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"~ ABSTRACT
The effect of 1ight—deflectioh on interferograms of electrochemical
mass transfer boundary layers can resuit‘in substantial errors if
interferograﬁs‘are interﬁreted in the cOﬁventional'way; Corrections in
boundary layer thickness,'inrerfacial concentration and interfecial
concentratien'gradient for the convection-free electrodeposifion of Cu
from aqueous CuSO4 have been correlated to provide estimates for a’wrdeb

rangevof experimental conditions.
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: INTRODUCTION

Coﬁcentration profiles of single solutes,ih eiectfolytes near
working electrodes can, in principle, be quantitétively observed by
intérférdmetric techniques.. Such observationsbate;usefﬁl'in the
étudy of transport processes and in the analyéis of different measures
designed to provide uniform accessibility and incfeésedvreaction rates
at electfqdes.‘ Some of the advantages of inferferdmetry compared to
other'means of observing toﬁndary layers and local‘ﬁransport rates
are‘high resolution for concentration changes (typically 10—5 M)
and the possibility for continuous observation wifhout disturbance
(e.g.,vof.flow), not festficted_to conditions ofvlimitihg current.

In.fhe conventional iﬁtefpretati@n of intérfefograﬁs, local
changeé in the phase depicted by the intefferongm ére taken éé a
‘diréCt measure of local refractive index variationéfin.the object.
Such'an interpretation is often not valid becauée;it assumes that
lighé travels albng a straight line thréugh the specimen. Refractive~
index Variations_norﬁal to the propagation direction of é 1ight beam
produce a deflection of the beam (refraction, Schlieren effect)
. that results in two types of distortions in the infefferograms:
a) Geomgtriéal distortion,dqe to displacement of'ﬁhe beam normal to
its ﬁropagatioﬁ direction; Tﬁis effect falsifies'conventional
interpretation of distance on the interferogfam,and causes displacement
of tﬁe apparenf electrode/electrolyte interface. b) Phase.distortion
due to 1ncfeased‘geometrical path length and passage of the beam through

regions of varying refractive-index. Quantitative concentration profilés



therefore then cannot be defived by the conventional interpretation
of interferograms.
_Deféiié of computatiqﬁél techniques,'phat haQe been developed
to account for the effect qf‘light-deflection on interferograms of
oherdimensional boundary layers, have been déscfibéd elsewhere.l’2
vSuffiée it to say that for any concentfation profile, the shapes of
(double beam) interference fringes can now be Célculated taking into
account effects of light deflection. It has-beéh found that diétortiqns
in the inferferogram depend strorigly on the position of the plané of
focus of the imaging objective. Although for each concentra;ion |
profile " a plane of focus can be found3 for which-the.iocation of
the‘electrode surface is not distorted on the ihteffefogram,for the
observation of cathodic boundary layers Go be conéidered here) it is
preferablez_ﬁo focus on the inside of the cell wall»bn the light-
entrance side of the cell, where suitable target; can be inscribed.
(For anodic boundary layers, it would be preferable'to foégs on the
.insidé Qf thé.cell wall on the light-exit side.)_'
It.is_the purpose pf this paper to.presentiéofrelations of light-
deflectién errors for the.interferometric observatioﬁ’of boundary layers

so that investigators may estimate errors to be éxpécted under a wide

range of experimental conditions.




LIGHT-DEFLECTION_ERRORS

vFigure-l‘shows the experimental interfefogfam of a concentration
boﬁndafy'layer. Superimposed are the theoretical concentration profile,
AE, derived by use of tﬁe SandAquuation and én.iﬁtérference fringe,
BF, compﬁtea from tﬁe concentration profile by_takihg lighf—defléction
effects ingo account. |

Thé ofdinaté'oh Fig. 1 denotes distance from?the true (undistorted)
image of the electrode surface. Locaikchanges in the phase of transmitted
. light, visible as displacements of originally stfaight interference
fringes, have been related to loc31 concentratioﬂ changes, as shown
on the abscissa. The relationshib has been based on the conventiqnal'
interpretation qf interferograms that assumes straight-line light
probégétion. Thus, local changeé in phase havé ﬁeen linearly related
to changes in concentration (or refracfive index) at the corresponding
point in the image.

If the interférogram was free of light-deflection errors, the
interference fringes would follow the theoreticallcéncentration'
profilé AE, The figure illustrates that the apparent location of the
interface 6n the interferogram has receeded from ité original po$ition,
identified by y = 0. Also, the apparent concentration change over the
boundary layer is smaller than the ‘true chaﬁge.

