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The Morphology of E]ecirodeposited<Coppér.
Andrew Kindler
: ABSTRACT
'Copper‘morphology was invéstigated with an'SfE.M. after electro-
deposition from.an.aqueous.CuSOA—HZSOA-so]utiénvin-a flow cell
with p1ane’para1)él electrode.
Uniform current distribution and well defined mass,tranéfer

conditions present. during turbulent forced convection made meaningful

invesfigation of .three regimes possible: 1) D.C. deposition at the

]imiting'CUrrent; 2) D.C. deposition below the limiting current; and .
3) pulsed current deposition below fhe limiting current.

'Regime.lz Evﬁdence is presehted that nodular powder'depoéits are
due to transformation from'é dendritic structure to‘a.coherent one when
the mass'traﬁsfer boundary 1ayef at the growing dendrite tip thins out.
The coherent portion of the structure caps: the dendrite giving it a
mushroom-1like appearance in photoijnographs of the deposit cross
section. | |

Regime 2: The-roughness'genefated'dﬁring electrodeposition results
from the growth of a few large protruding crystals embedded in a very
fine flat po]ycrysté]]fne deposit resemb]ing'sand. These large
crystals originate mosf]y near the'electrode/depoéit interface. After

their growth ends, coverage by the "sandy" deposit gives the crystals

a deceptively nodular and amorphous appearance.

The number of large crystals decreased with increasing interfacial

CuSO4 concentration and decreasing current density. Average crystal



i

‘size decreases as the number of crystals, and/or the interfacial con-
centration increases. The number of smaller crystals in the fine

structure depends on current density ana concentration similarly; the

average size is inversely related to the'number'denSity, These results

may be interpreted based oh current undersﬁanding of nucleation and
growth.

Further observations demonstrate that: 1) The electrode preparation
influences the number of crystals (1argé ?”d small) because the ener gy
of the surface is linked to its pretreatment, and 2) increased rough-
ness found fn thicker deposits is generated by preferéntial deposition
of fine strﬁctﬁre on the ]arge'crystals. |

Regime 3: The gréwth of the large crysta]s can bé inhibited with
pulsed current instead of with organic inhibitors. | |

- The off-time between tie pulses is demonstrated:to.be the cause of
fhis phenomenon. It 1is proposed that during this‘beriod,,passivation

of crystal growth sites occur.

1’
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DEDICATION |

I dedicate this thesis to the proposition that:

We fail to recognize the truth not because it is so difficult to

comprehend, but rather because we have chosen to ignore the obvicus.

u
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I.  INTRODUCTION

1.1 Purpose of ‘Study

When any metal is electrodeposited, the development of the surface -

mdfphology or microstructure becomes an important consideration. It
is this feature which directly determines surface properties such as
brightnessg smoothness and hardness, and indirectly compactness,
strength and duétility. ” |

This 1nVestigation deals with the surface morpho]ogy’of copper .
produced under well-defined conditions of mass transfer and'uniférm
current distributioﬁ in the absence of inhibitors. The results are
intended td be app]iéab]e not only to the-prob]ém of cobper electro-
.deposition, but as an aid to the understanding of metal depoéition in
. general, .

1.2 Summary of Practical Applications

Copper electrodeposition has numerous applications ranging:frOm the
functional to the decorative, all of which require some degree of
morphologi;al control. A compréhensive'review of practical applica-
tions oficoppér e]ectrodepositfoh and associated considerations with
regard to the sﬁrface morpho]dgy_is outside the scope of this
introduction. Still a.few general comments are in order. |

Applications of copper electrodeposition for the most part fall
" into one of four categories: electrorefining, electroforming, electro-
p]ating; and metallurgical powder preparation. E]ectroréfining
involves the diéso]ution énd deposition of copber in an electrochemical:
cell as the ]ast_stage of copper refining. from ore (1)., E]eétroforming

is used to create metal akti;]es by deposition on a mandrel or a mold.
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Production bf‘phonograph record masters is‘a‘common example, and so is
the production of printed circuft foil.(3).v E]ectrop]ating involves
depositing thin layérs of copber.on various substrates. This may be
done, for example, to: 1) improve adhesion of electrodebdsits of
other neta]s,rbr 2) decofate-various.articles. Metallurgical powder
is prepared by electrodeposition of copper on a cathode in a highly
dispersed non- adherent form. This powder is later compreﬁsed and
sintered into metal |

articles (2).

These applications all have different morphologica] requirements.
Powder production,represénts one eXtreme, e]ectrqrefining a
middleground were a coherent but not necessarily smooth surface is
reqpired, and finally, electroplating and electroforming is useful to
illustrate the other extreme. Smooth deposits are required for pfinted
circuit foil ‘and shiny ones. for decorative purposes. -

For both-e]ectroforming and.electroplating control of physical
properties such as tensile-'strength, ducti]ify and hardness are also -
cqnsiderations. These prqpeftieé are often dependent on the morphology
of the deposit as well, because aS“depositioh-continUes an evolving
surface eventually becomes pért of the bulk of the metal.

The'presént investigation does not deal with the relationship of
physica}'propefties and bulk deposit Structure; others have dealt with

this problem (4).

1.3 Metal Depoéition: the State of the Art

From the previous'examples it is clear that the technology exists

to control surface nnrpho]dgy sufficient to permit economical



operation. That this has been achieved is a tribute, unfortunately,
i hotztobscientific understanding but to sérendipity and dogged
empiricism. ‘Inevitably this leads to a number of negative
consequences: |

-1) A process design must involve trial and error or rely on

| previous experience. |

2) The most economical design will not necessarily be used.

3) Scale up‘or'scqle down could be difficult.

4) The best possible product may not be produced.

To overcome these problems, a comprehensive theory of the electro-
depoéition process mus? be developed. - It will have to take into
account the kinetics of crystal growth,_mass transfer conditions,
‘current distribution, and the interaétion of all these factors during
the evolution of a meta]-e]ettrodeposit. |

Although nu;h hés been learned along these lines over the years,
the goa]-of a comprehensive theory is still a rather distant one. In
addition, fundamental research (see literature survey) performed to
date often stresses aspects of the deposition problem not easily
app]icaﬁ]e to the production of‘a-commercial deposit. This is perhaps
particularly true for experimental work on'single'crystal'substrates.

Many descriptive studies of practical electrodeposition are
available (see e.g. Walker and Benn (5) or Lamb et al. (6;7,8,9)).
Unfortunately, these as.we11 as the nore fundamental studies are
flawed by the absence of well-defined mass transfer conditions and

current distribution at the cathode. The mass transfer conditions.



determine: 1) the cathode interfacial concentration of the metéf ion, "
o2),the'concentration gradient, and 3) the diffusion layer thickness.
In the event that organic 1eve1]ino agents or brightners are'présént,
the mass transfer conditions control the above three variables with |
respect to the additives as well. - For most research pe}formed in the -
absencé of mass transfer control, the interfacial concentration is the
significant factor. The deposit morphology can be exquisitely sensi-
tive to small concentration variations in certain ranges. Because -
undefined mass transfer conditions imply unoefined interfacial concen-
tration, the result of any experiment carried out under these condi-
tfons cannot be considered reproducib]e; Often because of’the'cell
design; the interfacial concentration is not even an independent
variable. S experiments purporting to correlate morphology with a
change in one variable usually ‘do not. |

If the Current_distributioh is non-uniform and-undefined; serious
experimental diff{cu]ties.can'arise-as well. This comos about because
the morphology (different at any given‘]ocatioo~on the cathode) cannot
be associated with a knowo current density. This factor, unlike the
influence of the mass transfer conditions, has at times been taken into
consideration. Some investigators report e]ectrodé arrangements
designed to‘favor'uniform and therefore easily definable current
oistributions;

The difficulties referred to are compounded by the fact that much
- practical work oas been done in the presence of organic levelling
agents or brightners whose effects on the deposition process are at
best poor1y uhderstood. From such work,-it is aimost impossible to

derive any fundanmental knowledge.



vAside from injudi;ious methodology, laboratory teéhno]ogy itself
has been a barrier. Prior tb 1965, the scanning electron microscope
did not’éxist. Until the introddctioﬁ of this instrument, obtaining a
good view of the metal surface at the required 500x -to 5000x was
difficu]t. “Optical microscopes lack sufficient depth of field at the.
necessary magnificatjon to allow imaging of profhuding surface ele-
ments. The transmission electron microscope has been successfully used
to Studyvmeta] surfaces beforé the S.E.M. became available. Unfortu-
nately, tedious, difficult, and‘sometimes impossible preparation .of
carbon replicas was required (see 0'Keefe et al. (10)),

C]ear]y,'muchvremaihsAto be‘done in the field in view of. the
experimental and theoretical limitations of previous work just
described. Iﬁ.this investiéation the approach involved deposition of
copper on polycrystalline copper substrates using a system where
operating conditiops coujd_be‘qpre accqrate]y contro11ed than 1in the
past. Tﬁis meané fﬁé hasé transfef conditions, as well as the current
deﬁsity and bulk so]ution.concenfration-could be specified. Tﬁe
S.E.M. was ﬁsed tobexamihevthe deposits and the results are placed iq
the‘framework of what'i§ presently known about electrocrystallization.

1.4 Literature Review of Theory and Experimental Work:

E]ecfrocrysta]]ization-1n the Absehcé of Mass . Transfer Cﬁntro]

l1.4.1 Theofy: For purposes of this réview; electrocrystallization
is defined as nucleation and growth of crystals by electrochemical
deposition. Iﬁ'ié the fundamental frame&ofk within which one can
interpret the morphological features of an electrodeposit because ﬁhe
microécopic crystai]ine structure eventually determines the macroscopic

topographic features of the electrodeposit.

i
e



Probably the earliest statement of fundamental concepts concerning

nucleation and growth was made by Gibbs (11) in a footnote to a paper

written ino1878. He did not specifically consider an e]ectrochemical

system but his speculatiohs are'genera]]y applicable to any crystal-

‘lization process. In this footnote Gibbs discusses concepts such as

layer growth, the work of nucleation and its_relation to surface
ténsion,'ahd the relative strength with'which atoms are bound at
corners and edges of a crystal as compared ‘to the m1dd1e of a side.
After a h1atus of 50 years from the time G1bbs pub11shed his
a}t1c]e, Kossel (12) proposed a model later deve]oped by Stranski (13)
for‘crysta] growth ut111z1ng ideas similar to those of G1bb$. "
According to this model, which again does not app1y'specifica]1y.to

e]ecfrocrysta]]ization, an atom from a non-crystalline phase incorpor-

ates itself .into a growing Tattice plane by attachment to a kink (see

Fig. 1).
A kink can occur on a step produced by a dis]oCation, or'by two-v

dimensional nucleation. At this site incorporation is: energetically

" more favorable due to increased interatomic forces at a position of

high coordination.. The process by which this incorporation occurs can
proceed by a number of paths.” The simplest {Path C) is direct movement
of an atom from the non;crysfalline phase to the kink site (Fig. 1).
Alternately, an ad-atoﬁiis formed (byfpart{a] bonding of an afom’to the
crysta] surface), followed by diffusion to the kink. The ad-atom may
form.at a step and linearly diffuse to the kink (Path B A") or'form.on

a lattice plane and surface diffuse to the step first (Path A A' A").
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B

Kink site

Step /

Lattice plane

XBLBI5S-3793

, Figure 1.
Pathways by which an ad«-atom/advion- may be incornorated into the crystal lattice.




»

Kool

The degree to'wnich_each of the three possib]é pathg are uti]ized is
of course determined by the free energy change in each case.

Regardless of path, atoms keep attaching theméelves to the noving
kink untf] the end of the crysté] is reached, and the kink.disappears,A
The process of growth does not stop'then be;ausg ﬁew.kinks can be |
formed in fhe step rqmaining.by a process of‘thermal roughening. This
process first proposed by Frenkel - (14) agcquqté for f]uctuafions in
the shape df the step by Brownian mqtion of atoms to and from itf.
Frehke] actually calculated the number of kinks in equilibrium wfth
the step, a calculation later refined by Burton et al. (15).

Since each kink is e]iminatgg by producing a new row of atoms af‘
the 1atter.stép, the step propagates to the end of the cryspa]. At
this time further growth.can only occur after 2-D (two-dimensional)
nucleation results in the fdrmation of a'syffaée nucleus. Thi$ will
initiate a new layer. Three-dimensional nucleation ﬁan also occur but -
this would lead to the formation of an entirely new crysta] whigh |
would then presumably grow by the qusel—Siranski mechanfsm.

This mechanism requires some modification fof it to be applicable
to the case.of electrocrystallization. iUnfortunately, these are.not
straight forward because there is no general agreement on the preciée
kinetics in the e]ectfochémica] case. fDoubt exists on two levels.
First it is not certain whether the charge transfer process is
complete when the,qd—@tom is formed from an jon, In other words, the-
possibility egisfé of a part]y ;hargeduad-atcm being formed. Such a

species is referred to as an ad-ion and it is believed to share an.
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electron with the surface. Second, doubt exists whether surface
diffusion can occur at all in the electrochemical case. It has been
sugges ted fhat lateral diffusion in the double layer otcurs instead,
fo]]oWed by direct depositibn to the-step or kink. -

gvidence'in support.of_the ad-ion theory has been presented by
CoﬁQay and BOékrfs (16,17). 1In their work the enthalpy of activation
for the formation of ad-atoms and ad-ions was calculated. Based on
the fact that the formation of ad-ions requires a smaller enthal py
change, these'wefe considered the more 1iké1y speciés.

Gerischer (18) came to the samé conclusion though for entirely
different reasons. He deduced that the ad-atom concentration should
“be independeht of bulk solution concentration at constant current.
Expériménts performed by him revealed that this was not the case.: In\
order to account for the observed variation, a residual charge of about
30 to 40 percent would have to be assigned to the ad-atom. The
questidn of direct‘depoéition vs. surface diffusion was addressed by
Fleischman and Thirsk (19), Mehl and Bockris (20), and Gerischer (18).-
Fleischman and Thirsk argued for the direct deposition mechanism.'
Their analysis involved modeling the kinetics to derive a steadyIState
current—poientia] re]atioﬁship for the case of surface diffuéion.

This relationship fitted‘experimental data‘poor]y in most cases. Ag,
Cu, and Pb deposition inrparticuiéf is thought to lack a surface
diffdsioﬁ nechanism; In the case of Sn, and Cd surface diffusion may
be a participat%ng pathway. There is some evidence for this in the

.case of Fe as well.
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Meh1 and Bockris claim surface diffusion based on a charging curve
for si]Vér deposition on silver e1ectr§des from éilver perch]ofate,and
perchloric acid. The chérging curve is said to beiinconsistant with a

-sfmp]e buildup of the double léyér ét the surface of the é]ectrode.
vAccordingly, a surface diffusion mechanism must be involved to account
for the observed behavior. | |

Gerishcher assumed surface diffq{ioh exists'and showed how it could
result in a surface concentration‘6Verpotentiaif'mathematica]ly
distinguishab}e from bulk concentration overpotential. The techﬁique
' depended on applying a ,current pulse to a cell (with a si]ver cathode
and electrolyte of silver perch]orate and perchloric acid) and watching
?the rise Af the 6verpofentia1 with time. The tran;ient bulk concentfa-
“tion overpotential is subtracted from the'measufed'overpotehtia] and
tﬁe remainder is due to sufface diffusion. This fesidua] overpotential
was found in actual experiments.v

Keeping in mind the possibility that the éd—atom is an ad-ion and
the conflicting evidence concerning direct deposition vs. surface
diffusion we can sumharize the possible paths as fb]]ows wfth the aid
of Fig. 2: o

I. Case of Ad-Ion Formation:

1. Diffusion from bulk of solution to double layer.
2. Charge transfer resulting in formatign"of ad-ion at planar site.
2A. Diffusion laterally in double layer to position opposite

kink, step or nucleation site.

* Overpotential is defined later in this section (l.4.).
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- .
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Figure 2. »
. . XBL8I5-3796
_ a) Lattice format1on u1th ad¢1on as an intermediate; b) lattice formation with ad-atom as an intermediate.
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3. Surface dfffusion of aa-ion tb-step, kink, or nucleation site.

3A. Charge transfer resulting in format1on of ad 1on at step,
kink, or nuc]eat1on site.

4. Discharge completed, 1ncorporat1on into crysta] lattlce or
nuc]eat1on (2-D_or 3-D).

II. Case of Ad—Atom Formation:

5. Diffusion from pp]k-of‘so]ution to'doub]e ]ayer.
6. -Chargé'transfer_fésuTting in éd;afom formation at planar site,
6A. Lateral diffusion in double layer to position opposite kink,'
A step or nucleation site.
7. Surfacebdiffusion to kink, step or nucleation site.
7A. Charge transfer resulting in ad-atom formation at step, kink,
or nuc]éation site.- | '
8. 'Incorporatﬁoﬁ into crysta] lattice,:or nucleation (2-D'or 3-D).
"Every step of the deposition process just outlined is assoc1ated
w1th some degree of 1rrevers1b111ty arising from activation energy
barr1ers. "This irreversibility is expressed as a voltage drop (over-
potential ) which increases with the rate of eaéh stéb; Steady state
measurements of overbotential include contributions from all steps,
howevér, with the exception of the bulk .diffusion step (1 or 5) these
are not easily separable..bln many Caseé, however, the charge transfer
. overpotential is so high that it cohp]ete]y:masks‘nost othérs‘(steps
2A-8 and 6A-8). That is why the Butler-Volmer or Téfel approximation
oftén successfuf]y describes the re]étionship between dverpotentiaT and
the rate of the deposition process as expressed by the current (21).

For a one electron transfer (22):
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Butler-Volmer

also -(Ref. 46)

e

afF (1-a)
(&7 nc)- (- SRF o) (1)
I = Io e
Tafel
RT
for |n|> = ,n=A+Ben]|I] (2)
or
- - KL ,I' for the cathodic over otential (3)
" =~ T{Ima)F * "1, P A
where:
= transfer coefficient T = temperature
I0 = exchangeVCUrrent density I = current density
F = Faraday's constant " = charge transfer overpotential
L RT
R = gas copstant A= - TT:ZT?'lnIo
' B .= RT
T (T-a)F

(3A)

where
_ I: = exchange currént density at Cl’ C2
¢y = interfacial concentration of reactant.
C, = interfacial concentration of product
(= bﬁ]k cop;entration of reactant
Céb = bulk eoncentration of,product

constants
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Note: Beéausé Io contains the rate constant for.the discharge
reaction, it is also a function of,temperature as well. The
temperature effect will have the form of an Arrhenius expression.

For the étUdy of morphology, the'fate of the nucleation step is
pafticu]ar]y important. In the 2-D #aSé this is the rate of new 15yer
initiation, and in th§'3—D case the_rate of initfation of entirely new
crystals. ‘Again this can be related td the nucleation overpotential
as the deposition rate is related to the charge transfer
overpotential. Unfortunate]y, because the nué]eatioh overpotential is
not easily separated_from the total overpotential, the relationship.
between the former and the'réte a]lowS only qualitative conclusions to
be drawn. _ |

The overpotentfa] rate re]gtionshfp for both the 2-D and 3-D case
wés proposed by Erdey-Cruz and Volmer in 1931 (23).' They began with
the following expression relating the nuéleatioh‘rafe'to the work of

nucleation given by Vo]mef and Weber (24) in 1926:

-W _ _ :
J=Kle_ET_. B | | (4)
J = nuc]eatibn‘rate k = Boltzman's constant .
Kl = cénstant ' . T = temperature |
W = wdrk of nucleation

The exponential term is the~stati$tica] probability of nucleation.
Ne xt they used Brandes' (25) expressibn’for the work of 2-D

nucleation:
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; B "920 '_ o : _ (5)
D RTzng‘-;, | | |
0 = surface area covered by 1 mole of substance

P = equilibrium vapor pressure of the crystal
p

~vapor pressure at which nucleation occurs

p = the.boundary free.enérgy of an atom in a step in ergs/cm step

so that:

- 1[020 | . _. : : . . . ] :
== (6)

In the electrochemical case Erdey-Gruz and Volmer (23) point out that:

RT , P | | |

n, = nucleation overpotential

n = charge on ion
F = Faraday's constant
so:

- for 25D nucleation. J is the’rate of production of nuclei of critical
(stable) size. The critical nuclei size (rc) according to Brandes
(25);

ro=—22 - o . | (9)

c° P
) RT&n P=



s
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Again using Equatioh 7:

. L
Fe =TT - o)

- For 2-D nucleus

In the case of 3-D nucleation Volmer and'Weber (28) give for the

work: _ , .
v v 32 . _ . _ .
16n  o"M _ S
o735 2 . (11)
¢ = Surface tension
M = molecular weight
d = density , S
Substituting into Equation 4:
) o
- (-1%‘1 03M2/ (®(RTin F) /kT)) - (12)
Substituting Equation 7 ' B ‘ |
- (1-3@1 03M2/(d2(n2F2n§)/kT)> s o (13)

J=Kle*

The critical nucleus size rc.is given by the well-known Gibbs-

Thompson equation for small drops as found in Vetter (26):

rc = —ZLV-_P_- . ‘ | ’ | (14)

where V = molar volume.

Using Equation 7:

20V . |
l"c = - nan ) . . .A (15)
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"The value of the pre-exponential K1 has been estimated in the

nonée1ectrochemica] case by Kaischew and Stranski (27) and more

accurately by Becker and Doring (28) based on kinetic considerations.

The latter find that K1 has the.Va]ue»of the surface collision number
“(known from the kinetic theory of gases) in the case of condensation
of vapor. We can now see that Equétion 4 can be interpreted as a
collision number mul tiplied by the statistical probabi]ity of nuclea-
tion for a given collision. By analogy, Vetter (29) suggests that in

the electrochemical case for a one electron transfer:

Jla)F |
K =X e KT (16)

K = constant

n. = charge transfer overpotential.

c
~ We note that:

(-4=20) )

Ioe
is the cathodic partial current from Equation 1 or at high ne (Tafel

approximation) the current density of Equation 2. We can rewrite

Equation 16 for the second case as:

-~

o

]

o 3 7S
—
—
—
~
~

E]
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where
I ; current density.
It is evident that in this case Ky is a strong function of
current density.* _ _
.Erdey-Gruz‘and Volmer (23) attempted.to verify Equation 8 and 13

experimentally by p1otting cell current agaihst.overpotentia1 during

~deposition of In, Cd, Ni, Pb, Bi, Cu, and Ag. This was unsuccessful

in retrospect for obvious reasons. The_dnder]ying«assumption in:that
experiment was that the current is used;for nucleation a]qne. invany
real situation thevcurrent is sp]it;pgtween;nucleationjand growth.
Consequehtly the "nucleation currént"“is not the cell current -
except perhaps in some special cases. In addition;the charge transfer
overpotentia]iwas included in his_measufements. Depending on the metal
this could significantly mask a smaller nucleation 0verpotentia1. |
Equation 13 (3-D nucleation) seams to have been finally verified
in 1955 by Kaischef and Mutaftschiew (30). They deposited liquid
mercury** on p]atinum,using a two-steplpotentiostatic‘method.,iFirst,
the poténtia] was raised to a level where nucleation would occur, then
the‘ﬁuclei were grown to a visible size by depositing at ah over- |

potential too Tow for further nucleation. By counting these "grown

* This current density is the total to the cathode used for both-
~ nucleation and growth.

** | jquid mercury nuclei have the special property that growth occurs
without further nucleation of successive layers as in the Kossel-
Stransk i mechanism for solid crystals. Consequently, nucleation is
limited to the original electrode surface.
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nuclei," plots of nuclei vs. initial overpotentiai could be made. The
number of nuclei was prnportiona] to the nucleation rate because the
period during which nucleatipn was possible was the same for each
eXperiment. In effect nucleatfon rate‘vs. overpotential was actﬁa]]y
plotted. The plots showed Jé‘é(ﬁAlei) (A = constant) as |
predicted. Since a potentiostatic experimént cannot normally set the
nuc]éatidn overpotential alone we must assume that under the |
conditions of the éxperiment both_the;chargé transfer and surfdce
diffusion ovérpntentia] are insignificant.

One problem with the‘cTassica] nucleation'equations is that such
bulk quantities”as edge free energy, surface tension, or volume lose
their Meaning in the case of very small nuclei found at high super-
saturations. The calculation, for example, of thé work of nucleation
muﬁt be based on an atomistic model. In such a model one deals with
the interatomic forces betweén'each atom in a small nucleus.

‘This kind of a treatment is presented by Budevski, Bostanov and
Staikov (31) including references to previous pertinent work. They

show that this theory fits known data_better than the bulk quantities

approach. Unfortunaté]y, while the classical nuc1eation equations can

be appTied to nucleation raté vs. overpotential data to extract the
value df'surfacé tension or edge energy, fhis ability 1snlost using
meammhucawmmﬁ.

Classical nué]eation théory on the sonewnat mofe accurate
“atomistic apprOACh relates the nucleation rate to é 1imited nuhber of

parameters. Therefore, theory represents reality only in épecial

Ao
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cases. Two nechanfsms are possible that can affect the rate of
nucieation and are not taken,ihto account by cTassica] nucleation
~ theory. The first one, thodgh perhaps not the dominant one,.is
saturation of active sites.

~ Active sites are locations at which the work of nucleation is
reduced as a result of surface defects generally caused by
dis]ocations, trapped, impurities, oxide films, etc. The presence of
nuclei is much more likely at these‘locatiOns because the nucleation
rate will be higher-theré. The c]agsical expression for 3-D |

nucleation is:

.J=K1evn ' | | (18)

It can be applied to a collection of active sites of the same energy.

From egn. 4 and 8:

K.

%P_g | (19)
"

where w‘is the wofk 6f nucleation. Clear]y.Qhen W is 10Wered, so:is
K2, therefore J'must_incréase. . o

If the difference in K, between active and defect free
-(inacti?é) surface sites is large, nucléétioh wii] occur at an

appyeciab]e rate only on the active ones. This was shown in 1932 by
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Erdéy—Gruz and Wick (90). They deposited mercury on nechanica]ly'
polished carbon e]éctrodes. A critical overpotential required'for
nucleation was found'to‘increase as the carbon surface was made
smoother, and presumably more defect free.

The number of active'sites‘on an electrode will be small compared
'to the total surface.area of the electrode. Consequenfly, long before
the surface is covered by nuclei, the nucleation rate should drop
because tﬁe active sites will be saturated. The number of active
sites at a surface is determined by the observer in an arbitrary
fashion. All sites, regardless of energy, sustain nucleation to some
degree at any absolute value of'nn greater than 0. This is easily
éonfirmed by inspection of eqn. 18. Sites of a given energy are
active when the observer considers that the nucleétion rate there is
sufficiently high to be significant.

Using this more general definition of acfivity, it is evident that
~an increase in either n, or K1 in eqn. 18 could allow nucleation
rates to exceed the arbitrary minimum at more 1ocafions and so
increase the number of active sites.
| In 1965 Kaischew and Mutaftschiew (89) actually demonstrated
saturation phenomena by depositing liquid mercury on platinum sing]é
crystals and plotting the nuclei produced agafnst time. The nuclei vs.
time plot developed clear plateaus. The saturation level was higher
at higher nucleation overpotentials présumab]y because more sites
became actiVe under those conditions. These experiments unfortunately

did not prove that active sites were actually exhausted by nucleation
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because saturation may deveiop as a byproduct of nucleation

exclusion. Saturation levels determined by this second mechanism

could also increase with increasing nucleation overpotential.

" When a ﬁuc]eus is formed, a zone is created inside which further
nuc]eatién does notvocéur at a significant rate. As the nucleus grows,
the zone around it grows as well. Nucleafion ceaseé entirely on an
electrode if the zones overlap. The screening effect has been
attributed to a}number'of causes, but whibhever it actually is, it is
certainly mediated by a drop in the nucleation overpotential in the .
forbidden zone. A demonstration of this:effect'ih the special case of

Tiquid mercury nucleation on single cryéfa]s of platinum is found in

“the work of Markov et al. (91). A triple pulse potentiostatic

technique was used. The first pulse was at a sufficiently high over-
potential to produce one nucleus during the pulse time. ‘The second
pulse was too low to cause further nucleation at a perceptible rate,
but did all the fifst‘nutleus to grow.. The last pulse is at a
sufficiently high overpotential to caUSe massive nucleation.. At the
end of the experiment nuclei are found everywhere except in an area
around the first nucleus. This area is the nucleatioh.exc]usion'zoﬁe,-
and it is large because the single nucleus was allowed to grow beforé
initiation of the third pulse. ‘This phendmenon has also been observed
in the course of eXperimehts in-silver crysta]]ization_by.Aten-and

Boerlage (35) as describea in the next section.



24

In 1976 Markov (87) presented a mathematical model of the
nucleation process that accounted for nucleation exclusion zones as
well as exhaustion of active sites. Markov'and Stoycheva (88) in a
parallel paper used.this formulation to analyze potentiostatic liquid
mercury nucleation on platinum sing]e crystals electrodes.

Their analysis, based on Markov's model as well as qualitative
evidence, showed that the 6bserved phenomenon was due to nucleation
exclusion. The qualitative argdments were based on the observation
that at higher electrolyte conéentrations the number of nuclei at
saturation were reduced quite dramatically when the potential of the
cell was maintained constant.* This result could not-héve come about
if saturation were due to fi]ling Of active sites.. For a reduction of
active sites af high concentrations, one would expect the work of
nucleation or K2 in eqn. 18 to increase. ke expect K2 to incfeése
from egn. 19. K2 can be evaluated by p]otting J vs. llnﬁ.' It
was found that K2 did not vary with concentration. _

If the more general définitioh of active sites based on nucleation
rate is app]iéd, the number of active sites increases with
‘concentration. In Fig. 4, taken from Ref. 88, it is evident that:the
nucleation prior to saturation increases with increasing
concentration. The increase is éhown by thé authors to be due to an
increase in'Kl of eqn. 18. The reason for this increase is not -

entirely clear.

* In this cell the authors claim that the cell potentfa] and the
nucleation overpotential are the same due to the special cell con-
struction.
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It has been pointed out earlier that incorporation ihto'thé crystal
lattice can occur by nucleation onto active sites. These sites can be
steps formed at dis]ocations_prior to crystal]ization.‘ Another way to
view this type of.attive site is as a pre-existing nucleus. If this
step is below the criticé]»nucleus size for a given nucleation over—
potential it will lower the work of_nUc]eation as previously described
in the general case for active sites. If, however, the step is the
critical nucleus size, nucleation need not occur for stable addition of
ad-ions/ad-atoms to the step. In other Qprds,_the work of nucleation
is zero and the probability of growth at the step.is unity.  A crystal
will therefore be initiated immediately on application of the |
appropriate overpotential. .The Criti;al step size is described by
Eq. 10 for the 2-D nucleus. Based on this kihd of argument, Burton,
Cabrera, and Frank (15) discuss the special case of crystal growth at
screw dislocations.

In 1950 the above authors published a paper (15) where it was.noted
that one difficulty with the'Kosse]fStranski model is thét the super-
saturation (non-electrochemical case)‘required for 2-D nucleation was
on the order of 50 percent. In fact, real crystalé grow at
considerably lower supersaturations of 1 bercent or sometimes even
less. To exp]ain’this‘phenomenon Burton Cabrera and Frank propose -that
a se]ffperpeturating‘step (dislocation) allows a crystal to grow

without nucleation.
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This special type of step (see Fig. 3A) "pinned down" at one side
is caused by a screw dis]ocation. At a sﬁpersaturation sufficient so
that the step size equals the critical nuclei size for the 2-D case,*
the step beg1ns to grow. It will do this by spiralling into a pyram1d
or cone as'atOms are added to the step at point a, and "pivoting"

- occurs around boint b. Figure 3A illustrates how new steps are con-
stant]y being formed and how they grow. Figure 38 shows the final
result as seén from the top view.** If the substrate is hon—isotrop&c
(as it usually is because of the crystal structure), the spirals will

be bo]ygonized and become pyramids. Spiral growth has actually been

observed on a variety of metals. In the case of copper this was shown -

by Seiter et al. (44).

* The condition that the critical step size equals the critical:
nucleus size for the 2-D case .is probably too restrictive. If that
were the case, all crystals would be initiated simultaneously
without nucleation as discussed earlier.

When experiments were performed to follow the early stages of
metal deposition, it was found that growth centers do not emerge
simultaneously, but over a period of time. This was shown for liquid
Tiquid mercury on platiunum (88,89) and copper on pyrolytic graphite
(92). Consequently, the initiation on growth must occur by nuclea-
tion. Applying this result to spiral growth, we must conclude that
if the spiral mechanism is dominant, it must begin with nucleation.
This might happen if, for example, the screw dislocation is below the
critical nucleus size. In that case, atoms would have to be added
to the dislocation site through a nucleation process in order that
it become large enough for stable growth to begin. Like any nuclea-
tion, it will* occur at a certain rate defined by the classical
nucleation equations derived ear lier.

