogen ov rvoltnge wne decreased by the rise in, 

temperature, the diffusion or other ionic species was incr. Rae , 

and the current ef .  iciency thereby improve d. 1 his lower rate 

o' hydrogen deposition relativ€ to copper deposition enabled 

the crystals of the depot-it to grow With a strong orientestion 

(c". re f. r47) 	This orientation ( 	wane (liC) 

characteristic of outward growth, becnunc of the small total 

concentration of copper in the bath. The crystal !Axe at 60u. 

was greater than that it 20'C. ts shctn by the spottiness of th 

rings in the diffraction pattern, Fig.5. 

The second both, though containing the same total 

Mount of copper, had n stro-11,1r quantity of free cyanide. with 

this bath, it was found that at -11o=th 20')C. oae-ti—ispe-fte. the 

current efficiency decressed as th current density was rnised 

ut, -n in the first bath, the efficiencies •at the higher 

tes-Dps rature we re greater than those at the lower, 	he crystaL  
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size in deposits from the bath at 20'C. increened markedly 

7ite increasing MATTE?,  rtt (iensity, 	nn the relative rate of' 

hydrogen deposition els° increesed, the cryntals deposited at 

10 m Von were randomly dirpo d insteed of heving (110) 

orientation lilte the crystals deponited at 5 L.:0/cm . 	The 
2 

indeterminnte orientetion at 1 mA/cm may be due to adsorption 

Of cye,nide or other non-metallic meterial inhibiting any 

preferred type of crystal growth. 	At 606C. tile current 

efficiency inert; nee d with izictnethg current density. 

electron diffraction patterns from these specimens indicated 

that ell the deposits contained Cte 0, tt least on the surface 

and they al so shore d that the crystal size in the deposite wrts 

greater at higher current densities, thou6h this was not no 

obvious, from microscopic examination. 	At 10 Inly/C1112  the 

crystal. structure was hexagonal. in (1050) orientation with, 

perhepe, some cubic crystals in (112) orientation elsa (cf. 

Pige. 21 end 22), 	It is cleer from tau.  spottiness of the rings 

of the diffraction pattern, Fig.6, thr,t the crystal size was 

large (grente r than about 50C A. di meter). 

In the deposits from the third brzth, which had five 

tines the tot ii copper concentration of the first two bathe 

but a copper to Alkali cyanide ratio comperable to that of the 

second bath, the crystal size decreased as the current density 

was increased. The current efficiency did not vary much with 

The 



Copper deposited from 
Bath 3 at 10 mAlcm2  and 
booc. (111) and (100) 
orientations at centre of 
specimen, Thickness 
39,000 A. 

is 1'ig.7, but 
thickness — 5,0c0 A. 
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either current density r te rape rat urc . 	;t 20C., the change 

in crystal orientation with i nay: acing current density was 

from -4,n indete rminate o rient ation to (100) and then to (110). 

thinner ile -posit 5,000 A. thick, also prepared at 5 wivem 

showed (10C)) o ris nt, at on at the. edge , but the cryst s !,It the 

cent re 7,e re randomly dispose ft. 	At 60C.,the orientation, 

which 'wan (110) in all the deposits, wan not ve ry strong. 

The 	cry3trt1 st rue u 	of the (ley° si t Fit 10 a/c m was mo re 

complex since the, aritils in the centre of the, specimen ',me re 

partly in (111) nwi partly in (ice) orie nt at ion, Pig.7, and 

Ur-  de posit vm,r, rougher, with LnTer cryst rls, et the e 471m 

rather than in the cent re. 	In this cr., 	a thinner 

deposit wee pre pared and exectined, and it was found to consist 

of fairly large c ryst al 0 randomly diF%-)oscd (rig.8). 	rigo9 
Fthown that SOME" of the crystals in th pciznen deposited at 

2 
1 MA/CM we re ve ry 1 erg. indeed. 

(b) 	ir-c tr.  Atli nubst rntefl. 

in o rd.(' r to ind whether the re was any difference in 

the rate of lone of substrate influe nce on di ffe rent cry st 

faces, a copper single crystal rith (100) , (110) and (111) feces 

on it w used as a ubet riite 	Copper wee deposited on it 

from bath 2 at 6oec. mad 5 tivem 	(conditions for outward 
4-  Ct..- CW.124" cur. th Le..ickes.4 ,f( /6,  CDC A, 	6,tt. 3 a-4- zo 	4-4 " 
growth)kto an weevil* thickne ss of 2,000 A. Diffraction 



• 
Pig.10. Copper deposited from 

Bath 2 at 5 mA/cm2  
and 60°C. on copper 
(100) face. 

Fig.11. Copper deposited from 
Bath 2 at 5 mA/cm2  abd 
60°C. on copper (110) 
face. 
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patterns from the deposits on the (100) ,t.nd (110) feces under 

the above outward growth conditio 	10 an.; 11 ) SLOW that 

on both faces much of the. deposit wus growing independently of 

the substrate, the deposit crystals being randomly disposed. 

Ptg.10 indicates, however, that in the deposit OA tall, (100) 

face, considerable parallel growth rith X111} twinning has 

occurred. 	There is Faso strong evidence of part of the 

deposit hexing grown in a close.packeAt.hexagontd. lattice in 

(1010) orientation with [001] hexagonal parallel to [001: cubic. 

The pattern t'urthc., r indicates the presence of Lk °. in th.0 

deposit. 

In g.11 with the beam parallel to the cube edge of the 

substrate c -yetal (110) face StIOWS, in addition to the ring 

pitte rn clue to rFuldonly dispose d Lc po*it crystals, diffraction 

patterns due to copper (i) in a close-packed hexagonal lattice 

with (1010) parallel to the substrate and tool] parallel to the 

beam, (11) in a face-centred cubic lattice in (111) orientation 

and 1-112] azimuth, anti (iii) in a frIce.centred cubic lattice in 
(100) orientation rmd [001] azimuth. 

In both these deposits, the electron diffraction 

evilerce allows that the hexagonal lattice has been developed 

'4th the r1007 hexagonal rows parallel to the [110: cubic row 

or thr lubstrnte crystal, 	l'he atom spacing along both these 
rOvIri is identical (5;ince they tip both the closest packed rows) 



1n the. second case the most densely pricked planes in the close-'

poiced hexagons' deposit crystals and in tb tlubstrnte crystal 

(0001) and (111) in the hexagorml and cubic lattices 

respectively - are .perpendi.cular to the substrate surface, 

though equivsle,nt 	iii these olsnes are: at right angles» 

Microscopic examination ( Fig* 1 Z) showed thrit there WAS 

n strong tendency for the crystal nuclei to form slong traces 

of scratches on the substrate surfaces not completely removed 

by electropolishirsr• 

Under bath conditions leading to (100) orientation in 

oolycrystolline 1.nOn1tn, the,  crystalr on the (111) face grew 

parrAllei to the aubstrate crystal in the two eeuivalent 

arrangements, i.e, with r li01 and [110] parallel to the [1710: 
or the substrate. 	From the pattern, Fig.13, it is also clear 

that some elk° czyntels had been fo.rmed on the cytJ. ith the 

oxide lattice parallel to the nubntrate lattice. The 

elongation of the dii7fnletion spots perpendicular to the f3hIldOW 

edge shows that the attest:re wan relatively smooth, at le Rat 

over conside rnble areas. The strong spot pattern WAS due to 
the copper deposit, and the fainter, but nevertheless clear, 

psttern VMS due to the copper oxide. The complexity of the 

copper oxide pattern is the result of double scatte ring, strong 

beans dirfracted by the copper lattice hnving acted sass primary 

beams sncl been diffracted by the cuprous oxide lattice, 



Pig.13. Copper deposited from 
Bath 3 at 5 mAiclie and 
20°C. on copper Oil) 
face [110] azimuth. 

