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i Figure 1.3.6 Pathway of a
I general electrode reaction.
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Figure 1.14 j ~ E response and the corresponding log j — n curve for an
irreversible electrode reaction O + ¢~ = R ¢y = 10c,
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Levich Equation

i, = 0.62nFA Dy?? !2v16 Cy*

Co* - solution concentration, mol/cm? .

1, — limiting current, A
v — kinematic viscosity, cm?/s
o — angular velocity (o =2af, - rps)

This equation applies to. the mass-tranSter limited

condition at the RDE andpredicts 1, . 1s o
1/2 ’
ORES
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Rotating Ring Disk Electrode (RRDE)
Consist of a disk of electrode materialand a rig.——o-

imbedded 1n a rod of 1nsulting material (usually
teflon, epoxy resin or plastic).

reference | rotating disk c
electrade - Ny
electrode /\I\

-~

Rotating electrode assembly.

CHERI 5390
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Rotating Ring Disk Electrode (RDE)

The measurements are 1mpo

RRDE RDE

Disk electrode Disk electrode '

: |
3 %
12

Ring electrode

=9 e > Unit: mm

\ CHPY 5390
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Rotating Ring Disk Electrode (RRDE)

A variant of the rotating-disk electrode .

which includes a second electrode - a
concentric ring electrode.

The ring is placed outside the disk and .

used to analyze the species ge on
the disk.

The ring 1s electrically insulated from the .
disk so that their petentials can
controlled independently.
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Rotating Ring Disk Electrode (RRDE)

 Convenient way to measurespoestzclectron transfer
reactions of products
n

« Relationship between disk currén ring current
depends on rate of movement of produc

disk

e Only a fraction of disc products w ach ring

CHPWI 5390
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Rotating Ring Disk Electrode (RRDE)

e Since only a fraction of disc products will reach
ring

 Efficiency depends on electrodem
n

disk and ring)

CHMYI 5390
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Rotating Ring Disk Electrode (RRDE)

e Each ring-disk electrode must:b ibrated with a
well-behaved reversible couple to determ
n

collection efficiency (N)

.« N=ig/ip

e Couples used - ferri/ferocyanide;'quinone/hydroquinone

CHPWI 5390
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Mechanism studies

° ° ° ° ° .
Mechanism information can be obtained in

RRDE experiments,

By measuring the current atM\
n

electrode, some knowledge about what 1s
occurring at the disk electrode C
obtained.

CHPWI 5390
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S -

The two electrodes
A are electrically

Nt g i that
| e different pote

can be applied to W
each.
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Mechanism studies

3 ; ©S——
For rotating ring electrode: -

——— 3_1.3\23 D) 213 (112 y-1/6 C°_*
Ip e = 0.62nFm(r;°-1,°)7° Do~ > v Cq

I, — Inner radius \ n

r; — outer radius

A = n(r3%-1,°)

ip = ip [(r37-1,°)*°)/1y2

iR/iD — B2/3 — (1'33/1'13 _ r23/r13)2/3

CHBWI 5390



Hydrodynamic Maﬂmﬂ&/

Rotating Ring Disk Electrode (RRDE)

The current-potential charaCteriStES o tHE a S emm—"
are unaffected by the presence of the ring.

The RRDE experiments involvm .

E, and E; and two currents,1, and 1.

Use a biopotentiostatte.allow separate
adjustments of Ej, and E;. X

CHPWI 5390
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Rotating Ring Disk Electrode (RRDE)

Most common experiments for RRPDE e ——————
collection experiments — where disk generated
species 1s observed at the ring

\.

and shielding experiments;awhere flow of bulk
electroactive species to the ring 1 ed by the
disk reaction.