*  Figure 3A is somewhat idealized, actually the new step shown is
curved backwards and this is why the cone in 3B is fornmed.

k)
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Plot of experimentally measured numbers of nuclei N vs. time ¢ for deposition onto a single-
crystal electrode at three overpotentials, as denoted by the figures (in mV), and for various con-
centrations of the electrolyte: 0 0.48 mol I™'; @ 0.24 mol 17}: © 0.12 mol 171,

Figure 4.



29

Burton, Cabrera, and Frank (15) treated the growth of spirals for
the isotropic case, and derived the shape. Two approximations are
given, one of which is an Archimedean spiral. In both caées the
angular velocity of growth is aleo given. More recent treatmenté or
spiral'growth'for the e]eetrochemica] case are give by Bostanov,
| Budevski, and Staikov (32). 'Here the period of rotation of a
k—cornered spiral the slope of the pyram1d, and the re]at1onsh1p
between current and overpotential are g1ven.

A comprehensive summary of the theory of nucleation and érthh up
to 1967 can be found in Vetter (33). It coverSVZ—D and 3-D nucleation,
spiral growth, surface diffusidnsand current potential.relationships;

1.4.2 Exper1menta] Work:

One of the earliest pieces of fundanenta] research was that of
Rosa, Vinal, and Mcpanlel (34). This massive work on 511ver dep051tion
was performed in a silver coulometer ueing AgNO3 electro]yte‘and a
p]atinum eathode. They observed among other th1ngs that: -1) the
number of silver crystals deposited was approxlmately proport1ona] to
the square of the current density, 2) increasing the concentration of

the electrolyte decreases the number of crystaié, 3) increasing
temperature decreases the number of erystals, 4) additidn of acid or
AgCH3COO 1ncrease§ the number of‘crysta]s, and 5) Targe
numbers of crystals were associated w1th sma]] crystal size.
Th]S work went largely unnoticed and was tnerefore partly repeated

by Aten and Boerlage (35) in 1920. In this work silver was deposited

on a s11ver cathode from AgN03
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The results presented were similar to the fiVe 1isfed earlier. |
There were, however, two noticeable differences: 1) the number of
crystals deposited was linearly proqutiona] fo the current density,

- 2) the number of crystals increased with the addition of'HN03,
‘KN03, and gelatin. '

The disagreement between the relationship of current density and
crystal number is not disturbing fn view of the fact that the mass |
tfansfer conditions are not well defined:in either experiment.
Coneequent]y, the interfacial cbncentration of AgN03 is unknowhvand
doubt]eés]y changes with current in different ways. As it shall be
seen from our own work, comparison between the number of'crystals_
formed at‘different current dehsities are not meaningful if the inter-
| facial concentration of ﬁhe e]eefrolyte at the cathode 15 not
maintained constant. The two sets_Of experiments were afso performed
with different current distributions.‘ Aten and Boerlage used an
electrode arrangement designed to insure uniform current density, Rosa
‘et al. did not. This too could have influenced the number of crystals
observed. Finally, unlike Rosa_et al., Aten and Boerlage did not
maintain the number of cou]ohbs passed constant for runs at dffferent |
current densities. (However, all investigators examined the effect of
concentration on deposits formed by passage of an equal number of
coulombs;) | | |

The similar effect of quite diffefent additives on.the number of
crystale‘is most likely due to their behavior.as inhibitore. Such
.substances are believed to increase nucleation byvlowering the work
required under certain conditions. Fischer's (36) school has

considered this matter in great detail.
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Though both Aten and Boerlage ahd Rosa et al. agree oh the effect
of temperature, 'it must be appreciated that temperatﬂre changes -also
affect mass transfer conditons and so the interfacial concentration of
electrolyte at the cathode. ' As it has been pointed out, this has a
strong effect on crystal number. One‘cannot,‘theréfore, be certain -
that the temperature effect observed is due to a dirécf effect on thé.
crystaTlization'pfocess. ‘ co T

Aten and Boerlage alsoc investigated some other aspects of the
deposition proceSS not preVious]y considered; " First of all, it waS
demonstrated that preferential growth occurred on Crystals"a1ready
deposited, at the ‘expense Of’further;nucleation. Silver cfysta1s were
deposited on a flat circular silver electrode- composed of a disk’
surrounded by a detachable ring. At the end of the'experiment, the
disk was removed and replaced with a new one. When'debosition was
attempted for the second time, the crystals already present on the -
ring continued to growth while almost none formed on.the new disk;
This experiment clearly demonstrates the effect of nucleation
exclusion discussed earlier in Section 1.4.1, but now for the more
general solid state case.

In view of nuc1eation'exc]usion, one might expect saturation after

the passage of a certain number of coulomb's. In fact, not only does

" the number .of crystals fail to increase, but a substantial number

disappear as more coulombs are deposited. The loss was attributed by
the authors to an observed instability of the smaller crystals. Very
1ikely the loss of crystals was not compensated by further nucleation

because saturation of the electrode had alreauy occurred,
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In 1931 Erdey-Gruz and Volmer (23) observed layer growth on‘
electrodeposited silver crystals formed on platinum from an AgNO3
so]ﬁtion. ThisAgrowth begins at an edge or a corner but never at the
middle of a face,: The faster the 1ay¢rs>grew, the thinner they were.
These layers also had a tendency to bunch and then grow slower.

ﬁ.Further obsegvatiohs of layer growth on silver from an AgNO3
“so]ution were made in 1932 by Kohlschutter and Torricelli (37). _Thé
found that during growth at constant cell voTtage current increased
linearly with time. Any disturbance in that layer growth would lead
to an inflection point in the current vs; time cukve. Such a
disturbanée was for examplé the initiation of a new layer.

Perhaps the.nnst interesting observation from point of view of our
own research wasythe passivafion of both layers and crysta]]ftes on
interruption of current. When the éurrent was switched back on either
a new layer began to grow or another crystal wés nucleated. .

Initiation of new layer growth after current interruption was
demonstrated:to occur by Wrang]en (38) during deposition of Pb‘from
PbNO3 solutions, in the presente of gelatin or strongly inhibiting
anions. Significantly, inrthe absence of any additives, long current
interruptions had no effect whatsoever. Wranglen attributes the effect
to inhibition by the additi?es. In 1936 Jaquet (39) observed that
coppef deposited on electrolytically polished copper of a polycrystal-
line eiectrode assumed different morphologies depending on the
.orientationvof the ﬁubstrate crystals. This work was expanded by

Leidheiser and Gwathmey (47) in 1947.
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They determined that the crystallographic orientation of the poles
of a spherical copper single crystal determines the surface.morphology
resulting from chemical etching, e]ectkoetching, electrodeposition,
and the action of a]ternating current.

Along similar 1ines Kaischew and‘Mutaftschiew (30), while
validating the 3-D nucleation equation, noticed that on a single
crystal platinum sphere mercury crystallizes -at different rates near
different poles. From the abdve, it would seem reasonable to consider
that the influence of crystallographic orientation on the deposit is a
general phenomenon.

One of the first systematic investigations of copper using the
transmission electron microscope was published in three parts in 1960
(40,41,42). Pick, Storey and Vaughn (40) studied copper deposits on
single - crystals and on spécia]ly treated polycrystalline sheets where
the exposed planes or the trystals were mostly oriented in the same
direction (cube texture sheet). They observed that growth proceeded
by the spréading of.layers, and that the deposit features always
coarsened with increasing deposition time. . The coarsening was -
explained by a bunching mechanism whereby growth. layers spreading at
different rates eatch up with -each other to form thick layers. Once
tﬁe thick layer has formed it no longer separatesvinto its thinner
components and continues to grow at a new slower rate. Pick et al.
also found in agreement with references cited earlier (39,47,30) that
deposition on”d%fferent crystallographic planes resulted in different

morpnologies.
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Vaughn and Pick (41) stuaied nucleation at impurity sites in
copper as.a major mechanism for initiating crystal growth under .
practical deposition conditions. Accokding‘fo them, one must be
suspicious of all appearances of a classical ﬁuc]eation_mechanism until
it has been demonstrated- that impurity effects are absent. .
Barnes, Storey, and Pick (42) continued the study of copper
deposition. They correlated four ﬁnrpho]ogica] types with increasing
surface* overpotential and current density for deposits on copper
single crystals. These types were ridge, platelet, block, and poly-
crystalline iﬁ order of ascending surface overpotential and current
density. At high temperatureé, higher current densities are required
to prevent the morphology from .changing. It was concluded that this
was so because increased current prevented the surface overpotential -
from dropping-with increasé in temperature. Sadly, the experimental
technique in this study was faulty, so the conclusions are 16 doubt.,
First the surface'overpotentfal’in a stagnant'so]ution was measured
by stirring it just before the end of a run to eliminate the bulk
diffusion overpotential. This invalidates the measurement because
stirring changes the interfacial concentraton.which influences the
charge transfer overpotential through the exchange current density (see
Section 1.4.1, egn. 3A). The surface overpotential will be affected
because the charge transfer oVerpotentia] is a major component of it.
Another serious error consists in failing fo recognize .that in the

absence of well defined‘mass transfer conditions, nothing can be

*Surface overpotential is defined as the total measured overpotentfa]
with the ohmic drop-and bulk diffusion overpotential subtracted.
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. concluded regarding temperature effects. This considefation<has been
discussed earlier with regard to the work of Aten and Boerlage, and
"Rosa et al. -~ = : ' B

* 'In 1965 Damjanovic (43)sshowed'that the»exchahge current'dénsjty
ié dependent on the crystal plane deposited on, and that.the_layer>
growth observed on single crystal copper is due to microsteps generated
by cutting that crystal slightly off parallel to a Tow indek plane.
An interesting feature of the deposits at low current density are
pyramids of growth which sometimes grow simultaneously with. the layers.
They were also observed by Seiter et a], (44). Both Damjanovic and
Seiter et al. propose that the spiral growth mechanism of Burton
et al. (15) mentioned earlier is responsible for fhe growth of these
pyramids. Seiter et al. offers as evidence the fact that increasing.
supersaturation indirectly measured by ‘increasing current density leads
to increasing angTe of -inclination of the pyramids; as predicted by
the fheory of spiral growth. |

A more elegant demonstration of the relationship of pyramids to-

spiral gfowth-was offered by Bostanov, Budevski, and. Staikov (32).
They electrodeposited silver using both D.C. and pulsing current. On
examinatio; it was found that .in the D.C. case featureless pyramids of
growth'deve1oped;‘ In the pulsed current case the'ééme sort-of pyramids
were found, but with spiral markings} This. phenomenon was explained
by noting thétﬁpu]sing‘the current changes the supersaturation at the
crys£a1 growth site. According to the theory of spiral growth they
would change the slqpe ofbthe pyramid periodically and reveal

microscopic growth spirals normally hidden.
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In spite of this evidence, growth spifa]s may not be the true cause
of pyramida].groﬁth in all cases. Bunn and Emmet (45) have shown for
a non-electrdchemica] case that layers can spread one on top.of the
other to form pyramids. This process'js essentially the one described
'by the Kosse]-Stranskj nndel.v The only difference is that 2-D |
nucleation ]ééding to a new layer occurs before the previous layer has
completely covered the crystal. The resd]t (seé Fig. 5) is a pyramid
of stacked layers rather than a cube.’

1.5 Dendrites |

A dendrite, according to Wrang]en's (38) definition, is a
protruding bﬁanchéd structure which in the 3-D case resembles a tree
or flower and in the 2-D case a fern. If the dendrite consists of a
‘sta1k»with single individual branches it is a "primary" type. If the
branches themselves branch, the dendrite is called “"secondary," etc.

The phenomena of dendritic growth during elecfrodeposition has
been approached from two quite different directions. Some
investigators héve concerned themselves with the detailed mechanism of
the cryst&]]ization process,'whi]e others have_considered‘dendfitic
growth as a Manifestation of nonuniform mass:transfer to a growing
protrusion of unspecified structure. It seems quite Tikely that a
definitive treatment of dendritic growth will recognize the validity
of both approaches because. they are complementary. It is.qiear that
theories based on considerations of‘mass transfer alone cannot account
for the charactéristic'strﬁcture of the dendrite. An appropriate |

‘ explanation will require knowledge of the crysta]]izétion mechanism.
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Regardless of the treatment, theories have been developed for which
substantiating evidence exists. They will both be dealt with in the
context of the following review.

The first systematic study of dendritic e]ectrocrystal]ization was
performed by Wranglen in 1955 and completely reported only in
1960 (38). In this paper he.notes that‘branching occurs at a fixed
angie to the primary protrusion in such a way as to be simbiy related
to the space lattice of the_metaf. _Dendrites generally grow in the
direction of ‘closest packing, and as shown by X-ray diffraction, are
monocrystél1ine. Wranglen also noticed that electrolytes in which _
~ deposition requirég.highlsurfacejovprpotential (ns)_dO not- favor the
growth of dendrites. ‘This phenomenon is atpributéd.io increased
throwing power.*' . _

‘Dendrites of Pb, As, Sh, and Cd deposited on cathodes of fﬁe same
materials wéfe observed by Wranglen (38) iq situ under a microscope so
that ft was possible to see the manner in which they were formed. It
would appear that growth proceeds most commonly by a layer spreading
mechenism from pyramidal centers whith are polyhédra] 1ayersuof
decreasing width stacked one on top of the other. More rare]y;'spira1

growth was observed on some special centers.

* Throwing power refers to the tendency for part of the current to be
diverted from a peak (favored by high potential gradient) to a recess.
In this case it'is a consequence of ng at a peak being larger than
ng at a recess. For a more complete definiticn see ref. 104.
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Wranglen does not attempt to explain the cause of dendritic
growth, but he does note that in the case of silver deposition, it is
favored by a low concentration of Agf ion. \

In 1957 Billig and Holmes (99) found that germanium dendrite§
formed from a melt non-electrochemically possessed fwo'interesting
features: 1) extension of the lattice in certain characteristic
crystallographic directions, and 2) a twinned structure. Later, such . -
features were found in electrodeposited metals that crystallize in an
F.C.C. lattice. In the case of Ag, this has been reported by Fausti
and John (100) and J. Smith et al. (101), and for Pb, Cu, Au, and Al

by Faust and John (102).
| In 1960, shortly after the initial discovery of these phenomena in
germanium dendrites, Hamilton and Seidensticker (98) proposed a
mechanism of crystallization to account for them. In 1965 Faust and
John (103) showed that it can apply fo F.C.C. metals as'We]T.

Essentially, it is argued that when a crystal ‘is twiﬁned,:its faces
on either side of the twin plane will, together, form reentrant
corners. - These corners are V-shaped grooves in the twinned crystal.
whose recesses lie on the edge'of the‘twin plane. The bottom of the
reentrant corner or groove.is an energetically favorable nucleation
site'from'which-layers can grow out. Since a single monolayer will
not eliminate the groove, successive nucleation and outgrowth from the
bottom of the groove is possible for sometime. . Additién to the groove
‘extends the cryétal faces outside of the groove such that in ‘time the

groove will ‘disappear.
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If, however, two twin planes exist within a crystal, growth at the
‘reentrant grooves proceeds in such a way that the shape of the crystal
is not changed. The cr}éta] merely becomes larger.. In this case, the
reentrént grooves cannot disappaer. These "indestructible reentrant
grooves" ailoW'un]imited growth of the dendrite. According to
Hamilton and Seidensticker (98) the work of John and Faust has
demonstrated that dendrites’a]ways contain at leasf two tWiﬁs. The
observation calls into question Wranglen's claim that dendrites are
monocrystalline.

Based on a totally different approach, ignoring the details of the
dendritic crystallization process, Barton and Bockris (48) were first
to propose a quantitative theory based on a number. of critical
observations concerning dendritic growth; of Ag on an Ag wire from a

molten electrolyte of AgNO NaNO,, and KNO3. These

3’
observations fall nathra]ly into two groups: 1) those dealing with
| dendrite initiation, and 2) those dealing with behavior during growth.

I. Dendrite Initiation

1. The current density must be greater than a certain minimum
.for a given concentration of depositing species.-

2. The concentration of depositing species must be no larger
than a certain maximum for a given current'density._

3. The ratio of mininum current density to maximum concentration
is approximately coﬁstant;

.4, The overpotential (total of surface, diffusion, and. ohmic

drop) must be greater than a certain minimum for any current

density or concentration.
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II.'Dendrite,Growth

1. For a given overpotential the velocity of dendrite growth is
;comtmt, | |

2. Dendrites initiated at high overpotentials grow the fastest.

3. Increasing overpotential during deposition increa§es the rate
of gfbwth»at first, then the dendrite tip splits into a fan-
like structure which grows at a slower rate.

4; An induction period ié required before a dendrite becomes-

visible.

Utilizing these observations Barton and Bockris constructed a
physical model for the dendritic growth process under potentiostatic
conditions. They assumed that under conditions of'diffusion'control, 
a "]argeﬁ protrusion already preseht on the surface penetrates the
cathode diffusion iayer. In spite of the fact that a new layer then
grows at the tip; preferential deposition occurs there due to the
enhanced mass transfer provided by spherical diffusion conditions.
This physical picture led to.the derivation of an expression'rélating
concentration (diffusion) plus surface overpotential to the ve]ocity

of growth. The derivation was carried out with -the simplifying

- assumption that the diffusion equation applicable to a fixed profile

can be applied to a moving dendrite tip which was further assumed to
be hemispherical. It also tbok into account the Tlarge surface
overpotential at the tip due to the high current density as well as
the higher surféce energy of atoms there. (This latter condition is
analogous to -the higher vapor pressure associated'with:smalf_fluid
drops.) A by~producf of the analysis was the calculation of the

optimal tip radius at which growth was most rapid.
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Experimental data was in agreement with theory within a factor of

two or three for the rate of dendrite growth at various overpotentials.

The theoretical optimal tip radius on the other hand was in close
agreement to the experimental'values. One major problem with the
ané]ysis was accounting for the constant tip radius observed éxperi-
mentally. This prob]em was resolved by dropping.the hemisbherical tip
assumption in favor of a parabolic one. |

Hahi]ton (49) imporoved the analysis by solving the case of a
moving parabolic tip,  He also demonStrated a closer fit to the data
of Barton and Bockris. | “

Despic, Diggle, and Bockris (50) then showed that dendritic_growth'
can be initiated even in the absence of protrusions large enough to
permit spherical diffusion conditions to déve]op at the tip. According
to them, any point entering deeper into the diffusion layer then the
average penetration of the electrode microroughness will be favored for
growth as a result of the reiative]y_thinner'dfffusion layer there.
When the protrusion has grown to a size comparab]e to the average
diffusion layer, spherical diffusion conditions take over and dendritic
growth beings by the Barton, Bockris mechanism.

Despic et al. (50) derived an expression for the tip cﬁrrent
(growth rate) as a function of overpotential (surfacé and diffusion
contributions) based on this hodel for the dendrite initiation
protess. Some‘experimenta] work growing zinc dendrite was also

performed. = It was discovered that the critical overpotential for

dendritic growth (first referred to by Barton and Bockris) was reached

»
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at the limiting current* for diffusion to a flat cathode. This led to
the'conc]usion that the limiting current "is the factor detérmihihg
whether dendrites grow or not.

The dendrite initiation mechanism Jjust described is réferred to by

Despic and Popov (51) as surface amplification, while growth under

“spherical diffusion conditions is called dendritic. Despic and Popov

discuss these mechanism in detail as part of a‘review article on
transport controlled deposition and dissolution (Si). Recently, Popov
et al. (52-54) have presented a comprehensive theory of growth that
integrates both mechanisms. In this analysis the assumption is made
that transition from surface amplification to dendritic growth need ﬁgg '
occur when'the protrusion size is equal to the diffusfon layer |
thickness. Instead, ghé spherical diffusion conditions of dendritic
growth are considered to occur within the layer but only become a-
signifﬁcant'infiuence when the 1imitfng current at thé protrusion tip’
is reached. This condition is approached as the protrision grows‘
further and further into the diffusion layer. The time required for
transition between the two regimes is called the induction time and is
dependent on the combined surface and concentration (diffusion)
overpotential.’ | |

Popov ét al. (52-5) developed an expression relating the induction
time to the OVerpqtentia]. From this generaT result and.a"simplifyihg
assumption they obtained the overpotential for zero jnduction time and

v

* This is the current at which mass transfer control is complete and
the interfacial concentration is zero.
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‘ thé minimum overpotential required for eventua].transition to dendritic
growth from surface amplification. Experimental work on copper
deposition was done to verify these relationships.

. 1.6 Powders

Electroylytically produced metal powders are the cathode scrapings
ofymetal depbsited i the form ofvfiné, lbosely bouﬁdvprdtruberences
of a non-specific morphology; Photographs of‘such.powderé can be
found,_for example, in the work of Wrang]en (55) or more recently in
that of Russev (56). | | |

Black silver powder was produced as early as 1803 by Priestly (57)
and by others. in the next few years. Platers haVe traditionally |
regarded these powders as undesirable, an attitude that has changed
markedly in the last forty years. This change is primari]y due to the
advent of powder meta]Turgy. As a consequence of the industrial |
applications of this technology, many papers dealing with é]ectrb]ytic
powder formation have been written. Few, hoWevef,_are of a
sufficiehily fundamental nature té_shed Tight on the cause:of the
phenomenon.

From the beginning it must be recognized that there are basically
two types of powders formed; One class is favored by high current -
densities and low temperature, the other, Tow cﬁrrent dénsities and
high temperatures. These two modes are discussed by Wrang]en (55) and
in a comprehensive review by Ibl (58). The second type of. powder is
leﬁs cohmon and'wi11 be dealt with only briefly. |

Both Ibl (58)‘and WrangTen (55) have suggested that the ﬁnst likely.

exp]anation of the Tess common type is the interference with compact
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growth by flocks of hydrokides formihg_ih neutral electrolytes. This
appears to bé‘the case‘particu]arly_wth‘Zn'and €d. In éupport of thfs
claim Ibl (58) cites experiments where acid:added”to>the electrolyte
inhibits powder"fbrmatidh'breiﬂmab]j by inhibiting formation of
hydroxides.

Sometimes hydrqxide partiCTes are sb1ub1é in the electro]yté, but
powder still forms. This is known to be the_caSe in alkaline zincate
solutions. It is suggested by Ibl (58) that ofher colloidal particles
wer&bmymh'mrpWMm ﬁmmtmninﬂﬁscae.'.

Powder formation bccurking at high cufrent densities and low
temperatures is by far the most common type. A number of theories have
béeh-proposed tb explain ihis phehomenon, but most have been disproved
over the years. A summary of these Unéucceééfu] theories and the
evidence agafnéf them is ‘given by'Ib1”(58). Though the cause of powder
formation i§ not”éntirely”c]ear, it has been shown that deposition at
thellimiting current favoFs it. Presumab1y then, powder formation is
related to the zero interfacial concentration of the depositing species
and mass transfer control of the depoSitfon process. The évidence is
contained in the following papers:

Loshkarev et al. (59) shbwed that the current density at which Ni
pdwders form can be incréésed by"sfirring the NfSO4 eTectro]jte'or
increasing the N concentration. Both' these variations in
depositionvconditions tend to increase the limiting current. In a
later paper (60), deposition of Cu is reported from CusO,, in powder
form, ét the limiting current. [t is therefore concluded that |

depletion of -the diffusion layer is responsible for powder formation.

~
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Gritsan and Bulgakova (61) deposited Cd from CdS0, and obtained
| powdery deposits if the current density was not too low nor the
concentration of Cd++ too high. These_condiﬁions suggest that,
~again, limiting current is the criteria for powder formatfon.

Ibl and Trumpler (62) demonstratéd the importance of mass transfer
control on powder formation. They deposited Cu from C_uSO4 in the |
presence of BaSO4 colloid. The current at which powder formed was
1 percént of that found in fhe absence of the colloid. This was
explained by the mechanica]lhinderihg of free convection thaf would
hormai]y.keep the diffusion ]éyek from being so éasi]y depleted of
Cu++. | N

In a later. paper Ibl and Trumpler (63)‘measured the induction time
for‘powder formation in CuSQ, and AgNO3 at the limiting current.
This corresponded to the transition fimevto zero interfacial concen-
tration of a diffusing species predicted by the Sand equation
describing unstégdy stafe diffusion in stagnént solutions. From this
it was concluded that powder deposition depended'on zéro interfacial
concentration of the depositing species as well as mass transfer
control. | |

In the last paper by Ibl and Trumpler (68) the reactance of the
cathode—Cu++ system was measured. It was found to faii off sharply
at.fhe onset of.powder deposition. Experiments showed that the
reactance a]ways fe11 off if deposition was carried ouf'at»limiting

current, but not at other currents.

» A
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It has been pointed out earlier that there is.no generally accepted
mechanism for powder formation. Ibl (58) discusses two that desefve
mention.  The most likely is an explanation based on mass transfer
consfderations similar to the concept,of surface amplification
discussed in the section on dendrites..:According to this.theory, at
]fmiting current any protruberaneevbenetratiné the diffusion layer will
find itself in an environment of higher metal ion concentration than
-at the eyerage cathode so]ution‘interface where it is_zero. The
enhanced mess trensfer at the protrusion tip céuses preferential growth
there. N

 Less convincing,{s the theory proposed by Calusaru (65) and
summar ized by Ibl (58). Actonding to this argument, electron |
tunneling from the cathode increases as the cathode potential becomes
more negative. At limiting current the effect is extreme so that
metal is actually discharged at a distance from the. cathode resulting
in a 1oosely attachedAdeposit.

Since Ibi's.reQiew article (58) more evidence has accumulated in .
support of the mass transfer argument. In fact, it appears more and
more likely that dendrites and;powders are essentially similar
bhenqmena. The werk of Despic et al. (50) on dendrites shows, as
noted earlier, that 11miting_current seems to be a requirement for
dendritic growth as well as for powder formatioh.

Popov et'él._(52,54) nore forma]ly proposed a relationship between

powders and dendrites for the following reasons:
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1; Powders grown potentiostatically appear dendritic and behave
according to the theory of'dendfitic growth.

2. Other investigators have observed:dendrites present at times in.
powdérS'grown on various metals.

1.7 Deposition at a Periodically Chang1ng Rate

It has long been known that an improvement in the qua11ty of a
.deposit can be achieved utilizing periodically changing currents.

Genera]ly ft is reported that finer grain is achievable, smoother
sﬁrfdce,band higher p]ating rates. The regimes most commonly uséd are:
pulsating current (P-C),* periodically reversed current (PfR), and‘A.C;
superimposed on D.C. -

Various reviews reference the substantial amount of work on such
systems. Baeyens (66) covered the period up to 195 on P-C and P-R
plating, Dini (67) from 1954 to 1962 on P-R plating, and Wan
et al. (68) and Despic (51) up to 1974 for plating with P-R, P-C, and
A.C. superjmpdsed on D.C.-

This discussion will be limited to.P—C plating alone. The work on
P-C, as indeed for P;R or A.C. superimposed on D.C., is mostly of ah
empirical nature. As a result, outside of noting the claims made for
déposit'improvemeﬂts,'not much can be gained from host of the liter-
ature_except recipes for the deposition of;certain metals with certain
properties. A few theoretical treatmehts:of pulsed current systems do

exist. Unfortunately, some of these are incorrect and have been the

* pulsed current is defined here more broadly as a periocdically
varying, non-reversing current with arbltrary wave form that drops to.
zero once during each period.
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cause of somé;confuéion concerning what cén and cannot bg expected ffom
P-C plating. The few correct treatments that do exfst do not deal with
thé kinds of effects generally considered,to make P-C p]ating'usefu].
Consequently, a discussion of theory will be given last. |

1.7.1 Empirical-Studies: Some High]ights‘of the Last 20 Years

Sullivan (69) studied the deposition of Cobalt by P-C from a

CaSOa-COCIZ-HBBQ3

stréngth which was attributed to a finer grain structure than obtained

electrolyte. He reported higher yield

with D.C. .

. The comparison of P-C and D.C. deposits was not valid because the

‘average current density of the P-C experiment was not equal to the D.C.

one, and nothing is said about the total number of cou}ombs passed in'
each case. v

»Avi1a‘and.Brown.(70) studied gold deposition by P-C from a
phosphate gold e]ectro]yte. They reported .a refinement'of surface
structure asIWe11 as an increase in conductivity of the deposit.
Comparison was made to avD.C. deposit whose current density appears to
haVe been approxiMate]y 2.5 timeé‘the average P-C density. This is not
clearly stated but can be calculated from their data. The‘thickness‘r
of the two deposits-and therefore the approximate number of coulombs
passed. in each case was the same.

A much nnfe meaningful study was reported by Popkov (71) who

" systematically compared P-C and D.C. deposits of Cu from CuSOa—
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HZSOQ-eieétrolyte. The P-C was generated from half wave rectified

50 Hz'A.C. The average current density fn the P-C experiment was

equé] to the'current density in the D.C. one, but it is not c]eaETy

' stated that the number of tou]ombs passed in each case was the,same.

Photographs or debosits clearly show that P-C inhibits épheroida!

growths normally formed at high D.C. curreﬁt density and refines grain

" structure formed at low current density. It is suggested that this can-

be:exp]ained by passivation of growth sités'during the off-times éhd' ’

production of new ones at different locations during the next pulse.

Ozefov'et al. (72) compared D.C. and P-C deposits froh an

_electrolyte of CuSOa—HZSOQ at the same avérage current density

and of equa1 thicknesses. Five pairs of deposits were compared; each

succeeding one of a greater thickness . Photographs c]éafly‘show

vrefjnement of the surface structure‘in each case for the P—C deposit.
.,Gurovich and Krivtéov (73) deposited Zn from ZnSOa-NaZSOA_

KA1 (SO

‘and Cu from CuSO, H,S0,. Comparing.P-C to D.C.

4)2 4 2774° ‘

deposits at the same average current density, the surfage structure is
found to be nore refined;for both metals. The thicknesses of the P-C

and D.C. deposits are not specified. The refinement was attributed to
the Same‘mechanism suggested by Popkov (71).

Un]ike all previously cited stﬁdies, the work of Romanov (74) déa1t
with thevsuppression of Zn sponge of the low current density type
formed from an alkaline zincate solution. (Thfs'is made by disso]vihg
Zn0 ‘in KOH.) Af] non D.C. debosits were eaéi]y comparab]e to the D.C.

ones because the average current density and the D.C. current density

were the same. The number of couiombs passed through each deposit was

ok
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likewise the same . Romanov’ super imposed A.C. on D.C. in various
ratios. He discovéred‘that when the'rafio of peak A.C. to D.C.
approached one, suppression was at a maximum. It should be'nofed that.
when thé ratio is one, the deposition conditions are actually P—C;v For
rafios:greater than one (corresponding to P-R) there is no further
improvement, and.for ratios less than one, there is progressive
deterioration 6f the déposit: This resuTt would seém to suggest that
inhibition of sponge is depeﬁdent on having an off time as is indeed
present in P-C. " Another impoftant'obServation'was that the deposit
had a better quality at low freduencies (300 Hz) and a poorer one at
high frequencies (1600 Hz). |

In an extension of this work, Romanov (75) Studied the effect of
‘half-wave rectified A.C. (pulsing D.C.) and‘a pu]éing square wave (0
to +, + to 0) on zinc sponge formation.  Both waveforms were equé]]y.
effective at suppressioh_of sponge formation. 1In another exheriment,
the off time after each pu1se was rédUced by using fu11 instead of half
wave rectified A.C. This resulted in an increase in the rate of
sponge'formation.' Romanov concludes that the deﬁrease in off time
exb]ains the_previous]y observed deterioration of the deposit at high
(>:1000 Hz) frequencies.

Perhaps the most systematic, meaningfu],kand'fhorough study was
recently conducted by Puippe and Ib]'(76). They deposited Cd from_
either'CdSOa—HZSOa or Cd %-NaCN NaOH organic additives, Cu from.
CuS0,-H,S0,, Au %rom‘KAu(CN)'—Citric acid-KOH, and Pd from

4 27780 2
[Pd(NH3)4]—NH061. Comparisons were always made between deposits
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of the same thickness, produced during deposition at'identjcal_average
currentjdensifies. ‘In addition care was taken to insure that operation
was.always significantly below limiting current.

In their'experiments Puippe and Ib1 (76) varigd the off;time, the
pulse current, and the on-time during P-C plating. They Conciuded that
an increase in pulse current generally decreases grain size, while the
effect of an}increase in the off-time was found to be specific to the
metal deposited. It is suggested but'not_proven that the effecf df.an
increase indthe on time is also dependént on the metal deposited. .d
 Increasing the off time can sometimes result in gréin‘reffnement._ In
this case, the effect is thought fo be due to an increase in the
nucleation rate resulting from more effective inhibition of the growth
site during longer off times. This eXplanation bas ed on‘inhibition is
similar to that of Popkov (71) and Gurovich and Krivtsov (73),

- discussed earlier. In other cases, the effect of increasing the off
vtfme is jusf the opposite, and coarser grains are formed. In this
case, recrysfa]]ization dur{ng the'fo time into Targer surfaces
strdctures is offered as an explanation. Unfortdnate]y, comparison of
P-C to D.C. depdsition was not carried out except in the case of Cd,
Cd depdsited from CdSOa—HZSO4 with P-C possessed a much finer

grain structure than in the D.C. case. This result is consjstent with
prevously cited work on Cu,_Zn, and with some doubt, Au.