Vig.14. Copper deposited from 
Bath 3 at 5 mAicm4  and 
20°C. on copper (001) 
f ace [ 1101 azimuth. 
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diffraction patterns, Pigs. 14, 16 nnd 17, ;:lue to 

the dc7..osits on the (110) ,,nd (100) feces ::t re more complex. 

The main strong spot p7itterns and clear Kikuchi line patterns 

indicate that the deposit has continued the crystal structure 

or the substrate FM ci maintained a high degree of lattice 

pe rfection. Together with the se patterns due to coppe r 

F rowing parallel to the Substrnte r  there are fainter pRttcrns 

of sharp spots clearly visible. 	It has not been possible- to 

v9ork out fully the interpretn.tion of thee additional spot 

ppt. terns nnd determine the substances giving rise to them. 

In the pattern (fig.14 'rid inAexed in Fig.15) f rom the deposit 

on the (0C1) face pith the berm parallel to C11C), the 

additional spot patte rn ne ar the unde 	e te d be am position 

corresponds to a crystal lattice hnvinr 	interplanar spacing 

or 2.37 A. in the direction perpendiculrkr 	the substrate 

surface and a spacing of 1.47 A. in the direction 

'perpendicular to the beam r,,nd parallel to the substrate 

nuesae. These spacings do not correspond to Cue  0, CuClf or 

either of the reported structures for Cult. 	It does not seem 

possible, either, to account for the extra spots by twinning 

of the coppt r lattice. 

The pattern, Fig.17, from the deposit on the, (110) 

race 'with the beam parallel to Rol] is indexed in Pig.18. 

winning does not seem to offer an explanation of the 
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appearance of the spots on the sane horisontal layer lines as 

the copper spots. 	7)oublc scnttering scents the most likely 

explanation bccause of the syrnetetry of the ftddit tonal spot 

pattern r7ith respect to the strong copper diffractions Eying 

on the zero order Laue zone. The origin of the spots vould 

then be nil indicated in !t.18, ,,nd the f3Ntetng, or the spots 

corresponds to an interplanar spncing in the direction 

perpendicular to the benm and parrillel to the surfrce of 3.01 

This is very close to 3.04 A., the (110) spacin6.  in Cu. 0. ate re 

is els° a pattern of diffuse spots near the undeflected befim 
.4 

sosition which indicates the formation/Cw 0 on the surface in 

prraliel orientation. 

Flectrodeposition  of S1lver. 

( ) Cyanide bathes 

flieexpert nental results for the,  eiCetrodeposition of 

silver from eynnide baths 	summarized in Table 3. 
Attempts ere made to deposit silver from a bath 

c)ntnining 35.5 nil AgeN nnd 18 g/1 F:CIT (1.75 g/1 free 

but it was found that even at current densities PS low as 

• VIII-  voltage across the bath rose rapidly to about 

5 volts, and the mode became covered with a white film. 

Though deposits were fomed on the cathode under these 

conditions, none of thee gave diffmction pattern clear enough 



Bath 	AFT,CT, 33.5 
23 

Current Tp 20 	6o 
'Density 

Composition 

T nble 3. 

0 rie nt nt ions in 	r le et rode posite d from Cyanide ninths on to 
Polished Brans. 

g(-17 33.5 

20 	6C 

Aga! 3.5 	A 
xer 5 	UN Y.5  
Na  LOs  34.5 	KC1 37.25 

20 	60 	20 	60 

r17(111)i 

5 ? 	, 	. . 	(iii)T+ 
v(ii2)+ 

1010) 

iilT 
W(1010 

10 (111)T+ 	111)T+ 
(1010) 	 11g) 	+ 

r1

11)T+ 
112) 	+ 

1010) 010) 

111)T+ 
112) 	+ 

(1010) 10T0) 

20 vr(ioiso) 	'1 V(loT0) 

(111)T Deposit cryet ale in (111) one -de grc e orientation twinned on {1111 pi rine e 
Weak orientation 

	

VT 	Ve ry weak orient nt i on 

	

? 	Indeterminate orient rtt i on. 



Pig.i 9. Silver deposited from 
cyanide bath with 
carbonae addition at 
5 mTm and 20 °C . 
(111 orientation with 
(111 twinning. 
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Fig.20. Theoret ical  
diffraction pattern 
due to face-centred 
cubic lattice in one 
degree (111 )- 
0 rie nt ation with 
c_111 twinning. 



Tfig.21. Silver deposited from 
cyanide bath with 
carbonate addition at 
10 mA/cmia  and 20.C. 
(10i0) orientation. 
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Pi .22. Theoretical diffrctiol 
pattern due to close-
packed hexagonal 
lattice in one-degree 
(1010) orientation. 
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to be or any use. 	Yen with 23 	Ker • deposition could. eM 

be satisfactorily carried out nt cnthode current densities 

greater than about 5 mA/cm be 	the voltage rose rapidly, 

This polarisation was partly caused by the r,.node current 

density being too great since inert,  n.sing the anode area 

alleviated the efect largely. 	It was still found, however, 

that the voltage across the bath tended to be somewhat high, 

and the cathode current efficiency rather low at higher current 

densities. 	';ith 35 	the %node dissolution was 

satisfactory and deposition could be carried out at cathode. 

current densities of as much as $0 	v-iithout difficulty. 

Deposits from all tis three main silver baths (i.e.  

nIth 35 all =)i, and tis snme with added COEa e or KC1) shoved 

the Barr general characteristics. 	A low current densities 

the deposit crystals were only weakly oriented, the orientation, 

which INRI3 not clearly idea if table , probably be trig (111 ) * Prom 

deposits at slightly higher cur7.ent densities, clearer 

dif'7raction patterns were obtained 1,1hich allowed that the 

crypt ale initially in (111) orientation had twinned on .111 

planes (see 7igs. 19 and 2C). 	t,s the current density was 

further inert, nos d, deposits we re obt f ,,ne d in which there we re , 

In' rd. 0.11 th C rystran in (1.11) orientation twinned on. 11113, 
norr crystals which had grown in a close-packed hexagonal 

lattice in (101C) orientation (Pigs. 21 and 22). 	it current 
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ii(nirities higher still, the deposit crystals became only 

41y 0rie t.te nen.in. 