Convenﬁional interbretagion of theAinterfetégraﬁ in Fig. 1 would
therefore lead to a bqundary'layer thickness thaf is too large. If we
define the exteht of thé‘boundary layer as the region coﬁtaining 90%
of the gdncentfation vériation, the‘error'et in'bOQndarY 1ayef fhickneés

can be defined as a difference in ordinates of poihts B, E and F



et = yIF = yIB = YlE ".

Similarly, the apparent interfacial concentration is too high and the .

error can be formulated as a difference of abscissas

The interfacial concentration (refractiye'index) gradient is too low.
The error can be represented by.thé differenceiinfslope of thé two

‘curves at the interface

_dc dc
e =34C1 _

g dy|B dyl,

Elp.addition to the above absolute efrors in the interferémetry
of boundary-layeré, it is often desireable t@ estimate fhé relaﬁive
errors. Such relative errors iﬁ.bouhdafy layer_thickness, iﬁtgr- |
facial éoncentration and interfacial concentration gradient, as

shown in Figs. 8-13, are defined here as

€= —

CC -Cly

e -
g = —8B
g d¢|

dy

A




CONVECTION-FREE BOUNDARY LAYERS .

Diffusion boﬁndary layers free of convection effects offer a
gédd quél for optical investigation since théjbbﬁcentration_profiles
are easily derived, and expérimental reéults Cén‘;erve to test the
opticgl calculations. Coﬁvention—free transport conditions are common
in éléctroéhemical studies, and the.results can be us¢d as a basis for
conVe;tive transport stﬁdies. Figure 2 shows the.similariﬁy between
interferometric errors seen in boundary layers with and without
convection, |

The convectionless eiectrodeposition of a_metai cation from:é
stagnant iayer of an aqueous bina:& salt electroiyte is described by"
the unsteady—state diffusionvequation in one dimension
- The current density is related to thé inferfaciai_qoncenﬁration

gradient by

zFD 9C -~ o o
= 0 A= _ ‘ (@)
1 t+.3¥ =0

* — o S
Concentration-independent diffusivity will be assumed. Solutions for

variable diffusivity can also be obtained, although not in a convenient
" closed form. ' : '



For potentiostatic electrodeposition, the boundary conditions are

c =C, at y-= 0,t>0 vv. : (3)
C=C at t=0,all y o (%)
C = Cb.‘as y >, - (5)

5

The-solution, first obtained by Cottrell,” is

0 = erf ¢ AR (6)
+ _ zF(AC) D
v= 1-t, Tt (7

where erf C ,isAthe error function of'dimensiohless distance

=X, C®

2/bt
AC = Cy - C, and the dimensionless concentration
- C-cC_ - ’ _ '

For'galvanostatic electrodeposition, the boundary conditions to

Eq. (1) are:

constant at y =0, t >0 - (10)

C=c at t=0,all y QA

C= Cbb'as y >®.

The solution, first obtained by Sand, is




2

8 =1+ /1@ - erf ) + e—C' o (13)
200 - t)) o :
Ac = ——— o £ _ (14)

zZF D

Concentration profiles are now calculated for the two types of

convéctionless'bbundary layers, using electrodeposition of Cu from

aqueous CuSO4 as a ﬁodel. C, = 0 for all calcﬁlétions, and C, = 0.01, 0.1
or 0.2M Cusoar(AC = O.Ol,'O.l or'0.2)7 For constaﬁt potential cal-
culations; time t is varied to give different coﬁcentration profiles and
~interfacial mass flﬁx rates. For constant current calculations,

Variéus current densities are used (substituting Eq. (2) into Eq. (10))

fo giVe different concentration profiles andvinterfacial mass flux o
rates. Note that specification'qf 7 and AC fixes-t through Eq. (14).
A‘diffusion éoefficienté b = 6><10-6 cmz/sec and‘.Cu++ transference

t% = 0.36 (typical values for 0.1M Cuso, ét 25°C) are used in

all calculations. Representative concentration profiles employed in

number7‘

the optical analysis are shown in Figs. 3 and 4. -



EﬁROR CALCULATIONS

Céll.dimensions and épticél conStants;mus£ bé specified in order
to compﬁté‘interferog:ams forvéqncentration profiies. The glectrode,
which fully occﬁpies the space between the glasé sidewalls, was assigned
widthslof i.O; 2.5, 5.0} 10.0 and 20.0 mm. In pr&er‘tb éimﬁlate our
'eXpérimentaivcellg the glass éidewalls Wéfe éssumed'to be 12.7 mm widé
with a refractive-index of 1.5231.’ Ho?eve;, reffédfion’in thé glass
sidewalls has a negligible effect:on light;defiection errors.B' Light of
632.8vnm ﬁaVe1ength is assqmed incident parallel to the planér electrodé
surfaée andvperpendicular to the glaésvsidewalls,' The plane of focus is
chosen as tﬁe plane_where>1ight-enters the_eleétrolyﬁe. Electrolyte