As with most studies of morphology, those made with Pfclare
deficient in that the mass transfer cdndifions are not specified, or

as in the case of Ibl and Puippe's (76) work, only poorly specified.
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The resu]fs might therefore be irrebrbducib]e.» In fact, the irrepro-
ducibility problem may. be greatef for P-C than for D.C. because there
may be some influence on the morphology that occurs.ggll.because of
interaction of the P-C mode with different interfacial concentrations
brought about by varying mass tranéfer conditions from'experiment‘to_v.
experiment. .This, of course;‘is'in»addition to what might be expected
in the case of D.C. experiments. 3 |

1.7.2 Theoretical Work

| ‘Theoretical work in P-C plating -consists of a very few papers.
None:of them deals with the effect of P—C on deposit morphology,
resulting from a change in the kinetics of deposition. With respect
‘tO'SUCh considerations we can only find reasonable guesses basedIOn
expefimenta]-work.. The effect of .adsorption ofvinhibitors during the
off times discussed by Popkov‘(71),'02er09 et al. (72), and Puippe and
Ibl (76),Ts_such an example. It will be remembered that their theory
was discussed in the last section. Unfortunately, the evidence
suggests_that the change in kinetiés.is by far the most important
_factor in determining mohpho1ogy. |

Quantifafive theoretical treatments do exist describing thé unusual

mass transfer conditions during P-C that have an indirect effect on the
morphology. Two aspects of the mass transfer problem have been '
analyzed. The first deals with the fact that the 1imiting currént
during a puTse can be nuch higher than that for D.C. deposition. The
second has to d6 with the fact that, under certain conditions,
deposition at the pulse limiting current.will not result in surface

amplification or dendritic growth.
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The pulse Iimiting.current can be much higher than the average
‘1imiting current because the interfacial region experiences an increase
in concentration during the off time due to a relaxation of the
diffusion layer. A correct mathematical treatment was first givén by
Cheh (77) and refined by Viswanathan et al. (78). The result of the
analysis was an actual calculation‘of the pulse limiting current. The
possibility of depositing metals at currents higher than the D.C. .
limiting current for short pulses allows one to reaiize very fine
grained deposits. This has been discussed by Puippe ‘and Ibl (76). It
is important to realize that P-C cannot increase the overall p]afing
rate. The average P-C current density caﬁnot.exceed the D.C. limiting
current for the same deposit conditions, and must often be less. This
has been proven-by Cheh (77). It is unfortunate that confusion hés
been‘genErated by the publication of some incorrect papers. Ozerov
et al. (72) claimed that the average P-C cufrent density could exceed
the D.C. ]imiting currént without limit as tHe pulse duration was
progressively decreased. .This result was arrived at by using the
wroﬁg differential equation to deScribe.mass transfer,. instead of the
equation.of cohtinﬁity. In addition, as Cheh (77) has observed;‘
convection was neglectéd in the analysis. | |

Despic and Popov (54) claimed that avdiffusion ]ayér of constant
thickness could be established in a stagnant solution by potentiostatic
pulsing. Furthermore, it was claimed that in;reasing the pulse |
frequency whi1e4proportionate1y decreasing the pulse duration would

cause the diffusion layer to thin.  This is the same ‘as stating that
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the potentioStatic pulsing enhances mass tranfer. This incorrect
conclusion comes about by solving Fick's second law with'unrealfstic
boundary conditions. The implicit éssumption is that the relaxation
time of the diffusion layer is zero. Adding to the confusion, the
experimental work done to validate these élaiﬁs was performed‘hnder
conditions -that do not satisfy the assumptions oﬁ which the theory was
based. |

" Earlier in‘this‘sectiqn another aspect of the mass transfer brob]em
was referred to. It concerns the fact that the no?m&] tendénty towards
the amp]ifitafion of surface irregularities at the D.C. liniting
current does not exist at the pulse Timiting»current under certain
conditions. This effect was predicted and studied by Ibl et al.
(80,81).

The diffusion 1ayér can bé'viewed, fOr‘the purpose of analysis, as

composed of»two sub]ayers.v-One-layer is thin and begins-at the
electrode, the other thick and fS'immediately adjatent to the first.

The thick Tayer cannot response to the P-C rapidly enough, so the

‘concentration profile follows that which would be expected for passage

of a D.C. current equal to the average of the P-C current.. The thin
]ayek, on the other‘hand, can be viewed as pulsihg with the current.
During the off time it disappears by drawing ions from the thick layer

and'during the on time it is reestablished. The pulse limiting current.

is determined by this thin layer. If the average current density is

substantially below ]imiting current, but the pulse current is

limiting, mass transfer Timitations exist'only in the thin layer.
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Since this very thin layer can follow.a surface microprofile, all parts
of that profile are covered by.the same thickness, of diffusion layer.
In this case it is agreed, there can»be no preferehtia] deposition on
the peaks of the'brofile~and thus no surface amplification occurs.
This has béeﬁ demonstrated by experiment (80).

This theory does suffer from one weakness. Although surféce
amplification in the sense of section 1.5 is eliminated, conditions
for dendritic growth are created. A protruding element of the profile
has, in effect, its own diffusion layer. In this'caSe, according to
the theory of dendritic growth in Section 1.5, spherical diffusion
~ conditions will lead to preferential deposition at a profile peak in-
the presence of diffusion control.

Possibly, under the conditioﬁs of Ibl et al.'s (80) experiments,
"spherical diffusion was npt a dominant factor. »

One remaining piece df fheoretica] work concerning pulse plating
must be given mention. This is the work of Pufppe and Ib1 (82) on
capacitance effects of the double layer. Fdr pulses of very-short
duration, the charging'and discharging of the double layer has the
effect of damping the pulse. ConSequent]y, above a certain pulse
frequency deposition would occur as if D.C. current were app]ied. In
_their work Puippe and Ibl cevelop formulas for computing the charging

and discharging time of the double layer.



2. EXPERIMENTAL

2.1 ,Chbice of Instrumentation

In order to study the surface morpho]dgy of aﬁ‘eTéctrodepqsit in a
meaningful way, fbur conditions must bé met:

1. The mass traﬁsfér conditions must bé figorously defined

2. The current'distributiohvmust be‘known‘ o

3. The mass transfef conditions must be‘independently variable

frpm the current density |

4. The cyrrent‘distribﬁffon and cathdde;inter%écfa]'cdncentéation

mu;t be uniform over the bortion of the electrode observed

The first two conditions are netessary so that the current density
and interfacial concentration aré known at any given location on the
cathode. The third is required so that it is §o$sib]e to assess the
effect of current density and interfacial contgntf&fion indgpendently'
of each otheﬁ; Finally, the last condition afises because a constant
morphology.js desiragle over the électrode area observed.

Conventional cells do not fulfill these requirements. An ;
i]ustrative exampe is the so called "stagnant cell" (see Fig..lA).. In
this arrangemeht, two electrodes are placed in_cohtaiﬁers with no
provision for forced convection. Electroiysis'leads‘to deb]etion of
the debosjting species-at the cathode due to mass_transfer
.]imitafiohs. This in turn leads to density gradients that cause
»natura]‘convection. Because the degree of natural convection is
determined by the current densfty for a given e]ecfro]yte composition

and temperature, the interfacial concentration is not an independent
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Figure 1. '

E1ectrochenn’ca1 cells with free and forced convection.
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‘variable. In addition, to this, mass transfer correlations available

for this system only permit the ca]cp]ationvof the average rather than
local interfacia] concentration at the cathode.

This concentration as well as the limiting: current varies over the

electrode because of the non-uniform mass transfer boundary layer

formed during free convection. The limiting current varies propor-
' 25

Somewhat better is a ceI] with forced conyection and‘Undefined

tionally to X™"°° where x is the distance from the leading edge.

mass transfer conditions. Typical of such a cell is the one described
above with a stirrer of some kind added (see Fig. 1B). Assuming that .
forced conveéction domindtes free convection (not always a good
assumption), the interfacial concentration of the depositing species

can be varied independently.of the current density by adjusting the

stir rate. This,.of course, is: due to the effect of stirring on the

mass transfer boundary layer thickness. Becaqse.the re1ationship
bethen the local mass transfer conditioné and the stir rate is not
known, this type of cell is of ]imited use. In spite of these
limitqtions, the two cells just described are actually representative
of the ones cohmon]y used to study the morphology of electrodeposits.

Two types of cells are not $ubject to: these limitations and

satisfy all the requirements discussed at the beginning of this

section. These are:

1) The f]ow cell with plane parallel electrodes

2) A cell with a rotating cylinder cathode
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The flow cell is'a rectangular cell with a planar anode and
cathode embedded in péra]]e] walls (see Fig. 1D). Electrolyte is
pumped through this ce]T to prbvide forced convection. The cell with
a rotating cylinder has two conéentrié electrodes.- Genera]]y.lthe
anode is a‘ho1low cylinder embedded in the wall of a container of the
same shape. The cathode is a cylinder of a smai]er diameter‘that_
rotates. .Electrolyte fills the interé]ectrode spéce and is stirred by
the movement of the cylinder (see Fig. 1C).

With regardsvto providing suitable operating condftions, both
these cells are equal. Practical considerations may dictate the
choice of one over the other. A flow channel is, for example, more
expensive to construct. On the other hand, it is a more flexible
‘research tool suitable for different applications with appropriate
" modifications. For this study the flow channel was selected.

2.2 Electrolyte-Electrodes

In thié study, Cu was deposited from an aqueous electrolyte or -
Cus0, "we]i supportéd" by HZSOa‘ The CuS0, and HZSO4 were
manufactured by Mallinckrodt and were reagent grade. Thé water was
prepared by distillation and further purification by a Cu]]igén SR
water purification system containing an activated charcoal organic:
trap, an ion exchanger, and a microfilter. the }on exchange resin was
discharged and recharged before use to lgach out any resin monomers.
The résistivity of the water leaving the unit was,between 10412 MQ-Ccm.

Both the anode and cathode were milled from'OFHC copper. The

H SO4 is added to the electrolyte to increase conductivity and

2
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. . . = ' o
suppress the migration of Cu  ions. In all other respects it is
inert. The high conductivity is desirable to avoid the need for a
high voltage power .supply and excessive heating of the cell during

. . ; o . '
operation. Migration of Cu is undesirable because the mass
transfer conditions within the flow cell are defined by correlations
for mixed diffusion and convection only. fThe'Cusoa concentration

used was in the range of ~.03 M to 0 ~.5 M and the HZSO4

concentration ~1 M in all cases. The conductivity of the electrolyte =

for the concentration range of CuSO4 used was increased by a fdctor _
of ~20 to f14, respectiveiy, by ‘addition of H250 [This
information was derived from data by Kern and Chang, Richardson and
Taylor appearing in a graph by L. Hsueh (85).] The degree of
. suppression of-Cu++ migration can be chacterized by the fraction of
the total curreﬁtlcarried by that process dﬁring e]ectrodepositfon.
(The rest, of coursé, is carried by diffusion.) This fraction is
equéi to the transport number of Cu++ in the electrolyte in the
absence of mass transfer control and with the assumption that
transport number for Cu++ is constaht everywhere. This last
.condition'is not a bad»assumption'for a well supported e]ectrolyte.
An approximate calculation of the transport number yields a range of
.025 .to ~,035 for the electrolyte concentration g1ven earlier. The
details of this calculation are presented in.Appendix C. If the
migration contribution to the curfent is. small enough the mass
traﬁsfer correlations will still be valid if these are used in
conjunction with the integral dfffusion'coefficient_measured

electrochemically. These daiffusion coefficients average together the
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effect of migrétion and solution property vériation in the diffusion:
layer. In this.work it was assumed that the migration contributioﬁ to
the mass transfer could be accounted fbr in this manner. Diffusion
coefficienfs_were takeﬁ from Arapkoske and Selman (83).

2.3 Equipment Overview

" The instrumentation used in ‘this project is a‘ﬁndificatioﬁ of that
described by U. Landau (84), in his Ph.D. thesis. The most
significant change involved comp]ete‘rep]acementrof the data gathering
electronics. Re]ativé]y-mfnor changes were made to the f]ow-thanne],
mechanical support eqqipment; and power supply. Thé-detai]s oflthese
modifications, including short descriptions of the original equipment,
will be supplied later in this section.

Equipment modifications were made with great care to,presérve'the
maximum flexibility of the entire system so that the flow channel

could be used as a general electrochemical research tool.

2.4 Flow Channel and Cell

2.4.1 General Description of the Original System

 The flow cell is part of a longer rectangular channel ‘which
contains a hydrodynamic entrance region'in which the flow fully
develops. The anode is part of the channel itse]f while the cathode
is 1ocatéd in a removab]e holder. Figure 5 shows the cathode ho]der;
Fig. 6 the cathodevdimensions, and Fig. 7 the channel and anode. When
~ the cathode.holder is bolted to the channel a bel] is formed, Figure 6
is a schematic.d%agram of the longitudinal cross section.‘:U. Landau o

describes the construction details in his Ph.D. Thesis (8). The anode .-
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and cathode have the same dimensions but the cathbde is broken into
nine central sengﬁts and two side ségmentév(see Fig. 6). The side
‘segménts serve two purposes. First, they preVeht"potentiai edge
effecfs fkom disturbing the current distribution on the nine central
segments from which data is taken. Seéond]y, distortion of the
diffus{onslayér.dué to wall effects in the cell wil occur over the side
$egments Only; This ]éaves‘the interfacial cdncenfratidn uniform over
the central 6nes.' A.nonunifOrm interfacial concentration is not only
undesirable because it will directly induce variations in the
morphology, but because it can leéd fo a honuhiform current
diStributiqn as well by fhe méchénism'deScfibed in Appendix D.

The_éathode cenf;al segmentéxarevretéihed because the current to
each segment can bé individua]]y meésuréd. ‘This is a necessary
feature because ﬁhe curhehtvdistribufion on the cathode is- sometimes
Very'nondniform;  It 55 generally uniform ovér one segment,
particu]any the downstream ones. ‘Conéequeﬁt]y, measurement of a
segmenf current cén be uﬁéd to caiculate a local current“density.‘ The
last downstream segment is used for a]l.observafions because both the
current densify and the Cu*™ interfacial concentration are very
uniform there. This follows from mass transfer and kinetic
considerations descfibed in Appéndix D.. Ih addition, the méss
_transfef'cbnditiOns are mbre accurately defined at that ]océtion.

Thé currént to the'electfode enters at the busbar (see Fig. 8) and
to 511 Ségmenfs after passing through very‘1ow resistances. The

voltage drop across each resistance is used to determine the current
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to the respective segment. :Thé cathode is intended to function as a'
single electrode, that is to say an equipotential ﬁ]ane.' For this
_reason, the voltage drop between the busbar and each segment must be
the same. Because the current to each segment is different, the |
4current sensing” resistors to the nine centrallsegments.aré desfgned : . «
to be variable and‘arg adjusfed appropriateiy. If the cathdde is not
équipotentia], current flow between the segments‘wou]d be pqésib]e and
error would be introduced.into’the current meagurements,

Current measurement at the cathode is subject to two types of
error; "direct" and "indirect." The "indirect" error due to
intersegment current flows has jusf been described; it is‘composed.of
a fixed as well as random,component.' The fixed component follows from
fesistor séttings, while the random component from mechénica]
variations within the_f]ow cell as.ekp]ained in Appendix E.

The "direct" error (whith is fixed) comes ffom the lack of precise
knoW]edge of the value of the "current sensing" resi§tor;- When the
current is calculated from the voltage drbp acrosé»that resistor, it
will be in error. The random and fixed erfors cannot be caléulated
independently, but can be esfimated together. and séparéted
' afterwards. The réndom error expressed‘to 95 percent confidence
limits is a conservative (overstated) measure of the maximum likely. , )
It was found to vary with CuSO4 concentration. The.fixed errors
(both direct and’ihdirect) depend on the resistor settings as well as -
tﬁe concenfration{ Two different'setfings were used, an "o1d" one and |

‘a "new" one. In the case of the "old" one, the cathode was not
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equipotential because the resistor values chosen were not optimal. .

Consequently, both "direct" and "indrect" fixed error were involved.

For the "new" setting the cathode was sufficiently equipotential so

that only "direct" fixed error was. possible.. Due to Jimitations

described in Appendix E it was possible to.calculate only an

approximate value for. the fixed current measurement error following

from the "old" setting. It can and is 1egitimate1y'subtracted from

measured -current values because it is almost certainly understated. .

It was not possible .to calculate the fixed error for the "new" resistor

- setting. However, since "direct" error is due to imprecise setting of

fhe resistor caused by lack of resolution of our millichmeter, we can

easily estimate this to be ~*2 percent (the accuracy of the meter).

We cannot subtract this from measured currentlvalues.because we do not

know the sign of the error. For segment nine énd'at 40 percént IL’

the errors were as. follows:

Fixed Error

CuSOp L0 M ~8.68 percent

CuSQg4 .098 M. "~ -2.38 percent
CuSOy .228 M N

CuSOy .45 M —

" Random Error -

£9.01 percent

+3,84: percent

23,92 percent

*£6.81 percent

"01d" Resistor
Setting

"NeW" Resistori
Setting

Note: The "old" and "new" settings were'always used af the contentra—

‘tions stated.
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(Thé details of the error calculations and the actual resistor
‘settihgs are given in Appendix E.) Be;ause fhe fixed error in}tﬁe
"old" setting is very likely understated, the result of correéting

data aquired under the "old' settings is to insure that the rehaining
error is more equal to the Uncorrectéd error in the "new" settingf

This improves the basis of comparison between all experiments.

At the limfting.current interseémént flows bécome impossible so

the random component of the "indirect".error disapbearg. We are-then
left with “direct" errors only which are ~+2 percent as stated earlier.

'2.4.2 Modifications

Five modifications of the channel and cell wefe found necessary
fqr the present study:

1) The channel was rebuilt to correct actua]"structura1.damage,to
the entrance region and déférioration of the seams .on the original one.
To slow future deterioration of the seams the channel wa]]s}were made
tﬁicker. In additfon, the channel was constructed from two pieces
rather than four to féci]itate future repairs if necessary. To do this
a slab of Iucite_S.l m thick‘was cakved out to the same internal
dimensions as in the old one (2.375 x 15.037 cm with slight variatidn‘
‘due to swe]]jng df lucite frqm contact with electrolyte). After the
channel wﬁs cut from this piece.the top was covered with.anothérbs]ab
of luicte 3 am thick on either side of the opening for the cathode.
.The plastic separators and diaphram a]]oWing the flow channel to be
split into two parts were not inﬁta]led>a1th0ugh grooves were'mécﬁined.

into the channel walls to permit them to be added'if needed.
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2) A referente_e]ectrode was placed on the'anode sidé of the fTow‘
;:cell rather than uSing the original "backsidef Tuggin capillaries

" incorporated 1ﬁto the cathode hb]der.‘FSee\Figs. 3 and 4 fdr cross
sections of the flow cell before and after this modification. The

- “backside" luggin‘capiilaries can be highly unreliable when the
cathode segments’ are notﬂexactly'cpplénar withvthem. _If the reference
electrode is recessed wjth respect to the cathode surface, it will
become electrically shfe]ded and read artificially low

overpoientials. 'Actual eXperience has denpnstrated this to be the
case.

3) A stéin]ess steel tube confaining a copper constantan’
thermocoup]e was mounted 71 cm upstream qf the cathodercqp]angr with a
side wall on the flow channel (see Fig} 2). This arrangement
'.permittgq_monitoringvof the tehperatdre more accurately and with a
much faster resbonse tihe. Previously, a'thermdmeter in a glass well
in one of the pipes of,the'fiow loop was Gsed.

4) The]contacts to the cathode segmenﬁs and the wires connected
to them were replaced because they had becomevcorroded,- Contacts and -
wires can be seen in Fig. 5 or iﬁ Fig. 3vor 4, The wires éﬁd contacts
were made out of_si]ver plated copper as before. They.wefe insulated
not.with teflon tape as in the bast, but with a coating of Kynar 204
(po]yviny]idene‘f]uoride resin made by.Penwalt Corporation). This
coating proved to.be cohsiderably more abrasidn resistant. Kynar was
also. used to‘cdét the non-conducting sides of the cathode‘ségments‘for
the same reason. It rep]éced a sprayed on acrylic coating there.
Kynar 1is as chehica]ly unreactive as teflon'ih our e]eétfo1yte so it

was ideal for insu1ating exposed parts.
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5) - A removable circular subsegment 1.9 cm in diameter was
méchinéd for the electrode furthest downstream (see Figs. 5 and 6).
This subsegment was removed after each experiment and. viewed under the
scanhing eléttron micfoscope. The main segment could not be used for
this purpose because it was too large. ;

2.5 Flow Loop

2.5.1 General Descr1pt1on of the Original System

The flow loop is fundamenta]ly unchanged from the way it was
6rigina]]y constructed. The modifications required to adapt it to its
present purpose are described in 2.5.2 A schematic diagram-of the-
flow loop as it presently stands (including only the piping and valves
actually used) is given in Fig. 9,.an:actual photo in Fig. 10. The
system is comprised of two centrifugal pumps powered by a 1 HP and

.7 5 HP motor, respect1ve1y The sma]]er pump. can teach 60 g.p.m. ana '
the large one 120 g p.m. with f]ow restrlct1ons presented by the
system. The maximum flow rate corresponds to a Reynold's number of
about 88,000 (based on a mean hydraulic diameter of 4.102 cm for the
flow cell). The Reynold's number can be chosen by adjusting gate
valves in the loop. Flow velocity is measured-with'a'magnetic flow
meter. _Thjs last device has thé advantage of an internal construction
that presents no obsFructibn to the flow.

A 'holding tank of about 70 gallons capacity is used to store the

. electrolyte when the system is not 16 use. During operation, it is
pumped to the overhead stainless steel reservoir from which it is.

circulated in the loop. The temperature is controlled by a
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Figure 9. Operation:
To fill reservoir: -
Open valves 1, 3, 4, 5, 9
Close valves 2, 6, 7, 8
Recirculation using small pump:
Close valves 1, 6,.7, 4, 5, 8.
Open valves 2, 3, 9
ContrbT flow with gafe«valve 9
Recirculation usihg large pump:
Close valves 1, 2, 3, ﬁ, 5, 8
Open valves-z;'3, 9, 6
Control flow with gate valve 7 |
Valves 4 and 5 are used to remove bubbles before run;

~Valve 8 is used to help drain flow system..
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recirculating cooler that pumps cold water throuoh coo]ing coils in
the reservoir. All metal parts in contact with the solut1on in the:
or1g1na] equ1pment were made out of 316 stainless §teel to prevent
corrosion. - |

2.5.2 Modi fications

The holding tank was sealed to prevent contamination. A tight
fitting dust cover attached to the tank byi316 stainless steel screws
was used for this purpose., Provision was made so that'the cover could
support 3 quartz glass covered heat1ng elements of 500 watts capacity
each. A Tv-antenna Tike structure of tubes with sma]] ho]es drilled
in them was placed in the hold1ng tank and used to sparge the
electrolyte with.nitrogen (see Fig. 9). It.was constructed of
Carpenter 20-CB stainless steel to resist corrosion. The cooTing cot]
from the bottom'tank was removed because it was: unnecessary. A
portion of the flow loop was blocked off that provided for different
flow rates “in the anb]yte'and catho]yte compartment of the flow ce]T.
This_was done because a porous diaphram was not used to separate those
compartments. . ‘

2.6 Power Supply and Controller

2.6.1 General Description of the Original System

The power supply (see photo, Fig. 11) is connected to a control
unit which allows it to function as a potentiostat or galvanostat.
Two current ranges can be chosen: 0-10 amps or 0-100 amps. In the
galvanostatic mode the desired current must be approached by a slow

ramp. In the potentiostatic mode, a desired overpotential can be set
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or varied with the use of a function generator. The digital function
generator used in cbnjunction with the potentiostatic controller is
capab]e of providing a variable rate‘famp and a few periodic functions.

2.6.2 Mod1f1cat1ons

For the current application, a more flex1b1e galvanostat was
requ1red whose output’ waveform was,not 11m1t¢d to a ramp. . Because the
- galvanostatic mode could not meet this fequiremeﬁt,'the potentiostatic
mode was adopted to this purpose.' The pbtentjostéf was converted to a
‘galvanostat when needed by wiring it as in Fig;'lé.l The voltage drop
across a resistor in series with the potentiosfat provides the voltage
sigﬁa] for feedback contrb]. With this'mOdifiCation the current can
now mimic - any paftern outpuf'by-the function géﬁerafor.

v In order to use the potentiostat asta potentiostat in conjunction
wifh the new énode»side reference‘e1ectrode (see Z.4.2), the ohmiC.
drop in the electrolyte must be‘sﬁbstratted from the neasured
-overvo1tage. Figure 12 shows an ohmic drop compensator* connected to
the potentioﬁtat. A reference voltage déyeloped'ﬁcfoss a current’
shunt is amp1ifed by thé compensator and subtracted from the
overvoltage. To accomoQate different electrolyte conductivities the
gain on the compensator is adjustable. |

2.7 Temperature Measurement

The temperature of the electrolyte is measured using a copper

constantan thermccouple fitted in the flow channel (see 2.4.2). The

* Designed by Dav1d Gee, Col]ege of Chemistry Electron1cs Shop, U.C.
Berke]ey
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thermocouple is connected to an electronic cold junction to avoid the

use of an ice bath. The output of the cold junction is fed to a Fluke ‘
model 877A differential voltmeter. - Because this Vo]tmeter can read

microvolts .1°C resolution -of temperature is possible. The wiring“is

~ straightforward and shown in Fig. 8.

2.8 Flow Measurement.

- The original magnetic flowmeter system was qsed with the exception
that only one transducer .(the large one) was used for the entire flow
range. - The transducer is-connected to a flow to current converter .
(see‘Fig, 8).. This device converts a mi]]iyqit A¢C; signal from the
transducer to a D.C. signé] of 10-50 milliamps. The output is placed.
across a 600 ohm load in series with a 200 milliohm resistor. The

Vo]tage drop of 2-10 millivolts across the 200 milliohm resistor is

fed to a Keithly 173A differential voltmeter.

2.9 Data Acqhisition System

2.9.1 General Description of the Original System

The monitoring of the currents and overpotentials at each of the

nine segments- cannot practically be accomplished by ordihary x-t

"recorders. For this reason a digital data acquisition system was

installed to record all data. Basically, this system was capable of
sequentially scanning all data channels and recording the data on
tape. The tape then was processed by computer at another location.

Though representing the state of the art at the time of its purchase,

it was subject to frequent breakdowns. In addition, efficient use of

~the system required that many experiments be recorded before
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“processing the tape. This meant that téchnica] flaws were often not
detected for a long time, and a series of runs would later be
discovered to have been useless. Another drawback related to this
problem was the need for several pieces of monitoring equipment to be
used in conjunction with thié system to spot the more obvious
experimental fai]ureS'immediately.

2.9.2 General Description of the New System

The difficulties menfioned above compounded by a lack of
maintenance facilities for now obsolete equipment required complete
replacement of the entire system. 'As a result of vast improvement§ in
the state of the art'the new system is easier to operate and extremely
reliable. It is built around a core consisting of a multiplexer to
scan the data interfaced to a microcomputer (see Fig. 13). The
) micrbcomputer controls the data acquisition as well as storing and
processing the data. Its introduction has brought about a mdjor
simplification jn dperating procedure, bécause the data no longer has
to be processed outside the laboratory on a mainframe computer. The
mirocomputer serves other functions as well.. It.operétes both as a
controller and a combuting device. Opérated as a controller, it shuts
the power supply io the cell at the end of a run. Between runs it can
be used to calculate the mass transfer conditions in the flow cell
based on abchoice of e]ectro]yte‘concentration.and flow rate.

2.9.3 Multiplexer

The nu]tip]éxer is the device that actually scans the data

channels (see Fig. 8). It is a NEFF instruments system 620 series

400. It is presently equipped with 32 channels easily expandable to
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256 if necessary. On command from the microcomputer it will sequeﬁt-
ially scan all the data channels at a rate of 1250 channeTs/sec—l0,000
channels/sec depending on operator choice. A non-sequential scanning
mode that is slower is also possible but has never beeﬁ used by us.
After each scan the data is converted to digital form and sent to the
microcomputer for storage. The analog data which is in the form of a
voltage signal is filtered by a 10 Hz_passivg:filter:hetwork_to
eliminate*inﬁerférence,/particU]arly Gd‘Hzipower line noise.  An
undesirable feathré of this filter is thaf the vo]tége the scanner
"sees" 1ag§ the trge voltage significantly for rapidly changing
signals. Fortunaté]y; these fi]ter§ are easily disconnected with no
degradatioh o% signa] quality whgn datallines are properTy shie]ded.
The mu]t}p]ekér:accepts voltages in 12 rangés, progrémmab]e ffom the
miérocompufer. The lbweéf-range is 0-5 M.V;; the 6ighest is 0~-10.24 V.
Under most‘operating conditions the accuracy is better than .1 befcent
of the reading +,024 percent of full scale. The input impedance'is
> 10 me gohms . |

2 2.9.4 Miérocomputer

The microcomputer is a Hewiett-Packard model 9825A with integral
thermal printer and cartridge tape unit. For our. experiments it was
equipped with a ~15,000 byte mehory and fhe fo]]owihg ROMS:

1. String |

2. Advanced Progrémming

3. (9862A) Plotter

4. General I/0-

5. Extended 1/0
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The cartridge tape can store ~125,000 byfes on each bf'the‘two
tape tracks. During the process of data acquisition, the
micrpcomputer w111 transfer data from the nu]tipiexer_and store it in-
a buffer memory of a certain size specified by the operator. This
memory can be as ]drge'as desired up to the maximum memory Qf the
microcomputer minus the memory required to.store the data acqufsition
program. When this buffer is filled, data acquisition stopé until it
can be recorded by the tape unit. Data on tape is later processed
with the aid of a number of programs (see 2.9.9) and output either
thrbggh the printer or through the plotter. |

2.9.5 Power Supply Controller

A switch capable of being activated by the computer was built* to
turn the power supply off at the end of a rUn.' This was necessary
because the time of an experiment is measured as the.time from the
beginning to the end of data acquisition.l To synchronize the
experimént with the data acquisition, both nust end at the same time.

2.9.6 Digital Plotter

'A Hewlett-Packard 9862A digita] plotter was interfaced with the
microcomputer to display data graphically. This mode of displaying
data is vastly superior to what can be produced by an analog plotter
recording data dfrect]y_ First of all the sté]e of the plot can be
chosen after the experiment so that one needed not know in advance the
precise voltage range the data will be in. Second, the slew rate of

the plotter is not limiting when recording rapidly chahging signals.

* Desgined by Tom Merrick, U.C. Berkeley, College of Chemistry
electronics shop. '
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This is so because the microcomputer need not feed data to the plotter
atithe rate it was recorded. The resolution of the signal is ihStead
limited only by the nu]tiplexer which not being mechanica], is easily
able to follow rapidly changing éignals.

Third, a selected portion of the experiment canAbe‘plotted on .
expanded exes o) that'improyed resolution of the data plotted against
time is possible. B
2.9.7 Interfacing

A Hewlett- Packard 98032A 16 bit 1nterface was used. between all the
.per1phera1s and the m1crocomputer. A block dlagram of the per1pherals
interfaced to the computer is shown in Fig. l4.

2.9.8 Analog Au2111a¥y'Equipment

A. Reference Electrodé Voltage Followers. The input impedance of

the multiplexer is somewhat low for reading reference potentials from
copper referehce é]eetroqes. Forbcertain othek'types; such as a gléss
e]ectrede, it would be totally inadequate; In addition, the multi-
plexer requires a low < 350 ohm source impedance. To accomodate both
of these requirements, a bank of nine voltage folliowers was con-
structed* and connected to nine multiplexer channels. (This allows all
cathode_centra] segments to be monitored if Hecessary). The input end
of the vo]tage‘follower has an impedance of 1000 megohms while its
output is about 1 th} The followers have a gain of 1 (see Fig. 8 for

actual Wiring to the anode side reference electrode).