Tio. frequent occurrence of the hexagonal modification 

instead or the usual fece-centred.-cubic silver is of particular 

interest , 	In the corre sponding diffraction patterns (rig.21) 

the 	pncing of the 1pyt r lines parallel to the 	low edge 

corresponds to hexagonal crystals oriented riith the 210) atom 

rows, or cubic crystals oriented with the ,c112) stom rows, 

Peroendicular to the specimen surface. (The planes to 'which 

these rows are normal .,,re 1010,i and E1123 respectively). The 

atomic ssnoinge in these two rows are identical in the two 

lattices. The corm nponaing theoretical one-degree orientation 

patter rns n re shoal Ir Pigs. 22 and 23. The strong arc ne are at 

the central npot in the plane of incidence 11€ a just inside the 
111 cubic ring, nnd this, the spacinp: of the layer lines, and 
the fact that the second order are in the plant of incidence 
appears to lit on, or just inside, thc 311 cubic ring, prove 

that the main orientntion ir not (111) cubic. 	he disposition 
Of the strorw arcs in the plane of incidence stiow that tbz 

orientation is primarily (1010) hexagonal rather than (112) 

cubic. 

The appearance of a weak arc on the 111 subic ring 

and the position of the arcs on the 200 cubic ring above Ulf 

second horizontal layer line indicates that there is cubic 



Sliver deposited from 	Fig.26. As Fig.25, but 60°C. 
c*ranide bath rith ArCti 
33.5 t3/i. ,nd gff 23 goll, 
nt 1 Wry? rind 20"C. 
600. 

x600. 

Fig.27. Silver deposited from Fig.a. 
cyanide bath with addrd 
carbonate at 1 mA/cma  
and 6ouc. 	x 600. 

As 2ig.27, but 20°C. 
x 600 
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silver. in (111) orientntion twinned on 11113 0  since if all the 

cubic silver crystals were in (112) orientation, nil the arcs 

due to both the cubic nnd hexngonnl modifications would lie on 

the !Mr* lnyer lines. The second nrc in the plane of 

incidence is very close to the 311 cubic ring, but compnriF on 

of the Tmttern with 7ig.24 r!flicc s it clenr ?Int (113) cubic 

orientntion does not occur nmong the deposit crystnle. Lot 

n11 the diffractions to be expected from (1010) rzc (112) 

one.degrer orientntions appear in the pnttcrns the re,s on 

the even-order lnyer lines on the 101 txxngonal ring nre nbsca t  

for ex!)"-,ple 	end this cnn be expinined no due to the crystras 

beim': well developed parnliel to the most closely populnted 

Manes (t 0a1.1 htxngonal and f1113 cubic) 

In the First bath, the cie nn cryst,11 SiZe incr,  need 

with incrensing current density raid with incrensing temperature 

(77ign. 25 rind 	) • 	R higher cynnide canoe ntrfAion, 

however, the inere nee of c ryst ral fi ize nnd surface roughne ss 

with incrensing current density r cl tempernture tins only slight. 

:he deposits from the baths witi-, ndded carbonate or chloride 

Showed very little vnrintion in crystal else with current 

nsity but the surface a we're roughe r, and the cryst ale 

slightly larger, in deposits nt 6CPC, than in those nt 206C. 

(compnre Figs. 27 rind 26) • 	The genern1 appearance- of the 
deponits  from the simple potnrrium silver cynnide brith was n 



Fig.29. 

• 

nilver deposited frau 
thiosulphnte broth at 
3 mA/cm2  nnd 20°C. 
(112) _cubic and 
(1010) hexagonal. 
orientations. 

Fig.30. Silver denosited from 
thiosulphate bath at 
5 mA/ce and 20°C. 
x boo. 

714.31. '3ilver deposited from 1.;/4 
silver nit rate solution Fig.32. 
in 10r wster-dioxnn 
mixture nt 1 mA/cur and 
20°C. Wenk (112) 
orientation,. 

Iiierogrnph of deposit 
of Fig. 31. 	x 600 



1:11-C . 

smooth and .glassy whitent se re sembling gl see d porcelain, 

,Nhereas deposits from the baths containing added carbonate or 

chloride vere semi-bright or had a satin sheen. 

(b) Other coxbatM.  

The conductivity of the compltx chloride baths was poor, 

rinef in spite of repented .attempts„ rood adherent deposits could 

not be obtAincd. from them. 

Good deposits were readily obtained from the complex 

thlosulphste baths. The solutions, however, were not very 

stable Ind sulphur was slowly, but continuously, precipitated 

from there. sulphur may, perhaps, have been included in some 

of the deporsits, since 14 one of them appeared to have a yellow 

tinge when viewed at certain angles. 7:ith 36 gil A%1 and 

120 	E12  Op • rA 0 • strong (110) orientation was found in 

deposits at Uith the sodium thiOnulphate 

concentration increased to 150 WI, strong (1C:T0) ilexflgonal 

owl (112) cubic orientations were observed in deposits at lower 
2 

current densities of" 1 and 3 migcm (Fig.:29)* 	At 8 mA/cm
2 
 in 

this latter bath the deposit consisted of randomly disposed 

VW 	ppf,  a rnnet of the surfaces of' these deposits 

under the: microscope, Pig.30, was very similar to that of 

nr'ooth deposits from the cyanide bathe (cf. Pig•28, for example). 
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(c) 
rarlicr work r133 with 1:/2 and IV10 silver nitrate 

solutions had shorm that the ionic concentration imedistely 

next to thr cathode had an irnportant effect on thE growth of 

the crystals in the deposit. 	In the present case, similar 

9O1tiOfl 	it1mall additions of nitric acid, or rith the 

o7 almost enough sodium nitrate or potassiuxu nitrate 

urnt ti solution were used. 	1,..1thoutll deposits having 

'I1!11 cyst. sirm -qerti readily obtained ttt moderate current 

densities from the baths with a large addition of nitrate, the 

deposits were rather loose mnd usually mostly dislodged from 

the cathode during washing. 

The conductivity of the solutions in water-din:can 

rilixtums was not very high (the potentiel difference across the 

bath inn !I bout 4 volts at n current density of 4 ukticm ). 

2Arly smooth le posits vintt in appearance, Iv 	adily 

obtrlined from these baths on silver sheet, or silver-plated 

base discs. At current densities of 1 and 2 mA/cm the 

deposit cryntsls were in !weak (112) orientation (.7ig.31). The 

rimposits consisted or small discrete crystals clearly visible 

under the microseopf2 (ig.32). 

It was found that after but 24 hours a ve ry fine dark 

piripitate was be1n slowly formed in the watcr-dioxan bathes  
The solution was filtered: 1(1 thi precipitate examined by 



42, 

electron diffrnctian. This show d (F4  • 	!And Table 4) that 

the precipitate was silver. It is 	resting to note hat 

Skarulla rind Ricci [76) obtained by crys qllisation from 

solutions of silver nitrate in Ivater-dioxRn 	solid 

dioxanste to rthich they gavc the tentative fornui!-1 	)8,C0802 



I 

?ig.33. niffrnetion p'Ittrrn Iur 
to prrcipitite from 
solution o" silvr 
nitrate in wntvr-dioxan 
mixtu7v, normal 
trnnmmisslon. 



