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Research and Development
Techniques 1:
Potentiodynamic Studies of
Copper Metal Deposition

Summary — The electrochenristiry of copper (111 (1) ions in aqueous chioride solution, at pH 2, is
used to demonstrate the application of voltammetry techniques in characterising electrode
processes. The electrolvte used is 1.3 M sodium chloride containing 20 to 50 x 10+ M cupric
chiloride at 20°C, in which both Cu(ll) and Cutl) ions are stable. A platinuni rotating disc electrode
(RDE, radius 0.363 cm) is used to provide controlled mass transport under laminar flow
conditions. Cvelic voltammeny, at a stationary disc electrode, is used to characterise the general
electrochemistry. Fowr current peaks due to reduction of Cuill) ions to Cu(l) ions, depaosition
of Cut from Cuglt ions, anodic stripping of Cu to form Cu(l) ions and oxidation of Cu(l) ions to
Cufll) ions are seen. Analvsis of the Cutll) Cutli couple indicates a reversible process. A potential
sweep rate experiment allows the diffision coefficient of Cuqll) ions to be caleulated. The anodic
stripping peak i the evelic volttmmmogram is used to estimate the amount of copper deposited.
Reduction of Cu(ll) to Cugli then to Cu is examined at a range of rotation speeds (150-1870
rpm} using linear sweep voltammetry at the RDE. MMass fransport data are obtained in the form
of limiting current densitv as a function of the RDE speed, allowing the diffusion coefficients of

Cudl} and Cu(l} ions to be calculated.

Keywords: anodic stripping voltammetry
(ASV). charge transfer control. copper
deposition. copper stripping. cupric 1ons.
cuprous ions. evelie voltammetry (CV). Levich
equation. linear sweep vollammetry (LSV).
mass transport control. Randles-Sevéik
equalion. rolating dise electrode (RDE).

INTRODUCTION

Electrodeposition and dissolution reactions of
copper mvolving Cw(Ily Cu(l) ions are
important to many sectors of industry.
including electroplating. electrowinning. marine
corrosion and in the manulacture ol inorganic
and semiconductor malterials'. A range of
electrochemical techniques is available*™ to
characlerise the mechanisms involved in
copper electrochemistry and the process
variables controlling electrode kinetics. The
reduction of Cu(Il) can be seen as two single-
electron steps or as a single two-electron step.
depending of the electrolvie composition. In
particular. the presence of chloride ions
stabilises the Cu(Iy species. and the reaction
Cu(ID to Cu(hy follows two single-electron
steps™®. in contrast to the case in chloride-
free. acid sulphate media™,

The copper chloride electrolyvte used in this
investigation has a low cost and can be easily
discharged to drain. For convenience. the
experiments are carried out at room
temperature. The stability of both Cu(Il) and
Cutl) ions can be examined. providing clear
insight into the understanding ot the Cu(II) ion
reduction mechanism and vollammetry as an
electrochemical technique.

In chloride electrolytes. the reaclions can
be simplitied to the reduction of Cu(ll) -

cupric - 1ons lo Cu(l) - cuprous - 1ons (the
latter being present as a dichlorocuprous
anion.

Cu™ + 2C1 + ¢ = CuCl,. (D

Reaction (1) is followed by the reduction of
Cu(l) 1ons to copper metal. 7.e.. the deposition
of copper.

CuCIl‘ Fer = Cu" o+ 2CE (2

The overall process for copper deposition
from Cu(Il) 1ons in chloride electrolvte is
obtained by combining reactions (1) and (2).
Cu™ + 2¢ — Cu (3)
Under controlled conditions. it is possible to
observe the forward and reverse reactions for
electrode processes (1) and (2). In practice. this
means selecting an appropriate range of electrode
potential together with a suitable electrolvie
composition and controlled tlow conditions.