* Pesigned and built by Phil Eggers of the:MMRD electronic md1ntenance
group of Lawrence Berkeley Laborator1es

PRE
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'B. Precision Timing Ramp

To output data as a function of tfme'éﬁd calculate the number of
Coulombs passed by all cathode centré] segments during an experiment,
a system time base is required. :That function is fulfilled by a
"precision timing ramp."* This deVice outputs a signal with the form
of a repeating ramp. It,is, ih bthéraworas,,a sawtooth generator. The
ramps two outputs are connected to the mﬁlfip]éxer (see Fig. 8).
During data acquiéftion, thé’ramp channels are sampled along with all
others during one scan. Because»the ramp .is linear, the voltage signal
is proportiona] to time, and consequently the difference in voltage
between two §cansais a measure of the time between those scans. The
ramp is désigned'sd thét the maximﬁm output vo]tage‘can be chosen equal
to the full scale voltae of any of the multiplexer ranges. This allows
better resoiufion‘of thé-vo]tage changes between scans. The period of
the ramp can be chosen from 5-40 seconds in eight 5-second steps,
depending on ‘experimental requirements. The ramp is accurate to
.1 percent and has two oOutputs, both of which are required (see

App. A.2.2). |
2.9.9 Computér Programs to Input and Qutput [ata

To operate the recording and outputting function of the data

acquisition system, four programs were written. Below is a very brief

description of what these programs can do. Given with each description -

is the appropriate location in Appendix A where all the computer pro-

grams used for this study have been described and documented in detail.

**  Designed by Richard Strudwick, Instrumentation Techniques, Lawrence
Berkeley Laboratory.

w ta
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App. A.2.1 Data Acquisition Program

1. Reeords the output of'up'to nine reference-e1ectrodes.

2. -Records the currents to each of nine cathode central segments
and one side segment

3. Records the timebase (ramp).

App. A.2.2 Coulometer Program -

1. Prints out the time elapsed during one run.
2. Prints out the average current uensity to each cathode central
segment.
3. Prints_out the number of coulombs to each cathode central

segment. -

App. A.2.8 Current Density VS, Overpotential P]ott1ng Routine

1. Plots the current dens1ty versus the overpotent1a] for each-:
cathode central segment. ‘Up to nine different reference electrodes -

can be used

_App A.2.5 Current Dens1ty vs. Time and Overpotent1a1 VS. T1me

P]ott1ng Rout1ne

1. Plots the current density versus time‘fdr each‘cathode central
segment.

2. Plots the Qverpotentia] versus time for_e@ch“nf up to-nine
reference electrode. | |

2.10 Electrode Prepration Prior td Deposition

2.10.1 Sand1ng

For all exper1ments the cathode segments were placed in a-
polishing jig to line ‘them up as they would be 'in the cell. They were

then polished with sandpaper of increasingly fine grade ending with
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No. 600. This process would leave a surface with scratches of no
larger ‘than 2y, but generally, considerably smoother. The roughness

produced by No. 600 sandpaper can vary considerably depending on

bolishing technique, therefore, a criterion for surface keproducibi]ity'

i$ required. A standard surface was prepared to which we could
compare all other surfaces. A surface bfofi]e of the standard was
recorded using a Gould Clevite model 150 Skidless Suffana]yzef with a
-50~mi]1igram_sty]u§,‘ Other surfaces which appéafed identical .by
visual inspection were found to have surface profiles virtually
'ihdistinguishable from the standard. Consequently, thevtest used to
determine if a fresh surface prebared by a consistent po]ishing
technique does in fagt reproduce the standard surfate, was visual
inspection. This approach is in fact uséd industrially because the
human eye is so discriminating. After adopting this reproducibility .
criterion, actual experimental work demonstrated that the deposition
process was rather insensitive tQ the sort of roughness variations
generated by a single grade of sandpaper. " This discovery was taken as
procf that the feproducibility criterion used was more than adequate
for the purpose.

2.10.2 Electropolishing

A few’experiménts were performed using an electropolished surface.
The first step in preparing the cathode was to sand it in the usual

way and then remove the circular subsegment (see 2.4.2) in the ninth

central segment. Another thicker subsegment was polished with No. 600

sandpaper,. electropolished and placed in cathode segment nine. The

X4
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thicker subsegment offset the loss in vertical dimens ion during
electropolishing. Only the subsegment was electropolished. |

The solution used for electropolishing éontained 200 gr. liter
CfO3 in water. The subsegment was po]i;hed at 33°C for 10 Seconds‘
i at 13.5 amps with agitation in a one liter beaker; The cathode was
leaa'and both anode and cathode were horizontal. A bright but |
slight]y pitted surface resulted. The exact conditons.for successful
‘electropolishing depend critically on the mass_transfef conditions sb
the dégree of stirring mdst be chosen by trial énd error.

2.11 Operating Conditions

2.11.1 Mass Transfer Conditions for cu’

Before beginnihg every experiment, it is necesSary to chbose the
desired interfacial concentration of.Cu+f or.the current density and.
calculate the other for a giveh.f]owvrate. ~This can be done uFiiizing
the mass transfer correlations for thg flow channe] developed_by u.
Landau‘(84);'iThese correlations havevbeén incorporatedlintb a
computer brogram run by the data acquiéition system's microcomputer.'
The program called "Flow Channel Calculations" can be found in
Appendix A.l. The calculations are only valid at 25°C bécéuse'
correlations for density and viscosity contained in the program are
only valid at that temperature. In order fbr tﬁé'progfam to function,
a flow rate in gai]ons.per minute or a Reyno]ds‘ number must be chosen
and the integral diffusion coefficient (obtained on a rotating disk
electrode) as wéll as the concéntration of H2$04_and CuSO4 in

“the electrolyte must be provided. The program Qutputs the limiting
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current for a given fiow'rate on any of the nine segments. The

interfacial Cu'' concentration is calculated using the following

relationship: .
C _ : - | -
0 I
—=1-+ , (20)
where
++ ., . .
C0 = CU interfacial concentration
Cb = CU++ bulk concentration
I = current density
TL = ]imiting current

(see derivation in Appendix F)

Consequent]y at a given flow rate Cévcgn be calculated for any
I, or represented convenient]y.by I/IL' .Once the current density

" has been chosén, the éorresponding cell current can be apbfoximated
fairly we]i_assumihg a uniform current distribution. This
approximation works well for the ninth Segment in the absence of mass
~transfer control.

2.11.2 Intérfacial Concentration of H+‘

When thé ihtekfacia] concentration of Cu++ is changed, it is not
desirablé toﬂchan§é the H' concentration as well because this would ) .
introduce another variable that could potentially affect the
morphology. In.our electrolyte, We11vsupborted with sulfuric acid, a>

Co SR S o . - . .
buitdup or H at the cathode is unavoidable because of migration
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withodt.subsequent discharge. This buildup wfl]-depénd on the CuSO4
'bulk'concentrationvand the frattion‘of the 1imiting current.
Fortunately; if there is sufficient H2504, the buildup (expressed

as a"percent increase oVer-the bulk), need never'be Targé.
Consequently, the H+ concentration at fhe_cathode wi]1 never be very
differént‘from.what it is in the bulk. At 40 percént of ]imitfng
curreﬁt (typical\fOr most experiments) and the hfgheét bulk CuSO4
concentration used (when the H+ buildup is greatest) the‘percent
change in H" concentration from bulk to.Cathode-interface can be
conéervative]y estimated at 7.29. This figure'fées‘apprdximateiy
proportional to the bulk CuSO4 concentration and the fraction of
limiting current. At fhe highest CuSO4 bulk concentration no exper-
iment was pérformed at higher than 40 percent of 1imi£ing:currént. The
calcu]atioh of the pefcent difference‘in"tdﬁcenfration‘between-H+ at

- the cathode interface and;H+ in the bulk i§‘giveh‘ih Appendix‘G.

2.11.3 Number of Coulombs Passed for Each Experiment
A1l experiments reported here involved déposition of7eithef f50

2 or ~25 cou]ombs/cmz. In any given series of

coulombs/cm
experiments, the number of cou]ombs.passed was kept approximaté]y
‘constant Sd that a valid baSis of comparison within the series was
“maintained. The number of coulomb's passed is not exactly
reproducible because of random variations in the output.of'the powér
supply as well a smaller random variations in the current distribution

" on the electrode. This latter condition arises from misalignment of

cathode segments in the entrance region of the cell, where the
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diffusion layer isAthin,and ]ikely to be disturbed. Variations in

diffusion layer thickness there will upset the current distribution

Lo

slightly over the whole electrode. (The effect of the diffusion layer

on the current distribution is described in Appendix D, both in the

P

‘presence and absence of mass_transfer_contro].)

A rough estimate of the error in reproducibility can be made by
assuming the variations in coulombs passed afe normally distributed.
In that case the standard deviation of the number of Coulombs passed .
can be used to calculate the error to 95 percent confidénce limits,
using the.well known cbrrection for small sample size. The true .
standard deviation mus t be calculated from the apparent one which
: contains-random_errors‘due fo imprecise current measuremnt described
in 2.4.1.- Since the measuremént efrors and experimentallerrors'are
" taken to be random and additive, wé can easily eliminate the effect of
measurement error on the sténdard deviation.  Below is a listing of
errors for several series of expefiments done at different bulk
concentrationé of CuSQ,. The ]afger errof in the 1a§t two series is
due to-eaf]y reliance on an inaccurate ammgter,bui]t'into the power
supply. 'Later, the current was determined by measuring the Qo]tage
drop acrossﬁan'accurate resistor. The errors were as folTQws (for

experiments at ~40 percent IL):

454 M CuS0y4 ‘
53.27 Coul/cmé Average
%]10.33 percent

. 228 M CuSOq4
52.54 Cou]/cm2 Average
+#]3.76 percent .
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" Error at 95‘percent'
‘confidence limit
.098 M CuSOy

52.29 Coul/cmZ Average
"+6,03 percent

.098 M CuSOq ,

24 .66 Coul/cmz Average

%29 percent

.032 M CuS0Oq

26.73 Cou]/cm2 Average

%16 percent

The concentration affeCtS the results in so much és‘it determines
the current range over which the power supply operates.

These errors are of insufficient maghituae“to be damaging.
Experience has shown that variations in the number of Coulombs passed
affects the sfze of deposit feétures rather than their number or shape.
The last two series with the h1ghest error were not used for studies

where size was an 1mportant factor

2.11.4 Nitrogen Sparg1ng

Experiments'performed in the flow channel without current showed
that the copper cathode was noticeably attakhed in the CuSO —H2504-v

H,0 electrolyte when dissolved oxygen is present. ‘This-is no

2
surprise in view of the fact that an industrial process to prdduee
CqSO4 depends on this.reaetioh, albeit at higher temperatUres. To‘
avoid any possib]e influence on the’e1eetrodepoeition process of copper
by disso1ved.okygen, the electrolyte.was Sperged with’gassified-liquid
'nitrogen_before,eaCh experiment, The sparger,described in 2.5:2 was

operated until the level of dissolved oxygen reached 2 percent of its

origina]‘velue, as determined by a Beckman Instruments model 778

process oxygen analyzer.
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2.11.5 Cu'", Cu’ Equilibrium

. Once the dissolved oxygen Was reduced to 2 percent of its original

8

level the scanning electron microscope revealed that attack of the

cathode was reduced to virtually unnoticeable levels for typical

0t

~ electrolyte contact times. The attack was not tomp]ete]y inhibited
due either to the small remaining amount of dissolved oxygen or to the
equilibrium between cu’ and Cu++.' In either caée, there seemed to

be no justification for eliminating this Tow level effect,
particu]ar]yriﬁ view of'the fact that Cu+ and Cu++ cannot be
equilibrated in the presence of any oxygen,

2.11.6. Analysis of Electrolyte

After the electro]yte.was prepargﬂ,ior the concentratfon‘of CuSO4
was adjusted an ana]ysis'was performed oh the electrolyte; The con-
centration of»HZSOA was determined by titration wiﬁh‘NaOH usjﬁg'
methyl orange indicator. The accuracy of this technique is ~.2 to
-3 percent. The concentration of Cu§04_wés determined by jodometrié
titration also to an accuracy of ~.2 percént.

2.11.7 Setting Cathode Resistors

The cathode resistors referred to in 2.4.1 must be adjusted so that

the cathode is an equipotential plane. This amounts to insuring that

PERXY

. the Vo]tage arops between the cathode busbar and segments are. as equal
as possible. The resistors are set by first assuﬁingAa'uniform current .
distribution and then running the Cél] under‘actua] e*perimenta]

conditons. The program "Equipotential Cathode Check" (see

Appendix A.2.3) is then used to process the aata from fhe experiment.
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This program calculates and BrintS'OUt all voltage drops. Using an
iterative'p}ocedure'the‘reSistor'settings and hence the voltage drops

can all bé‘équa]ized.

2.11.8 Preparation of the Deposit for the Scanning Electron Microscope

A. To View Déposit Surface

For most experiments a view of the top of the depositvwas the -
ultimate goal. ,Préparation for the S.E.M. was very simple in this
case. Thé'éircular subSegment in thé cathode was'removéd, Qashed in
distilled water and dried with a heat gun. The subsegmént was then
stored in a,glassvcontainer under nitrogen atmosphere to prevent
serious oxidation. (Oxidatidn is obvious only in the case of powder
_deposits;)‘ The subsegment had a hd]e drilled in the back so that a
sample holder cou}d be screwed in. Thé_enti}e arrangement was  then
fitted fnto the S.E.M. stage. o |

B. To View the Deposit Cross Section’

Deposit chss séctionsAwere useful to'éxamine powdery depbsits. A
‘ washéd andvdried subsegment is embedded in an epoxy cylinder by vacuum
impregnation.. The epoxy is made by Buehler .Ltd. Therresin is part

- No. 20-81-30 and the hardener 20-81-32. Vacuum impregnatjon.forces the
epoxy into spaces as small as 2u between the'powdér particles. After |
hardening, the epoxy cylinder was machined on a.lafhe so that a cross
‘section of the'sﬁbsegment was. exposed. The machined surface of the
epoxy cylinder was then polished With‘5p aiumfna paste against a glass
Surface and thenwwith'.3u'a]umina paste on a vejveteen covered |

poﬁishing'whee], The remaining scratches'on the copper deposit cross
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section were removed by a chromic acid etch composed of 20 gr.. CrO3
" in 75 ml. water and 5 ml. concentrated.HN03. ‘Thé mathined surface
was then sputter coated with gold to prevent charging in the S.E.M.

when the epoxy copper interface was viewed;‘



101

3. DEPOSITION BELOW THE LIMITING CURRENT
3.1 Type of Deposit Studied

Fundamental studies of copper surface morphology from
H2504—Cu504-H20 electrolyte have stressed deposition on single
crystal substrates (40-44). If the current density is low, highly
ordered faceted structures are found. Some of these have been shown
to be single crystal extensions of the base (42). Such deposits can
be useful in furthering the understanaing of fundamental growth
processes, but are certainly not typical. Realistic operating
conditions are far more likely to result in the formation of
polycrystalline deposit. This is due in part to the fact that
practical deposits will follow the structure of the substrate for
awhile, and this substrate will commonly be polycrystalline. As the
deposit gets thicker, the effect of the substrate.is lost, but
conversion to a single crystal form does not occur. Instead, the
grain size changes (6). Because polycrystalline deposits represent

the most general case, the focus of this study was Timited to them.

3.2 Discussion of Typical Deposit

Four images of typical deposits below the limiting current are
shown in Fig. 1. In each case spheroidal structures are visible,
sometimes partially covering a relatively flat grainy surface.

Popkov (71) has reported similar deposits when the current is not to
low and offers photographic evidence. Photos B and D are of a deposit
fornea at 67 percent of the limiting current (IL)‘ These deposits

are completely covered by the spheroidal structures. In photos A and
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C, however, this is clearly not the case. Although each photo
represents deposits obtained under different experimental conditions
(see Table II, III) the morphologies are quite similar if one keeps in
mind the magnification and variation of coverage at different fractions
of IL. Photo A most clearly shows the spheroidal structure which
henceforward will be referred to as a protrusion. It is seen against
a flat grainy background or fine structure.

Protrusions and fine structure have been found in all our
experiments below the limiting current in spite of farge variations in
the current density and electrolyte concentration. The deposit on
which these morphological features appear have been shown to be
polycrystalline throughout from surface to substrate by Laue back
reflection x-ray diffraction.

Clearly, the deposit morphology of the polycrystalline form is
dependent on the coarseness of the fine structure and the number and

size distribution of the protrusions.

3.3 Structure of Protrusion

A close look at Fig. 1A reveals that the texture of the fine
structure is the same as that of the surface of the protrusion. If,
therefore, we conclude that the fine structure and protrusions are
fundamentally similar, we must reasonably inquire as to why the
protrusion grows at all. Initially, it appeared that the protrusion

might be due to preferential buildup on some submicroscopic
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imperfection as a consequence of the primary current distribution.*
In fact, the true mechanism of growth is somewhat more complex.
Photos in Figs. 2 and 3 show protrusions at different stages of
growth. Photo B (Fig. 2) is a protrusion caught at an early stage of
growth. The faceted structure is clearly a ]afge crystal. Similar
faceting can be seen in photo D. In photo A the protrusion is in a
middle stage of development. At the tip faceting is visible, while
near the base the surface has the typical amorphous appearance of the
fine structure. The white arrow points to a transition region where
patches of fine structure can be found over the individual crystal
surface. Clearly the individual crystals are gradually overgrown by
the fine structure. When a pyramid is completely overgrown, a cone
such as that in photo C is formed. The variaton in shape from one
protrusion to another is evidently dependent on the form of the
overgrown crystal. Photo A in Fig. 3 demonstrates that the crystals
need not all be the same shape. .

3.4 Comparison of Protrusion to Fine Structure

At 40 percent of IC the fine structure comprises most of the
deposit. Therefore, we may assume that the x-ray diffraction patterns

of the deposit indicate Tack of orientation primarily because the fine

structure is itself polycrystalline. One may then reasonably ask if

* The primary current distribution is the current distribution in the
absence of kinetic or mass transfer effects. In this case high
potential ygraaients (and therefore high current densities) are
associated with pointed topographic teatures.
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the distinction between fine structure and protrusion is artificial

and based only upon a difference in crystal size. In other words, is
it possible that a protrusion is just a large version of one of the
crystals in the fine structure? If that were the case, the control of
the morphology would become simpler because we would be dealing with a
single phenomenon. To check this possibility, copper was deposited at
low current density (see Fig. 4) where the grain size of the fine
structure becomes quite large. In this figure a protrusion not yet
overgrown is also evident. It is clear that none of the fine structure

grains resembles the hexagonal layered protrusion. This can be con-

sidered the first line of evidence that protrusions and fine structure

are different. It is reinforced by the observation that lTow current

density which favors large grains in the fine structure, reduces the

number of protrusions dramatically or even to zero,* Figure 5 shows

this to be the case at three different concentrations. If the
protrusions were simply large versions of fine structure crystals,
conditions that favor more large grains would have to favor more

protrusions as well.

3.5 Possible Factors Affecting the Size and Number of Protrusions

The larger topographic features of the copper deposits studied are
entirely determined by the size and number of protrusions. In view of
the fact that every protrusion begins with an individual, crystal the

deposit morphology is ultimately a function of their size and number

* See section 3.6 for the effect of current density on the number of
protrusions and 3.10 for the effect on the number of grains.
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Figure 5. .098M CuSO4, Run 45; .228M CuSO4, Run 90; .454M CuSO4, Run 108.

Run 45 contains two protrusions because it is slightly above

the zero protrusion current. Run 90 and Run 108 are exactly at

the zero protrusion current, hence no protrusions.



110

as well. Data is not available concerning the factors controlling
copper crystallization in our electrolyte, but it is to some extent
for silver. Rosa et al. (34) and Aten and Boerlage (35) both studied
the deposition of silver. Their work was summarized in section 1.4.2.
Both found that the current density and bulk concentration
affected the number of crystals deposited. Because the mass transfer
conditions coula not be chosen independently, an increase in the
current density may result in a decrease of the interfacial
electrolyte concentration at the cathode. Consequently, the effect of
current density was not definitely established. Nevertheless, for
completeness we repeat the claim that increasing the current density
led to an increase in the number of crystals. An increase in bulk
electrolyte concentration was claimed to reduce the number of
crystals. This last obervation is much more likely to be valid. At
constant current, the bulk concentration is simply a neasure of the
interfacial concentration. The latter is-the true variable affecting
the crystallization process providea the cell is not operatea near
limiting current (it wasn't).* Unlike the current density the
interfacial concentration can be indepenadently varied. The
relationship between the bulk concentration and interfacial

concentration is not one to one, but generally an increase in the

* Near limiting current, a change in bulk concentration signiticantly
affects the mass transport resistance as well as the interfacial
concentration. As we shall see in Chapter 4, the character ot the
deposit is very sensitive to the mass transport resistance as
limiting current is approached.
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former will result in an increase in the latter and vice versa. The
only exception to this generalization would occur in the presence of
convection, if an increase in electrolyte concentration drastically
increased its viscosity. For silver deposition from a dilute aqueous
electrolyte, this is unlikely.

The size of the crystals were said (34,35) to be inversely related
to their number. How this conclusion was arrived at is unclear in
view of the fact that current density, bulk concentration or both must
change in order that the number of crystals change. It would seem
that the size could be related to those variables as well in the
absence of further evidence. Therefore, we must judge their
observation as inconclusive.

Finally, Aten and Boerlage (35) demonstrated that nucleation
exclusion can occur during silver deposition. This phenomenon coupled
with instability of smaller crytals is possibly the cause of the
disappearance of some of their number (see 1.4.2 for further details).

Though clearly imperfect, the results of the studies on silver
crystals provide a guide for designing experiments in copper

deposition. In our experiments, the interfacial concentration and

current density where independently varied to determine the effect on

the size and number of protrusions. The effect of the number of

coulombs was also demonstrated.

3.6 Effect of Current Density and Interfacial Concentration on the

Number of Protrusions

Copper was deposited from four aifferent bulk concentrations of

CusO, (.032 M, .098 M, .228 M, .454 ) and over a wide range of
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currents at approximately 40 percent of the limiting current in each

case. The number of protrusions were then counted. By maintaining

the fraction of limiting current constant, the interfacial

concentration was also maintained constant for any given bulk

concentration. Using the relation C/C =1 - I/IL given in
Section 2.11.1, we know the interfacial copper concentration is

approximately 60 percent of that in the bulk. The number of

protrusions was generally found to increase with current for each of

the four bulk electrolyte concentrations of CuSO,. Sample photos

demonstrate this trend for the case of .228 M CuSO4 (see Fig. 6).*
The number of protrusions on a .01 mm2 sample surface was plotted
against the current density for each CuSO4 bulk concentration. The
results are shown in Figs. 7, 8, 9, and 10. In each ase the plot was
found to have a linear region beginning at the lower end of the
current range.

Figure 7 is a plot of data points genérated from deposition of

2 as the others. This

approximately half the number of coulombs/cm
does not invalidate their use. In Fig. 8 two curves are shown. One
is composed of data points which were generated from deposition of the
same number of cou]ombs/cm2 as in Fig. 7. Twice as many

cou1ombs/cm2 were deposited during each experiment represented by

the data points on the second curve. It is clear that the number of

cou]ombs/cm2 deposited had very little influence on the plot. This

* A list of operating conditons for all runs used in the photos and
graphs can be found in Table I-IV.
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Table I.
Protrusion Data and Experimental Conditions
CuSO4 [.032]
H2S0p [.925]
Sample Surface Area to Count Protrusions .0414 mm2

Current Interfacial

Run Density Concentration No. of
No. mA/cm2 Reynolds No. I/ILx100 cou]/cm2 moles/liter Protrusions
11 4.5 23,300 39.2 26.1 .019 16-30
9 6.35 31,000 42.6 26.8 .018 123

7 8.87 44,200 43.0 29.0 .018 ‘ 560

14 11.69 62,000 40.5 —— .019 352

18 14.04 77,500 38.8 25.0 .020 560




Table II.
Protrusion and Grain Data with Experimental Conditions
Sample Surface Area To Count Protrusions .0414 mm2; To Count Grains .0G259 mmZ.

CuSOs [.098]; HpSO4 [.925]; Cutoff width 16y

Current Interfacial . No. of Percent Average No. of

Density KReynolas Concentration No. of Protrusions Above Protrusions Above Grain Size Grains
No. mAfen®  No.  1/1x100 coul/en’  moles/liter  Protrusions  Cutoff Width  Cutoff Width mnx10° 163
21 14.0 22.600 40.9 21.8 .059 K — —— .210 74.8
45 13.8 22,600 40.1 52.5 .060 14 5 35 1.66 1.19
23 18.0 30,200 40.3 25.9 .059 86 - e .200* 82.4%
a3 18.9 30,200 42.2 551 . 058 67 7 10.4 1.33 1.85
25 24.6 3,000 39,7 26.0 .060 80 e e . 300* 36.6%
40 25.9 3,000 41.7 5.3 . 058 148 11 7.40 1.00 3.29
28 4.4 60,300 40.6 26.4 .059 181 e —— . 200* 82.4*
38 351 60,300 41.3 %.3 .059 173 13 7.51 1.00 3.29
30 41.6 75,400 40.1 26,1 .060 280 -— —-— .19% 91.4*
36 4]1.1 75,400 39.4 81.7 .060 300 8 2.66 .666 7.42
65 83.8 28,400 83.1 52.5 .018 -— —— — === .
41 30.5 30,200 66.4 50.0 .033 — —_— —_— e e

* These values are very rough due to small grain size. They are providea primarily to contrast grain size differences with changes
in the number of coulombs deposited.

vLL



Table III.
Protrusion and Grain Data with Experimental Conditions

Sample Surface Area to Count Protrusions .0414 mm¢; To Count Grains .00259

mm?; CuSUy [.228]; HpSUs [.932]; Cutoff Width 12 y

Current Interfacial No. of Percent Average No. of

Density Reynolds Concentration No. of Protrusions Above Protrusions Above Grain Size Grains
No. mA/cm2 No. I/ILXIOO cou]/cm2 moles/liter Protrusions Cutoff Width Cutoff Width mmxlO3 103
89 9.59 7,160 40.0 51.7 .137 0 0 - 2.93 .383
90 14.0 19,700 40.9 52.0 «135 0 0 —_ 4.00 .206
68 24.0 14,300 43.6 55.4 .129 K7/ 5 14.7 1.33 1.85
55 32.5 22,600 38.6 49.3 .140 489 10 20.8 1.33 1.85
69 44,7 30,280 41.0 48.4 .135 95 24 25.2 1.33 1.85
70 62.7 41,300 - 42.0 48.1 «132 117 12 10.2 1.33 1.85
71 90.3 60,900 4.3.3 55.3 .129 288 17 5.90 .833 4.75
7a 95.9 68,000 41.5 5.6 133 240 18 7.50 .666 7.42
92 111 87,700 38.0 48.4 .141 518 10 1.93 .66 7.42
72 115 75,200 45.2 57.9 «125 1008 6 .595 inconclusive inconclusive
91 63.5 42,300 42.6 266 .131 106 -— -— _— s
101 62.5 42,300 42.0 130 2132 68 — — _— —
102 63.0 42,300 42.3 393 .132 35 - —— -— -—
57 ~ 53.9 42,300 36.1 46.2 .146 seg. 8-124 — =2 == s

seg. 9 blocky-64 -— — S T
seg. 9 sandy-50

62 85.0 35,400 67 51.4 .0752
63 8.4 53,700 26.4 51.7 122

Note: In run 57 both segments eight and nine contained identical circular subsegments.
was electropolished. The deposit on segment nine contained equal areas of sandy and blocky fine structure on the chosen sample

surface.

Subsegment eight was sanded, subsegment nine

f—
-



Table IV.
Protrusion and Grain Data with Experimental Conditions )
Sample Surface Are To Count Protrusions .0414 nm?; To Count Grains .00259 mmé; CuSUs [.a54]; HpSO4 [.95]; Cutoff Width 12 .

Current Interfacial No. of Percent Average No. of

Density Reynolds Concentration No. of Protrusions Above Protrusions Above Grain Size Grains
No. mA/c;m2 No. I/ILxIOO coul/cm2 moles/liter Protrusions Cutoff Width Cutoff Width mmxlO3 103
108 20.5 6,510 39.2 0.2 .276 0 0 -— 1.83 1.09
167 53.0 13,000 44,3 56.5 253 50 12 24.0 1.25 2.11
il0 77.1 " 19,500 44.4 56.4 <252 65 18 27.0 2.5 .528
103 87.2 22,800 43.6 55.8 .256 78 17 21.7 2.5 .528
14 103 29,900 39.8 50.8 -273 64 19 29.6 1.25 2.11
105 152 45,600 40.1 51.6 .272 65 9 13.8 .583 9.69
109 171 52,100 39.9 50.5 .273 224 16 7.14 .583 9.69
106 20l 60,500 40.8 5.3 .269 103 14 13.5 417 19.0

9LL



e f—8# 7
114.76 mA/cm?

44.7 mA/cm?
~ 40% I, XBB 815-4713

Figure 6. Increase in number of protrusions at constant fraction

of limiting current. (A) Run 68; (B) Run 55; (C) Run 69;

(D) Run 72.
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phenomenon is evidence that the protrusions are formed only in the

earlier stages of deposition (see Section 3.7 for details).

The effect of the bulk concentration is seen in Fig. 11. Here the
data on plots 7, 8, 9, and 10 are presented together* without a best

straight line drawn through the points. It is evident that for a given

current density, the number of protrusions declines for increasing

bulk (and therfore increasing interfacial) CuSO, concentration.

The effect of the bulk concentration on the number of protrusions
becomes more pronounced as the concentration decreases. This is
easily seen by plotting the slope and intercept of the linear portions
of the plots in Figs. 7, 8, 9, and 10 against the bulk concentration.
In Fig. 12 the intercept (referred to as the 0 protrusion intercept on
the plot) increases rapidly with concentration at low concentrations
and then reaches a plateau at higher ones. In Fig. 13 the slope (in
protrusions/mA) decreases rapidly with concentration at low
concentrations and becomes approximately asymptotic at high ones. In

both cases the concentration effect subsides for bulk concentrations

greater than .1 M.

3.7 The Effect of the Number of Coulonbs on the Number of Protrusions

The number of protrusions is remarkably insensitive to the number

of coulombs deposited. Figure 8 shows that doubling the numper of

coulomps has an insignificant effect on the number of protrusions.

* The last two data points from Fig. 10 were left out for convenience
in plotting. They do not adu any relevant information.
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There are two possible ways this might happen, but experimental
evidence supports only one of them. One scheme by which the number of
protrusion might remain constant involves a birth-death phenomenon.

If protrusions were forming and disappearing at equal rates, the number
of protrusions visible at any given time would remain constant. The
protrusion would disappear or "die" by being completely buried by the

fine structure in such a way that no trace would be left. An alternate

explanation is that a fixed number of protrusions are formed rapidly

at the first stages of deposition and then few or none at all are

fofmed later. Evidence supports the latter explanation. Figure 14

shows a series of four runs in order of increasing number of coulombs
deposited. If the birth-death argument were correct, the size of the
protrusions in each photo would be in the same range. This follows
from the fact that protrusiohs would have to have the same distribution
of ages. Clearly, this is not the case. The protrusions keep growing
because of preferential deposition of fine structure copper there.*
Though it is evident that evolution of the deposit occurs
primarily by growth on "old" protrusions birth-death does play a small
part. First a look at Table III reveals that for the ceposits in
Fig. 14 the numpber of protrusions decreases with time for relatively
long deposits (>>50 c0u1/cm2); From Fig. 14 it would seem quite

likely that small protrusions get trapped between large ones and

* Note that the photo in Fig. 14 of the thickest deposit is at a lower
magnification than the other three. The features are as a
consequence deceptively small.



266 COUL/CM? 392 COUL/CM?

Figure 14. Deposits of increasing thickness. Run 70, 48.1 Cou]/cmz,
Run 101, 130 Cou]/cmz; Run 91, 266 Cou]/cmz; Run 102,
392 Coul/cm?.
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eventually disappear. Also it is evident in the photo of the thickest
deposit that occasional new protrusions are formed. A pyramid not yet
overgrown, can be found there. We know, therefore, that the
initiation process leading to the formation of a protrusion has not
stopped, but slowed down considerably and the disappearance of
crystals must be a faster process. In addition, in view of Fig. 8, we
know that the rapid initiation period must have occurred before 24.7

2 were passed in order that both curves be similar. This

coulombs/cm
corresponds to a deposit thickness of approximately 10 microns. It
is, in fact, quite Tikely that the initiation occurred at the original
electrode surface. The implications of these observations will be

dealt with in the discussion (Section 3.11).

3.8 Size Distribution of the Protrusions

The size of the protrusions (which varies) has been shcown to be

sensitive to the number of coulombts deposited, even though the number

is not. The change in size accompanying the change in the number of
coulombs deposited may alter the size distribution.* For this reason
comparisons between the size distributions of different deposits were
made only when the deposits were formed from the passage of an equal
number of coulombs.