Identification of substance givini7 rise to diffraction 
pnttern 	?igure 33. 

Voltage 50 ZV. 	0.05356 A 
	L = 47.5 cm. 

Observed 

d(A) 	intensity 

2.3( VS 2.37 100 

2.04 1+1 2.05 80 

1.44 U 1.44 60 

1.23 S 1.23 90 

1.18 Ir 1.18 50 

1.02 V 1.02 20 

0.93 V 0.94 6o 

0.905 , 0.91 6o 

0.827 PP C.83 40 

0.718 0.79 40 

0.714 0.72 10 

P.; z. = medium; faint; 

111. Data.4;,-- ;1,,,...-- 

d 	VII 	hk1 

111 

200 

220 

311 

222 

400 

331 

420 

422 

333, 511  

440 

V = very. 
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DISCUSSIOr• 

suits are ost convenientiy considered and their 

bcaring on the problem of cathodic crystal growth discussed 

under separ•te Ilk ridings, and the conclusions summarized at the 

err!. 

). 14'feet of current density mid its distribution. 

The eft of current density on crystal orientation 

been previously discussed f6:, and in many cases an 

increase in the current density lends to a change in the rziode 

of growth of the deposit crystals from the lateral mode to the 

outward mode. 	The change from (100) orientation to (11o) 

orient tion in copper de losite from bath 3 at 20"C. and 5milem 
a 

grid 1On'i/cm rf Apr CtiVE iY is an example of such a transition. 

The complexity of the coppr r deposit from bath 3 at 

6VC4 and 10 nilren is possibly due to inequaiity of the current 
density distribution. 	From a theore.tical anrlysis, 7 ;(igrier 177] 

has !;1::orr, that gre-ter uniformity of current a..t different parts 

of the cathode is to be expected at low current densities. As 

the mean current density is increased, a, larger proportion of 

current is carried by the edges and corners of the cathode. 

The occurrence of (111) .71xid (10C) orientations in the deposit 

under consideration suggests that on this particular specimen 

the actual current density at the middle of the surface was 
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lower thnn 	current densttire in the middle of the surfsces 

of the deposits formed t, lower averrwe current densities under 

conditions otherwise the s,!Int. 

(b). Occurrerce of  h xrig nal  tiojifications 	 jive I. 

Hexagonal copper was found in ac lliE deposits, ricl 

hexne:onal silver was .frequently found in the deposits pre pared 

under the conditions described in the previous purt of the thesis. 

The reason for some metals growing in close-paced 

hexagonal lattices rather than face-centred cubic ones is not 

fully understod. 	onw h xagorisl metals, e 	ondmiura rind zinc ,  

have an axial ratio considerably different from 1.63, which 

corresponds to the hexagonal close.packing of spheres, and the 

lattices of the se retni s in fact correspond to the clOse-packing 

of spheroids. This has been explained by Hume-Rothery [78] - s 

being due to incomplete ionization of the atoms in the crystal 
lattices. 	In the present cast of copper and silver, the axial 

ratio of the hexsmnal cell Is 1.63, and the,  lengths of the axes 

are such that, within the experimental errors, the atoms in the 

hexagonal lattice have the wine radius se they do in the cubic 

one. 	It is. perhaps, significant that three metals, cerium, 

cobalt and thallium, which normally crystalize in close-packed 

hexsonnl lattices i1th axial ratios very close to 1.63 are 

dimorphic and show face-centred cubic modifications. 



Pii7.34. Cubic close pnc3sing 
of spheres. 
Pln on (111) •:)1., 

TP1T.35. Itexrronn1 elope pricking 
of split- res. 
P1 ftn on (0001) pinnes, 
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(c) 
	

te, lit, ion be tile en cubic Prd  cif xfw:onial close pocked lottieSis. 

3 0 t h the f see ..cc tit reid cubic 1 Fitt ice send the closo-packe d 

lie xftronol lattice re present the closest. possible pocking of 

sphe re s so thot e och spiv! re i s surrounded by twelve c ui di st 

ghb o urs • 	Assuming that the atoms hnve the st-LTle effe ct iv e 

rridius in both I nt tice est  the relationship between th€ rix( s of the 

lottices is g'iNif 11 by 

= 2a,c/./3 

where the maffices D flnl c rcfer to the h(xngonal Banc! cubic 

1 otti cc s re spectively• 

The interpinnar spacing, tlhkl , for tkz Chia) planes is 

1,7;ive n by 

2 	2 
1/a c 	+ 	+ 1 ) for the cubic ,,t let • and 

2 	'2 
= 4(3911  ( 12 	k2 	hk) 	1 /Ch 

1/Re  r 8/3(h 
	

+ 

for the he x rigonol lot t I ce • 

Ttit difference between the cubic -sad he xneonol close 

pocking of pheres con be recognized by re fe rence to Y'1,!:ures 34 
rAr4-3 35. 	The circle fl Knrked A rc pre stilt n. closely pfic d Ivor 

of sphe TF'S 	those marked B re pre sent n second such I rye  r 

pl need on the first in such a way thot Bracy, sphere is over  

apace in the first layer ond in contact with three sphe re s 

rind ch 6/3 
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The third layer may now he:  pinccd in one of two positions 

relative to the first two layers: F.  ithrr end'', sphere may be 

placed directly over a sphere f,  or the nrtheres C may each be 

of 	over the spaces between the spheres A which were not 

covered by the spheres y. The fouler arrangee*nt consists of 

alternate layers 	and results in a close-pecked 

hexatTonn.1 lattice, n.ti the second arrangement consists of n 

rc c+Hence of lsyers 	 and gives a face -centred cubic 

lattice. These layers clearly correspond to the layers of 

closest atomic picking which fire the basal (C001) planes in the 

hexagonal lattice rInd the octahedral (111) planes in the face-

centred cubic lattice. The directions of closest atomic 

spacing in these planes are re spectively r cc and [110 

(j) 7'ossibl.e oriain of hexational modifications. 

(1) ri,:,..htitnakug. 	Twinning in face-centred cubic Lletals is 

:;enerally on [1111  pinnes, and produces sa reve.reol of the 

stacking sequence of the densely packed layers, 

AILATE*111C731..... (twiguling line occurred here on the plane C -). 

It still be noticed that the twin-plane and the pinres each side 

of it are equivalent to a small region of hexagonal close 

packing, and therefore, if for any reason the crystals undergo 

frea.uent twinning during the course of their growth, the 

deposit will. contain a large. proportion of metal in a what is 

tantamount to a close-packed hexagonal lattice in an 
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orientation equivalent to that of the cubic lattice, (The 

orientations are equivalent in the sense that the most densely® 

proked planes of the two lattices are parallel and the .rnost 

(lei sely packed atom rows in these planes are also parallel) 

The simultaneous occurrence of (112) cubic and (1010) 

hexagonal orient at i 	ght the re fore be due to repeated 

lamellar twinning (or repented stacking faults) of dironit 

crystsls originally in (112) orientation, 	Repeated L111 ?)  

twinning in thin lar)ellae or in cylic =:route of five is very 

common in copper 179]. rally of the diffraction patterns 

clearly indicate, however, that there is a large proportion of 

Inntrrial in the close-packed hexagonal form, and it seems 

reasonable to suppose that it grew in that way without twinning. 

uarre 11 8 explanation [293 of the bands occurring in 

some tra.nnission patterns from electrodeposited metpls as 
beim! due to 	7,raduril transition from a hexagonal lattice in 

the initial layers of the deposit to a cubic one at ,;renter 

thicknesses is possible, but it seems more prob bie that 

generally the bands are related to the stre:':ks which some 

patte rim exhibit ( r above page 6) 	The se at re aks we re due 

to twinning, t oge the r vith flexural distortion, of the le;:posit   
err:Anis. 