In this work. a cvelie voltammetry
technique is used to demonstrate the
reversibility of the Cu(Il) Cu(I) redox couple
and the reversible. two stage reduction of
Cu(Il) to Cu0) in acid (pHz) chloride. Steady
state. linear sweep voltammetry at a rotating
disc electrode 1s used to caleulate the diffusion
coefticients of Cu(Il) and Cu(I) ions. The
experiments demonstrate the use ol simple
electrochemical techniques and show how the
deposition of copper can be carried out under
controlled hvdrodvnamic conditions to provide
general information on the electrochemistry of
the system and to obtain kinetic data.
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Table I: Summary of experimental conditions.

Electrolyte

Background clectrolyte:

Bulk reatant concentrition, o
Density, ;o

Dvnamic viscosity, #
Kinematic viscosity, y=gip
Temperature:

1.5 M NaCl at pH 2
000208 o D.050M C'uc'l:
1.058 g em*

4015 gem ' 5!

0.0109 cm® 5!

peC (293 K)

Electrades
Warking electrode:
WE surfice:

RDE racdius »
RDE areua. A

Rotation speed (frequency. § 1
Rotation speed (frequency. ¢

Angular velocity (w=2af Vo)
Relerence electzode:
Counter electrode:

Pt circular disc

Palished down to 0.3 microns on wet aluming
1.365 cm

4,42 o’

150 1o 1ETO rpm

S to 31325 °

16 ko 196 rad 5!

AgfApCHIM NaCl

Pt omesh (=5 cm” oarea)

Pracess conditions

WE compartment volume:
Porential sweep rate. o Efdr
Porentiostat:

Potential programmer:

x-y chart recorder:

10 em’

Fiao 110 mY 5!
HiTek 2 AS20V
HiTek PPR 101
PLY {Seatallan Lud)

EXPERIMENTAL DETAILS

Tahle | gshows the physical properties of the
electrolvie together with delails of the
clectrode areas, rolalion rafes and other
experimental eonditions. Figure | shows the
electrochenmical cell (within the experimental
design set-up) used in the copper deposilion
experiments. the capacity of the cell is 100 em®
ol elecirolvte, The cell was constructed with
o deuble wall lo alloew cireulation of waler
mmniaining the temperature of the electrolvie
constant, The rotating dise electrode {working
elecirade) was maerted vertically into the
electrolvie with s working surfuce fneing the
bottom of the cell. The silver silver chlorde
reference chlecirode. placed in a sepurale
compartment. contacled the belk solution via
a Luggin camliar. which was placed

/" | %-y Chart recorder

(66
e

Linear potential
@% @ sweep unit
.

-

1

W.E,

® (g Polentiostat @
Potential, £

Current, I@ =2
I

Pt

approimalely 2 omm from the [ee ol the
working electrode. The counter (or auxibary)
clecirode was placed in o compartment
separated from the working electrolvie by o
microporous glass frit. This arrangement
avedded inlerference belween products formed
on the counter electrode and the working
electrode. The counter electrode was a
platenum mesh oo 2 em?®) and a sibver silver
chlonde tABE Instrumentalion Lid) reference
clectrode was uzed  All experiments were
carried out a1 293¢ k208190,

Instrumentation used for voltammetry
studies

Figure | alzo illustrates the electrical cirenil
The potentiostal controlled the potential
belween (he working and counler eleciredes

Maotor rotation
speed controller

Rotation | RDE
motar e

AgfagCl
-

3-Electrode
glass cell

Figure 1 The msimmmentation wsed for electrachenncal vollomaerns:
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Figure I Crvelic voltasmmogram jcureent
densitv va. elecirode potential), showing the
general vedoy eharacteristies af 3mlf Cudl
fa AN WNadt o 395 K. Porential lindis:
LT T o 0.0 [ vy .!g b ]gl’_'.f Poveitial
qweep aje = 3l Pt RDE frequency = 0 &
fetationary dise electrodel. Peoak
identificaran. 4" Redwerionm of Cull) rons
to Cugd) wons, "B reduchon af Cugll jons to
Ow, 07 edation af On fa Crgl) fens, 0
hadanen of Cuell 1onz te Cwill) sons.