Ideally, it would be desirable to compare complete size
distribution curves for deposits grown at different current densities

and interfacial concentrations. Unfortunately, the labor involved in

* The size distribution refers to a plot of the probability of a
given protrusion size versus the size of the protrusion for any
given deposit.
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establishing these curves for each deposit renders such an effort
impractical. Instead, the distributions were compared on a somewhat
cruder but still very useful basis. For each concentration a size*
range at the large size end of the distribution curves was chosen such
that the number of protrusions falling within it represented at most
~35 percent** of all protrusions for any current density. The upper
limit of the range is the largest protrusion on any deposit, whereas
the lower 1limit, referred to as the cutoff width, is the same for all
deposits grown at a given concentration. The percent of.a]]
protrusions falling in this size range was then plotted against
current density as shown in Fig. 15. The intent is to show the nature
of the shift of the size distribution from larger to smaller
protrusions regardless of their absolute size. This is why the
absolute magnitude of the size range limits are not critical.

Each of the plots in Fig. 15 show that the percent of large

protrusions decreases with increasing current density. Although

Fig. 15 is useful in that it represents the change in the size
distribution with current density, there is one drawback. The
roughness of a surface is partly dependent on the absolute number of
the largest protrusions. The data was therefore replotted so that the

absolute number of large protrusions is displayed on the y axis (see

*  Size refers to the width of the protrusion.

** A larger size range was not chosen because variations in the size
distribution curve would be obscured in that case.
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Fig. 16). All three curves increase initially and in the case of data
taken at .228 M it is clear that the curve passes through a maximum.
The initial rise in all three curves is not surprising, because at low
current density no protrusions of any kind are generated. Then as
they are formed, the number of large ones increase along with the rest
until the current density rises high enough to cause a significant
shift in the size distribution (see 3.11.8 for details). Then the
number of large protrusions decrease when the bulk concentration is
.228M. It is quite likely that all the curves would go through a
maximum if the current range had been large enough. Why this is true

will become clear following the next discussion. Photographic

evidence of a simultaneous decrease in both the absolute number as

well as percent large protrusions when the current density is

increased is found in Fig. 1}. The photos also show the decrease in

size is not only Tlimited to protrusions in a particular size range.

Plotting the percent and absolute number of protrusions against
current at different concentrations is not the most useful way to
represent the data. As the current increases, so does the number of
protrusions. It is quite possibie that the size distribution is
dependent on the protrusion number or a variable uniquely related to
it rather than the current density. Figure 18 is a plot with the same
y axis as Fig. 15 but the x axis is now the nunber of protrusions.

Comparing Fig. 15 and Fig. 18 we can see that Fig. 18 is a better

representation of the data. This conclusion follows from the fact

that the three curves tend to superimpose when plotted this way.
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The size distribution is not only a function of the number of
protrusions though one might arrive at this conclusion based on
Fig. 18. Concentration is important as well. It will be recalled
that on Fig. 15, 16, and 18 the cutoff width for data at .098 M is
larger than for .228 M and .454 M. This larger width is an indication
that at lower concentration the size distribution favors larger
protrusions. The shape of the size distribution curve for given
number of protrusions cannot be very sensitive to concentration
because the curves on Fig. 18 would not otherwise tend to surperimpose.

Figure 19 is a replot of Fig. 16. Here again the number of
protrusions was substituted on the x-axis. It now becomes clear why
the .228 M curve in Fig. 16 is the only one with a maximum. The other
two curves did not include data points at sufficiently large numbers
of protrusions. MWith Tess cértainty, it can be said that by analogy
the current density range was also not great enough. This is the
claim that was made earlier.

3.9 Nature of the Fine Structure

Unlike the crystals within a protrusion, the fine structure is
constantly developing as deposition progresses. It is, of course, the
main component of the deposit. Unfortunately, this and the fact that
the fine structure is polycrystalline is all that can be said with
certainty.

The fine structure is composed of grains wnich are quite large and
obvious at Tow eurrent densities (see Fig. 4). What these grains are

and how they wveveiop cannot be established entirely on the basis of
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our own data. However, with the aid of observations by other
investigators, it is reasonable to attempt to reach certain con-
clusions. The grains are quite likely crystals of some sort in spite
of their lack of obvious regular structure. Two lines of evidence

support this view. First or all, the grains responsd similarly to

protrusions for changes in current density and interfacial concentra-

tion. This is shown in the next section. Further supporting evidence

is supplied by Fig. 20 taken from Ref. 8. Here one can clearly see

that the deposit is composed of crystalline grains that are the cause

of visible imperfections in the surface. The shape of the grains vary

from deposit to deposit, as the deposition conditions are changed, but
they are always present.

Figure 20 is also useful in understanding the development of the
fine structure. It is clear that nucleation and growth does not end
at an early stage of the deposit as it does for the protrusions. Also,
a characteristic of this and other photos and etched cross sections in
Ref. 8 is that the grains become larger as growth proceeds, and the
smaller crystals are eventually covered by larger crystals in what
amounts to a birth death phenomenon. Indeed it was found that at
.098 M CuSOa the fine structure for deposits at 52.3 cou]ombs/cm2
was considerably coarser than “for 24.7 Cou]ombs/cm2 (see Table II).
This was also found to be the case for the increasingly thick deposits
shown in Fig.-14 and grown in .228 M CuSUa. (The thickest deposit
is at a lower maénitifcation than the other three). Consequently,
Fig. 20 is probably a good representation of the development of tne

fine structure.



138

XBB 818-8053
Figure 20. Etched cross section of copper deposit from Ref. 8.

CuS0,, .75M; H,S0,, 40M; 20mA/cmé.
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Attempts were made to cross-section and etch our own deposits using
the technique described in Section 2.11.7B. This failed to reveal any
structure whatsoever. Later, it was realized that the resolution of
the etch was limited to grain structures larger than the pitting the
etch tends to produce. Judging from top views of the fine structure,
even the largest grains formed at the lTowest current densities were
smaller than the resoTving power of the etch. Consequently, the
negative result is in no way conclusive.

3.10 Average Size and Number of Grains in the Deposit

The fine structure responds to changes in current density and

interfacial concentration in a manner similar to the protrusions.

However, because the processes culminating in protrusions are different
in some respects from the ones producing fine structure, the data must
be treated and interpreted differently. The size and number of grains
are dependent on each other in a way not possible for sparse deposits
of protrusions.

The fine structure carpets the entire surface. If the grains
become more numerous they must become smaller simply because there is
not enough room on the surface for size and number to vary independ-
ently. In addition, the number of grains actually counted at the
surface need not be representétive of the number in the bulk of the
deposit because of the birth-death phenomena referred to in the
previous section.

With these caveats in mind, the number cf grains at the surface was
plotted against current density for the three concentrations at which

the number of coulombs deposited was the same (Fig. 21). As in the
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case of the protrusions, increased current or decreased interfacial

concentration .leads to a larger number of crystals. In this case

these are the grains. The precise relationship between current
density and number is, not surprisingly, different for the grains than
it is for the protrusions even though the general trends are similar.

The number of grains was arrived at indirectly and is only
approximate. Actual counting of the grains was not practical because
the grains were far too numerous. To calculate the number of grains
the sample surface area was divided by the average grain surface
area. In order to relate the surface area to a linear dimension, the
grain was then taken to be circular,

The average grain surface area was calculated from several photos
of deposits having relatively large and few grains. The average grain
was found to have a diameter-of ~1/3 the second largest grain in the
photos. (The largest grain was not used for reference because it was
subject to too much statistical variation in size.) The shape of the
grain size distribution curve was then assumed to remain constant.
This means, in effect, that the size relationship between the average
grain diameter and the second largest one is constant under all
conditions. Needless to say, this is a very approximate procedure.
However, it is considered sufficiently accurate to resolve trends.
These trends correlate well with visual inspection of fine structure
from photos.

The average ‘grain size (aiameter) was plotted against the current

density as well (Fig. 22). Of course, Figs. 21 and 22 are not
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independent because the number of grains is calculated from the grain
size. The actual appearance of the surface during simultaneous
increase in number of grains and decreasing grain size (following from
an increase in current density) is shown in Fig. 23.

As in the case of the protrusions, current density may not be the
correct variable to plot grain size against. Unfortunately, it is not
meaningful to plot grain size against grain number because geometric
constraints force the size to decrease if the number of grains increase
regardless of deposition conditions. A similar constraint did not
exist for the protrusions.

3.11 Discussion of Experimental Results

3.11.1 Comparison of Experimental Results to Literature Data. The

experimental results describing the protrusions and fine structure find
a remarkable parallel in those describing the crystallization of silver
(see 1.4.2 and 3.5). The silver and copper deposits have in common at
least the following behavior:
1. An increase in current density leads to an increase in the
number of crystals.*
2. A decrease in interfacial concentration of the depositing
species leads to an increase in the number of crystals.
3. Larger numbers of crystals are associated with smaller crystal

size.**

* As described in 3.5 and 1.4.2 the increase in current density was
probably not independent of interfacial concentration. In the case
of the silver experiments. The result is therefore not conclusive.

** In the case of the fine structure, geometric constraints may have
masked other processes causing similar behavior in copper
protrusions and silver crystals.
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4. The number of crystals does not increase with an increase in
the number of coulombs deposited. Both for silver and copper
deposition there is eventually a decrease with time though it
is not clear that the mechanism is the same in each case.

These similarities are encouraging because they suggest that

morphology is controlled by factors common to all deposition systems.

3.11.2 Analysis of Results: Overview. The following discussion

of the results (3.11.3-3.11.8) is intended to place them in the
context of currently available theory. For this purpose probable
mechanisms are proposed for the observations. In those cases where
more than one possible mechanism is known, both are presented. In
every case some corroborating evidence is provided either to support
the given mechanism or one of several alternatives. The evidence is
by no means conclusive. It is given primarily to demonstrate that the
proposed theory fits the known facts.

3.11.3 Mechanisms of Crystal Growth.

(A) Protrusions. From appearance alone it is not possible to
tell what mechanism is responsible for the growth of protrusions.
Pyramids that are overgrown to form protrusions, for example, can
result from successive nucleation and layer spreading, spiral growth
from a screw dislocation or may be some entirely different and unknown
mechanism. The first two have been described in section 1.4.1 and
1.4.2 in conjunction with Fig. 3 and 5 in the same chapter. While no
proof can be offéred concerning which mechanism is operative, there is
some evidence suggesting that spiral growth is nore likely than layer

spreading.
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If the successive nucleation and layer growth mechanism were
responsible for the formation of protrusions, one would wonder why the
protrusions were not more common. It seems unlikely that a process
which requires one 2-D nucleation for every monolayer formed would
favor one small location with so many repetitions of this event.
Instead, one would expect massive nucleation everywhere. The extreme
localization of nucleation might be possible if it were vastly more
favorable on a previously formed layer than the substrate electrode.
However, there is really no reason why this shoula be so.

In the case of a spiral mechanism a propagating defect allows
growth without continual nucleation. Here it is clear that addition
to the growing crystal is possible without simultaneous nucleation
elsewhere on the substrate. Sparse coverage of the deposit by these
crystals would then be very possible. In facg, it has been
demonstrated by Seiter et al. (44) that spiral growth can occur on
copper. An excellent photo can be found in that reference. The only
difficulty in assuming such a mechanism is that it is not clear if it
can or usually is initiated by nucleation or not. This issue was
discussed in a footnote in 1.4.1. As it will be seen in the following
sections, existing theory can be used to explain many observations if
it is assumed that the copper-crystals are initiated that way.
Therefore, in the absence of any evidence to the contrary, and in view
of the evidence that copper can ceposit on an electrode by nucleation
(discussed in 1;4.1), further discussion of copper deposits will be

based on an assumption of nucleation.
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B. Fine Structure. The fine structure grains do not have any

easily recognized form. Therefore, it is not possible to speculate as
to the mechanism of growth based on available data.

3.11.4 Saturation of the Deposit by Protrusions. In section 3.7

evidence was presented that the number of protrusions does not
increase at least for-+deposition of >25 cou]ombs/cmz. In section
1.4.1 two possible mechanisms are described: 1) filling up of active
sites (87,89); and 2) formation of nucleation exclusion zones
(87,88,91). With deposition on copper, there is the further
possibility that saturation occurs because the fine structure
interferes with the nucleation of protrusions. There is evidence that
at least initially, the last mechanism is unimportant.

Figure 8 and 9 both have large linear regions relating protrusions

to current density. If the fine structure actually interfered with

the nucleation of protrusions, plots 8 and 9 could both be Tinear only

if the number of grains changed with current in a consistent way for

each set of experiments. Figure 21 is a plot of grain number vs.

current for the same experiments used for Fig. 8 and 9. The number of
grains increases monotonically at .098 M CuSOa for each data point

in Fig. 8. A&t .228 M CuSOa the number of grains remains unchanged

for the experiments occupying-half the linear region in Fig. 9.
Clearly the number of grains does not change in any consistent way for
the two concentrations. We must conclude that in Fig. 8 and 9 the
number of protrusion is independent of any interference vy the fine

structure. We are therefore left with nucleation exclusion, or
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filling of active sites as the remaining known possible causes of

saturation. Nucleation exclusion would seem to be the best choice.
Markov and Stoycheva (88) showed that when liquid mercury was
nucleated on platinum, nucleation exclusion was the mechanism leading
to saturation. More important Aten and Boerlage (35) showed that
silver crystals once formed, tended to grow at the expense of further
nucleation. The nature of the experiment (see 1.4.2) makes it
possible to conclude that this phenomenon must have been due to
nucleation exclusion also. In view of the similar behavior of silver
and copper deposits simmarized in 3.11.1 we might expect that
nucleation exclusion is an important mechanism during copper
deposition as well.

The argument for nucleation exclusion suffers from one apparent
logical deficiency. The excTusion zones are ogly operative while a
crystal (or in the case of mercury, a droplet) is growing. The
crystals that give rise to the protrusions stop growing once the fine
structure covers them. Consequently, the exclusion zones must
disappear. In spite of this, no new crystals are formed.

This can be explained if we assume all protrusions are initiated
only at active sites at the surface of the deposit substrate. MWhen

nucleation ends because the exclusion zones overlap, the fine

structure then carpets the electrode. Because the fine structure

itself provides no active sites, no new nuclei can be produced. Such

a mechanism does not contradict the earlier claim that the fine

structure deces not affect the number of protrusions formed. Tnis is
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because it is being argued that the saturation of the electrode by
protrusions is already complete by the time the fine structure has
covered the initial surface.

3.11.5 Effect of Concentration on the Number of Protrusions

In section 3.11.4 it was suggested that nucleation exclusion was
the mechanism primarily responsible for saturation of the electrolyte
by protrusions. This is a very attractive hypothesis. Under the

influence of the nucleation exclusion, the number of liquid mercury

nuclei present at saturation increases as electrolyte concentration

decreases because the exclusion zones grow less rapidly under these

conditions. This was demonstrated by Markov and Stoycheva (88) and
discussed in Section 1.4.1. Consequently, this may well be the
explanation for the similar behavior of protrusions which are initiated
as a result of nucleation.

The summary of theory dealing with saturation phenomena in section
1.4.1 shows that the model based on the filling of active sites should
not respond to changes in concentration in this manner.

Unfortunately, though it would appear that both saturation and
response to concentration are easily explained in terms of the nuclea-
tion exclusion mechanism, the evidence is not truly conclusive. Markov
and Stoycheva (88) utilized a special cell operated potentiostatically
such that the nucleation overpotential can be held constant. This was
possible because presumably all other components of the surface

overpotential are negligible.
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In our system, copper was deposited galvonostatically. At any
given time, this corresponded to a particular cathode surface over-
potential. The surface overpotential for our cathode, however, is
composed of charge transfer overpotential, nucleation overpotential,
and perhaps surface diffusion overpotential. The value of these
components on the cathode can, and probably will, vary with location
while the total (surface overpotential) remains constant.* The
fluctuations occur because electrodeposition is a discontinuous process
on a microscopic scale.** (learly, any change in the value of the
surface overpétentia] will affect the range of values over all loca-
tions that each component can assume. The charge transfer over-
potential is sensitive to concentration through the exchange current
density (see Eqg. 3A). Consequently, any change in concentration will
affect the surface overpoteniia] and ultimately the range within which
the local nucleation overpotential will be found. That range will
influence the average value of the nucleation overpotential.

That average value of the nucleation overpotential within that
range has an important influence on both saturation mechanisms. It
controls the number of active sites by changing the work of nucleation

W K

t (21)

o
=[S

* The surtface overpotential is constant because it is measured
between an equipotential cathode and a reference electrode.

** In Ref. 37 Kohlschutter and Torricelli for example, slow that at
constant cell voltage interruption and initiation of layer growth
on silver changes tne current abruptly (see Section 1.4.2).
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and it affects the process of nucleation exclusion by controlling the
classical nucleation rate

J =Ky exp (-Kz/n::) * (22)

During nucleation exclusion, the classical nucleation rate competes
with the growth of the forbidden zones to determine the number of
nuclei at saturation.

It is difficult to say whether the local overpotential
fluctuations represent a first or second order effect, but it does
suggest that experimental results from a cell where the nucleation
overpotential is fixed cannot be applied without some caution to one
where the current density is‘the independent variable. In addition,
it might be pointed out that in view of the significant charge
transfer overpotential for copper deposition, potentiostatic operation
will not maintain the nucleation overpotential constant (as it does
for mercury nucleation on platinum) in the face of varying electrolyte
concentration. This has been pointed out by V. V. Trofimov

et al. (92).

* The classical nucleation rate can be written in the same form for
the 2-D or 3-D case (see Eq. 8, 13), the only difference being that
the power on the nucleation overpotential is one in the forner case
and two in the latter. The power is not specified because it
implies a certain crystallization mechanisms (spiral growth, etc.)
which in any case isn't certain. However, the qualitative arguments
based on nucleation rate de not involve the power on ny.
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3.11.6 Effect of Current Density on the Number of Protrusions.

Unlike the effect of concentration, the effect of current density on
the number of protrusions has a relatively straight forward
explanation. It is based entirely on the change in the classical
nucleation rate (eqn. 22).

When the current density is increased, the rate of the
crystallization process must by definition increase as well. This
will lead inevitably to an increase in all components of the surface
overpotential. One of the components, of course, is the nucleation
overpotential. Clearly, J in eq. 22 must increase from this
consideration alone. Of course, we must assume K2 is independent of
overpotential. According to Markov (87) this is indeed the case for
3-D nucleation. In addition, verification of eq. 18 by Kaischew and
Mutaftschiew (30) involving the plotting of J vs. llnﬁ (see
1.4.1) was possible only because K2 is approximately constant with
respect to nucleation overpotential.

J will also increase due to the direct influence of current
density on Kl' Under conditions where the Tafel approximation is
valid, K1 is linearly related to the current density as shown in
Eq. 17 (see 1.4.1). Even below the Tafel region, Kl increases with
current density, but not linearly.

If J increases with current density more nuclei may be found at
saturation regardless of mechanism. If nucleation exclusion is
dominant the number of nuclei is dependent on competition between the

growth of the forbidden zones and J the classical nucleation rate.
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The increase in J will lead to a large number of nuclei before
saturation is reached if the zone growth rate does not increase too
rapidly with the current or overpotential.* Markov and Stoycheva (88)
found that in liquid mercury deposition this is exactly what happens.
In their cell the current was increased indirectly by an increase in
the overpotential. Figure 4 in Chapter 1 shows their results
graphically.

If fi]]iné of active sites is the cause of saturation, an increase
in J must also result in more nuclei. This follows from the fact that
by definition (see 1.4.1) an active site is a location at which,
nucleation occurs, relatively speaking, at an appreciable rate. The
nucleation rate increases at all sites in this case, both because of
an increase in the absolute value of ”n and Kl in Eg. 22. At
those sites where K2 is sufficiently small, thg nucleation rate will
increase enough that the location can be considered active.

3.11.7 Effect of Current Density and Interfacial Concentration on the

Number of Grains in the Fine Structure

It was noted earlier that both the current density and
concentration affect the number of grains in the fine structure and
the number of protrusions in the same way. COf course, because the
grains and the interiors of the protrusions are both crystals this is

not entirely surprising. Most likely the same mechanisms control the

* The zone growth rate increases with the current because it is
related to growth rate of the physical dimensions of the crystals
(see 1.4.1). The crystals will of course grow more rapidly with
increasing current. The effect of overpotential is not obvious.
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number of crystals in both cases. A notable difference distinguishing

the behavior of the fine structure from that of the protrusions is

that saturation does not necessarily occur. This is seen in Fig. 20

taken from Ref. 8. Here grains are obviously continually nucleated as
the deposit grows. The absence of saturation does not invalidate
explanations based either on nucleation exclusion or the filling of
active sites. Saturation is not a necessary consequence of tnese
mechanisms.

In the case of nucleation exclusion, for example, saturation
occurs when the forbidden zones overlap. However, it must be
remembered that these zones continue to exist only as long as current
continues to flow to the growing nuclei. In the case of liquid
mercury nucleation, studied by Markov and Stoycheva (88), a nucleus
once formed essentially grows forever. In the solid state, this will
not always be the case. Crystals unlike mercury droplets can cease
growing. The overgrowth process on a crystal as part of the
development or a protrusion is a perfect example. If the crystal were
still growing overgrowth would never be found because the copper would
be deposited as part of the original crystal.

When crystal growth ends, the exclusion zone must disappear and

further nucleation is possible. Multiple layers of crystal will then

form, if we do not assume, as in 3.11.4, that the substrate electrode

is the only surface at which nucleation is tfavored.

If the conditions just outlined prevail, nucleation exclusion

would slow rather than end nucleation.
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A similar argument can be made for the influence of the filling of
active sites. The possibility of saturation by filling of active
sites exists only if nucleation is limited to the initial substrate
electrode. This is a condition whch is fulfilled by nucleation of
liquid mercury on platinum. Mercury itself being liquid cannot
support nucleation as the solid platinum substrate does. Crystals

growing after deposition of solid nuclei are under no such

restriction. It is entirely reasonable that crystals that "die"

provide the sites necessary for further nucleation. If the active

sites at the electrode substrate are more favorable than the ones

available on newly formed crystals, a aecrease in the nucleation rate

will occur, but not saturation.

3.11.8 Size Distribution of the Protrusions and Average Grain Size

in the Fine Structure

bd

In our system it was demonstrated that the size distribution of
the protrusions is a function of their number. This cannot come as a
complete surprise because it is well known that crystal size can be
determined by competition between nucleation and growth in
non-electrochemical systems.

Applied to metal deposition we can say that assuming constant mass

of copper, if the number of nuclei increase, the average volume and so

approximately the average size of the crystals growing from them nmust

decrease monotonically. This result is required so that mass is

conserved.
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The percent crystals in a given size range* must also diminish as
the number of crystals increase, and for the same reason. The
difference, however, is that the decrease need not be monotonic. That
is because the shape of the size distribution curve may be changing as
the number of crystals increase.

Remembering that all protrusions begin as crystals we can apply
the above argument to Fig. 18. It can be seen that the percent
protrusions decrease but indeed not always monotonically. The curve
for .228 M goes through a maximum.

The absolute number of crystals within a size range must also
eventually decrease as the total number of crystals increase, again
for reasons of conservation of mass. Now in addition to possible
variations in the size distribution, the decrease may not be monotonic
because there will be competition between two tendencies. Increasing

the total number of crystals favors more crystals within a size range,

conservation of mass favors a reduction in size and forces them out.

Depending on the width of the size range an initial increase in the
number of crystals within it is possible as the total number of
crystals increase. This can happen because crystals can decrease in
size while still falling within a given size range, particularly if
they were initially clustered.at the high-end. Eventually, when the
total number of crystals increase sufficiently, the number of crystals

within the size range will decrease. Applying this argument to

* Size range 1is used in the sense ot Sec. 3.8. It incluaes all sizes
from largest value to some specified lower limit.
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Fig. 19, it can be seen that it accounts for the obvious maximum on
every curve.

The arguments presented here seem to fit the facts, but it must be
kept in mind that the protrusions are not really ideal examples of the
sort of crystals discussed theoretically. That is because protrusions
are overgrown crystals. A potentially unpredictable influence on the
size distribution is thus introduced, particularly in the overgrowth
is very heavy. Fortunately, this is not likely to be the case,
because the deposits are not too thick.

The fine structure is also composed of crystals and should behave
the sane way. Indeed, it does, but in this case there are geometric

constraints. A grain must be smaller when the number of grains

increases, not only because of competition for Timited mass, but also

limited space. Unlike protrusions, grains actually touch each other.

The geometric factor is probably more important because gaps in the
fine structure are never observed.

3.12 Effect of Surface Preparation

As it has been pointed out in section 2.10.1, the deposit is not
very sensiive to the roughness of the substrate when the substrate is
prepared by sanding. Although other methods of mechanical surface
preparation were not tried, it'seemed likely that obvious variations
in deposit morphology would not result from their use either.
Instead, the substrate was prepared by electropolishing as described
in 2.10.2 This technique produces a fundamentally different surface

because no stress is introduced. In fact, surface stresses alreaay
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present from mechanical deformation are removed during
electropolishing.

The result of deposition on an electropolished surface is shown in
Fig. 24. The three photos are of the same deposit at different

magnifications. The appearance of the protrusions remains unchanged,

but the fine structure has acquired a checkerboard pattern. The white

arrows on photos B and C point to the bounaary between the two types
of fine structure. One type is sandy and the other more blocky in
appearance. The perimeter of the different regions follow the grain
boundary of the substrate copper. This was established indirectly by
measuring the grain size of the substrate after a cross section was
etched using the bath described in 2.11.7B. It was found that the
regions of different deposit morphology corresponded closely in size
to the substrate grains.

The deposit morphology is not the same everywhere because the

crystallographic orientations of the grain surfaces exposed to the

electrolyte are different. This is a conclusion also reached by

Jacquet (39) after he performed a similar experiment on a
polycrystalline copper substrate (see 1.4;2). An actual proof that
different morphologies result from deposition on different crystal
planes is given by Leidheiser -and Gwathmey (47). As described in
section 1.4.2, they deposited copper on a copper single crystal and
found different morphologies at the cifferent poles.

One characte}istic, which distinguishes one crystallograhic plane

from another, is the surface energy. It will, in turn, determine the
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number of crystals by controlling the nucleation rate. A clear
example of such an effect was a byproduct of the experiment (see
1.4.1) by Kaischew and Mutaftschiew (30) to validate the equation for
3-D nucleation (egn. 13 and 18). Liquid mercury was found to nucleate
at aifferent rates near different poles of the platinum single crystal
sphere substrate. Because the experiment demonstrated the validity of
eq. 18, we know that J must be affected by KZ‘ From eq. 19 we know
that K2 is a function of W, the work of nucleation. W is, of

course, dependent on the surface energy of the deposit substrate as
represetned by ¢ in eq. 11. Markov and Stoycheva (88) also deposited
liquid mercury on platinum. They noticed the same behavior and also
attributed it to energetic differences over the electrode surface.

It is very likely that the number of grains or crystals at the

copper deposit surface is also nonuniform, and is the underlying cause

of the checkerboard appearance of the fine structure in Fig. 24.

Figure 23, for example, shows how a change in the number of grains can
alter the appearance of the fine structure. Much more convincing
evidence is the previously mentioned apparent lack of effect by the

deposit substrate on the morphology of the protrusion. If the crystal

number is indeed an important variable affecting the deposit

morphology, it is easy to see that an individual protrusion must

remain unchanged. That is, because it is simply an overgrown

crystal. Based on this argument, we might expect that the number of
protrusions formed per unit area would vary from the sandy to the

blocky regions or the deposit. In fact, the sandy regions had
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34 percent more protrusions than the blocky ones. This difference is
especially encouraging because the blocky regions appear that way
because there are fewer larger grains in them (see Fig. 24). So once
again, there is a correspondence between the behavior of the fine
structure and protrusions.

Up to now it has been implicitly assumed that the number of grains

at the surface of the fine structure is related to the number at the

base. If this were not the case, a varying nucleation rate over the
deposit substrate would not manifest itself as a change in morphology
at the surface of the fine structure. There is evidence that this
assumption has merit. The data discussed in section 3.9 shows that
the fine structure becomes coarser and, therefore, must contain fewer
crystals as the deposit thickens. Figure 20 and other photos from
Ref. 8 also show that the gréin structure becomes coarser with fewer
crystals as deposition continues. Consequently, a definite relation-
ship, based on crystal number, exist between the base and surface of
the deposit.

The ceposit on an electropolished surface sheds light on another
aspect of the relationship between the fine structure and surface

preparation. The sandy regions of the checkerboard deposit have an

appearance identical to the fine structure deposited on a convention-

ally sanded copper substrate as shown in Fig. 25. (The white arrow in

photo B shows where the blocky region begins.) Except for surface
preparation, the conditions that produced the two deposits were the
same. The similarity of the two deposits, in spite of the difference

in the initial substrate topography, is remdrkatle.
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It suggests, once again, that the surface energy is of primary

importance in determining morphology. The deposit on the sanded

surface is therefore probably uniform because mechanical polishing

disrupts the substrate surface so completely that it becomes

energetically uniform.
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4. DEPOSITION AT THE LIMITING CURRENT: FORMATION OF POWDERS

4.1 Type of Deposit Studied

In Section 1.6, the literature on metal powders was surveyed. It
will be recalled that two types of powders exist: (1) those formed at
low current density and high temperature, and (2) the more common type
formed at high current density and low temperature. The operating
conditions required for the latter type of deposit favor mass
transport limitations in the cathode boundary layer. Such limitations
have been shown to be necessary for powder deposition (see Ref. 59-64
summarized in 1.6).

The aim of this study is to investigate the second more common
type of powder. Our experimental system is coppatib]e with this
purpose because it is known that copper powders deposited from acid
copper electrolyte are of this type (55,58). Also, a simple set of
experiments confirm this ana vividly demonstrate the primary
importance of the mass transfer limitations rather than the absolute
current density on powder deposition. Figure 1 and 2 contain photos
of deposit surfaces. They were produced at approximately the same
current density and with passage of a approximately equal number of
coulombs in each case (see Table I). The only operating variable
changed from run to run was the flow rate. It determines the mass

transfer resistance which in turn can be characterized by the fraction
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Table I.
Experimental Conditions
Constant Current (except where noted)
CuSOg [.228]; HpS04 [.932]

Current Interfacial
Run Density Reynold's Concentration
No. mA/cmé  No. I/ x 100 coul/cm in moles/liter
59 8 .3* 23,200 98* 58.9 .00456*
60 85.0* 25,800 90* §5:2 .0228%
62 85.0 35,400 67 51.4 0752
63 86.4 53,700 46 51.7 123
64 89.8 87,700 31 53.7 «157
65 82.9 28,400 80 50.1 .04 56
66 8.6 23,200 98 10.8 .00456
76 Potentio- 22,600 . —_— 10.9 R—
dynamic .

(see Fig.8)
77 88.4 22,600 105.6 9.9 0

* When deposition proceeds for an extended period in the vicinity of the
limiting current, the current density to segment nine increases with time up
to 10 percent. This is probably due to the nonuniform influence of the
powder on mass transfer to the electrode. For such cases the initial current
density is given. Initial values of I/I| x 100 are also given near the
limiting current because both I and I are changing. Interfacial con-
centration is determined by I/I so in this case initial values are also
given.
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A 46% I B 31% I
XBB 805-5756
CONSTANT CURRENT DENSITY
Figure 1. (A) Run 63; (B) Run 64; Deposition at different percentages

of the Timiting current.
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C 80% I 67% I D
XBB 805-5757
Figure 2. (A) Run 59; (B) Run 60; (C) Run 65; (D) Run 62;

Deposition at different percentages of the

limiting current.
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of the limiting current.* C(learly drastic differences in morphology
result. Figure 1 A, B and Fig. 2D are coherent deposits. Figure 2.A,
B and C are powders that are produced in the presence of increasing
mass transfer resistance.

4.2 Powder Morphology

One of the confusing features of powder deposition is that no
unique form is found either between metals or even for a single
metal. This can be seen, for example, by comparing the photos of
electrodeposited iron and cadmium in Wranglen's work (55) to the many
forms of copper powder in Russev's (56). Powders can be found in any
of several forms such as needles, dendrites, crystalline aggregates,

and amorphous appearing nodules.

*  Mass transfer resistancé is a useful way to characterize mass
transport Timitations. It can be defined in ‘analogy to an electrical
one with the difference that the former is not constant. It is

a

__D
MT = dlI
where np = concentration (diffusion) overpotential
I = current density
The concentration overpotential in the absence of migration is given

by the following well known (45) equation):

R

np=qF In (1-1/1)) (23)
where I = limiting current density
F = Faraday's constant
n = valence of dischargea ion
RyT = mass transfer resistance
SO '
dn
D RT g
RMT =97 = " 7F (1 - l/IL /1 - I/IL) (24)

As I/I_ approaches 1 Ryt goes to infinity.
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In our own experiments, deposition in the flow channel at a
constant current equal to the Timiting current for a smooth surface,
produced the nodular form typified by photos A and B in Fig. 3.* A
very similar morphology can be found in Ref. 9.