're s. Event twinninc, of the crystals on {111 Laaries to 

t}iin lamellae 11111 result in the reciprocal lattice points 
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ing very much extended along th( cube diagonals El thnt the 

latter become ef"( ctively c ontinuous. 	nistortion of the 

deiosit CITTaltran t  corres:)onylinv; to a rotation -.bout an 

AnPronriate wrist  will then result in a series of continuous 

hyperbolas appearing on the photo:r•lphic plate E 80]. 	The 

closest the ve rtice of the se hypc rbol as can approach the 

central spot corresponds to the perpendicular distance between 

two adjacent parallel cube diagonals in the reciprocal. lattice. 

7 'is distance is 41.73. a*, which corresponds to the 100 

diffr-etion from n clone -pnciced hexa-onal lattice built up of 

moms with the sm..* radius. If the original crystals of the 

©flit are rfkndomiy disposed, then the strf-ftks due to the 

various crystals in all passible: orientations will. mers-e into 

rk continuous blind with ft shnrp ::l ;e at a distance froth the 

cent rnl spot corresponding to the ICU hexatonal ring posit ion. 

Thouqh this e Nra,tnnt ion of the origin o' the bands 

observed in some patterns by %III and ruarrell may be the true 

ono in many cases, the pre sent work proves that hexagonal 

tiodifientions of copper and silver do actually occur extensively 

Under some circuristanrcs. 

i?urthernore t  ,.,1though 0113 twinning of cubic crystals 

in (111) one.-degree orientation was observed in norae deposits,  
n i thout!h 	pe ate d lnrkeliar Li ii twinning of cubic crystals 

n (112) onu -degree orientation v,ould account for the 
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simultaneous occurrence of som loyers of hexagonal structure 

in (1010) orientntion, it is not possible to Recount for the 

appeornnce of (112) cubic orientation by 111.  twinning from 

on initial orientation WM. Ch V; Fla either (111) or (110) even if 

allownnce is r'de for thc imperfection of the initial 

orientotion as shown by the sngulnr spread of the t,res in the 

40frniction pntterna. 

(it) Inclusion of non-trietaliic,nisteriol. 	In the en.ses of 

nickel and chromium it W FIR found by Yrng [ 	.Anct by 'right ,  

Hirst nnd i1ey r28] respectively thrt the depotata with a 

hexn.fronal structure had considerable r!uontities of hydrogen 

included, ,,iynd the fact thrt hexagonal cobalt is obtained from 

bmths with i low pil suascista tiled, in this nose alao the 

inclusion of hydrogen is ,issocinted with the occurrence of the 

hexoronal modificntion. 	io vide nce of the occurrence of 

cooper hydride, CuM, in copper deposits was found in tkik •)resent 

work, and the existence of m solid silver hydride io very 

doubtful pi]. 	It is posnible, however, that the inclusion of 

non-metallic msdierinls other thrn hydrogen, such as oxides or 

cyonides, could rfeet the growth and structure of electro- 

deposited metolms 	Ilridence of ttit inclusion of cuprous oxide 

woe found in both polycrystalline and single-crystal copper 

-deposits, and the observed epitaxial growth of Cyr  0 on the 

mingle crystal faces shows how re only the oxide could be 
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formed on the growing crystals rind included throughout the 

deposit. 

It hnn been found by the present author, and by other 

workers 	thnt Cu.0 grows on the copper (110) face in 

parnllei orientation. The occurrence of hexagonal copper in 

(1090) orientation in deposits froN b9th 2 qt 60"C. and 10 

mA/cr may the 	be cause d by the growth of Cua  0 crystals 

on the (110) faces of copper which are parr1ic.1 to the 

substrate. Copper subsequently deposited on this oxide layer 

might then tend to grow in the hexagonal for in (1010) 

orientation bccause of better atomic fitting nAher than in the 

o_if.Tinal cubic forv. 	The atomic fittings 	a the interfaces 

unrtFr such circumstances nrr shown in i ]:urf- 	support for 

this ex7lanation is afforded by the dcrionit z)n the single 

cr-ats1 (110) face under outward growth conditions Where copper 

in (1010) orientation occurred with the (001) hexagonal row 

parnllel to the r0013 row of the substrate (cubic) crystal 

(see pnge 33). 

P.m° has the same' type or structure w3 Cik 0, nd the 

foriition or oxide might account for the occurrence of 

hexagonal silver in (1010) orientation in a similar manner. 

:orle di' 4' lotions whiCL right have been due to tgz  0 have,  been 

not 	in sor g-. of the silver patterns, but the evidence for the 

inclusion or oxide in silver deposits is not. conclusive. 	The 
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baths used had a pH of nbout 10, so the precipitation of Aga 0 

from these solutions it the cathode is possible. 

It is possible that cubic silver in (112) orientation 

or hexa4onal silver it, (10'10) orientation could be caused by the 

adsorption of Air: on the growlng crystal faces. T1 reortcd 

structure of Pei/ is hexsgonal with no  = 3.8& A rind g = 
a. 	

101°11' 

r841. 	This give s 	r 6.0 • rInd a = 2"5,6-.1-rt 	The atom 

spacing slong 11103 of Fi 1.1vc r is 2.89 	so the atomic fittings 

between the (0001) plane of ;Zr and the (ill) pinne of stivc r, 

es shown in rigure 37  is r:uite close. 	..he 	CL crystal is 

built up of parallel rectilinear chins -rg-C r1-14-C etc., 

the distn.nce between successive silver stoma being 5.26 A.185]. 

The spacing along the {112] cubic and the [210] hcxszonel rows 

of silver is 5.0 I., tald these rows lie in thr most densely 

populated planes of the re npective lattices. 	Bence, if i.LiChl 
grotvin9 

vie re ndsorberi on the if=owi1g,/crystals4in (111) orientation with 

the (cool) planes of AgCl: in context with the (111) planes of 

silver, then subsecuent deposit crystells migttt tend to grow 

'it: their most 	tsly populated r..)1ne s pe rpendicular to the 

qubat ,-ste and with the -ton row rhos(' srincing riost nearly 

eorrr snonds to the 	g el7ncing ir, the c- lirection of i, g( I, 

normpl to the substrate. 