and alleaved the current between the working
and counter clectrodes 1o he monitored, The
potential and  potential sean rates were
coniralled o the linear potential sweep unit,
The currenl. f. was plotted against the
potential of the working elecimode, £ (the latler
being referred to the Ag AgCl reference
electrode). Thes resulted inoan J-F curve of the
tvpe shown on the x-v charl recorder trace in
Fraure 1. The Hitek BXT2101 potentioslal was
confrofled by o linear potential waveform
generator (Hitek PPR1Y. The x-v recorder was
a modde]l PL3 from Seatallan Lid, The rotating
dise electrode  rotalor was  an Oxford
Instruments model capable of controllmg
rofation speed Lo within 1%,

Experimental procedure

The suppiorling electrolvie consisted ol 1.3 W
MaCl ot pH 2. Solutions with 2. 3, 10, 20 and
30 % 1T M of Culll} were prepared by
disselution of Cull,. followed by volumetrie
dilution All of the reagents vsed were Analvtical
Eeagent grade (Fisher Chemicals). Prior o each
experiment. the working electrode (platinuin
dise) was manually pobished with wel aluming
powider on a pohshing cloth. followed b rinsing
with desonised waler uatil s surfaee had o mireor
finish. The solution was purged with o Fast
stream of dispersed nitrogen gas for 3 minutes
befire each expenment o avord interterence from
the oxygen reduction reaction. The nilrozen
supply was mamtmoed over the surface of the
electrobie dunng the course of the experiments.
Iiv the evelie voltammetry study of the redox
eouple CugINCuily, the polential renge was from
FOLT0 o 016 WV ows Ax/AcCl {alf pofeniials
guated i His fexr aee versis the sifver sifver
clforide veference elecirode) at a lincar potenual
sean rale of 3 mV s In the rolaling dise
experiments the potential of the working
elecirode ronged from 0,70 10 -0.60 Y al a sean
pate o 10 mW 5!
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Figure 3. Cyelic voltammetiy of the Cull)
Cul) couple (peaks ‘A" and ‘D" n Frgure 2)
i 30 mA CuCl, in 15N NaCl at 293 K,
showing the effect of 10 ml” s~ potential sweep
rate steps n the range 10 10 110 mi" s,

RESULTS AND DISCUSSION

Cyclic voltammetry
Figure 2 shows a cyclic voltammogram for the
reduction of 30 mM CuCl, in 1.5 M NaCl at
pH 2 at a platinum electrode using a potential
scan rate of 5 mV s-'. The I-E curve shows
several features. Peak ‘A’ represents the
reduction of Cu(IT) to Cu(I) commencing at
0.390 V with an approximate E , of 0.280 V.
After reaching a maximum, the current
decreases as the Cu(Il) adjacent to the
electrode surface has been consumed and new
species from the bulk of the solution slowly
diffuse towards the electrode.

As the potential becomes more negative. a
peak "B’ commences at -0.17 V. corresponding
to the reduction of Cu(l) to Cu(0). The shape

5
p
4 o7 H o
of
o7 8
3 p’ o
p P &
Pl 6 <
s A £
2 /B =
4
2
s [
0.2 0.3 0.4
Vs

Figure 4. Randles-Sevaik (peak current vs.
square roof of potential sweep ratel plot for
the Cuil) Cutl) couple (analysis of the datu
m Figure 4). Electrolvte: 50 m\ CuC'l_ in
1.3M NaCl at 293 K. Potential sweep rate:
10 to 110 ml~ s,

of peak "B’ is characleristic ol a phase change
of the reactive species. In contrast to the
reduction process in “A” where the reduction
product is soluble. the reduction ot Cu(l)
produces small nuclei of metallic copper
attached to the electrode surface. These nuclei
increase the area of the electrode producing a
rapid steep increase in the current. After the
peak. the current decreases in a similar manner
to process "A’.