CHPWI 5390
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Generator-Collector Experiments

.
Generator-Collector (detector) experiments are -

where the intermediate/product generated at a

generator electrode (disc) 1sd
collector electrode (ring). -

G‘ap b €7 l z - ;ng RRDE Geometry
R .
Ring Sice I ry r, rs \ N
"= 0 Gap
downstream upstream downstream

\ CHMYI 5390
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Collection Experiments

O +ne 2R at B giviTig ]y e —
R =2 O +ne at E; giving i,

Interested in knowmg how much of disk .

generated R 1s collected at'the.ring, 1,

N = -1;:/1;, where N — collection efficiency

N depends on r,, 1,, r; but indépendent of other
parameters, N 1s a constant.

N becomes larger as gapathickness (r,-r,
decreases and as ring size (¥3-1,) Increases.
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Collection Experiments

ry s rs
Disc Gap Ring
2 | L =
o) A\ | j )
. \\\
4 \
3 \
e g Concentration
contours
1

Figure 9.4.3 Concentration
profiles of species R at an RRDE.
Concentrations increase from m
curve 1 to curve 6. For the disk (0
=r <ry),dCgr/dr = 0; in the gap

(r1 =r <nr), (@CRr/AY),=¢ = 0;

and at ring surface (r, =< r < ),

Cr(y = 0) = 0. [From W. J. Albery
and M. L. Hitchman, “Ring-Disc \
Electrodes,” Clarendon, Oxford,

1971, Chap. 3, by permission of
Oxford University Press.]
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Collection Experiments

In collection experiments, 1, and 15 1s plotted as a
function of Ej with constant E,.

If R decomposes at a high rate am n

d

smaller, information about the's
mechanism of decay of R 1s obtained.

Information about the reversibility of a reaction
can be obtained by plotting 1, versus E; at a
constant E.

CHPWI 5390
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(b) 1600 RPM
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e
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Figure 5. Current-potential curves of potas sium ferricyanide solution
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Collection Experiments

i (cath), [[) 1 5 b
/ + ne —
il), lim
L, E,
| |
_ ' Ep
¥ ig = Nip jim
2
(anod) T R— O + ne
(a)
iR 3

O +ne—R
/ NiD, lim
% ilg, lim = BZE[D. lim \
/ —. '0 ¥ —_— 3 5
R, tm = . im = NiD, im Figure 9.4.4 (a) Disk
/ voltammogram. (/) ip vs. Ep and

Ep (2) ig vs. Ep with Er = E{. (b)
Ring voltammograms. (3) ig vs.
ER& iD =0 (ED = El) and
(v) (4) ir vs. ER, ip = ipc (Ep = E»).
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Shielding Experiment

Measure O + ne = R at ring when disk 1s
at OCP (ip = 0).

If disk current 1s applied, flux

will decrease. .

iR,l : .O _ NiD \ .

Ip = 1OR1 (1-NB=27)
(1-NB-%7) — called the,shielding fa

CHPWI 5390
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RDE Examples

2.0 T T
85°C
e Wemmsss umee e L ab Ul shlaed bl sted

-
- 15
=
¥
z \
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Z 10f -
2 —— ., 55O
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=
&

35°C
| SEETE SRR Sl SR T TY EEE W e e .
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o 10 20 30 40 501 A0
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Figure 2. Levich plots for a 10 gm Cuz0 film deposited at

—0.45 V.
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RDE Examples

8 -18.5
T X 190
X x X
6 X X X
X e X 195
—_ Sk X 80°C I
1( s & 70° _ -20.0 |-
2°f soc|| E
S e o ¢ @00 |V O T 25k
E, ' v V g ¥ v VVVy A 50°C X
Sk A A A A A A AAA © 40°C 210
© 1 o coe |0 25
1l e 8 ©¢ © © 215F
L g O goB L
OF o 0O O O 220 1 a 1 . 1 N i " 1 " i " 1
L 0.0028 0.0029 0.0030 0.0021 0.0032 0.0033 0.0034
] 2 [ M 1 2 ] 2 1 M ] 2 ] M i M
0 10 20 30 40 5 60 70 80 s
{07 Figure 7. Activati t from LSV data at a rotation rate
® of 1000 rpm. From the of the plot of Fig. 7, the
Figure 6. Levich plots for Celll/CelV oxidation at temperaturesy, barrier height for the cerium@gide/solution interface is

of 25, 40, 50, 60, 70, and 80°C at rotation rates from 0 to 3000

rpm.
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Flowing hydrodynamics

The first hydrodynamic techniques developed
was the Dropping MercunyElectrode (DME).
In this arrangement a fine capiellary\
connected to a reservoinef mercury. The cell .