The nOsorption of cyanide is not the most probable 

exIlsnation or the occurrence of (112) cubic find (16-1-0) 



hewonal. orientations, however, since these orientations were 

nano observed in silVer electrodeposited from the complex 

thiosulphate bAhler Furthermore, weak (112) orientntion WAS 

observel in -1f1yvite from silver nitrate solutions in water

dioxitn mixtures. 7:lectron diffraction examination did not 

reveal the presence of rpm, material other turf silver in the 

tielosits from the nitrate baths, but minute traces of non-

metallic matter might nevertheless have been included. 

(e) rffect of ton-neftociation and formation of coraolcx iOnfio 

It i elc 	fif.'"on the results of the experiments on the 

denolt1on of /3 Jive r from silver nitrate solutions in water-

lion nixtures, •Ind from noueous solutions with large additions 

of 2otqp,nium or Socti uri nitrate, that the crystal. size in eiectro-

deposited Inet.,an can be decreased by increasing the ion-. 

nsocint 1 on of the lcct rolyte, 

186:1 has investigated the variation in the 

crystal size of falver electrodeposited c,ri to a platinum 

cathode from r14 solutions of Ag170, in water, or water mixed 

with 1:30. thyl alcohol, ethyl. alcohol or pyridine, (The last 

three soreente torec a lower li('lectrio constant than pure w4er).,' 

Re found the product of number of nuclei formed under constant 

conditions and the dielectric constant of the solvent to be 

a12roxitetately constant except in the C UM of the solution 
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containing vyridine, The Variation in the number of nuclei 

formrd yes attributed by Sar4ttov to the formation of complex 

anions Ag(7100; in thr alcoholic solutions. This seems 

unlikely, hover. since, • Koch [8y]  he pinte out, the 

formatiOU of compEx anions of binary electrolyte in 

volution is only to be expected if the solvent molecules 

specifically intOrect with the cations* KoCh has also shown 

(88] that molecules contnining mmuoniscs1 or nitrite groups 

are much more strongly attracted to Ae ions thnn molecules 

with hydroxyl or ketonic groups, and it therefore seems 

probable that of thr four solutions used. by StIrkitov, only 

that containing pyridine would iirINT had 401010; ions formed 

In it to nny apprecikble extent, The results of transport 

experiments cnrrifd out by Abegg snd Feustadt in 190) [89 

supAested the existence of Ag(rOp); 1.0110 in solutions of AgrO0  

In Ayridine. 

,Ttlen cations and nnion. are asaocinted in solution, 

they nre held together by ionic bonds sinilar to those rhich 

bind them In the solid state, 	falvation is the result of 

interaction or attraction betveen the ions nnd the solvent 

riolecules filling th( Imsatisfied bonds of th( iorm. 	n 

metn1 cation exists in solution as part of a stnbic complex 

ton, the some complex ion is found to exist as In entity in 

solid snits., 	From n general consideration of the interactions 
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between ions and solvent molecules, Koch [90] concluded that 

complex formation and salvation were not basically different. 

If it is postulated that the deposition of metals 

from complex solutions is by the discharge of simple cotions, 

then, since the probable life of 	simple cation in such a 

solution is very short, dissociation of the complex must occur 

very close to the point ot which 	et al ion is to be 

discharged. Dissocintion of' the complex ion and discharge of 

the simple cation may thus be regnrded as successive stages of 

what would be virtually one process. The alternative theory of 

de position of the meta]. by the discharge of the complex ion also 

involves thr decomposition of the complex ion. The basic 

difference between the two theories it that the former supposes 

e 	complex to dissociftte spontaneously to yield a free metal 

ion to be dischnrged, and the latter supposes the complex to 

deconoosc sus a result of the addition to it of a negative charge 

fror, the cathode. 	i:1 though the expe rime :Asa evidence available 

at the present time is not completely conclusive as to which of 

these mecahnisms actually occurs, it seems more probable that 

metals are deposited by the direct discharge of the complex ions. 

Smooth deposits -with a matt appearance and fairly 

anril crrstal size we 	obtelnable from all the solutions 

containirn, complex ions, but in some instances very large 

errstals Ivrre firponiteci• 	This occurrence of lnrge. crystals 



shows that the effect of the erierr "'hump" over which metal 

ion his to pass in the discharge process on the crystal size 

in electrodeposits is, at the most, of only minor importance. 

l!evertheless, the binding of sirnple cations by solvent molceule, 

nnionn, or in complex ions will probably have some effect on 

the rate at which the ions C/113 be di SChnrge d t the cathode. 

(f) Rte of ion-liacharv. 

(i) 	'•nidence  for the exiatence of a slow stage. 	Gordam [)13 

han measured the variation of cathode potential with current 

density fturine: the electrolysis of argentocynnide, copper 

sulphate and nickel sulphate solutions. He found. that in the 

first two cases, the cathode pontial was directly proportional' 

to the current density at love current densities, but at higher 

current densities with these solutions, wd throughout the 

current density range nith the nic,:el sulphate solution, the 

cathode potential wan proportional, to the logarithm or the 

current lensity. 

This in the type of relationship between cathode 

patential and current density to be expected if the re is n slow 

stn p$i in the discharge of the ions. 	According to the theory 

of rote proce<qs 192], for a sheet of metal immersed in a 

solution or one of its salts and at its rf versible potential in 

the solution, the cathodic current ctut to ions deposited on the 



rletal from the solution is given, for univ:Ilent ions, by 

1c  = Pks R+ 	iT I and the anodic current due to the 

dissolution of the metal is similarly given by 

Ia 	
-(-74)1VRT i2  e 	 In these equations, ict  and 

specific reaction velocities of the cathodic nnd 71110clic. 

reactions respectively, rt is the activity of the cations in 

the solution, 	is the reversible potential, -.1c1 	is a 

factor betrecn zero and unity. 	7_;ince the meta is under 

equilibrium conditions, these o currents are equn 	can 

both be designated I. 	If the.' meta sheet is irde cnthodic 

it will h,lwe rt new potential 	 w io defined as 

the overvoltage. 	The nftw 	 rtncdic currents are 

note ,liven by 

e 	and a 

711c net currrnt of deposition 18 therefore 
o(PFAIT APWitT 	-(1- ") 

I 	is 	ae 

I0  r e 	e 

w 	then on expanding the exponentials all the 

to -,rras except the first or the t xpansion can be neglected 

17ivi )11' 

Io  

w = const. x I 
10  

art. 
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7or larger values of w, this .simplificstion is not vnlid, but 

since eKt! aT2ncrE news rapidly iith w vheress e 1-001w/AT 

decreases, the latter term ci be cJLCCtC1 in comparison with 

the former, giving 

c 	117/ 

in 	 itT 
I 	i.e. w const.+ 77 in I 

reT,rdrytita results would therefore seem to indicate that 

there is rt slow stage 131 metal deposition, Pt Ierist in the three 

crij er he tudie d. 	At high current densities, the rate of 

diffusion of the metal containing ions to the cathode will always 

be the liml.ting factor, and the cathode potential wiU. then be 

given by in elation of the form 
A .4 	, It  7:01,  

In 	- 

'or univnlent ions, where Id is the current density when the ions 

diffusing to the ent /10 de nt their maximum rate, tire discharged 
r931. 	ecustion of this form wne foun<1 by Levin [943 to be 

ttficito the deposition of Silver from complex electrolytes 
(•7-mtain4 nr; Ag(rIte  )2  32  304  ,r rtg(Cr9). 3 or re  pia. 3. 
(ii) Possible sior  t'ges nd their effect on crystal plrowth. 