During the reverse scan. a large anodic
stripping peak “C° is observed due to the
dissolution of’ Cu(0) metal to Cu(l) 1ons. In
contrast lo processes A’ and “B’. the Cu(0)
reactant species in this case. is located on
electrode surface and does not need to be
transported. when the potential changes
towards more positive values and metallic
copper is no longer thermodynamically stable

I/mA

0.0

j /ImA cm™

-06 -04 -02 00

| A | SRR ey

02 04 08

E vs. Ag/AgCI 'V

Fignure 3. The effect of rotation frequency (2.5 tv 31.2 ') of the rotaning disc electrode on the
Imear sweep voltammetry (current vs. electrode potential) of 1': Cugll) reduction to Cugl) ions
then ‘B': Cugl) reduction to Cu m | 3N NaCl contanmng 2 mM CuCl_at 293 K is shown.
Potential sweep rate: 10 ml" s, @, = 16, ®. = 36, o, = 64, o, = 100, o, = 144, und o= 196
vad 5. (@, =132, 0. =343, o. =610, @, =954, &, =375 and ©, =1870 rpm).

Trans Inst Met Fin, 2003, 81(5)

on the electrode surface the deposited copper
dissolves back mnto the solution resulting in a
drop in the observed current. It should be
noted that the reverse and forward curves cross
over the same potential value just before the
dissolution of copper commences. In contrast
to the case of carbon electrodes®. there is no
“nucleation loop™ as the deposition of copper
15 thermodynamically favourable at negative
potentials from this point due to the use of
platinum as electrode material. In the case ol
electrode materials such as vitreous carbon. an
overpotential of up to 0.2 V from the point
in which the dissolution starts would be
necessary to induce the formation of copper
nuclei during the reduction process®.

More positive potentials result m the
oxidation of Cutl) to Cu(Il) represented by
peak “D". After the maximum value. the
current decreases in a similar manner to
processes “A’ and “B". due to the depletion of
the reactive species on the elecirode surface.

Figure 2 shows two electrochemical
processes involving soluble soluble species
and two processes mvolving insoluble soluble
species. each process can be analysed
independently by selecling the appropriate
technique and potential range. The evaluation
of the area under the curve for the deposition
of copper. peak B. and the curve for the
dissolution of copper. peak “C’. shows thal.
in both cases. the electrical charge ¢. was
0.0649 C. (¢4 conmon D gesmsitiog, ~ 1): During the
deposition. the layer of copper on the
electrode surface was visible. nevertheless. the
concentration of the copper tons in solution
remained practically constant as the thickness
of the laver was 0.12 pm representing only
0.013% of the dissolved copper in the
electrolvte solution. Hence. the bulk Cu(ll)
ion concentration can be considered Lo remain
constant throughout the experiments.

Figure 3 shows a family of cyvelic
voltammograms tor the redox process CutI1)
Cu(I). corresponding to peaks "A’ and “ID" in
Figure 2. The potential was swepl from
+0.70 V towards negative values and reversed
al --0.16 V. avoiding the formation of metallic
copper. The potential scan rate was controlled
al values in the range 10 to 110 mV s at 10
mV intervals. At low scan rates. the reduction
product has more time to diffuse towards the
bulk solution and the amount available tor the
oxidation 1s less resulting in a relatively smaller
oxidising peak. The ratio between cathodic and
anodic peak  currents .’[ f} 7 was
approximately 0.95 at the lowest scan rate and
approximates to 1 at the highest scan rate. A
study of peaks “A” and "D’ shows that both
cathodic and anodic currents increase linearly
with the square root of the sweep rate v':.
according lo the Randles-Sevéik equation.

;’p 269 x IF A DM v g (4)

as shown in Figure 4./ is the peak current. z
the number of electrons. 4 the electrode area.
D the diffusion coeflicient. v the potential scan
rate and ¢ the concentration. The diftusion
coellicients for Cu® and CuCl, species
calculated trom the slopes of the carves from
Figure 4. via equation (). were (4.2 + 0.2) x
10 and (4.3 + 0.2) x 10 em® s'. These
were obtained using the cathodic and anodic
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frats )

Frgare & Levich (liniding curvest vs, square
ol @ angwlar velociiyy plet for the votating
e electnede dare shown 1n Figure §.