 refractive-index was experimentally found to be a linear function of

Cuso, concentration at 632.8 nm wavelength and 25°C:

n=1.3311+0.029¢ (15

Interférdgrams siﬁilar to the dashed line iﬁ Fig. 1 are now
calculafé& from concenfration profiles.using ;hé'aboﬁe-mentioﬁed
computationél teéhniqué.lw | |

ABsdlute erroré in boundary layer>thickneSS; interfécial con-
ceﬁtration and inferfaciai concéntraiion gradient are shown in Figs. 5,
6 and‘7,'respecti;elf for a 10.mm wide electrode(> Curfehtbdensity
(interfacial'refrégtive—indgx gxadieﬁt) Qas chpseﬁ as abécissa
becéusé it is an easily‘méasufed variable. Nofe ﬁhat a positiyé
error meanélthat the value of a variable on the interferogram is

larger than the true value.




Relative errors in boundary layer thickness, interfacial concentration
and interfacial concentration gradient are shown in Figs. 8-10. These
figures also demonstrate the dependence of errors on concentration difference

AC. The effect of electrode width is described in Figs; 11-13.
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DISCUSSION

Figﬁ?es 5, 6 and 7 shéﬁvthat for a 10 mm wide éleétrode; the light-
deflectianerroré depend strongly on current deﬁsity and concentration
Vdiffereﬁce AC:but weakly on the.specific boﬁﬁdéry'condition (potentiostatic
6r ga1vanostatic). For current.densities in thé or&ef of_a'mA/cmz,
the‘erforsvéfe inaepeﬁdent of AC and Boundéry céndition. In this region
of Current &ensities;'the grrof in boundafy iayér_fﬁickness shbws.a
1inearvd¢p¢ﬁdence on current density and.a quadfafié dependencg'on .
electrodé.widéh;s AboVe'abdut 7 mA/cm2 for ACv=.031'and about
10 mA/cm2 for AC = 0.2, thé light fays entering tﬁebboundary layer af,
the electrode surface are deflected so much thaﬁ they leave the'boﬁﬁdéry
' layer before they leave the electrolyte. This effect shows up as an
error extremum in Figs. 5 and 6 and as an inflectibn‘point in Fig.v7.

As infinite current density is approached, the error in boundary layer

thickness approaches zero, the error in interfacial concentration approaches

. AC andjthe error in interfacial concentration gradient approaches negative
‘infinity;FVA

The trend toward apparentbnegative conéentratigﬁs‘(i.é., on the
interferogram) seen in Figs. 6, 9 and 12 is an‘artifact caused by the
" choice of fdéal plane position. For focus in.the cén£er'of the cell,
fo;_instanée;.no_such negative erfors would océur.

Figufés 8-10 show that relative errors are smaller for iargér
concentration difference AC. Howéver, for large>conéentration differences,
interferogram interpretation can be impeded by crowdiﬁg of the fringes

near the interface.
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Figures'll~13 show that similar to absolute eerrs derived
analytically for constant concentration gradieﬁts of unlimited extent3
relative errors strongly decrease with decreasing cell Width; but are

negligible.only for electrodes thinner than a few mm. .
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CONCLUSIONS
Lighf deflectiop_effects_in the interferometfy of'eléctrochemical mass
transfer‘boundary layers cén_lead to séridus erfofsvin the derivation |
of cbncentration prdfiies unless appropriate‘corfections iﬁ the interpre-~
ta;ionvof'interferogfams.are employed. The magnitﬁde of such errors
may be'estimated from ﬁhe data presented in Figsl:5—13, but the accurate
_interpretation of interferograms with significant 1ightfdeflection
‘effects‘requires‘individual‘optical analysis.2 Light-deflection errors
are small (<10%) for sﬁail current densities»(beiow 2.5 mA/cm2 for é
1 cm wide electrode) or harfow.electrodes (less than_2.5 mm for up to
10.mA/cm2). | | |
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NOMENCLATURE

cbnéentration‘[mole/liter]
bulk concentration [mole/liter]