The nodules have that amorphous appearance that the fine structure
gives to deposits below the limiting current. Therefore, it was
decided to see if the appearance of the nodules at the limiting
current 1is as deceptive as that of the protrusions found below it.

During the course of our experiments, no partially overgrown
structures where ever found so another approach had to be taken.
Instead, the deposit shown in Fig. 3 was sectioned according to the
technique described in Section 2.11.7B. Photos A, B and C of Fig. 4
show the internal structure revealed by sectioning. Clearly the top
view of the deposit is very deceptive. The degosit begins growing as
a dendrite and then a transformation occurs to a coherent form. This
latter compact structure grows into a "mushroom" cap that causes its
top view to appear nodular. It is now clear that the powder particle
seems loosely attached to the electrode at least partly because of the
delicate structure of the dendrite.

4.3 Proposed Mechanism of Morphological Transformation in Powder

Particles
Under galvonostatic conditions, at the limiting current for an
initially smooth electrode, it is not entirely surprising to discover

that changes occur in the growth of a powder particle. A dendrite

*See Table I for operating conditions
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which begins to grow into the solution will penetrate the cathode
diffusion layer (see Fig. 5). Of course, during growth, it cannot
penetrate it completely, because a new (albeit thinner) layer will
form around the tip. As the dendrite continues to grow, the tip will
enter the higher velocity regions of the hydrodynamic boundary layer.
That will Tead to a further reduction in the thickness of the diffusion
layer. Along with thinning of the diffusion layer, the aendrite tip
will be subjected to spherical diffusion conditions once it has grown
through the cathode mass transfer boundary layer. This last condition
is discussed by Barton and Bockris in their work (48) summarized in
Section 1.5

The combined effects of boundary layer thinning and spherical
diffusion reduces the mass transport resistance.* Therefore, deposi-
tion will no longer occur at.the Timiting current. From earlier in
the discussion we know that formation of powders is associated with
restriction of mass transport. Consequently, when those restrictions
are lifted, one would expect that a coherent deposit will form. This
is the reason for the "mushroom" cap over the dendrite. It is clear

that the cap is a relatively large solid (coherent) mass.

* When the diffusion layer is thinned and spherical c¢iffusion
prevails, the mass transport resistance at the dendrite tip will be
reduced if the current density aces not also increase at the same
time. Because the dendrites essentially carpet the electrode
surface, and deposition is galvancstatic, this nust be the case.

[f, on the other hand, dendrites were sparse, the reduced mass
transfer resistance combined with high potential gradients at sharp
points (primary current distribution) would cause a redistribution
of current to the tip, even under gaivancstattic conditions. In
that case, thinning of the boundary layer may reduce the degree of
mass transfer control only slightly.
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is, in fact, precisely what happens. In Fig. 4 the overpotential* is
plotted against time for three experiments run at the same current
density. The initial fraction of the limiting current is set by
controlling the diffusion layer thickness through the flow rate. The
overpotential clearly drops with time at the highest initial 1/iL,
but becomes quite constant away from it.

An alternative interpretation of the drop in overpotential exists
based on an increase in the surface area of the electrode. According
to this point of view the true current density would decrease with an
increase in surface area. Therefore, by eg. 3, the charge transfer
overpotential (nc) would have to drop. Such an effect may account
for a portion of the drop in the overpotential, but certainly not all
of it.

Ib1 and Schadegg (93) observed the same decrease in overpotential
during galvanostatic deposition of copper at the limiting current from
acid copper electrolyte, and explained it as partly due to an improve-
ment in mass transport. They then deposited copper potentiostatically
from the same electrclyte at an overvoltage such that limiting current
was obtained. As the experiment progressed, the current density began
to increase substantially. Because deposition began at the Timiting

current for a smooth surface, the current could

*The overpotential plotted is the combined surface and diffusion
overpotential. The ohmic drop between the reference electrode and
cathocde has been subtracted out.
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not have risen unless the limiting current itself was increasing.* In
view of the obvious roughening of the surface during the experiment,
it is conclusively demonstrated that improvement of mass transfer has
come about from powder formation at the 1imiting current.
Confirmation of this result, was obtained in our own experiments
carried out under similar conditions. One will be discussed at the
end of this section in a wider context. U. Landau (8 ) also came to
the same conclusion by measuring the limiting current to copper
cathodes already roughened by powder deposited from acid copper
electrolyte. A substantial improvement of mass transfer over the
equivalent smooth electrode was observed.

There is also indirect evidence that mass transfer must improve
during powder deposition. Photos A, B and C in Fig. 4 are cross
sections of the ga]vanostatic'powder deposit discussed earlier. It is
composed of Targe and small powder particles. The large ones are
quite numerous. They can be seen from the top view in Fig. 1A. Under
the deposition conditions chosen, the mass tranfer boundary layer for
an initially smooth surface is ~28 u. The larger particles alone are
clearly more than 100 y high. The smaller particles on either side of
the large one (best seen in Photo C, Fig. 4), are also a large
fraction of the mass transfer boundary layer thickness. Therefore,

penetration of the boundary layer seems likely on this basis alone.

* This is, of course, only true in the absence of a parasitic reaction
such as hydrogen evolution.
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We can also consider the mechanism of morphological transformation
from the point of view of dendritic growth. It is known that
dendrites grow only above a certain critical overpotential (48,50)
composed of surface and diffusion components. In the presence of a
high level of mass transfer resistance, the combined overpotential is
high. As the resistance is reduced, the overpotential drops** and
dendritic growth should cease. Deposition should then occur in
coherent form.

4.4 Evidence for the Proposed Mechanism

As it has been pointed out in the previous section, a reduction in
mass transport resistance (which can also be expressed as a reduction
in the fraction of the limiting current) is accompanied by a decrease
in overpotential.

Consequently, this decrease should be obseﬁyed during copper
deposition under galvanostatic conditions when the current chosen is

at or near the limiting value for an initially smooth electrode. This

** The overpotential arops because of the influence of the mass
transfer resistance on both the concentration (diffusion) as well as
the surface overpotential.

When the mass transfer resistance arops, deposition is no longer
at I because I has increased. Therefore, I/I_ is smaller and
the absolute value of np decreases by egn. 23 (see footnote
section 4.1).

From Equation 20, Section 2.11.1, we know that as I/I| decreases
the interftacial concentration of Cu®™ must increase. This will
cause nc the charge transfer overpotential (a major component of the
surface overpotential in this case) to drop as well. The charge
transfer overpotential is auescribed by egn. 3A of section 1.4.1. It
is evident that nc will arcp as iy increases. iy increases when
the interfacial concentration of Cu*t increases. Eguation 3A in
Section 1.4.1, applied to our system shows this for copper deposition
the constant y in equation 3A is ~.4z (uw). (Cp/Cp )d is taken
as a constant because the reaction product is copper metal.
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is, in fact, precisely what happens. In Fig. 4 the overpotential* is
plotted against time for three experiments run at the same current
density. The initial fraction of the limiting current is set by
controlling the diffusion layer thickness through the flow rate. The
overpotential clearly drops with time at the highest initial i/iL,
but becomes quite constant away from it.

An alternative interpretation of the drop in overpotential exists
based on an increase in the surface area of the electrode. According
to this point of view the true current density would decrease with an
increase in surface area. Therefore, by eq. 3, the charge transfer
overpotential ("c) would have to drop. Such an effect may account
for a portion of the drop in the overpotential, but certainly not all
of it.

Ibl and Schadegg (93) obgérved the same dec¢rease in overpotential
during galvanostatic deposition of copper at the limiting current from
acid copper electrolyte, and explained it as partly due to an improve-
ment in mass transport. They then deposited copper potentiostatically
from the same electrolyte at an overvoltage such that Timiting current
was obtained. As the experiment progressed, the current density began
to increase substantially. Because ceposition began at the limiting

current for a smooth surface, the current could

*The overpotential plotted is the combined surface and diffusion
overpotential. The ohmic drop between the reference electrode and
cathode has been subtracted out.

-
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not have risen unless the limiting current itself was increasing.* In
view of the obvious roughening of the surface during the experiment,
it is conclusively demonstrated that improvement of mass transfer has
come about from powder formation at the lTimiting current.
Confirmation of this result, was obtained in our own experiments
carried out under similar conditions. One will be discussed at the
end of this section in a wider context. U. Landau (8 ) also came to
the same conclusion by measuring the limiting current to copper
cathodes already roughened by powder deposited from acid copper
electrolyte. A substantial improvement of mass transfer over the
equivalent smooth electrode was observed.

There is also indirect evidence that mass transfer must improve
during powder deposition. Photos A, B and C in Fig. 4 are cross
sections of the galvanostatic powder deposit discussed earlier. It is
composed of large and small powder particles. The large ones are
quite numerous. They can be seen from the top view in Fig. 1A. Under
the deposition conditions chosen, the mass tranfer boundary layer for
an initially smooth surface is ~28 u. The larger particles alone are
clearly more than 100 y high. The smaller particles on either side of
the large one (best seen in Photo C, Fig. 4), are also a large
fraction of the mass transfer boundary layer thickness. Therefore,

penetration of the boundary layer seems 1likely on this basis alone.

* This is, of course, only true in the absence of a parasitic reaction
such as hydrogen evolution.
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In view of the above arguments concerning the change in mass transfer
conditions one might expect that a deposit that is ended before the
overpotential drops too low should not have a "mushroom" cap. The
lower 1imit is very approximately chosen based on Fig. 6. A deposit
started at 300 m.v. does not proceed with a drop in overpotential
because it presumably does not seriously interfere with the mass
transfer boundary layer. In other words, the growth of dendrites is
not favored.

A short time experiment was therefore performed where the lowest
overpotential reached was 350 mV. The top view is shown in Fig. 3,
Photo C. Except for the deposition time, the operating conditions
were identical to those used to produce the deposit shown in Photo A
and B of the same figure. In Photo C the powder cluster has obvious
fissures delineating the branches of the dendrite. The fissures are
evidence that the mushroom cap has not formed though it is clear from
the still nodular and amorphous appearance of the dendrite that the
overgrowth process has begun. The cross section of this deposit in
Fig. 4, Photo D, is more revealing. Here the lack of a "mushroom" cap
is more obvious.

With the eviaence that mass transfer is increased by powder
formation, and the strong suggestion by the last experiment that this
does in fact have some effect on the merphology of the deposit, it is
possible to devise an acid test of the theory of mass transfer

controlled transformation of dendrite nmorphology.
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Two experiments were performed for this test. One experiment was
galvanostatic. The current was brought to the Timiting value for a
smooth surface by a ramp and thereafter allowed to remain constant.
As usual, the overpotential declined with time as seen in Fig. 7. A
"mushroom" cap was not formed because the deposition time was short,
but again definite signs of overgrowth on the dendrite branches are
visible. A photo of this partly overgrown dendrite is shown in
Fig. 9B.

In the next experiment, the same number of coulombs was deposited
but under potentiodynamic conditions. In this mode the potential is
controlled but not maintained constant (see Fig. 7).* First the
overpotential is increased by a ramp to approximately the same value
from which the galvanostatic run begins (so the limiting current is
reached), but it is not allowdd to decay as rapidly thereafter. The
current, of course, must increase to partly offset the decline in
overpotential, as shown in Fig. 8. Comparing the potentiodynamic run
to the galvanostatic run in Fig. 7,** it is evident that tne latter
run ends at a lower overpotential than the former. The higher

overpotential during the potentiodynamic experiment should maintain a

* A potentiostat was operated with Tow ohmic drop compensation.
Consequently, as the current rises to maintain the overpotential
constant, the potentiostat "sees" an artiticially high value. The
true overpotential (plotted in Fig. 7) will then drop to some
degree, but not as nuch as uncer galvanostatic conditions.

** The experiments were not run for the same amount of time because
during the potenticdynanic run the current rises. To keep the
number of coulombs equal in both experiments, the potentiodynamic
run must be shorter.
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somewhat greater degree of mass transport resistance. Consequently,
if it remains sufficiently high, we might expect that a dendrite will
grow without transformation. In that case, no coherent deposit will
begin to cover the dendrite. A look at Fig. 9 shows that this is
exactly what happened. Here, Photo A shows a clearly dendritic
structure while the structure in Photo B has a "grape cluster"
appearance. In Photo B the overgrowth has begun to fuse the dendrite
branches together. Eventually with prolonged deposition the deposit
will resemble Photo B in Fig. 3. It is interesting to note that these
rather dramatic differences between deposit structure came about from
relatively modest differences in the overpotential as seen in Fig. 7.
This is probably because the experiments were performed in some
critical transition range of overpotential.

Earlier in this section it was stated that our own experi&ents
confirm Ibl and Schadegg's (93) conclusion that mass transfer is
enhanced by powder production. It will be recalled that this was
demonstrated by the rise in current during potentiostatic experiments
begun at the Timiting current for a smooth surface. The
potentiodynamic experiment just discussed can be used as evidence in
the same way.

Our experiment was begun by ramping up the potential to ~650 mV.
(see Fig. 7). The ramp ended after 32 seconds. Figure 8 shows the
current. After ~15 seconds the current no Tonger increases
significantly wifh potential. Hence, it is clear that the ramp brings
the tlow cell to limiting current. A short tine after the end of the

ramp the current begins to rise partially offsetting the tendency for
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the overpotential to decline. During this time no hydrogen was
evolved. This increase in current could not have occurred unless the
limiting current also increased. Consequently, mass transfer is
definitely enhanced by the powder deposition process.

4.5 Discussion

The evidence presented in this chapter argues for the
interpretation of powder deposition of copper as fundamentally a
manifestation of dendritic growth. In view of the similar conditions
under which other metal powders are formed, it is not unreasonable to
assume that this is the case generally.

The results do not, however, explain the cause of dendrite
growth. For this we must rely on the work of others presented in
Section 1.5 (48,50,52-54). The mechanism leading to outward growth of
the dendrite (as opposed to the one describing the actual details of
crystallization), is thought to be preferentiai deposition on the tip
of a protruding structure in the presence of mass transfer control.

According to the theory summarized in section 1.5, this comes
about either from partial penetration of the average cathode mass
transfer boundary layer or spherical diffusion conditions at the tip
of a dendrite that has pierced the average mass transfer boundary
layer and has formed a new one about itself. This theory cannot be
directly applied to copper deposition in a flow channel although
qualitatively its predictions should be the same.

First of all; in the flow channel enhanced mass transfer at the

tip of a dendrite that has already penetrated the cathode diffusion
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layer will occur not only because of spherical diffusion conditions,
but also because of mass transfer boundary layer thinning due to
forced convection as shown in Fig. 5. Barton and Bockris (48) who
first advanced the spherical diffusion explanation performed
experiments in a cell designed to have no convection. Consequently,
boundary layer thinning should be minimal if we assume, as they did,
that the movement of the dendrite tip was too slow to disturb its own
diffusion field. Clearly, this difference will affect the
quantitative theory, but the principle of preferential growth at the
dendrite tip still applies.

More importantly though, the Barton Bockris theory assumed simple
diffusion control. This was possible because the charge transfer
overpotential is low for the system to which the theory was applied.
For copper deposition, the situation is more cgmp]icated. '

At 90 percent of limiting current and 25°C the diffusion
overpotential calculated by Eq. 23 of 4.3 is ~30 mV. Figure 7 shows
the the measured overpotential is ~400 mV. Even allowing for
inaccuracies in the value of the percent Timiting current, it would
seem that there is kinetic rather than mass transfer control. In
spite of the fact that Barton-Bockris theory applies only in the
diffusion liniited case, Fig. 2 shows that powders are still formed.

What has been overlooked is that the diffusion and charge transfer

overpotential are linked. This has been discussed in a footnote of

Section 4. 3.
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An increase in the concentration (diffusion) overpotential leads
to an increase in the charge transfer overpotential and vice-versa.
This is why the initial overpotential of the runs in Fig. 6 increase
so greatly with the fraction of limiting current (and at constant
current density).

Because such Tlarge shifts in overpotential follow indirectly from
changes in the mass transfer resistance, in a less restrictive sense
mass transfer is still controlling. Therefore, at a aendrite tip the
lowered mass transfer resistance will still lead to preferential
deposition.

In support of this theory, it should be noted that if the
protruding dendrite tip stops growing under mass transfer control
defined in the wider sense, there will no longer be significantly
enhanced mass transfer there relative to the rest of the dendrjte.
Consequently, the dendrite would be expected to?undergo lateral growth
as well as further extension into the solution normal to the cathode.
Indeed the "mushroom" caps in Fig. 4 would seem to confirm this.

It is also interesting to note that in Fig. 1 and 2 the number of
protrusions increases as the fraction of the limiting current
increases to 67 percent. This is due to the simultaneous decrease in
interfacial concentration, a variable whose effect is nore completely
described in Chapter 3. Above 67 percent there seems to be a smooth
transition from protrusions to dendrites. Therefore, it would not
seem unreasonaB]e-that the protrusions of the type described in

Chapter 3 and resembling those in Fig. 1 and Fig. 2D penctrate the
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diffusion layer sufficiently to become growth centers for dendrites.
Of course, further work will be required to determine if this is
actually the case.

In Section 1.6 the work of Calusaru (65,97) was discussed in
connection with powders. He claimed that the loose attachment of
these powders to the cathode surface was due to discharge of the metal
ion some distance from the cathode surface. This is supposed to lead
to poor physical contact there.

Though this may well be, the photos in Fig. 4 demonstrate that it

is just as likely that the powders are merely very fragile structures.
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5. PULSED CURKENT DEPOSITION BELOW THE LIMITING CURRENT

5.1 Introduction

In Section 1.7 pertinent literature on pulsed current (P-C) was
reviewed. It can be fairly stated that the mechanisms by which P-C
influences the deposit are not well understood, and even the effects
have not been thoroughly described. Many investigators, however, have
reported grain refining and levelling of the deposit when conipared to
D.C. operation. This feature of P-C has been emphasized perhaps
because of the obvious commercial applications.

As a first stage in achieving a greater understanding of this mode
of deposition it would be useful to determine what characteristics of
the pulse affect the deposit, and how. To date, little reliable work
has been done in this direction with the notable exception of that by
Puippe and Ibl (76). Unfortunately, their publication contains very
little comparison of P-C to D.C. deposits. Those who have made such
comparisons (69-73, see Section 1.7.1) have either performed poorly
conceived experiments or have not definitively established what
feature of the waveform is responsible for the observed effect. To
some degree, this was not true of Romanov's work (74,75, see
Section 1.7), but here we are dealing with the special case of the
effect of P-C on Zn sponge.

In all these experinents the mass transfer conditions are poorly
or totally undefined. This creates two problems. First, as in tﬁe
D.C. case, the feproducibi]ity of the result is imiediately called

into question. Second, it becomes impossible to determine whether
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mass transfer limitations during a pulse peak plays a role in the
development of the surface in the manner described by Ibl et al. (see
summary of Ref. 80, 81 in Section 1.7.2).

Popkov (71) (see section 1.7.1) has described a result of P-C
deposition, particularly appropriate for our studies. He discovered
that "spheroidal" structures normally present in copper deposited with
D.C. current, disappear with P-C. Examination of the structures in a
photo reveals that they are protrusions or the type discussed in
Chapter 3. Because protrusions have been shown to be a major cause of
roughness in copper deposition, P-C may find use in the improvement of
surface finish.

Popkov asserts that the inhibition of "spheroidal" structures is
due to passivation of the growth site during the off time. No
evidence of any kind is presented that the off time is responsible for
inhibition or that passivation occurs then.

The aim of this phase of our study is to determine whether Popkov
is correct, and if P-C may be suitable sbustitute for an organic
inhibitor.

5.2 P-C* Deposition Using Several Waveforms with Varying Period

In the following experiments with P-C these quantities are kept
constant: the average current density, the number of coulombs

deposited, the Reynold's number, and the electrolyte concentration.

* Pulsed current’'is defined in the broacer sense of Section 1.7 as a
periodically varying, non-reversing current with arbitrary wave form
that drops to zero once uuring each period.
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In addition, both the average as well as pulse currents are below
the D.C. limiting current. This insures that mass transfer is not
controlling at any time and eliminates a source of confusion regarding
the interpretation of the results.

In the first set of experiments a symmetric waveform (see Fig. 1)
was used to control the current. The peak current was 80 percent of

I, ,* the average 40 percent and the minimum O percent. (See Table I

L?
for details of the deposition conditions for all experiments.) Four
different frequencies were used: 1/10 Hz, 1/3 Hz, 1 Hz, and 10 Hz.
These deposits were compared to a D.C. run under the same average
conditions. Photo A in Fig. 1 is the D.C. deposit and B, C, and D
pulsed current ones from 1/3 Hz—10 Hz. Compared to Photo A,
Photos B, C, and D demonstrate obvious levelling by inhibition of the
protrusions. The remarkable feature of this experimental series is
that the levelling effect is over a 30 fold change in frequency. At
1/10 Hz (not shown) the inhibiting effect is largely lost. The
insensitivity to frequency is even more evident when one considers
that Popkov (71) achieved the same effect using 50 Hz half wave
rectified A.C.

The influence of any given waveform and period on levelling may be
due (in the absence of any evidence) not only to the direct effect of
deposition at different current densities, during the course of the

pulse, but to-the effect of transients at some unspecified stage of

the ceposition process during rapid current swings.

* These figures are the percent of the D.C. limiting current. The
percent of the pulse 1imiting current is lcwer.
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Table I
Experimental Conditions
CuSOa [.228]; HpSO4 [.932]; Reynold's No. 42, 200;
D.C. Limiting Current Density 149 mA/cmé

D.C.

Run 70 I/ x 100 42.1 coul/cm2 48.1

Symmetric Triangular Waveform P-C

Average Peak* Min*

Run No.  I/I x 100  I/If x 100 I/I_ x 100 coul/cm? Hz
93 43.1 80 0 50.4 10
9% 42.7 80 0 50.8 1
95 40.5 80 0 47.8 113
96 42.5 80 0 51.3 1/10
Rectangular Waveform P-C
Average Peak* Min* On Time Off Time

Run No. I/I_ x 100  I/I| x 100 I/I_ x 100 in Secs in Secs coul/cm?

97 42.2 60 6.6 5 3 51
98 41.8 60 0 5 2.5 50.6
99 43.1 a4 0 1 ol 63.8

* The peak and mininum percent limiting current are approximate. They
represent power supply settings rather than measurements. The average
percent limiting current is neasured and more accurate. This is why the
average percent limiting current calculated from the peak and minimum
values is not exactly the same as the reported value.
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If transients were important in the levelling effect, one might
expect greater sensitivity of the deposit to an increasing pulse
frequency. The lack of sensitivity, therefore, suggests that pulsing
occurred under quasi-steady state conditions. In that case, one might
speculate that the levelling (inhibition) comes about primarily
because deposition at high current is followed by deposition at low or
zero 0 current. Under these conditions, neither frequency nor
waveform would be very important.*

To test this empirical theory of levefling, another series of
experiments were performed. In this set a rectangular waveform was
chosen to control the current. By allowing "instantaneous" transition
between two current densities the proposed réquirements of the
"empirical theory" are met. The first experiment was not truly P-C.
The rectangular wave reached a peak of 60 percent of IL and a
minimum of 6.6 percent IL (see Fig. 2, upper right photo). This
experiment was meant to determine if high current densities followed
by lTow current densities could induce levelling of the deposit through
inhibition of protrusions. Compared to the D.C. deposit, (Fig. 2,
upper left photo), there is an obvious levelling effect, but the
protrusions are very much in evidence. In the lower left photo of
Fig. 2, the current is pulsed between 60 IL and 0 percent IL. The

protrusions, in this case, almost completely disappear. From Table I

*At very high frequencies double layer charging and discharging would
damp the pulse. This has been pointed out by Ibl and reviewed in
Section 1.7.2
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we can see_fhat the on time for both»éxperimehts was the same; though
the off time was reduced slightly in the second experiment so that
both ran at an avefage of 40 peféent'IL. Clearly, even the small
current‘fibwing‘duFing the pulse minimum of the first experiment

inhibits levelling. Therefore, we can conclude that the critical

feature of P-C that is responsible for levelling is the off-time.

If we look at the'tfiangular waveform, it is clear that the off-
time should be zero because the s]opelof the waveform changes
"instantaneously."  Of course, in reality there is a finite off-time,
as well as a range or current densities around zero that are so small
as to have the same effect as no current flow. Consequently, in a -
rectangu1af pulse the off time need not be very long, certainly not in
the range of seconds. In Fig. 2 the photo on thé lower right is of a
deposit that was p]ated'uﬁdef the- influence of P-C of rectangular
waveform where the peak reached 44 percent I, and the minimum

0 percent IL. The ratio of on to off time is 10 to 1. From the

photo ‘it is evident that leveT]ing is actua]]y better. The

improvemeht is probably not due so much to shorter off-time as é
shorter on-time. It will be remembekea that when the period of the
triangular wave reached 10 seconds, (1/10 Hz) most of the levelling
effect was lost. In other words, Tevé]]ing failed when the off
periods'were 10‘seconds apart. The deposit with rectangular P-C

between 60 percent I and 0 percent IL had a long (5 second) on

L
time. The deposit made with P-C between a4 perceﬁt IL and zero had

only a 1 second on-time.
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The 44 percent IL-to 0 percent IL experiment had an interesting
feature. Examination of the overpoteﬁtial showed that-during the
pulse ~150 m.v. was reached, whereas the 40 percent IL D.C. o
experiment proceeded at ~135 m.v. The difference can be entirely

accounted for by the slightly higher current density at the peak of

-

the rectangular wave. . Therefore, pulsing does not increase the
overpotential under these_conditione., This is an attractive feature
- of P-C because levelling can be accomp]ished.without the power loss
associated with the addition of organic additives. |

5.3 Discussion

The results indicate that P-C fnhibits fhe growth of protrusions

blprimarily because of the off time between the pulses. Provided these
off times are not too infrequent, the waQeform and frequency are not
very critical. The off periods can be made short relative to the on
periods so‘that the plating process is more or less continuous. This
has an obvious practical advantage in industrial applications.
Plating rates do not have to be significantly raised during the on
periods to compensate for tﬁe off'periods.v Thefefore,_the surface
overpotential will not have to be higher than one would utilize in
D.C. deposition.

The results do not shed light directly on the cause of fhe
inhibition of protrusions. Earlier (see!1.7.1,>552)‘it Qas mentioned
that Popkov (71)»attrjbuted inhibifion of "spheroidal" structures on ’ N
passivation bfbﬁhe grochesites durihg'the off time. Gurovich and |

Krivtsov (73) put forward a similar argument to explain grain
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refinement of copper during deposition with P~C. In no case was
evidence supplied.

Thefe’are,‘however, other indications that they may be right. In
section 1.4.2 experiments by Kohlschutter and Torricelli (37) and
Wranglen (38) were reviewed. The former investigators discovered that
crystd1’grdwth was interrupted permanentiy when-curfent was
temporarily shut off during deposition of Agf wheh the current was
turned back on a new crystal was nucleated. This is clear evidence of -
passivation. Wranglen observed the same effect on growth of layers of
Pb,'but"onTy’when*impuriti6§‘Were added to the electrolyte first. It
would seem that passivation due‘toiadsorption of impurities during the
off time was the cause of inhibition. Therefore, it would not be
unreasonablévté}éuégest that a similar mechanism functions to prevent

exténded’grthh of brotrusions‘on'COpper with P-C.
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Cdncluding Remarks _ _

The results presented here felate the morphology of copper deposits
to current density, mass transfer conditions and bu]k\e]e;tro]ytev'
concentration both with and without puTsed current. The experiments
from which. these results were collected have been performed in the
absence of levelling or brightening;agents,and,at thevsame temperature.

Viewed as a whole, three major conclusions may be drawn from the
experimental program. The first is that the mass transfer conditions
at the time of deposition strongly influence. the morphology of the .
deposit. Therefore, they cannot be,ignored in specifying the operating
conditions of an e]ectrbdeposition cell as ihey have been in the past.

Secondly, changes of current density and interfacial electrolyte

concentration are associated with clear cut morphological trends.

Consequently, it should be possible to predict apriori the behavior of o

the deposit morphology for a given change in these variables.

Fina]]y,‘using pulsed current, it may be possible tb eiiminate, in
some cases, the need for organic levelling agents which increase power
consumptibn. Taken together, these conélusions'and their theoretical
-basis, bring one closer to the goal of achieving complete control of
the surfaée morphology through a fundamental understanding of the

electrocrystallization process.
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APPENDIX A

Computer Programs

1. Flow Channel Calculations
Program Figure I, Sample Printer Qutput, Figure 2, App. A.l

Purpose: Given an aqueous solution of CuSOz H»SO; at 25°C

in the flow channel with smooth cathodes the following will be
calculated: (See sample output of Fig. 2, App. A.l).

1. The Schmidt number of the electrolyte. -

2. The Sherwood numbers for mass transfer to all segments.

3. The Timiting current densities to all cathode segments.

4, The 1imiting currents: to all cathode segments.

5. The voltage drop from the cathode busbar to each individual

segment. _
. The change required in each resistance to cause all busbar.to
segment voltage drops -to become equal at the limiting current.
The Nernst diffusion layer thickness over each of the nine central
cathode segments. '
. Total cathode current in Amps.

Input Requirements:

o ~ [=)]
L]

1. Hp504 concentration in moles/liter.

2. CuSO4 concentration in moles/liter.

3. Integral diffusion coefficient of CuSOs for the given solution
in cm?/sec. o »

4. Flow rate expressed as a Reynold's number or in gallons/min. .

Theory: :

In order to calculate the Reynold's number or Schmidt number the
density (p) and viscosity (u) must be evaluated first. The following
correlations were utilized: .

o(gm/ml’) = .99837 + .1502 [Cus0,] + .0628 [H,50,]

+ .002276[CuS0, 1% = .000789[H,50,1° - .006921[Cus0,] [H,50,]

where [ ] indicates concentration in moles/liter.

u(cp) = .90445 + ,42999 [CuSOa] + .13393[H2504]

~+ .23685[Cus0, 1%+ .030696[H,50, 1% + .10308[H,50,] [CuSO,]

Both of these correlations were taken from the work of Arapkoske and

Selman (83).
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The Sherwood numbers were evaluated from corre]atipns and data

developed by U. Landau (8 ). This information is summarized below.

_For the First Four Cathode Central Segments:

(Cathode segment one is upstream)

; , d\ .3
Sh = .0666 Re */° sc 1/3 (x—h)
12,000 < Re < 125,000

1,200 < Sc < 25,100

d :
h
T i .73
Re = Reynold's number (calculated using dp)
S¢ = Schmidt number .
d, = mean hydraulic diameter (4 x cross-section/Wetted perineter)

(the value of d, for the flow cell is 4.102 cm)
= distance from beginning of mass transport entrance reg1on

Sh = Sherwood number
Because each segment must be associated with only one Sherwood number,
x is chosen so that it represents the position on the segment
corresponding to the average mass transport rate over the whole
segment. These values of x are given by U. Landau as well (84).

The correlation below , :

Sh = .01 Re -921 sc -336

is used for the last two cathode central seaments when

12,600 < Re < 25,000
and for the last three when
25,000 < Re < 60,000
and for the 1a§t fjve when

60,000 < kK < 125,000
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We must now provide correlations for segments five, six, and seven when
12,000 < Re < 25,000 |

and correlations for segments six and seven when
25,000 < Re < 60,000

Such correlations do.not exist. Using data from U. Landau (8 ),
however, it is possible to construct somewhat crude corre]at1ons for
each individual segment. For:

12,000 < Re < 25,000

Seg. 5) Sh = .035 Re +826 s¢ .3
Seg. 6) Sh = .035 Re 822 g¢ .3
Seg. 7) Sh = .035 Re -811 s¢ -3
For
125,000 < Re < 60,000
Seq. 5) Sh = .035 Re -833 sc -3
3eq. 6; 3 = 033 Re -826 3¢ .3

Mass transfer to the buffer segments'is'calcu]ated by using a
correlation for average mass transfer to the entire electrode.

Sh = .01395 Re 885 5¢ -3
2,800 < Re < 125,000

The Nernst boundary layer thickness is calculated as follows:

. F]ux of Cu ions to cathode = D %%_: kaC

C = concentrat1on or Cut*

D = diffusion coefficient of Cu™™

AC = bulk concentration - interfacial concentration
X = perpendicular distance to cathode

k = mass transfer coefficient

Nernst diffusion layer assurpt1on
dc

ax = constant
therefore,

Dac .. b

> = kaC aﬁd AX = n



206

ax = Nernst diffusion layer th1ckness

D at infinite dilution of Cu™ is used to evaluate ax because at
limiting current interfacial concentration.of Cu** is zero. n

Operating Note:

In order for the program to calculate the change in resistances
needed for minimizing the difference in potential drops between
different cathode segments and the busbar the program must have a
record of the total resistance from each segment to the busbar. This
information is built into the program on lines 62 and 63. .R[1] is for
the buffer segments. R[2-10] is for central segments 1-9. . These
values must be reset to correspond to current operating conditions.