T'ossible slow sts in the overall deposition process, i.e. the 

trsnsition from the mete' ion in S o I ut I on to the ntom in the 
crysta3. lattice, --tre (1) removal of the ion from its 7!Aciosphere 
of solvent m!!-, lecules or associated tons, or from a complex ion, 



(2) nrut slisstion of the ion, /and (3) incorporation of tbs 

discharged atom into the growing crystal lattice, 	If (1) in thF, 

slow stage., In ion disohnrged rnd deposited in a netnatnble 

)olition would hrme n very amnll chfInce of re-entering, the 

olution sin being deposited ngain el SflithE re. 	i• rev ided, howeveL, 

that the other, stnges occur rnpidly, the growth of lnrge crystals 

t0 - ould not be prevented because atoms in mwt* stnble positions 

could migrate to more stable ones. 

The neutralisation of ions. stage (2), i.e. the transfer. 

of charm from the cathode to the ions, probably occurs rapidly 

in not erlses. 	iieyrovslcy's polarographic 0mork [)5], however, 

suiments that this stage may be slow in, the deposition of the 

transition " lencnte4. 	it further showed 	vohol the 

electrolytic solution contained defortmble anions, the process 

aloe Rred to b hastened 14.nd to occur reversibly-. 	veal if the 

rv7. ut rs1 ration 	the ions ;oem occur slowly the crystal. size 

will not be 	A provi 	stage (3) occurs rapidly. 

If st0 	(3). the incorporation of deposited atoms, is 

slow, ntoms deposited in metastable posit ions 	kinve 	gh 

probability of becoming tor3Ized again nnet re ntering the  

solution except rat high current densities then the large 

ove rvolt age 	t o  the; slow stage viould tend to inhibit the 

passage of ions 	the cathode to tht solution. 	= xccpt, 
possibly, t ve 	current denatties tLf :rowth of large 
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criristae wotaci be impossible bc cause the rte of deposition of 

atoms Ivould exceed their rate of incorporation into the 

existing lattices, and the contir und. formation of fresh nuclei 

would therefore be favoured. 

G1 RS stone has suggested Do that since the valency 

electrons of the trtirW..tion elements /ire known to have a 

te- ride ncy to enter higher enemy orbits than their normal, stable 

ont 	the inherent deposition overvoltage of iron, nickel and 

clbrIt 	be due to the ntoris of the se elerie rit s 	1:43' 

1 nit 1. raly deposited in in excite d state prici slowly reverting to 

normal . 	If this explanation be correct, it would result in the 

incorporation of the ntomB of these elements into the crystal 

lattice being nloi since they would not immediately be able to 

form their usual horde; with nelithbouring atmas. 

The most usual cause of aloe ; incorporation„ however, 

ins probably low mobility of the atoms over the crystal faces 

on the cathode. That the atoms cnn move over the surface is 

shown by the work of Schvqz r n , T,111 o found that polonium ntoms 

de) °sited on silver had a. measurable mobility even r  t roil; 

temps ',-ature. 	(The ions in solution have, of course, a much 

higher mobility than the atoms on the cathode surface). 

mobility of the atoms oVer the surface would be greatly reduced 

by adsorntion or co-deposition of non-metallic materii on the 

cathode. 	The presence of such foreign mstter, especially if 
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adeorbed, will also hinr!er thc incorporation of atoms in the 

lattice since the,  materials will !7,fnerally !* met ntrowILY 

retained in thf sitesO lovilest potential energy which would 

aths-,wl.ns 11" occupied by metal atoms. 

(g). Fffct o d so rhea now.mttpllic material on crjtvJ. gro wt h 

It is to be expected that, if conditions  

c •yatals dc.lositfd on an inert subetrnte will grow with a 

densely populated ntom plane parallel to the. tsubstrate 

e ince such an arrangement hgn it: net potential energy 	Thin 

mode of growth (lateral 4 moth) may be prevented by an 

inadequate supply of ionr to Ut cathode [6]. 1 veh when to 
supply of ions is high enough, lateral growth may be prevented 

by adsorption or co-deposition of non-metallic material rt 

wtn t*rn 01!  thn dtpoit  errlitnifit, 	As 	Iveults  an 

orientation such that Ft. o 	le 15 $A Ctif3013r PO Pla Fite d plane 

is parallel to the substrate may occur. 	Outword growth may 

also be molified by a similar inhibiting process. 	The 

occurrence of (113) !Ind (11) orientations in iron electro 

depoeited from chloride bath,' in ln example or such a 

modification, need the relative rates of discharge of the 

ferrous 1n4 hyIromn ions Irt prolylbiy important in this case 

113. 

Further evidence of such modification to n pronounced 

orientation is the effect of n small quantity of C 	added to 



Fif!.38. :=1bver from cyanide Fig.40. 
br,th 7ith clrbonnts 
adjition. A'ronounced 
outrinrd rrowth. 

Silver deposited under 
same conditions as for 
Fig.38, but with CS2  
added to the bath. 

Fig.39. Micrograph of deposit 
of Figure 38. 	x 11-; 
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n fircentotrynnide bath on the crystal Grorth of deposits. 

Under conditions very favourable to outward gaol th, the 

TIT* iondrinnt orientation wps (110) , Figure 38. 	1b- ;;;,c,ttir.eLs 

of the rings of this pattern shored that the crystal size was 

large, and a micrograph of the surface, rigure 39, revealed 

thf development of many needle like crystals. 	%iith about 

0.17, 	added to the bath, however, n deposit produced under 

otherwise identical conditions prrse ted a eerri-bright 

appearance and consisted of randomly disposed crystals whose 

size, estimated from tit diffraction pattern (Figure 4C), -;as 

about 50 A 

ince the crystal size- is largely independent of the 
binding energy o the complt ions or cf:tion-solvent cluster. 
from which the metal in deposited (see above, page 55" 	and 

rano virtually independent of the rate of the first two stages 

in the deposition process, it must be concluded that, 1.n the 

absence of any specific substrtle influence, the czystiL size 

is chiefly determined by the site at which the deposited 

atoms can be incorporated into the growing crystal Lattice. 

This in turn will largely depend on the adsorption, co-

deposition or chemical formation of non-metallic matter on the 

cathode • 	The crystal size is, of course, dependent to come 

extent on the number of nuclei int.'.  tally formed pe r unit are a „ 

but if the bath conditions are such no to permit the growth of 



large crystals, then those nuclei which n.re most favourably 

oriented will grow more rapidly thsn the others* The 

crystn1 size at th.e surface of thick deposits will therefore 

be determined. by the rate of growth of individunl crystals, 

and this in turn will b( governed by the bath conditions and 

the extent of tAdsorption F,Ind inclusion of foreign trintter 

the deposit* 

According to Ttnuh nni 	t [403, the inclus on 

cynride in deposits from complex cynnide bnths eiiot4id 

decreased by (1) incrensing the current density, (ii) 

increasing the concentration of CI,' Jones and (iii) incrc,t;:zing 

the temperature. ro such general relations betwien etL 

size rind those three vsrisbles v re found in the prestint work. 