Eintgrfacial cdncéntrétion [mole/liter]
diffuéién coefficient [cmz/sec] |
error in boundary layer thickness [rm]

error in interfacial concentration [M CuSOé]
etrdr in interfécial concentration gradient:[M CuSO4.cm—1]
Fafédéy constant [coul/equiv] |

current density [A/émz]

refradtive—index

tiﬁé after current (volfage) swifcﬁ—qn [s] 
cation transference number

distance from electrode [mm]

cation valence

Cb - CS [mole/liter]

relative error in bouﬁdary layer thickness -

relative error in interfacial concentzation -
relative error in interfacial concentratibn gfadient*'

dimensionless distance (Eq. (8))

. dimensionless concentration (Eq. (9))
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FIGURE CAPTIONS

Fig. 1. ‘Experimental intérferogram of a :conéeptration.boundary layer
| ~during galfandsﬁatic deposition of éoppér on,a.lo mm wide

electrode. = 10.0 mA/cn?, C, = 0.1M CuSO, and t = 10.0 s.

Theroretical concentration profile AE corresponding

to,experimental'conditions (calculated from Eq. (13)).
—— Computed”inferference'frihge BF‘corresponding to
theoretical conceﬁtratioﬁ profiie.
A True intérfaciallééncentration-and position.
B Apparent interfacial concentration and position.
E True (90%) boundary layer edge (position where 6 = 0.9).
f Apparent boundafy‘layer.edge. l
Fig. 2. Interferégféms and concentration profiles fof_galvanoétatic
| electrodgposition of Cu from 0.1M CuSO, at 10.0'mA/cm2,'
t = 10.0 s.
o o o Experimental interferogram.
————— Concentration profile defived f;om the intefferogram
by an itera;ive technique.;’s
————— Interférence:fringe asséciated witﬁ derived con-
centrétion profile. |
f;"' Theoreticai concentration profiie corresponding to
experimenta} conditions (caicﬁlated ffom Eq. (13)).
A Convectionless boundary layer.
B Forced convection boundary layer, Re = 1000, 2.0vch
:(1.4'hydraulic diameters)‘downsffgam from‘electrode

leading edge.
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Fig. 3. 'Concentration_profiles for potentiostatic conditions.

Fig. 4.

Fig. 5.

Fng 6..

0.1M CuSO

AC = A
----- AC = 0.2M CuSO,
a Z:= 10.0 mA/cmz, t = 17;5 s
b 4= 20.0, t = 4.4 :
¢ =300, t=1.9s
d i=10.0, t = 70.0 s
e i=20.0, t=17.5s
£ = 30.0, t = 7.8 s

Conéentfation profiles for galvanostatic conditions. AC and

i designation as in Fig. 3.

a t

b t

43.2 s

10.8 s

c t=4.8s

d t=172.7s
e t=43.2s
f t=

19.2 s

Absolute error in boundary layer thickness.

width =

[V
&>

a
fl

o
>

(@]
[

Absolute

~ in Fig.

10.0 mm.

potentiostatic boundary condition

galvanostatic boundary condition

0.10 M CuSO

4

0.20 M CuSO

error in interfacial concentration.

5.

4

har sl

' Electrode

.Designatibns'as




Fig. 7.

‘Fig. 8.
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Absolute error in interfécial concentration gradient. Designations
as in Fig. 5.

Relative error in boundary layer thickness for various concen-

‘tration differences. Electrode width = 10.0 mm, potentiostatic

'bbundary condition.

a AC = 0.01 M CusO,
b AC = 0.10 M CuSO,
¢ AC = 0.20 M Cuso,

Fig; 9.
Fig. 10.

Fig. 11.

"Relative error in interfacial concentration for various

concentration differences. Designatiohs as in Fig. 8.

Relative -error in interfacial concehtratibn gradient for various .

concentration differences. Designations éé in Fig. 8.

Relative error in boundary layer thickness for different electrode

'widths. AC = 0.1 M CuSOA, potentioStati¢ boundary.conditions.

Fig. 12.

Fig. 13.

a electrode width = 20.0 mm
b. 10.0 mm.

¢ 5.0mm-

d 2.5 mm

e . 1;0 mmv

Relafive"error in interfacial concenttati&n for different
>é1ectrode widths. Designations as ianig; 11.

Relative error in interfapial conceﬁtration gradient for

different electrode widths‘ Désignatibns as in Fig. 11,
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