Program Operation:

Load and run program. Note: [Brackets around instructions mean
special operating conditions.] ‘

1) Display: MOLAR ACID CONCENTRATION7

Enter HpS04 concentration.

Press CONTINUE

If the value entered is less than .0l or greater than
3 a beep will be heard.

Display: DATA OUT OF RANGE

After 1 second program, returns to dlsplay number 1.
Enter new value.

- 2) Display: MOLAR CUPRIC SULPHATE CONC?
Enter molar CuSOs4 concentration
Press CONTINUE

If the value entered is less than .0l a beep'will'ne heard. -

‘Display: DATA OUT OF RANGE _
After 1 second program returns to display number 2. Enter new

value.

3) Display: INT DIF COEF? (CMZ/SEC) _
Enter integral d1frus1on coefficient of CuSOy in (see Arapkoske
and Selman (83)) cml/sec. '

4) Display: REYNOLD'S #? (Enter O if in GPM)
Enter Reynold's number if known.
Press CONTINUE , - —

If Reynolid's number is not known enter 0.

Press CONTINUE '

Display: GPM

Enter flow rate in gallons per ninute :

| Press CONTINUE : —

(1t the Reynold's number < 12,000 or > than 125, OOO a

beep will be heard. .
_l_’_rmtu REYNULD'S # QUT GF \r‘n’uE _r
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If the Schm1dt number <1,200 or >25, 100 a. beep will be

heard.
Printer: SCHMIDT # OUT OF RANGE
If either Reynold's number or Schmidt number is out of range the
program must be rerun from the beginning. Press RUN. '

2. Input/Output Routines
2.1 DATA ACQUISITION PROGRAM
Program Fig. 3, Sample Printer Output Fig. 4, App. A.2.1

Purpose:

This program will cause the multiplexer to scan the data channels
sequentially and transfer the voltages to the computer. The compute
will then record the data on tape. The program also times the
experiment by shutting down the power supply to the flow cell at the
end of a specified period of data aquisition.

Theory of Operation: : '

The multiplexer, once triggeread, will scan sequentially as many
channels as required by the transfer (tfr) statement that initiates
the process. Though the full scale voltage range of the multiplexer
can be set from 5 m.V. to 10.24V, it cannot be changed while a scan is
in progress. ' This creates a problem because reference electrode
potentials, for example, are one to two orders of magnitude larger than
the voltage drops across the current sensing resistors. To overcome
this problem, the data acquisition program was constructed to allow
breakup of the channels into as many as thirty two groups. Each group
can be scanned at a different full scale voltage.

It is desirable to minimize the number of different groups because
a delay is introduced during data acquisition when scanning is
initiated for each group (~2-3 milliseconds). For highest measurement
accuracy the groups requiring the highest full scale voltage should be
scanned first. The first group to be scanned is the lowest numbered
group (see Fig. 4, App. A.2.1). (For further information on this last
requirement, see manufacturers operating instructions for the
mul tiplexer.)

After all channels have been scanned once,. the process will be
repeated again, until the specified number of scans has been completed.
Because of the high speed of data acquisition (1250-12,500 channels/
sec, depending on the setting of the multiplexer and the data handling
capacity of the computer), it is desirable to wait between scans to
allow the measured variables to change by a reasonable amount. The
wait (interscan aelay) has been designed so that it can vary with the
scan number. Two wait times, can be specified. This was done to
accomodate experiments where the neasured variables change slowly
during one portion of an experiment, and rapidly over another. The
wait times are not exact because of the computer design, but are highly
reproducible. This allows calibration of the wait times to establish
them exactly. The wait periou serves a second important purpose. It
allows the length of the experiment to be set. By specifying the




a: i rﬁsilnl
iRt bEHNN:P
IH LOCHL MOOE
SWITCH 16 REMOT
E"iztp

10 wti JsSiuwti
41

2% aad

3t din R(Z

4: diw GI

S: dim BL

6% prt "SEQUENTI

AL HUUE

?: ent "8 CHANME
L GRONFS? s G

3: prv "

9t for 1=1 1o G

1 ent & OF

HANHELS iK
GROUP?"sG LI
toRrty "

t ¥Fxd Oirrt
hPOUP=":I

N 344 ‘IJHBEF
HAMMELS="

s —
4

-

for I=t to 4G
ent “CHANKEL
EOP FSWTY

LS XA I N W WS 1A Rl o R o' B LR

— .

et "IMITIAL
HN BELA

Fs | B‘.Flt
IIoIhL INTERS

~H ’

"FINRL
AN DELAY

"It
CHN GELHAY IM
t

SN
S FTHAL
AH DELRAY

nF
Prv JHNEEF
F ZLH?S"-&
- e
2t ent "I3SCHAN
ELAY CHANGES
T SCHM 877N
tosrt CIHTERS
{ DELf THA?
BT -IHH $7
4t ent THFPROX]
HHTE FILE ZIZ&7

HSEFUL FILE
HAND TRACKT " ibe T
& opry T

208

37: ert “LAST
USEFUL FILE

AHD TRERCE «UsT
38 for I=1 ta G
o ilntig, 290
Ini(z2ri2ed

o

I
I Tl

&

D e I SR [ SV Y S O loCla e Y v

-

obeds s bbb

Prt "SCHNS
FILL BUFFER”

CaH
16+2BC+E
pit “FILE
ZE="sE

dim MELED
prnd(S-0

[S AL N

+
.M

(4]

(4 EX. ]
NN EDOIPG N DO
| % o aa ¢ o oo 46y €0 ) @2 = 00 82 gt S0 ba o8 G () o6 o5 ws e we o we @ (V) o 4 g

if frotss
{.85 and frcis
1>@5F+1=F

but “JIMANA"
4

(4 RN B |

CI
lJI.
5

df U+l

mrk FiE+8a3

if 28 ang

$3ery U INSUF
FFE MEM"SRrt

REDUEE SCANS

“eS+(x+ICH

C g A
e W T 5] e DD O~ O

+..~.4

I

o
Dt d 14— e =

B

T

Ersst
4 '
Dibee
Bibeers
Bibeer
Wwr: Qe
wei &.BQ113
EaRL]
if 3L iSeH

Data acquisition program.

o -
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B34 wait

85: wti 6:B[113
wti 6sRf1J5wtid

UJr-
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SEGUENTIAL MODE

GROUF= 1

 NUHEER OF CHAHHE
Ls= 9
GROUP= o2
NUMEBEFR -OF CHANNE
L= - 12
GROUP= 1
FULL SCALE WOLTS
' | 1,280
CgROUR= 2
" FULL’ SCALE YOLTS
‘ B. 640

THITIHL IHTEFZZ'
N DELRY IH M3

1aaa
© FIMAL IKTERSCHH
 DELAY IM M2 SE@d
© NUMEER OF SCANS
o 1aa
INTERSCAM DELAY
CHAMGES AT EEHH
# ' 36

LAST USEFUL FII
AHD TRACE

[ o
e M

 FFEE
FILE ZIZE=
RESL TIME

r'_._':

CSGCANS TO FILL E

:v
o
FRETD

J-x_'.-'l_fl:{;-._uu

Figure 4. Sample printer output from data acquisition program.
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number of scans in the program the number of wait periods have been
specified as well. Because the wait periods are ~two orders of
magnitude. larger than the time it takes to complete a scan, the total
number of wait periods is the time over which data acquisition occurs.
When data acquisition is ended, the program shuts off the power supply.
Thus, the total time of data acquisiton is the time during which the
experiment has been run.

During each scan the program transfers data  from the nultiplexer -
and temporarily stores it in a buffer memory in the computer. The
buffer can accomodate a certain maximum number of complete scans (all
channel groups). This-number is output by the printer (see Fig. 4,
App. A.2.1). When the buffer is full it is emptied on to a tape file.
This process is repeated until the required number of scans for the
experiment have been executed.

The program is designed to optimize the buffer size to some degree
for maximum use of tape space. Specifically, the buffer is set large
enough to exactly accomodate a whole number of scans plus necessary
buffer overhead. No part of the buffer -is wasted. As a result, when
it is recorded, no tape is wasted recording unused portions of the
buffer. The program does this by requesting an approximate file size
from the user and then adds or subtracts enough bytes to optimize the
buffer size. Choosing an approximate file size requires some thought.
Recording a buffer causes a suspension in data acquisition in
proportion to its size.* A small buffer size (~3,300 bytes) minimizes
the interruption. However, the smaller the buffer, the more tape
space is required for storing a given amount of data.. This is because
each file requires an "overhead" on tape of eight bytes. The more
files recorded the more space is lost on overhead.

Another important consideration is the real time factor. The
computer does not.wait for tfr (transfer) to be executed before going
on to the next program step. Unlike other statements, tfr is executed
during "dead times" during execution of other statements. Because the
tfr statement is in a loop with very few other statements, it is
possible to reinitiate transfer without having completed executicn of
the previous transfer. Tnis will completely upset data acquisition.

A wait period was therefore placed after the tfr statement so that its
execution would proceed undistrubed. This wait period is the real time
factor. The real time. factor varies depending on the size of the
largest channel greoup and the data acquisition rate. For a typical

*If only one buffer is needed for the experiment, it will be recorded
after data acquisition ends. This is a convenient feature when there
is sufficient computer amemory for a large Dufrcr and no interruption

~of data acquisition can be tolerated.

An automatic verify disable (AVD) statement on line 2 of the program
reduces the minimum interruption for taping by 1/2 to approx1mate1y
1 second.
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experimental set up (see Fig. 4, App. A.2.1), with the scanner set at
1250 channels/sec, the real time factor is four milliseconds. This
factor is chosen by trial ‘and error. The minimum real time factor
that allows the system to operate should be used. If it is larger,
the interscan celay will be larger than set by exactly the excess
value of the real time factor. This means:that if the interscan delay
is set to zero, there will still be a delay before data acquisition
continues.

There are two further considerations involved in using this
program. The first involves the recording of data. Data can be

recorded on each or two tracks. If there is insufficient space
remaining on one track the program will establish files on the second
track. This has the d1sadvantage that data acquisition will be
interrupted while the tape is rewound to begin recording on the second
track. The 1nterrupt1on is approximately nineteen seconds. To avoid
this, when the space is almost used up on the first track, initiate
the experiment on the second track.

The second consideration ‘involves hardware. The program allows the
computer to control the multiplexer as well as the power supply to the
cell. Control over each is accomplished through an interface. The
interface recognizes a command when the proper select code is sent by
the computer. The choice of select code is made by a control on the
interface itself. For this program to operate, the interface to the
multiplexer mist be set with select code No. 10. The one to the power
supply must be set with select code No 5.

Input Requirements:

1.  Number of channel groups.

2. Number of channels in each group.

. Full scale voltage for each- channel group.

Two interscan detays.

Number of scans.

Scan number for transition from one interscan celay to another.
. Last useful file and track of prev1ous experiment on tape.

. Approximate file size desired.

. Real time factor.

OoO~NOO, P (W

Program Operation:
Load program and run.
'Remove program tape from computer, rep]ace with data tape.
Note: [Brackets around instructions mean special 6perating
conditions]. . . .

If when the program is run,

Printer: SCANNER IN LOCAL MODE SWITCH TO REMOTE

This means one of the following is true:

1) The multiplexer is not set to operate by computer
control (press remcte switch on nU]t]D]E\Lr)

2) The dnterface is not properly seated in the port of
the computer.
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3) The interface is defective
4) The multiplexer is defective
Correct the problem then re1n1t1ate program by
pressing RUN. :
1) Display: # CHANNEL GROUPS

Enter number of channel groups deSIred.
Press CONTINUE .

2) Display: # OF CHANNELS IN GROUP?
Enter number of channels in first group.

Press CONTINUE
Display number 2 will reappear, enter the number of channels in

the second group, etc. -

3) Display: CHANNEL GROUP FSV?
Enter full scale voltage for first channel group.

Press CONTINUE
Display number 3 will reappear, enter the second channel group,

etc.

4) Display: INITIAL INTERSCAN DELAY IN MS?
Enter first interscan delay in milliseconds.
Press CONTINUE

6) Display: NUMBER OF SCANS

Enter number of scans. A scan is one sampling of all data
channels. : C

Press CONTINUE

7) Display: [ISCAN DELAY CHANGES AT SCAN #?

Enter scan number at which transition occurs between first inter-
scan delay and second. . .

Press CONTINUE

8) Display: APPROXIMATE FILE SIZE?
Enter approximate file size.
Press CONTINUE

9) Display: LAST USEFUL FILE ARND T&ACK’

Enter last useful file number of previous experiment so the program
knows where to begin establisning new files on blank tape. 'If

data will be recorded on a track where no previous exper1ments

have been perforired, enter for the last useful file =1.
_Press CONTINUE

10) Display: T?
Enter track number for f11e Just entered
Press CONTINUE

Files will now be marked on the tape. The program will then cause the
rest of the track on which the last file has been marked to be erased.
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e ———

If there is insufficient tape memory for the required .
number of scans,

Printer: INSUFFICIENT TAPE MEMCRY REDUCE SCANS BY...
If operator wishes to continue, the program must be
reinitiated by pressing RUN. The number of scans nust
| be reduced as specified by the printer output. = |

11) Display: REAL TIME FACTOR
Enter real time factor.
Press CONTINUE

12) Dlsplay BEGIN -  PRESS CONTINUE :

When user is ready to begin data acquisition, press CONTINUE.

“Four beeps will be heard, then data acquisition begins. When data
acquisition ends, four more beeps will be heard.

2.2 COULOMETER PROGRAM
Program Fig. 5, Sample Printer Output Fig 6, App. A.2.2

Purpose:

Using data collected by the data acquisition program (App. A.2.1)
this program calculates:

1. The number of coulombs passed by any of the nine centra]

cathode segments.

2. The number of seconds the experiment ran.

3. The average current density to each cathode segment (Provision

is made to exclude the initial portion of an experiment from the

average if desired).

Theory of Operation: '

The program calculates the number of cou]ombs by 1ntegrat1ng the
current to any segment with time using the trapezoidal rule. The
average current density is calculated by dividing tne number of
coulombs
by the time of the experiment.

To calculate the passage of time, the program measures the voltage
change between scans on a multiplexer channel connected to a high
precision very low frequency analog sawtooth generator. A sawtooth
can be viewed as a repeating ramp with a negligible reset time. The
ramp voltage changes linearly with time so it is easy to calclate the
time between any two scans by measuring the voltage change. The total
experiment time is calculated by adding all interscan times together.
The program is capable of deciding if two scans are on the same ramp.
If they are not, the program calculates the interscan time assuming a
ramp reset has occurred in the time between scans. The decision is
based on whetner the voltage change between two consecutive scans is
positive (both scans are on the same ramp) or negative (a new ramp has
begun after reset).

One special feature of this program is its ability to recognize the
unlikely and undesirable event of a scan during the very short reset
time. Any such scan is considered tor purposes of time calculation to
have been taken at the preceeding ramp peak. This introduces a
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42: if N<{26i9to
52

431 if r3{K;0-K+
r2»rS5isto 45
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Figure 5. Coulometer program.
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COULOMETER PROGR

A

TOTAL TIME IH SE
CONDS p36. 34
SEGMENT 2

COULOMBS FASSED=
| 3298, 21
AY. CUR. DEN. EX
CLUDTHG RAMF (Mo~
cnt2) - 88.15

¥

Figure 6. Sample output from coulometer progrém.
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negligible error because the reset time is so short. To determine if
the data was collected during the ramp reset, two adjacent multiplexer
channels are connected to the ramp. Because the ramp is very slow and
data acquisition very fast, the voltage measured on the two adjacent
channels will be the same except when the ramp is resetting. In that
case there will be a measurable difference.

Operating Notes:

T.” The ramp period must be larger than the interscan delay or the
program logic will fail. In the event that the- tape is expected to
rewind during data acquisition, the ramp period must oe longer than
the rewind time of 20 seconds.

2. Tne voltage equivalents of the nine currents originating from
the cathode central segments must be recorded by channels 9-17 on the
multiplexer with segment 1 (segment closest to flow channel inlet)
corresponding to channel 9. (Multiplexer channels. are 0-31.)

3. The sawtooth generator must-be connected to channe]s 19 and
20 of the multiplexer.

4, The maximum sawtooth generator. vo]tage should be set to the
full scale voltage of the multiplexer channel group used to record the
voltage equivalent of the currents.

5. The accuracy of the integration 1nvo1ved to calculate coulombs
and average current density depends on the number of scans per
experiment.

Input Requirements:

I. File and track at which data acquisition began for a given
experiment. .

2. File and track at which data acquisition ended.

3. If data is contained on two tracks the program requires the
last file on track 0.

4. Total number of channels scanned during exper1ment
5. Number .of scans per buffer.
6. Multiplexer channel used to record volitage equivalent of
current for the cathode segment or interest.
_ 7. Full scale vo]tage setting or multiplexer channel specified
in 6. :

8. Buffer size. '

9. Resistance of current sensing res1stor of cathode segment of
interest.

10. Ramp period of sawtooth generator.

11. For purposes of calculating average current density any number
of scans at the beginning of the experimnt can be ignored if desired.
The program requests the number of scans to be ignored (this can be 0).

Program OUperation: )

Load and run progranm.

Remove program tape and replace with data tape of experiment.
NOTE: [Brackets around instructions mean special operating
conditions.]

1) Display: FIRST USEFUL FILE AnD TRACK

Enter file number where data acqu1s1t1on 3ogun for the experiment

to be anayzed.

Press CONTINUE.
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2) Display: B
Enter track for file in d1sp1ay ‘number 1.
Press CONTINUE

3) Display: LAST FILE AND TRACK?

Enter file number where data acqu1s1t1on ended for the exper1ment
to be analyzed.

Press CONTINUE

4) Dlsp]ay D? '
Enter track for file in d1sp1ay number 3.
Press CONTINUE

If data is contained on two tracks
Display: LAST FILE ON TRACK O

Enter number of last file on track 0.
Press CONTINUE

'5) Display: NUMBER OF CHANNELS SCANNED?

Enter total number of channels scanned for the ‘experiment.

‘ Press CONTINUE

6)  Display: NUMBER OF SCANS PER BUFFER?

Enter number of scans to fill buffer as output by data acquisition
program (see App. A.2.1, Fig. a) .
Press CONTINUE

7) Display: TOTAL SCANS?.
Enter. total number of scans used in data acquisition program.
Press CONTINUE :

8) Display: CHANNEL # AND FSV? '

Enter rumber of multiplexer channel used to record voltage
equivalent of current from cathode segnent of interest.
Press CONTINUE

9) Display: V? ‘
Enter full scale voltage of mu1t1p1exer cnanne] in display

number §.
Press CONTINUE

10) Display: BUFFER SIZE? .
Enter buffer size calculated in data acqu1s1t1on program. (See
App. A.2.1, Fig. 4)

11) Display: SEGMENTAL RESISTANCE IN OHMS?
Enter value of variable current sensing resistor for segment of

interest _
Press CONTINUE
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* 12) Display: RAMP PERIOD?
Enter period of sawtooth generator in seconds.
Press CONTINUE

13) Display: IS CORRECT TAPE IN UNIT?

Thistis a convenient stopping point to check if the program tape
was accidentally left in tape unit. Execution of program begins
from this point - _
Press CONTINUE

2.3 Equipotential Cathode Check

‘ Program Fig. /7, Sample Printer Output Fig. 8, App. A.2.3

Purpose:

or any given scan, this program determ1nes the vo]tage drop from
the cathode busbar to the cathode segments including one side (buffer)
segment. These voltage drops are then output for comparison. Ideally,
if the cathode current sensing resistors are set correctly, all voltage
drops are equal. In this case the segmented cathode behaves as if it
were one piece. - ‘

Operating Notes:

T. For this program to work, channels 9-17 of the multiplexer must
be used to record.the voltage equivalent of the current from segments
1-9. Segment .l is that segment furthest upstream in the flow channel.
The voltage equivalent of current from either side (buffer) segment
must be sent to channe] 18 on the multiplexer (multiplexer channels
0-31).

2. Program lines 13-21 (see App. A.2.3, Fig. 7) contain the total
resistances from busbar to cathode central segments minus the .
adjustable resistances. The adjustable ones must be input. Line 22
" contains the resistance to side segment (they are both the same) from
the busbar minus a fixed resistance. The fixed resistance is built
into the program on line 29. If the electrode is rebuilt the
information on lines 13-22 and 29 nust be adjusted appropriately.

Input Requ1rements

1. Buffer size calculated in the data acquisition program to
record the experiment of interests (see App. A.1.2, Fig. 4).

2. File and track correspond1ng to beginning of exper1ment of
interest.

3. Llast file on track O (if experiment begins on track 0)

4, Scan number of interest
_ 5. Total number of channels scanned as input to the data

acquisition program.

6. Number of scans per buffer as calculated oy the data
acquisition program (see App. A.2.1, Fig. 4).

7. Resistance or adjustable resistors,connectec to the nine
central cathcde segments

8. Full scale voitage of multiplexer channels record1ng vo]tage
equivalent of current during data acquisition.
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@: prt "EQUIPOTE
MTIAL CATHOOE
CHECK"

1: prt

2: ent "BUFFER
SI1ZE?"sA

3: diw MELA]

4: buf “JHANAR",

M$+4

S: ent "FIRST
USEFUL FILE
AND TRACK " «FsT

6: if T=@ient
“LAST FILE OM:
TRK 87"sL

7: ent “SCHN
NUMBER?" 3.

8: fxd @iprt
“SCAN MUMBER™»
Sifxd 2

9: prt "

19: ent “"NUMBER

OF CHANNELS?"»C.

11: ent "NUMBER
OF SCRHS5 FER
BUFFER?"+B

12: dim K[18]
13 .BG9435+K (1]
14: .0p0263K[2]
15: .09355+K (3]
16: .B9285+k (4]
17: .9827+K (3]
18: .PO1ASK [E]
19: .9A164K (7]
28: .DE13+K[3]
21: .A9115+K[9]
22: .300842K.013]
23: dim A$L3) .
?4: din RI18]
25: for =1 to 9
26 ent "CHTHODE
RESISTAMCE IM
MILLIOHMS"sRII]
27¢ R[I1~1puesR(
1 .
221 next
23, 9a¢
38 ent
CATHOC
HCES (%
R
31 1¢
MOy ata

3z2: ert "CATHODE
RESISTANCES
IH MILLIOHME"

330 ert

24: for I=1 to 9
35: ert R{IJ1RVG
36t next [

Figure 7. Equipotentia1 cathode check program.
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38 ent “FULL
SgRLE YOLTAGE?"
, .

39: dsep “IS CORR
€ECT TAPE 1IN
UNIT?"iste

40 trk T

41: 10.24-Y36

42: S/BsPsif
frc(P)1>B5int (P+
1) P

3: F+P-13P

4: if P>L and

T=Bireuitrk 13}

1df P-L-1,M$;

. 9to0 46
45: ldf PyM$
46: fmt $s2sb
47: if int(S/
B)<{S/BiS-int (5/
B)B¥Ni3to 49
48: B»N
49: prt “YOLTAGE

DROPS IN MV
FROM BUSBRR TO
SEGMENT"

S6: prev "°"

S1: -G9G

» p

. %2% for I=1 to N

53¢ for J=1 to C
S4: red “JHANA.1
"M

55: if I=N and
J>9 and J<29;
3to 57

56: 9to 59

57: ((M-G),085~
RIJ-S1)(R[4-3]+

- KLJ=-9113r(J-9)

$8: l1e@@riJ-S)+r
(J-9)

S9: next J
68: next I
61! prt "SEG
1="sr1

62¢ prt "SEG
2"y 12

63 ®rt "ZEG
3="sr3

64: rrt “SEG
4="yr4d

831 Rmrt “IEG
S="yrS

65 Prt. "SEG
E="yre :

&7 prr USEG
v="ar?

€8 prt "3ES
2="yrg

£€3: prt “SEG
=" rd

7@ ert "EUF
SEG="srla

*16771
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SEG 1= 29.55
SEG 2= 18,44
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SEG 4= 19,35
SEG S= 2R, 17
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SEG = 19,34
SEG §= 13,38
SEG 9= 19,65
EUF SEG= . 19.54

Figure 8. Sample output from equipotential cathode

" check program.
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Program Operation:
[Brackets around instructions mean special operating conditions.]
Load and run program. Remove program tape and replace with data

1) Display: BUFFER SIZE?

Enter buffer size as calculated in data acqu1s1t1on program (see
App. A.2.1, Fig. 4) _

Press CONTINUE ‘

2) Display: FIRST USEFUL FILE AND TRACK .

Enter number of first file of experiment of interest.
Press CONTINUE

3) Display: T?
Enter track on which f11e in. d1sp]ay number 2 can be found
Press CONTINUE

If track entered per display number 3 is track O,

Display: LAST FILE ON track O
Enter last file on track O.
Press .CONTINUE

4) D1sp1ay SCAN NUMBER?
Enter scan number for which the equ1potent1al check is to be made.

Press CONTINUE

5) D1sp1ay NUMBER OF CHANNELS ?

Enter number of channels scanned when using data acqu1s1t1on
program.. .

Press CONTINUE

6) Display: NUMBER OF SCANS PER BUFFER?

Enter number of scans per buffer as calculated in data
acquisition program (see App. A.2.1, Fig. a)

Press CONTINUE

7) Display: CATHODE RESISTANCE IN MILLIOHMS

Enter the value of the variable resistance connected to cathode
segment 1. This 1is the segment furtherst upstream in the flow
channel. . : : '

Press CONTINUE

Display number 7 will reappear eight more times‘untilrresistances
all nine central segments have been entered.

8) Display: PRT CATHODE RESISTANCES (YES, NO)?

Enter Yes if.user desires output of all variable resistances
connected to the cathode segment. Otherwise, enter NO.
Press CONTINUE
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9) Display: FULL SCALE VOLTAGE? '

Enter full scale voltage used during data acqu1s1t1on for channe]s
recording voltage equivalent of current.

Press CONTINUE

10) D1sp1ay IS CORRECT TAPE IN UNIT? ’

This is a good time to check if the program tape hasn t been for-
gotten in the computer.

Press CONTINUE

2.4 Current Density vs. Overpotential Plotting Routine
Program Fig. 9, Samp]e Printer and Plotter Qutput, F1g. 10
Purpose:

This program allows the current density to be plotted aga1nst the
overpotential for any of the nine cathode central segments. The
computer subtracts the ohmic drop from the overpotential before
plotting it. ,

Operating Notes: '

I. Up to nine different reference e]ectrodes can be used to
measure overpotentials. They must be connected to the multiplexer
channels 0-8. If only one reference electrode is used (as in the
present work), it must be connected to all nine multiplexer channels.
The voltage equivalent of current for each of the nine centra] segments
must be connected to multiplexer channels 9-17. :

2. The program is designed to make a plot hav1ng equal margins on
the bottom and left hand side of the paper. In order to make this
possible the paper must be placed in the plotter with the upper edge
flush with the top edge of the platen. This procedure is opposite to
the usual practice of placing the bottom edge flush with the bottom of
the platen.

3. When plotting is finished, the program will execute a ptyp
statement. This allows labelling of the plot using the keyboard of
the computer as a typewriter. '

4. 'Tic marks on both x and y axes divide them into tenths. All
tic marks are labelled with appropriate intermediate values of full
scale. . .

5. On line 119 and 134 of the program (see App. A.2.4, Fig. 9),
the number 1.978 appears. This is the gap (in cm) between the anode
side reference electrode and tne cathode. If that gap is changed, the
new value must be-substituted to maintain correct ohmic drOp
compensation.

6. The program has been oes1gned to mesure coverpotentials by
reading the voltage drop between the cathode busbar and the reference
electroce. The voltage drop tinerefore includes a contripution from
the resistors in series with the cathode segments. The program
subtracts this contr1butlon from the measured overpotent1a] before
~outputting the data.

: 7. To avoid provlems with reversal of polarity when Lonnect1ng the
multiplexer inputs to the flow channel, the program uses only the
absolute value of the current or overpotential recorded. Consequently,
only positive current densities will be displayed and negative
overpotentials. »
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8: ent °“FIRST
USEFUL FILE

AND TRACK?-1A»8
1t ent "LAST
FILE AND TRRACK?

*sCs0

2: it 0=1 and
Balisto S

3: if D=0 and
B=@iC+Flato S

43 ent “LAST
FILE ON TRACK
92 F

$: ent “NUMBER
OF CHANNELS
SCANNED?"» G

6: ent "NUMBER
OF SCANS PER
BUFFER?"+H

?7: ent "TOTAL
NUMBER OF SCRNS
2°yE

8: if B=13R+Jj
sto 10

9: 8+J

18: dim G[2]
11: ent "FULL
SCALE PLOTTER
OVERVOLTRGE? "
Gr1l

12: ent “FULL
SCALE SCANNER
VOLTARGE (CUR.CH.
12%9G 2]

13: ent “BUFFER
SIZE?"»$S

14: dim M$(S]
15: buf “JNANA",

1 3.54RIL11*A[2

: 7+R(31
s 149A04)
: 28+A[513536-A
61+AL?1+R([8) A

21: ent "SEGMENT
NUMBER?"» T

22: fxd dipre
“SEGMENT NUMBER
“sThéxd 2

23: ent "SEGMENT
AL RESISTANCE
IN OHMS?"sR

243 fxd Siert
“SEGMENTAL RESI
STANCE IN OHMS™
yRifxd 2

25: ent "SOLUTIO
N CONDUCTIVITY?

sy

26: ent “PRAPER
RATIO? (Y /X)"sP
27 P.1G(1152
28: .1G(21/RALT]
U

29: dsp "F.S,CUR
RENT IN MA-CMT2
=",10000U

308: stp

. 313 ent “DESIRED

_FSCO IN MAZ.
CHM12727 4K :

32: K-/1@890v+U

33: dim K9]

34: .98435+k{1)5
.80365+K (213
L003554K (314
.PB285+K (411
.8027+K(515.001
654K 15}

35: .8@16-K(7)3
.e013+x(8)i.001
154K (9]
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36: scl 8,GC111,
218,U12

37: dim B$(3]
38: ent “PLOT

AX1S AND LRBELS - .

(yessno) "»BS
39: i¢ cop(BS)="
NO"leto 102
48: eolt U
41 plt GL11+2HU
42: plt Z4G(1d»
1y
43: el 211U
44: plt 2HU

.45: pen.

463 csiz 7 LrPy
[}

47: for %=1'to 2

48: plt Z)UyO

49: cplt -.3r-.3

S0: lbl "¢

St: for lat to
19

$2: plt 1I1GC1)+
2@ .

$3: celt -.31-.3

S43 1bl "+° '

$S: next 1

56: 11UV

$7: next X

883 Ur121+0

59: plt 21U»@

68t ceplt -1.35-

1.3

61: fxd 8ilbl O}
fxd 2

62: for I=1 to

10 :
63: elt 11G[11+
ZyUs0

641 cplt ~1.3s-

1.3

6S: i¢ .1I1GC1)¢C,
891lcolt -1.8»
8ifxd 2l9to 70

66: if .11GL11C,
8ticplt -1+03
fxd 139%to 79

67: tf 1IGL1YC,
15cplt =.5,08
fxd 8r9to 78

68: if .11GC1148
scelt ~1,05fxd
Qigto 7@

69: cplt -1.5,0;

fxd @
78: 1lbl ~-.11G01]
1000
71t $xd 2
?72: next 1
?73: ftor X=1 to 2
?4: slt Z2HUs0

-?5% for I=1 to

?6: elt 2y 1Uv0
?7?7: cplt -.31-.3
78: 1pl “+"

79t next |
Cl11+2+2
next X
2-2G011+2
plt 2+t d
cplt -2.3,-

fxd @ilbl @3
2 . ..
86t for 1=2 to

87: elt 2:1Ur0
88: cplt -1,31-

.3

89: if ull-1)<.0
1icplt ~350i
¢xd 1iato 93

90t {f utlI-1)<.1
tcplt -4,03¢fxd
139t0 93

91t if Ull-1)<1)
fxd @icplr =3»
9ieto 93

921 cplt -4y @3
'

xd 0
193¢ 1bl urr-111e0
- 89

941 next_l
95: plt 2:Us@
96: cplt 18.6:-

3.8
971 1bl, "OVERPOT -
. ENTIALIN my®

98: plt 2,00
99: cplt -6.3»
20.9

1002 csiz .71,
Ps90

1011 1bl “CURREN
T DENSITY IN
MA/CHT2”

182: dse IS
CORRECT TAPE

IN UNIT?"