1s designed so that mercury is a to flow
down the capillary.at a controlled rate an
into the solution. N

Polarography 1s a subclass of volt etry where
the working electrode 1s dropping ury.
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Flowing hydrodynamics

.
reference | W mercury
electrode I'"M ,,f’ -
i ele
. e
- _l"- .

Heyrovsky (1922) (Nobel prize 1959)
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Flowing hydrodynamics

D B
Electrical contact to the mercury 1s made in the
reservolr and a referencesand counter electrode
are sited 1n the electrolyte SOIN
This technique proved veryspopular due to the .
ability to continually refresh the de

surface during the .experiment and wide
cathodic range. N

CHPWI 5390
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Flowing hydrodynamics

The excitation signal is a linearly increasing

potential ramp. Current vs potential 1s
measured.

20

10

Current (uA)

o | o
( Eip 7
| | | 1 1 | | |

0 -0.6 -1.2
Potential (V)

Figure 3.3 Polarograms for 1M hydrochloric acid (A) and 4 x 10*M Cd* in 1M

hydrochloric acid (B); iy represents the limiting current, while E,;is the half-wave
potential.
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Flowing hydrodynamics

The equation used for DME experiments 1s the
Ilkovic equation: \
Z-d :708nD1/2 m2/3 tl/6 C -

where

1, — limiting diffusion current (Ay)
D — diffusion rate (cm?/s)
m — mass flow rate of mercury (g/s)
t — drop time of mercury (sec)
C — concentration (mol/cm?)
(this equation represents the current at'the end of the drop i
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Flowing hydrodynamics

The equation used for DME experiments 1s the

Ilkovic equation: \
l-d :607 nDl/Z m2/3 t1/6 C -

(this equation represents the average current over the
obtained by integrating the current with time)

CHMYI 5390



Hydrodynamic Maﬂimm/

Flowing hydrodynamics

The potential where the current 1s one-half of its
limiting value 1s called-the.half-wave
potential, E,,. The halt-wave potenti
related to the formalpotential, E°, of the
electroactive species.

RT
E, = E” A log( D0)1/2
nk

CHPWI 5390
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Flowing hydrodynamics

TABLE 3.1 Functional Groups Reducible at the DME

Class of Ein (VY

Compounds Functional Group

Azo —N=N— ~0.4 \
Carbon—carbon double bond’ —C=C— -2.3 n
Carbon—carbon triple bond” —C=C— -2.3

Carbonyl >C=0 =22

Disulfide S—S -0.3

Nitro NO, -0.9

Organic halides C—X(X=Br,CLI) -1.5

Quinone C=0 -0.1

® Against the saturated calomel electrode at pH = 7.
" Conjugated with a similar bond or with an aromatic ring. \

CHPWI 5390
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Flowing hydrodynamics

Another way to control mass transport through
convection 1s to fix the-elect and allow
solution to flow over the surface by a
force such as pressure:

Examples: wall jet electrode, channel electro

CHPWI 5390
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Flowing hydrodynamics

0 ITTTS—
Wall jet electrode

A fine nozzel 1s sited within a large container of electrolyte and

positioned directly above a disc worki ode. Solution is
pumped through the nozzel (under laminar flow ¢
impinges on the surface containing the electrode. The reagent =

then flows from the surface creatingra lex but predictable
flow pattern. z
A

Boundary
leywer

DIiMUATA ~f
H.I.H. 1 T e [ —

5390



Hydrodynamic M

Channel Electrode (ChE)