Q platean A7, ® plaseay "0 Figoee 6,
& maes A

branches, respectively and are reported in
Appemdi 2 where they are compared with
dita obtained as detaled i the fllowing
seciion.

Cyelic voltammetry af a rotating disc
elecirode

Figure 3 shows a typecal fanuly of F curves
for the reduction of 2 mM CuiI) te Culdh al
volatien frequencies from 150 to 1870 rpm
£2.5 0 31 2 Hey 16-192 mad 5, the polential
wins scanned from <070 e 060 Y al 4 sean
warle of 10mV 5" For the lowest rolation rate,
150 1pim. § e '== 4 (rad &)%), the reduction
of Cu(ll} ons to Cull) ons, process A7
stards al approzimalely the same polenhal ws
in the evelie vollammogram shown i Figure
2 The reduction process 15 chserved as a
conslant currenl plateau region rather than a
peak. smce the continuons rolation of the
eleclrode maintzins a constant supply of
Cully ons te the surlace of the dise.

As the electrode potentinl bacomes mon
negative, the reduction of Cu(l), process "B
appears al a potential of approximately -0, 24
WoCul) gpecies on the electiode surface are
reduced to Culll, generating another plalean
region, which s less well defined s it 15
alfected by a secondary reaction, hvdrogen
evolution. It should be noted that at this
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s

Figrre 7 Leweh plots fo the vedvetion of
Cwgdfy te Cwgdd fons o 4 3M NaCl contodaing
2ot w50 b Ol oan 295 K RDE
I:"l'n::{ll-r.'n:'n(:)'.' 25-21.2 5 Parential swesp rale
Y] e

potential the processes A and 13 take plae al
the same time. the sotation e the electrode
brings Cuflly ions from the bulk ol the
solution o the electrode surface which 1s
imrnediately redvead o Cafld ons and then
o Cuf0p metal. Under sueh conditions, the
reduction of Cuflly wns appears as a single
step of two electrons amd the curvent of the
step I3 of Figure 3 ws approximately twice the
size of the eurrenl i process A7 The lwoe
platenny regions are charncterised by a limiting
curgent valve. which s propeciional 1o the
rate al which the reaetant species reach the
electrode surface. Under these conditions the
resclion rofe o8 limited by e rale of mass
Leannspord amd 1he Tinitug, curient valie can be
predicted by the Levich equation,
= 0620 2 FALP e 1w e 5
where £ 35 the Liniting ewrrent, F the Faraday
conslent. o the rolalon rate and v the
kinematic viseosily of the electralyie, Al
higher rotation frequencies, @ = 150 rpm:
m ool (rad g7 the J-F curves have
simtilar shape and the supply of electroactive
speeies to the eleclrode surface 15 fasler
resulting in lgher limiting eureends, the
stugnant  difTwsion laver adjacent 1o the
electrode surlace reduces il thickness as the

Table [1: nifusion coefficients or Cofll) @ind Cuoll) Rois,

rostafion rate inereases Figore 6 shows the
limifing current values plotted against ™ fog
the process 'A. "B and A minus B from
Figure 3. where A corresponds Lo the
reduction of Culll wons o Cull)y ons, B
corresponds o the Lolal current of the
reduchion of Cullly ons to Cudl) metal, which
appears as one single step of two ¢legtrons
and “A minws B corresponds o the curment
foor the progess Cully to Cuf0). The lincar
correlation between [ ande  ghows that in
Thiese reduction processes the mechanisms are
mass transport controlled. Similar curves (o
those presented i Figure 5 were abtained tar
coneentrations of 5. ML 20 and 50 =
107 M Culll) and their corresponding plot of
!, v ™ shows that they are completely mass
transport controlled.