1831 sto

104+ 0+GL1)

195t ent “VOLTAG
E CHANNEL FSBSV"
»GC3)

plt 25U 3
pen

dim N([2]
18.24/G{1)2
1
10.24/G(21~
bl

trk ©
fmt 19200
if B=1isto

[SY P Yooy

o (D) oe s @) s bua 03 00 o0 ve

a papers e

for IsA to

1df 1.,M$
8+*N .
for L=1 to

e pa

+ 0+1+0

t 1f N=GiRINj}
s 248011 -(KIT
1+R+1,978/VA(T]
IN[2IARLTI U+
N[2]

120: red "JNANA,
1"sH

(S
P e Mt e e O ODO OO

“POXNGTU BNWN=ARAOVON

L1211t if N=T-1j

abs (M. 905/G[11)
*N{1]

122 it NeT+0)
abs (M, 805,GL2]1R
ALTI)I»N(2)

1231 HetoN

124: if 0=GEI
3to 142

next L

next 1

if 0=859t0

srk 1
for 1=J o

1df (M8
e*N
for L=l %o

t 0+1+0

toif N=Gi0aN;
t ZeNL11-(K(T

R+1.978/YRLT]
IN[2IRLTI, U+
NL2)

13%: red “JINANR,
17 M

1361 3¢ NaT-13
abs (M. 803,C111)
+N[1)

1371 i¢ N=Te8i
abs (M.205/G(2)R
ALTY)»NE2]

1382 N+1dN

139: if 0=GE}
ev0 142

1401 next

1419 next 1
142t csi2 .71y
Py

1432 ptye

#9231

9. Program to plot current density vs. overpotential..
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Sample plotter and printer output from program to plot
current density vs. overpotential. ‘ '
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Input Requirements:
“T.” First useful file and track of experlment on tape.
2. Last useful file and track of experiment on tape.
3. If the data is on two tracks, the last file on track 0 is
also required. -
4, Number of channels scanned dur1ng data acqu1s1t1on
5. Number of scans per buffer as calculated by data acqu1s1t1on
program (see App. A.2.1, Fig. 4).
6. Total number of scans during data acqu1s1t1on
7. Maximum overvoltage to be displayed on x-axis in volts.
8. Full scale voltage for multiplexer channels measur1ng the
voltage equ1va1ent of current.
9. Buffer size as calculated by data acqu1s1t1on program (see
App. A.2.1, Fig. 4).

10. Cathode central segment number to be used as source of the
plot. (Segments are numbered 1-9 with number 1 being furthest upstream
in the flow cell).

11. Value of current sensing variable resistance connected to
segment in line 10.

12. E]ectro]yte conduct1v1ty in mhos /cm (see App. B for
conductivity correlations).

13. The ratio of maximum y displacement to the maximum x
displacement of the plotter pen (paper ratio). For an 8-1/2" by 11"
sheet this is 1.2 if the 11" side is the y axis.

14. Maximum current density to be displayed on y-axis in mA/cml.

15. Full scale voltage of multiplexer channels measuring the
overpotential.

Program Operation:

NOTE: [Brackets around 1nstruct1ons mean spec1a1 operat1ons
cond1t1ons]

Load program and run. Rep]ace program tape with data tape.

1) Display: FIRST USEFUL FILE AND TRACK?

Enter first useful tape file of the exper1ment

Press CONTINUE

2) Display: B?
Enter track for file in 1.
Press CONTINUE

3) Display: LAST FILE AND TRACK?
Enter last tape file of the experiment.
Press CONTINUE

4) Display: D?
Enter track for file in display number 3.
Press CONTINUE®

If data is on two tracks,
Display: LAST FILE ON TRACK O
Enter last file on track O
Press CONTINUE

L
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5) Display: NUMBER OF CHANNELS SCANNED?
Enter number of channels scanned during data acquisition.
Press CONTINUE

6) Display: NUMBER OF SCANS PER BUFFER? .

Enter number of scans per buffer as ca]culated by data acqu151t10n
program (see App. A.2.1, Fig. 4).

Press CONTINUE

7) Display: TOTAL NUMBER OF SCANS? | |
Enter total number of scans as used in data acqu1s1t1on program.
Press CONTINUE

8) Disp]ay FULL SCALE PLOTTER OVERVOLTAGE?
Enter maximum overvoltage to be d1sp]ayed on x-ax1s
Press CONTINUE

9) Display: FULL SCALE SCANNER VOLTAGE (CUR. CH.)?

Enter full scale voltage for mu]tlp]exer channe]s merasuring the
voltage equivalent of current.

Press CONTINUE

10) Display: BUFFER SIZE?’

Enter buffer size as calculated by data acquisition program (see
App. A, Fig. 2.1, Fig. 4).

Press CONTINUE

11) Display: SEGMENT NUMBER?

Enter cathode central segment number to be used as a source of the
plot (Segments are numbered 1-9 with number 1 being furthest
upstream in the flow cell). .

Press CONTINUE

12) Display: SEGMENTAL RESISTANCE IN OHMS? :

Enter value of variable resistance connected to segment referred
to in 77.

Press CONTINUE

13) Display: SOLUTION CONDUCTIVITY? .

Enter electrolyte conductivity in mnos/cm (see App. B for
conductivity correlation). :

Press CONTINUE

14) Dlsplay PAPER RATIO?

Enter the ratio of maxinum y d1sp1acement to the maximum x
dlsp]acement of the plotter. For an 8-1/2" by 11" sheet this
is 1.2 if the 11" side is the y-axis.

Press CONTINUE
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15) Display: F. S. CURRENT DENSITY IN MA/CMZ = —-

This tells the operator what the maximum current density the
plotter can plot in mA/cm. It is determined by the full
scale voltage of the mu1t1p1exer channels record1ng the -
voltage equivalent of current

Press CONTINUE

16) Display: DESIRED FSCD IN MA/CM2? '
Enter the largest current density in mA/cm€ that will be dis-
played on the y~axis. This value cannot exceed value out-
put on display 15. . ' ‘

Press CONTINUE

17) >D1sp1ay PLOT AXIS AND LABELS (Yes, No)
If the plot is de51red with the axes and labels displayed, Yes

must be entered.
Press CONTINUE

18) D1sp1ay IS CORRECT TAPE IN UNIT?

This is'a good opportunity to check if the data tape is in the
computer.

Press CONTINUE

19) Display: VOLTAGE CHANNEL FSSV :

Enter full scale multiplexer voltage for channe]s recordlng over-
potential -

Press CONTINUE

When plot is finished the combuter keyboard can be used as a type-
writer to further label the plot. See sample output App. A.l1.5,
Fig. 10. '

2.5 Current Density vs. Time and Overpotential vs. Time Plotting
Routine . ‘
Program Fig. 11, Sample OQutput Fig. 12 and 13, App. A.2.5
Purpose: ‘

This program allows either the current density or the overpotential
to be plotted against time for any of the nine cathode central.
segnents. The computer subtracts the ohmic drop before plotting it.

Operating Notes:

1. Operating notes 1-4, 6 and 7 for._the current dens1ty VS.
overpotential plotting rout1ne (App. A.2.4) apply to this program as
well.

2. On line 126 of the program (see App. A.2.5, Fig. 11), the
number 1.978 appears. This is the gap between the anode side reference
electrode and the cathode in cn. If that gap is changed, the new
value must be substituted to maintain correct ohmic drop compensation.

3. Time is computed as it was in the coulometer progran
(App. A.2.2).




Figure 11.

9 fxd 2

11 ent "n vs
1) or 1 vs
(2)"N

21 {f Mslient
“CHAN. GROUP 1
FULL SCRALE VYOLT
S?2 N

31 it M=23 19N

41 ent "CHRN.
GROUP 2 FULL
SCALE VOLTS?™»C

St ent "SEGMENT

- 92%sS

63 ent “SEGMENTA
L RESISTANCE
IN OHMS?7sR

71 dima A(9])

8: 3, SOR(lIORIZJ

91 7+A(3)

10! l445[4l:2809
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1+RI8)R[9]

118 §t M=ljeto

16
123 (C/RACS1)100
8+D
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14: ste .
15: ent “DESIRED
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"163 ent “PRPER
RATION?2(Y/X)“»P
17: ent "FULL
SCALE TIME IN
SECONDS"» T

18: if M=slient
“FULL SCALE
OVERVOLTAGE?Z (IN
MY} “=»0 :

191 ent “FIRST
USEFUL FILE

t
t

AND TRACK?"sA»B

28: ent "LAST
USEFUL FILE

AND TRACK?“sE»F
21: if B=Figto
23

22: ent "LAST
FILE ON TRACK
82°4G

23: ent "NUMBER
.0F CHANNELS
SCANNED? s H

24t ent "NUMBER
OF SCANS PER
BUFFER? s J

25: ent "TOTAL
SCANS?"»K

263 ent "BUFFER
SIZE?"»L

27t ent "RRANMP
PERIOD™»Q «

28: if M=lient
"SOLUTION CONDU
CYIVITY mhos~/
cn?" X

29: if M=z2ileX

30: scl -Pr13+P,
-1s511

31: dim AS{3)

32: ent “PLOT
AXIS AND LRBELS
(ressno) "»AS

33: if capi{Ag)="
NO"ia9t0 S8

34: plt 948iplt
18:s0iplt 18:103
plt B,18iplt &
8r-1

vVs.

Program to

:g‘x csiz 711ePy

36t for 1=9 to
10

371 olt 9

38t cplt -.3r-.3

391 1bl "e+”

483 next [

413 for I=1 to
10

421 plt 10y

43t cplt -,31-.3

443 1bl "¢°

45t next 1

463 for I=§ to
1@

47t »olt 10-1118

49t colt -, 3-.3

498 1lbl “+*

S0: next I

51t for I=1 to
1@ Coe

52t plt 2510-1

53t cplt -.3s-.3

S4: Ibl 4"

351 next I .

S6: plt 8,0icplt

~1.39-1.33¢xd
8iibl @ .

$71 dim X(2]

581 1f T<1Q@i-
2.30X([1)7-2.8+4X
(21310425910 62

59: if T<ieedi-
2.8+%[111-2,39X
[21110842Zi9t0

62
68: it T<100083-
2.3+X([1}3i-2.8+X
[2111080+259t0

62

61t -2.8+X(01)5-
3.3+X[2]i9v0 62

62: for 1=1{ to
10

63: elt 140

64: if .1TICZ
cplt X{13s-1.33
9to 66

65: celt XI21»r-

1.3
66: fxd 03if
L117<1003fxd 1
67: 1bl .ITI
68: next I
69: olt 6,0
?79: cplt -2.3»-
.3 ‘
?1: fxd 8iibl @
?2: if DA1G3 -
4.39X{1)3-4,3+X
{2)31+2i9t0 76
?3: it D<1@oi-
§.3+X[115-4.3+X

[213102259t0 76

74: if D<10083-
4.3+X[117-5,3+X%
(21110022390
76

753 ~5.3+X([1)i~
4,3e%X(21710008+2

76 for 1=1 to
19 .

7?: ely @41

?8: 1f 101423
eto 81

?9: cplt X[11»-

.3
88: sto 82
81: chlt X[2)s-

82 if .101<100i
fxd 1vsto 84
83: +xd q

‘g4: 1bl- 1101

8%: next |
86: elt 5,08+3

time.

87: cels ~7+-4.3
881 1bl “TINE

IN SECONDS”
89t olt 8,343
99: if N=tieto

93
91t ¢cplt -6,3r-
12 :
92t csi1z L7 1Py
90
93: 1bl “CURRENT
DENSXTY IN MR/
cne2”
941 eto 98

951 cplt -6.31-

1@
© 968 csiz oty

1.2
M lbl "OVERPOT
ENTIAL IN mV*
98: dima MS$ILI
991 buf “JHANA®»
ne, 4
190t 18.24/NN
1012 18.24/C+C
192t dim 8191
103: .00433+011]
3.08365+00(213
.08@355+0({3114
.08285+0(4]
1841 .9027+0(51}
.001652006])14
.0016+0[7)i.001
3+0(813.080115+0
[91
185: S-1+r1
1667 S+8+r9
187: dse "IS
"CORRECT - TRPE
IN UNIT?"
1881 stp
185: plt 240
1181 if KCJIKJ
Tt int(K/J)s2Z
K-2J+r8
if B=litrk
to 115
trk 8
fat 1v21b
if B=FiE+G
for 1=RA to

-
NOVU L e N -
.

ve av oo se g on

-
YOO URURER VIpUR G

118: if B#F and
0=@ieto 1290
119: if I=G and
rg>8irg+J

120: ldf l:m$ -
121: for U=0 to
JH-1 .
122: red “JNANA,
17

123: if Y=zHi@s»Vy
124: if Y=ri}
abs (W.B83/N13r2
1253 if ¥=r9i
abs (W.BBS/C)+ré
126 if ¥=r9¥r2-
(R+0(51+1.978/
BISIX) (r6/R)+r2
1273 if VY=r9ir6s
RALSI4r6

128: if v=19i
ubs(H.GBS/IB.Zd
1@+r3

1291 1§ V=203
abs (W, 085-10.24
iQrrd

138 if rd-r3¢-
.982Q and ¥=28;

@+r3 .

13t 1f I[=R and
U=20.and 0=03
eto 139

132 if v¥<20i
eto 139

plot current density VS.

1331 if r3<via@-
Y+r3+rSteto 133
1348 r3-Y+rS
135: r3sv |

136t rSer?+r?
137t it N=1 and
y=28iplt r7/
.1Tr(#2/0) 100800
1381 if M=2 and
¥=28imlt r?/
.1Ts{ré/0) 10890
1391 vetsv

1403 next U

1412 next !

142: it B=F or
O=1lcsiz 791
Py@lptyeiste

143: trk |

144: B+RJEIG

145: 140

146t 9to 117

#2150

time and overpotential
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Figure 12. Sample output fromvprograﬁ’to plot overpotential vs. time.
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-Figure 13. Sample output from program to plot current density vs. time. :
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Input Requirements:
“1.” Full scale voltage of multiplexer channels recording over-
potentials.
2. Full scale voltage of multiplexer channels recording the
vo]tage equivalent of current.
3. MNumber of cathode central segments from which data is drawn.
4. Value of variable resistance connected to the cathode central
segnent from which data is drawn. '
5. Maximum current density to be displayed on y-axis.
6. Paper ratio: See definition in Operating Notes, App. A.2.4..
7. Maximum time to be displayed on x-axis in seconds.’
8. Maximum overvoltage to be displayed on y-axis in m.v.
9. First useful file and track of experiment on tape.
10. Last useful file and track of experiment on tape.
11. If the data is on two tape tracks, the last file on track 0
is also required.
12. Number of channels scanned during data acqu1s1t1on.
13. Number of scans per buffer as calculated in data acquisition
program (see App. A.2.1, Fig. 4). .
14, Total number of scans during data acqu151t1on.
15. Buffer size as calculated by data acqu151t1on program (see
App. A.2.1, Fig. 4).
16. Per1od of sawtooth generator acting as timebase during data
acquisition.
17. Electrolyte conductivity in mhos/cm (see correlation App. B).
Program Operation: '
Load program and run.
Replace program tape with data tape containing experiment.
NOTE: [Brackets around instructions indicate spec1a1 operating
cond1t1ons ]

1) Display: nwvs (1) OR i vs t(2). :

Enter 1 if it is desired to plot overpotential vs. time, enter 2
if it is desired to plot current density vs. time.

Press CONTINUE

If operator has selected option 1, ignore all of the following
steps that have a star preceeding the step number. For .
option 2, ignore all steps whose number is preceeded by a .
dagger.

+ 2) Display: . CHAN. GROUP 1, FULL SCALE VOLTS?
Enter full scale voltage for mu1t1p1exer channels recording
overpotentials.
Press CONTINUE

3) Display: CHAN. GROUP 2 FULL SCALE VOLTS

Enter full scale voltage for multiplexer channels record1ng
voltage equivalent or current.

Press CONTINUE
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4) Display: SEGMENT #? _ '

Enter number of cathode central segment from which data is
taken (segments are numbered 1-9. Number 1 is that segment
furthest upstream in the flow channel). :

Press CONTINUE

5) Display: SEGMENTAL RESISTANCE IN OHMS?°

Enter value of variable resistance connected to cathode segment
from which data is drawn.

Press CONTINUE

6) Display: FSC DENSITY IN MA/CM2?

The display informs the user of the maximum value of the
current density that can be displayed on the y-axis in mA/cme.
It is determined by the full scale voltage of the mu]t1p]exer
channels recording the voltage equ1va1ent of current

Press CONTINUE

7) Display: DESIRED FSC DENSITY? :
Enter maximum value of the current density to be displayed on the
y-axis. This value cannot exceed that output in display number 6.
Press CONTINUE

8) Display: PAPER RATIO?
Enter paper ratio (see Operating Notes, App. A.2.4 for def1n1t1on).
Press CONTINUE

9) Display: FULL SCALE TIME IN SECONDS

Enter maximum value of time to be displayed on x- ax1s in:
seconds.

Press CONTINUE

10) D1sp]ay FULL SCALE OVERVOLTAGE? (IN MV)
Enter maximum overvoltage to be displayed on y-axis -in m.
Press CONTINUE _

11) Display: FIRST USEFUL FILE AND TRACK?
Enter file on data tape where experiment begins.
Press CONTINUE

12) Display: B?
Enter track for file in display number 11.
Press CONTINUE '

13) DispIay: LAST USEFUL FILE AND TRACK?
Enter file on data tape where experiment ends.
Press CONTINUE
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14) D1splay F?
Enter track for f11e in dISplay number 13.
Press CONTINUE '

If data is on two tracks, .

Display: LAST FILE ON TRACK 0?
{Enter last file on track O.

Press CONTINUE B

15) Display: NUMBER OF CHANNELS SCANNED?
- Enter number of channels scanned dur1ng data acquisition.
Press CONTINUE

- 16) Dlsplay NUMBER OF SCANS PER BUFFER’

- Enter number of scans per buffer as calculated by data
"~ acquisition program (see App. A.2.1, Fig. 4)
Press CONTINUE

17) Display: TOTAL SCANS’ :
Enter total number of scans during data acqu151t1on.
Press. CONTINUE

18) Display: BUFFER SIZE?

Enter buffer size as calculated in data acquisition program
(See App. A.2.1, Fig. 4).

Press CONTINUE ‘

19) Display: RAMP PERIOD
‘Enter period of sawtooth generator in seconds.
Press CONTINUE

+ 20) Disp]ay: SOLUTION CONDUCTIVITY mhos/cm? .
Enter electrolyte conductivity in mhos/cm (see App B for
correlation).

21) Display: PLOT AXIS AND LABELS (Yes, No)
Enter Yes if axes, and labels are to be plotted along with the
curve
N0,1f only curve is to be plotted
Press CONTINUE

22) D1sp1ay IS CORRECT TAPE IN UNIT?

This is a good opportunity to see if the program tape has been
removed and replaced by the data tape

Press CONTINUE

When plot is-completed, a ptyp statement is executed allowing the
computer keyboard to be used as a typewriter. See sample outputs »
App. A.2.5, Fig. 12 and 13. The plot can now have labels added to it.
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APPENDIX B

E1ectfo]yte Conductivity Correlation

The conductivity of an aqueous e]ectrolyte of CuS0yq and
HySO4 is given by Hsueh (85). :

2~ len ! (mhos/cm) = .011163 + .030798[Cus0,]

+ '42355[HZSOA] - ;045224[H2504]2 - .135359[Cu504][H2304]

[ ] = concentration in moles/liter
The following limits app]y

[CuS04] 0 - 1.4

[HpSO4] 0 - 2.0
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' Appendix C

Calculation of Transport Numberv
for Cu " in a kWell Supported Electro]yte

The transport number is def1ned as:

(1)

where
subscr1pt A refers to a g1ven spec1es _
subscript j implies j species present
t = transport number
Z = charge on. an ion :
c = number of charges in an electrolyte
p = mobility .
and the conduct1v1ty of an electrolyte is.
k=F T |z5]u5 ¢y o (2)
J .
F = Faraday's constant
= conductivity C
So for the case of a supported electrolyte Using equation 1
zCu++ uCHCC ++ o
I e - (3)
Cu fg R o v
. F
where Ko=-conductivity of a supported electrolyte .
In an unsupported CuSO electrolyte t = 1/2 if we assume

Cu

“Cu+4 = “50=i . (The true value is somewhat 1ower ) th1s is a’

conservat1ve estlmate)
Using equation 1:

—

|z ilw 4 C = 1/2 T [z.[ u.c.,_= 1/2 —
Cu Cu Cu J

where K1 = conduct1v1ty of the unsupported e.eetro]yte
Assuming that Hoyt+ remains unchanged by additon of H2S0q :
' 1/2 K
t = 2 -
++
Cu i

(5)

(supported) F _
For the electrolyte concentrations used this Lot ™ 025 to .035.
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Appendix D

Nonuniformity of Current Distribution and Interfacial
Concentration at the Cathode

The arangement of electrodes as parallel planes requires that the
current distribution be uniform in the absence of concentration
gradients. The exception, of course, is at the side segments where
edge effects can, but do not always develop to a s1gn1f1cant degree
depending on the surface overpotential. '

When concentration gradients develop and a diffusion boundary layer
forms, the current will be higher with respect to the primary current
distribution where the boundary layer is thinner and vice versa. _
Consequently, the current will be enhanced at the entrance region of
the electrode where the diffusion layer is forming, and reduced over
the side segments where proximity to the wall tends to thicken the
layer because of a reduction in electrolyte velocity there. The
effect of the boundary layer thickness will be felt both-in the
presence and absence of mass transfer control, though for different
reasons in each case.

At the 11m1t1ng current, the mass transfer resistance is lower at
the entrance region where the diffusion layer is thinner so, of course,
a higher current is to be expected there. Near the cell wa]] the
situation is reversed.

In the absence of mass transfer control the current density will
be enhanced and reduced at the same locations though to a different
degree. The reason in this case is an indirect effect of the diffusion
layer thickness. Where the Tayer is thinner the Cu ** jnterfacial
concentration would be higher if the current distribution were assumed
to be uniform. From section 1.4.1, equation 3A, we know that an
increase in the concentration of the reacting species will increase the
exchange current density for y positive. According to Newman (96) it
is .42.* From equation'l we know that for a given current density an
increase in Iy results in a.decrease in nc. Such a local drop in
nc is incompatible with the requirement that the cathode be an
equipotential plane. So insteaa, nc remains constant and the current
density increases. This has actually been observed in the flow channel
at the entrance region. In reality nc will only remain approximately
constant because the necessary anode to cathode voltage drop will be
partly maintained by an increase in the ohmic drop as the current
rises.

From the above arguments, it is evident that for mass transfer
control, a nonuniform diffusion boundary layer leacds to a nonuniform
current distribution, while below limiting current, both the current
and the interfacial concentration will be nonuniform. Mass transfer
data generated by U. Landau (8 ) shows that for turbulent flow, the

* (C2/C»°)d is a constant absorbed in I, because Co is the
2142 ! 0 2
concentration of Cu metal.
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boundary 1ayer ceases to grow before reaching the last downstream

" segment in all cases. Therefore, this segment undisturbed either by
entrance or wall effects will always have a uniform 1nter’rac1a1
concentration and current distribution over its surface. :
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ApEend1x £

Cathode Resistor Values and Current Measurement Errors

1.1 Resistances

The cathode holder contains a lucite box in which. a busbar and
resistors can be found. The current flows from the busbar to the
segments by passing through resistors. The resistors to the central
segments are adjustable and the two to the side segments are fixed.
From the lucite box connecting wires. go to the segments. Because the
resistances in the box are so low, the connecting wires contribute
significantly to the overall resistance between the busbar and the
cathode segments. Two sets of resistances were used, the "new" setting
provided the most uniform potential at the cathode. Exper1ments
utilizing e]ectro]yte up to .1 M CuS0s were performed using the "old"
setting and those done at higher concentrations using the "new" one.

OLD RESISTOR SETTING NEW RESISTOR SETTING CONNECTING WIRES

Seg 1 17.0 milliohms + 32.76 milliohms 4.35 milliohms
Seg 2 21.0 _ 44.3 3.60
Seg 3 15.0 24,2 3.55
Seg 4 16.0 12.7 v 2.85.
Seg 5 7.50 5,25 2,70
Seg 6 4.20 2.30 ' 1.65
Seqg 7 - 4,50 _ 2.40 : 1.60
Seg 8 - 4.80 2.61 1.30
Seg 9 4.55 2.80 1.15
Side .60 : .60 . .84

Segments .60 .60 3

1.2 Current Feasurement Errors ,

The current measured to each segment will have an error from two ' .
sources. The "direct error" is due to imprecise knowledge of the )
value of the resistance used to calculate the current (it can only be
measured.- to 2 percent accuracy with our milliohmeter). The "indirect -
error" is due .to current flow between segments as a consequence of
variations in the voltage drop to each segiient from the busbar. This
second error only occurs in the absence of mass transfer control. The
variations in voltage drop are themselves due to two causes. First,
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the inaccurate* setting of the variable resistors. This leads to a
fixed deviation. Second, an unknown contact resistance at each
segnent leads to a presumably random deviation from run to run as the
segments are removed and replaced. The effect that a variation of
potential at each cathode segment will have on the intersegment
current flow depends on the intesegment gap, the electrolyte
conductivity, and the rate of change of . surface overpotential with
current density (dng/di).

The 1ntersegment gap is a random var1ab1e while the e]ectro]yte
conductivity is fixed. dng/di will depend on where the copper is
charged and discharged and the current densities at those points. For
example, current can flow between sides of segments with demaged
insulation which are shielded from current flowing between anode and
cathode, or between the top edges of the electrode where this is not
the case; Because the variations will in part be due to electrode
preparation and misalignment in the cathode holder, we can con51der
them approximately random.

The combined error.from all causes shou]d have a f1xed and random
component. If the total error were averaged, the mean would be equal
to the fixed error and the standard deviation a measure of the random
error. Plus or minus 1.96 standard deviations corrected for small
sample size by -standard statistical methods would represent the
95 percent confidence limit for error in a data point. Therefore, it
can be considered a good upper bound and is the value reported. The
raw data could then be corrected for the fixed error leaving only the
random error.:

In order to ca]cu]ate the total error we must know the true
current to the segment of interest (in this case segment nine at the
downstream end . ofﬁthe cell). Then, of course, the percent error is

I L
(-Il"- 1) 100 =
t . v
where

E is the percent error from random and fixed causes
Im is the measured current density (seg. n1ne)
Iy is the true current density (seg. nine)

* The resistor setting can be inaccurate in two ways. First, and most
jmportant it may not be chosen as well as possible to minimize the
differences in potential at each cathode segment. However, even when

~ the best possible choice is made the fact that resistors values could
only be cdetermined to ~2 percent accuracy implies some residual error
in resistor settings remain, Fortunate]y, experience has shown that
this.last error is too small to result in cross flow of current
between segments. :
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It can be calculated with a consistent error and a random
component. The random component does no harm because the random error
in E will simply be artificially large and provide for a more
conservative error estimate. The consistent error cannot be
calculated but its sign is predictable. This will allow conclusions
to be made concerning the fixed error in E as will be seen.

In order to calculate It we must know the true cell current and
the current distribution on the cathode. The true cell current can be
easily calculated by adding up all the currents to each segment.
Intersegment current flows will not affect the total current because
current cannot be "lost." The direct error due to missetting of the -
resistors is random with respect to all resistors and should cancel
out when all currents are added. The current to each segment is most
conveniently obtained by modifying the program "equipotential cathode
check" to read currents in mA. rather than voltage drops in mV. This
is -the only way to get a value for the buffer segments. Program line
57 (see App.A.1.4, Fig. 5) must be changed to (M/G).005/R[J-9]>(J-9).
The current distribution on the cathode can be influenced by edge
effects on the side segments or nonuniform interfacial concentration
at the entrance region of the electrode and near the wall or the flow
cell (see App. D). It is not influenced by the small gifferences in
potentials between the cathode segments that are responsible for
intersegment current flow. That is because the anode to cathode
voltage drop is ~2 orders of magnitude larger. The edge effects on
the side segments are negligible. Repeated observations of even very
thick deposits never revealed the slightest trace of accumulation of
metal. This is due to a combination of high surface overpotential for
most of our runs and proximity of the side segments to the flow
channel wall. Near the wall the current density is reduced over what -
might be expected because the mass transfer boundary layer is thicker
there (see App. D for details). At the entrance region of the cathode
there is an excess current over what would be expected from a uniform
current distribution. The excess is found over the first five
segments.* [t varies randomly about a mean of 10 percent and is the
source of random error in It. This excess is not a product of
accumulated errors because repeated readjustment of resistors could
not eliminate it. The reason for this phencnenon is given in
Appendix D and is related to the thin boundary layer in the entrance
region. The variability is due to disruption of that layer when the
segments are misaligned. The excess current at the entrance region
mist be balanced by an equivalent uniformly distributed loss over the
downstream segments. It is uniform because conditions on the
downstream segments are virtually identical. ‘Therefore, the true
current on the downs tream segment is 2.5 percent low if we do not take
into account the wall effect. So :

* The excess 1s not due to an edge effect because is does not show up
on segment 9 which has the same total surface area as the first five-
segments and is also subject to a potential edge effect. ‘
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Cy

(.975)
where —3

Ct = true cell current

S = cathode surface area _

The wall effect cannot be included in the calculation because its
magnitude is not known. However, it will contribute to a consistant
error in It as would the entrance effect were it not taken into
account. If the influence of the wall is significant and edge effects
absent (as claimed) then the current density at the wall will be lower
than expected. Under-°galvanostatic operating conditions, this
requires Iy to be larger than actually calculated. Understating the
value of Iy will cause E to include the wall effect as well as
measurement errors. . For example, even in the absence of any
measurement errors, Ewill be positive when It is low. Because the
wall effect will tend to make E positive, a negative value must be
entirely caused by measurement errors. The absolute value of the
negative error will be understated because It is understated. A
pos1t1ve error does not yield useful information because it may be due
in part to the wall effect. In addition, depending on the sign of the
measurement error, E may be either overstated or understated.

Current was measured utilizing two different resistor settings, an
"0ld" one and a "new" one. Under the "old" setting the cathode was
insufficiently equipotential and fixed "indirect" measurement errors
due to current cross flow occurred. At the new "setting” the only
fixed error was due to "direct error" because the resistors were much
more accurately set.

Exper1ments at the less precise setting revea]ed negative fixed
errors in E. This fixed error can be subtracted from measured
currents to improve their values because it must be due exclusively to
measurement errors. Again, these fixed errors are understated. The
"new" resistor settings produced positive errors in E. 'Conseguently,
the magnitude of the fixed measurement errors cannot be deduced.
However, since experience has shown that current cross flows are not
significant at this setting, we know that the maximum fixed error is
"direct" error. It is determined by the accuracy to which the
resistances can be measured (*2 percent). Though we know the fixed
error, we cannot subtract it from the data because we don't know its
sign.

The random errors are valid for all settings. For a table of
values see Section 2.4.1. '
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APPENDIX F
Derivation of (1 ~ I/IL) = Co/Ch

The Sherwood number is

kL - | ,_ TR

T o | y (1
where _

L = characteristic dimension

k = mass transfer coefficient

D = diffusion coefficient

: Mass transfer correlations genera]]y correlate the Sherwood number
as a function of the Reynold's number and Schmidt number. The
Sherwood number is therefore not a function of the mass flux and so

neither 1is k. Therefore, :

Tek (Gb-C) . | o @
and | | | |

I« k Cp S (3).
and from (2) and (3)

-C ‘ _ '
_P_.._ .‘ - - @)
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APPENDIX G

Est1mat1on of Percent Increase of H+ at the .
‘Cathode Interface with Respect to the Bulk .

In the CuS03-HpS04-Hp0 electrolyte used the H* flux to
the cathode is approx1mate]y equal to the Cu*t flux (actually it is
less so the buildup of H* .is conservatively estimated). This is
because H* "carries" most of the current except at the cathode
interface where it is, of course, "carried" by cu**., The back-
diffusion of H' from the cathode must be equa] to 1ts forward f]ux SO

X3

++ =+ b ~ "o ' A :
10 - Cuy =k —5— - Y

k] = mass transfer coeff1c1ent for H2504 at. the cathode

ko = mass- transfér coefficient for CuSO; at the cathode .~
CUEI = concentration of Cu’™ in the bulk

Cud* = concentration of Cu** at the cathode

eer o @
I ‘ ‘

Do = diffusion coeff1c1ent of HpS0y

D] = diffusion coefficient of CuSOa

D] =7 x 10-6 for .45 molar CuSOs (83)

Dy = 1.73 x 109 for dilute HpSO; (86)

. : , ;h : , _ _ o

EI.= 2.47 . (3)

Because Dy "is-—a bulk diffusivity and D] is an 1ntegra] d1ffus1on
coefficient, kp/ky should probably be 1arger than calculated, so
again, this is a conservat1ve estimate. Plugging equation 3 into
equation 1 with Cuf™ - Cuf* = .18 for CuSOs bulk = .45 and

I/If = 40 percent. ‘ = A

A H+ H+
b~ "o
kp 18 = 2.07 k)=
AH . L0729 S8 - 7.29 percent. For H =2 M
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