The channel electrode (ChE) consists of an
electrode embedded 1n one wall of a

rectangular duct down WhichM
=
a Metal foil
working electrode
Pt wi
ﬁﬁﬁg ,u“(’////.p ,/’/’cogtgg ..............l...
AL N\

channel unit

CHPWI 5390
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Channel Electrode (ChE)

The channel electrode (ChE) consists of an
electrode embedded in one wall of a

rectangular duct down WhichM
_

b &) seesecans o —pe
y R R i N »
Z : “%@v — w '0
| R A
e 3 G A S L » ~
C Xy flow

Figure 1. (a) Practcal channel flow cell for mechamstic elecrochemu-
=
cal studies. (b) Schematic diagram which defines the coordinate system

adopted m the text.
\ CHMYI 5390
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Channel Electrode (ChE)
Advantages include:

» Flow through facilitates continuous monitoring in

analytical applications following chro '
separation. -

 Well defined hydrodynamics permitsaigorous mechanistic
investigation of reactions via voltammetric kques.

* Channel geometry can be readily used in
spectroelectrochemistry (IR, UV/VAS, ESR, fluorescence).

e Double electrode collector/generator expStments readily
done.
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Flowing hydrodynamics

Radial Flow electrode

Marketed by BAS forflewsinjection and LC
te Chnique S. Single / Radiatlow i K
ol :

O O _ ‘
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Flowing hydrodynamics

Inlet

Qutlet Eﬁ ]

BHE

=

-
Locking =
Collar ' =% | 5 - |
I Reference

Electrode
Auxiliary
Electrode

Block (standard)

Working
Electrode
Block
Cuick Release
Mechanism

Q Q O O

e o 0 \
Dual, Series Dual, Parallel .
Crossflow Crossflow

O O O O

O O O O

Quad Square Quad Square

Crossflow Radial-flow \
OE O

O O

Cuad Arc

Crossflow
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Flowing hydrodynamics examples

Current
I ———
B ——

JLL\ J UL J i

—_

1 min ' ‘

Time

Figure 1. Fiow injection detection peaks for 1 X 10~% M acetamino-
phen using the bare (A) and PVP-coated (B-D) glassy carbon elec-
trodes. Electrodes were modified with § (B), 10 (C), and 15 (D) ulL of
PVP solution. Flow rate 1.0mL/min; applied potential, +0.90V.
Electrolyte and carrier, 0.05M phosphase buffer {(pH 5.5).
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Flowing hydrodynamics examples

A

e = o - — — = - =

5 B

IwonA

E b

|

1

|

I

. a

1
- : AN ..JLLL
T mtn o

b

Figure 5. Flow Injection peaks for 2 X 10~* M hydrazine (A), 2 X 10~
M L-cysteine (B), 1 X 10~* M oxalic acid (C), and 2 X 10™* M peni-
cillamine (D) for unmodified (a) and CoPC-modified (b) graphite epoxy
electrodes. Conditions: applied potential, +0.40 (A, B, D) and +0.75
(C) V; flow rate, 1.0 mL/min; carrier solution, 0.05 M phosphate buffer
of pH 5.9 (A, B8, D) and 3.1 (C).

i
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Flowing hydrodynamics

Multilayers

/IW

s




Hydrodynamic Mehheﬂ&/

Flowing hydrodynamics

Gonductive bands

I;|
:

Energy Gap IEgZ

— = =y -

Valence Bands

Electron Energy —»

Propextics associated with

multilayers mai

deformation of energy gaps. n

-Increasédstensile strength

-Increased electro
-conductive
-magnetic
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Flowing hydrodynamics

solution reservoirs purged with gas

potentiostat/
galvanostat

i —

solvent selector peristaltic pump  electrochemical cell

<——  contact pin

solution in ;
solution out

I \

teflon gasket——— auxilliary electrode

working electrode ——>

conducting paste
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1CS
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Flowing hydrodynam
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Class Assigmﬂ‘l‘/

 Read Chapter 9 — Bard and Faulkner

—
\\
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