The dilTusion coelMaent valugs for Gy’
amd the CuCl, ijon oblained from cyelie
voltammelry at a stationary disc clectrode and
fram limear sweep voltammetry al a rotaling
dise clectrode for species are comparable. Table
11 lists the diffusion coefficient values or
Cull, and Cu® species determined by
electrochemical technigques both from this
work and from the literatere, The majority of
the literature 13 values for CuCl in aqueous
chloride media near romm temperature are in
the range of (4.1 100 5 1079 em® s " in
agreement with the values oblained in the
present work, Electroanalyteal Mterature ciled
in the past has contained values for diffusion
cocllicients, as high as {142 = 1P em®s 0
The diffusiom coefticients vahoes for Cu® from
this work and from the literature are within
the range (4.1 — T4 % 10% pm® gt BEMAUE

Effect of Ca(ll} concentration and
electrocle rotation frecuency om the
limiting current
Figure 7 shows curves of /) vae ™ Lon the
reduciion of Coflly to Cufl) ad didferent Cuill)
comncentrations. The hmiling currenis increase
proporiionally o the econcentration. For
aample, al eonstanl eolation frequency of
o ol He ™, the Tomiting current of a 50 mhd
solution s 16 times the hooding current in a
S solution.

Sumilurly, Figure 8 shows a family of curves
o | vs. e for the reduction of Cof1) 1o Cufl)

Do o Electralyte conditions, technigue et Ref.
0% em” 5! 10" e 5!
4.1 =02 42+ 02 Cyelic voltammetry (Figure 33, P, 293K Thiz wark
43402 45+ 02 Steady state RDE lnear sweep voltaimmetiy, Pr, 203 K
36 SmM Cuillym L5 M NaCl carbon electrode 2
51 BOE, 10 mM CuS04 m 0.5 NS0, pH 2.0, Pr, 298 K. 3
T4 1.8 250 Cufl 1Ol in 1M KBr + 107 M EI:S'DI.. 08 K 5
37 CofllyCul) in 2 H50 , 298 K B
6 08 M NaSO, pH 2.5 9
7.5 + 00 4.2 + G406 Chronopotentiomerry Culll)Cugly 2.47 « 107 W, 1M HCL 298 K 14
T8 T 04 13.3 + (035 Chronopotentiometry Cull[yCugl) 203 1 107 M, IM KCL 298 K 14
7.35 £ 0008 RDE and Chronspotentiometry, CuSO, infinite diletion, 0.5M H.50, 298 K 18
33 CoCl, 01 to 1.OM NaClat 296 & | K |4
5.4 CuCI: 0.0 go 2008 HOL at 298 K 20
10 Cull, 005 ko 3M oM HOT i 208 K 21
3 CuCl, see water 298 K 12

Ba3
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Figure 3. Limsiting curvent v, Onfld)
codcentration far the redfiction of Cullli 1o
Cragd) ions i AN Nalod coneoiaing 2560 mbS
CuCl, ar 293 K RDE frequescy: 208302 57
Pewrentiod sweep vare: 10 mi" 27

wons ul @ senmes of rolalion frequencies. The
slope of the curves inereases with the rotation
rate. The relationship between the linmiting
current and concemtration can be expressed as,

i =k AzFe 3
where, & 15 lhe mass transporl coelficient.
Appendin 2 shows the slopes of the curves
of Figure # and the values of the mass
transporl coelficients caleulated for the
redustion of Cu(ll) iens e Cwl} ions and
Cuil) 1ons Lo metallic Culls AL low rotaton
frequencies. the mass wansport coeticient in
Iethy processes is the same. However, at higher
rodation frequencies, the mass ransport
cofficient 18 higher for the reduction of Cuil)
pens to Cufts melal, the inerezse iz atiribulable
te the tnereased area of the clectrode due 1o
the formation of roughened copper deposits