!,Azice however, it SCE GIS probable that the inclusion of oxides 

-re of chief iaport"nce lr the present experiments, titc 

c!)hel us ions of Rat;i3 rr 	uUhort canoe: ruing the adsQrp.tiot, 
of cyanides mny still be valid. 



rreTtOtia studie s by ?inch and his collaborato rs of 

tie..  structure, orientation rid size of the.  crystals in c:icotro- 

deposits, and the dependence of these factors on the bath 

corrlitions, have shown that the crystal orientation is 

primarily determined by the concenttation of the metal-contoiniEla 

ions nt the cathode Fr; urfnce• 	In some cases however, the 

co-deposition or adsorption of non-metallic material, such es 

hydrogen for example , was found to modify the orientation and 

even, sone tirr s the structure of the electrodepoeited metal. 

The present experirents are an extension of the 

previous work to investigate the effects of the presence of 

complex ions, sad of increased ion-as -,:ocition in the 

electrolytic solutions, on the electrodeposited metals. 	It 

hes been found that the crystal size of silver electrodeposited 

from silver nitrate solutions is decreased by increasing the: 

ion-arisociation in the electrolyte. 	A small crystal size was 

usually found in metals electrodeposited from solutions 

containing complex ions, but in 6001€: Cas a very large crystals 
were ..ound to occur in both copper and silver deposited from 

cyanide baths 	Those facto indicate that the retention of 

the metal in solution in: comple x ions doe s not have a large 

direct Influence on the crystal size of the electrodepositecl 

metal 
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The present experirrents also reveled tIcA both 

copper awl silver are sometimes alactrodepositeri ritIL a. close. 

pa.ciccd hexagonal structure instead of the usual face-centred 

cubic one. Thin modificrItion of the structure might be the 

result of repeated lamellar twinning of the deposit crystals 

or it might be cause ti by adsorbed non-metallic mate rita on the 

groring crystals vlodifying the crystal orientation and 

structure. 	It seems most probable that the, Liodificntions are 

ue to the precipitation and inclusion in the deposit, of an 

oxide. No evidence for the existence of a definite hydride of 

either copper or silver wan found in any of the deposits, 

thou,'11 hydrogen co-deposited with the metal could affect the, 

rowth nro possibly even the structure of the metal. crystals 

71.thout fort,ling 	canpound with the metal« 
It has been known for many years that the addition  

small qunntities of various mate ri n.1 s, ither organic or 

inorganic, to electrolytic solutions can profoundly affect the 

PhYsical appf arance of electrode:posited metals, 	.3uch addition 
sgentn are commonly used in conmercinl practice in order to 

obtain bright electrode posits and thereby eliminate, or nt 
least reduce, the need for aubsecuent polishing. 	these 
addition agents um affect the bulk diffusion of the ions, or 
they mpor by adsorption on the ions or the cathode affect the 

actual process of ion discharge, or they Inv be adsorbed on the 



caVlole f3urface nd affect the D'Iluairr of growth of the crystals. 

The modes of operation of different types of addition agents 

are therefore probably c uite different. 

has been shown in the present work, 'Lig use of 

solutions of complex ions does riot nlwrya result In a small 

Oryetia Sise in the electrodeposited metal, but in such 

solutions the rise in cathode potential, with current density is 

greater than in solutions of sinvle salts and a more uniform 

distribution of current density over the oath.. de surface is 

therefore obtnined. The small crystal size usually FA ocinted 

with deposition from complex solutions is ,i)robably due to the 

so.-diaposit on or inclusion of norpone 	ic matter in the 

slectrodeposited metal s 	It is commonly supposed that the 

tidsorption or cyniides occurs in deposits 1:1%;i,; complex cyanide 
bathe, but sines such solutions re always 	 the 

precipitation of oxides le to be expected. 

It can be conclauded flint the orientations sometimes 

observed which are not characte ri st ic of either simple outward. 

or lateral growth are due to the adsorption or inclusion of 

non-rietallic material having altered the mode of growth of the 

delosit crystals. 	In the absence of any specific substrate 

influence, the crystal size in electrodeposited metals is also 

chiefly determined by the presence of foreign material. 
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Vtither se arch dl rooted towardn systemstic study 

of the ef,ract of vs toils Wition ngents n c1ectro17tic 

solutions on crystal hnbit, oricntntion Fria, size of 

eiectroleposited metnla should iced to results of grant 

interest and Importance. 
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lvttion of thew Ytical olie-deAree oritntation 
re fir c ion  pp,tte rns. 

If the. crystal! Of a deposit nre so oriented thrt 

they 11,'v' an axis ruvwl perpendicular to the substrAe, but 

!frith r.-113am as!imathal (listribution about this axis, the 

resultinr! rliffrction pattern rill consist of spots lying et 

717roprinte intersections of the Debye-Scherrer ring 

poF:itione: with layer linen parallel to the shadow edge. Tbes 

layer lines 're spaced apart by a distance X Ltrurif  where 

rrrl.ve3.47ngth or the electron beam, L 	camera length and 

lattice translation alon7 the direction [Ur:1. 	The 

slots on - h' hk1 ring position il1 appear nt the 

intersections or this ring ,.vith the layer line of order h' 

the re 
h' 	trh 	+ 
	

(1) 

Account mat be taken of all permutations of ±h, +k and +1 

which correaponl to symwetrically equivalent planes. 

If (17L) is the crystal plane perpendicular to the 

113€1.9 or orientation rtiV173, then a diffraction Vial appear on 

the TIM ring position in the plane of incidence. Other 

dif"ractions may also occur on the HEM ring position at 

intersections with 1i layer lines satistying equation (t). 

/n laternntive method of deriving the corresponding 
pattern for crystals in one-degree orientation with the (HK.L.) 



Appendix 

planes ?arallel to ti reflection specimen nurface is to 

superimpose all the soot , Ttterne which would be given by r. 

single crystal (Itie:L) fsce with the be T,Ati pnraliei, in turn, to, 

all the main zone axes parallel to 	If the diffractio's 

expected in one of these azimuths do not occur in the observed 

psti%0 rn, nd tlicy re rot in nbeent at all directions of the beam 

relative to the specific/4 then the habit of the one-deg,ree 

oriented crystals !lust be such that the crystals .are too thick 

in the direction prellel to that particuier azimuth for tile 

electron ty- nrii to :penetrate them. 

By constructing the theoretical pattern corresponding 

to any particular one.degree orientation th7bught to be present, 

the positions of the other diffractions appearing con be 

checked, and the orientation axis the reby dote 	he 
theoretic rti patterns cor:r•esponding to the one-degree 

orie nt at ions et nco unte red in t1 p sent work are shown in 
rigs. 20, 22, 23 and 24. 

In practice, the orientation is not perfect, i.e. the 
(17.70. ,) planes of the crystals are not accurately .parallei to the 

surface, rnd the diffractions are therefore dretral out into arcs 

on the ring positions. 
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