CONCLUSIONS

The vollammelne experimenls show that the
first step in the reduction of Culll) ions o
Cullyions 15 a reversible process and follows
the Ramdles-Sevéik equation. The stabilization
of Cufly in chlonde media allows the
ohservation of the reduction of Cul1l fo CufTy
ions (and he reverse proeess) in motating dise
electrode experiments. The reduction eurrent
Tollows the Levich eguation, indicating that the
processes are mass transport controlled. The
diffusion coellicients calculated from eyelic

voltammetry at @ stationary dise and from
rolating dise elecirode lechrigues are similar
for Cu(IT) tons. The values of the diffusion
coefticients calewlated here are comparable (o
those reporied in the hierature although
reported diffusion coefficients vary over a
large range depending on the aothors and the
experimental conditions. The amouwnt af
clectroactive specics deposited during the
reduction of CuI} o Cufd) was negligible in
compansen with the concentration of the bulk
solution. The use of a platinum electrode
shows that theie @ @0 need 1o dnpose an
overpotential on the electrode, in order to
deposti Cul My, as o result no nueleatien loop
is observed as in the case of ofier electrode
malerials, such as vitreous carbon®,
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Hpmhol Weaning Liwpits
A ROE amea (=50 i’
I Bulk reactant

comeeniration mol cm?
D Diffusion coelTicient em? 57!
E Elecirode potential
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F Faraday constant

[~ 485 C meok™) C mol”!
I Current A
I Peak current (in cyche
’ voltammogram) A
i Current density A om’?
k. Ma=s lransport
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ta Rotatien rate of RIJE rad &7
» Kinematie viscosity af

clecirolyle st
REFERENCES

L. I Pletcher and FLC. Walsh. “Tndlusivial
Fleetrockensisiey™, 2% Edition, Blackies,
Frrshophriges, TR, 15990

2. [ Pleteher, " Ferst Cenrse s Electrode
Frocegses”. The  Electrochemical
Consullaney. Roemsey, 199]

ih

fr,

16, B, Miller and M.

20

21

2

CoAll

CoaAD

N R |

FC. Walsh, "4 Fist Cowrse o
Electrochemiical  Engineering”,  The
Elevtrochermicnl Consultaney, Komsey, 1953
D. Pletcher, B, Grreef, B, Peat. L0, Peter
and 1. Robinson, "fnstrieenial Siethods
e Electrochemisiry”, Hleriveod
Fublishing Ltd, Chichester, 1983
reprinted 2000

Ci kear, B 1Y Barker and FC. Walsh,
Capy: Sei, 2003, in the press.

JE Smith, 5.8 Camphell and FC Walsh,
Treans. fnst. Mewal Fin, 1995, 73(2), 72
E. Man, EE. Farmdon, SA. Campbel! and
FC Walsh, Tians, fese Veral Fia,, 1990,
T4l 30,

1 Bertecci and Ix Turmer  dw
“Encvelopmedia af the Elecmachemistn: of
Fhre Elemenis", Vol 11, Ed. AL T Bard,
Marcel Dekker, 1973 .
D Bennien and J. Mewman, J Appl
Flectrochesm,, 1972, 2, 113

oA Bard & TR Faulkmner, Fectrochenical

Metheads, Wiley, Mew Yok, 1980

Bard & LE Faulkner,
“Electrochemical Methads. Fundamentals
aerd Applicatis” 2 Bdifion, Witey,
Chichester, 2000,

oL Brett and O Brett “Eleciroch enrisie:

Frinciples, Methods, cnd Applicagons”,
Onctord University Press, Oxford, 199%
Fisher "Electrode Dhvnamics”,
Ontord Unsversily Press, Oxford, 1990,
Peters, and 5. A Croser J
dlecivoanal Chene, 1905, 9, 27

T T Mapp, IO Jehmsen a5
Fuckenstemn, Aol e, 1030 34y 48]
[. Hellavanee, J.
flectrochem, Soc 1972, 119110, 1510,

AL L deBethune, T. 5 Licht and M.

Swendeman, J. Flectirochent. Soc., 1959,
16971, 616,

T L Quickenden  and X, Jang,
Electrockim, Acka, 1984 28(6) 593

CF Kming, © D0 Litke, M1 i, and 13

M. LeNgvew, Cowr S, 1993, 37, 833,
B, Trbollel and 1. SNewman, S
flecirochen. Soc., 1984, 131, 2780

A Morean, Electrachim, Acta, 1981, 26,
47,

K. ) K Wood, 5. P Hutton, and I3
Seheflrin, Core Sei, 1990, 30, 1177

Trans I'nsf Met Fin, 2003, 81(5)

Bag



Appendix 1: Tables of Voltammetry Data

‘A’ (corresponding to Figure 7): Cu(Il) — Cu(l}

(wfrad s )"

Limiting current/mA

2mM SmM 10mM 20mM 50mM
4.0 0.122 0.305 0.58 1.14 3.04
6.0 0.180 0.460 0.87 1.72 4.56
8.0 0.236 0.605 1.14 2.28 5.84
10.0 0.292 0.750 1.43 2.86 7.32
12.0 0.350 0.895 1.72 3.42 8.64
14.0 0.406 1.045 2.00 4.00 9.90
16.0 10.95
‘B’ (corresponding to Figure 8): Cu(Il) — Cu(0)
(mfrad s ")\ Limiting current/mA

2mM SmM 10mM 20mM 50mM
4.0 0.256 0.610 1.190 2.30 6.04
6.0 0.368 0.915 1.730 3.46 9.06
8.0 0.480 1.210 2,300 4.58 11.92
10.0 0.592 1.500 2.900 5.78 14.80
12.0 0.712 1.800 3.470 6.92 17.68
14.0 0.820 2.095 4.045 §.08 20.40
16.0 22.40
‘B minus A" (by calculation): Cu(l) — Cu(0)
(mfrad s ')'"= Limiting current/mA

2mM SmM 10mM 20mM 50mM
4.0 0.134 0.305 0.610 1.16 3.00
6.0 0.188 0.455 0.860 1.74 4.50
8.0 0.244 0.605 1.160 2.30 6.08
10.0 0.300 0.750 1.470 2.92 7.48
12.0 0.362 0.905 1.750 3.50 9.04
14.0 0.414 1.050 2.045 4.08 10.50
16.0 11.45

Appendix 2: Specimen Calculations

Diffusion coefficient of Cu(ll) ions from cyclic voltammetry at a stationary disc electrode, using the Randles-Sevéik equation.

Slope of cathodic 7, vs. v/ = 0.01136 A V ' 5%

Cathodic:
Anodic:

D,

it

non

4.1 +02)x 10" ¢cm*s!
D, =(42202)x10"cm’s'

Diffusion coefficient of Cu(Il) ions from linear sweep voltammetry at

an RDE using the Levich equation.

{(:U{[I)l h‘nM Dl'm[!)\ wh le'u:IIrL'ulm 'DL wl ]34
/10 "ecm® s ! /10em” s ' /10 “em® 5!
A ‘B’ ‘B minus A’
2 4.3+20.2 4.3+0.2 4.3+0.2
5 4.6+0.2 4.6%£0.2 4.710.2
10 4.4+0.2 4.4 +0.2 4.5+0.2
20 4.4%0.2 4.5+0.2 4,5%0.2
50 3.940.2 4.2+0.2 4.5%0.2

Mass transport coefficient for Cu(II) reduction from limiting current vs. concentration plot of linear sweep voltammetry data at an RDE.

Sirev min™! wirad s ! wirad s H*° Cu(ll) — Cuil) Cu(l) — Cu(0)

Slope of k. Slope of k,

I vs. ¢ fl_ VS, €

/A mol ' em *? 10 ems! /A mol' cm ¢ /10 % em s

153 16 4 60.2 1.5 59.7 1.5
344 36 6 90.4 2.2 90.0 2.2
611 64 8 116.4 2.9 121.7 3.0
955 100 10 145.9 3.6 149.6 3.7
1375 144 12 172.6 4.3 180.9 4.5
1490 156 14 198.4 4.9 210.1 5.2
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