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An alternative electrode design to existing inverted rotating disc electrode con®gurations is presented
which eliminates the need for a special cell. A thin, insulated, conducting shaft is mounted in the
centre of an electroactive disc. The resulting electrode, an inverted rotating shaft-disc electrode
(IRSDE), can be mounted on any conventional disc rotator. Ferricyanide and copper reduction were
used to characterize the mass transfer behaviour for di�erent size disc electrodes with a constant shaft
diameter. The limiting current was found to vary linearly with the square root of rotation rate for all
sizes. The Levich equation was valid for a small shaft to disc radius. A maximum in the thickness of
deposited copper near the central shaft was observed resulting from the combined e�ect of a radial
component to mass transport and the shaft wall. An empirical expression for the average limiting
current density at the IRSDE taking into account the shaft to disc radius ratio is presented.

1. Introduction

The active electrode surface of conventional rotating
disc electrodes (RDE) faces downwards. As a con-
sequence gas bubbles may become trapped at the
electrode surface due to buoyancy forces. This can
lead to measurement errors caused by partial block-
age of the surface and to growth defects in electro-
deposits. In the present paper a special type of
inverted disc electrode facing upwards is presented
which has the advantage of permitting a simple cell
design while avoiding the problem of bubble en-
trapment.

The maximum reaction rate at a rotating disc is
given by the Levich equation [1, 2]. The velocity
distribution described by the Navier±Stokes and
continuity equations were resolved by von KaÂrmaÂn
[3] and Cochran [4], in the form of a serial expansion.
Subsequently, Levich [1, 2] solved the convective-
di�usion mass transport equation by using only the
®rst term of the velocity serial expansion, valid for
conditions where the kinematic viscosity, m, is much
greater than the di�usion coe�cient, D. Such condi-
tions are generally met for aqueous electrolytes. The
resulting di�usional ¯ux near the electrode surface is
independent of electrode radius and the surface is
considered to be uniformly accessible. If the central
portion of the disc is made to be inactive, the re-
sulting geometry corresponds to that of a rotating
ring electrode (RRE). The radial mass transport
component present leads to a higher reaction rate
[2, 5±7] and to a nonuniform di�usion layer thickness.

Another assumption used in the solution of the
Navier±Stokes equations is that forced convection
greatly outweighs natural convection eliminating the
gravitational term. Therefore, positioning the elec-

trode either downwards or upwards in the solution
should have no in¯uence on convective mass trans-
port. Indeed, it has been veri®ed that the Levich
equation holds also for an inverted rotating disc
electrode (IRDE) [8, 9]. Unfortunately, the im-
plementation of the IRDE con®guration requires an
elaborate cell design to avoid leakage. Zdunek and
Selman [8] proposed a cell assembly where the IRDE
enters the working electrode compartment through a
hole at the bottom of the cell. A stationary seal was
used to avoid leakage of the electrolyte while allowing
the electrode to rotate. Bressers and Kelly [9] avoided
the sealing problem by rotating the entire cell in-
cluding the disc electrode. A stationary inner cylinder
was placed concentric to the disc electrode to reduce
electrolyte convection.

In the present study an alternative electrode design
is presented, the inverted rotating shaft±disc electrode
(IRSDE). A thin shaft, electrically conducting and
surrounded by an insulator, is connected to a ¯at,
circular disc electrode facing upwards as shown in
Fig. 1(a). The IRSDE can easily be mounted in ex-
isting RDE rotator assemblies and introduced into
any conventional cell. Rotating discs with a central
shaft of the type shown in Fig. 1(b) and (c) have been
described previously in the literature with the objec-
tive of validating the Levich equation [10, 11]. The
electrode area in both these con®gurations included
the upper and lower surfaces of the electrode as well
as the side wall. Siver and Kabanov [10] found a
deviation from the Levich behaviour using the con-
®guration shown in Fig. 1(b). Heitz [11] observed that
with a design as in Fig. 1(c) good agreement to the
Levich equation was possible when the shaft radius
was made much smaller than the disc radius. This
con®guration has been used for corrosion applica-
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tions [12±14]. In the IRSDE presented in this paper
the active electrode area is restricted to the upper side
of the disc. The IRSDE is not a true disc nor a true
ring electrode and the mass transport distribution is
expected to be in¯uenced by the central shaft. In the
present paper mass transport at the IRSDE is com-
pared to that at the RDE for various values of disc
radius with the aim of developing a new tool for the
study of electrochemical phenomena.

2. Experimental details

2.1. IRSDE design

A schematic of the electrode design is shown in Fig. 2.
Stainless steel disc electrodes (AISI 304L) were em-
bedded into an epoxy resin (AralditeÒ) so that only
one side of the metal disc is exposed to the electrolyte.
The diameter of the insulating region was 0.2 cm
larger than the disc diameter and the thickness was
0.4 cm. A thin, stainless steel shaft, encased in Te¯on,
was screwed into the disc±epoxy assembly. The
threaded shaft enabled electrical contact to the disc
while also allowing electrodes to be interchangeable.
The outer diameter of the shaft was 0.7 cm and the
length was 6 cm. Four di�erent size electrodes were
examined having diameters of 4, 3, 2 and 1cm and the
results were compared to a conventional RDE, 0.4 cm
diameter.

2.2. Ferricyanide ion reduction

Ferricyanide reduction from a basic electrolyte was
studied due to the ability to easily observe distinct
limiting current plateaus. The solution contained
0.1 MM K3Fe(CN)6 and 1 MM KOH. The temperature
was maintained at 25 °C by means of a thermostated
water bath. A single compartment, double jacketed
glass cell was employed containing approximately
0.75 dm3 of solution. The anode was a platinum mesh

Fig. 1. Various shaft electrode designs: (a) only the top surface is
electroactive with the central shaft connected to one face of the
disc, (b) all electrode surfaces are electroactive with the shaft
connected to one face of the disc, (c) all electrode surfaces are
electroactive with the shaft in the middle of both the upper and
lower surface.

Fig. 2. IRSDE schematic. Dimensions in cm.
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and a calomel reference electrode SCE (0.2412V vs
NHE), placed about 1 cm above the edge of the disc.
The stainless steel IRSDE cathode surface was po-
lished and cleaned with an ultrasonic treatment prior
to each experiment. Linear sweep voltammetric
measurements at di�erent rotation rates were carried
out at 5 mV s±1 in all experiments with an Autolab,
Eco Chemie potentiostat.

2.3. Cupric ion reduction

Copper deposition was chosen for the study of the
radial current distribution on the IRSDE by mea-
suring the deposit thickness as a function of radial
distance. An acid electrolyte consisting of 0.05 MM

CuSO4 and 1 MM H2SO4 deaerated with nitrogen was
used at 25 °C. The cell con®guration was the same as
in the ferricyanide experiments except for the use of a
copper anode and a saturated mercury sulfate re-
ference electrode (MSE) having a potential of 0.64 V
vs NHE. The reference electrode was placed in a ®xed
position 3.5 cm away from the centre of the insulating
shaft of the IRSDE and the ohmic drop was mea-
sured by impedance spectroscopy (Zahner). The oh-
mic drop was 0.3, 0.4, 0.65, 1.7 and 4 W for the 4, 3, 2,
1 IRSDE and RDE, respectively. Due to the poor
adhesion of copper on stainless steel a thin layer of
gold was plated on the IRSDE electrode surface in
some experiments, using a commercial electrolyte
(Autostrike II, Lea Ronal). Polarization curves were
measured in the same manner as in the ferricyanide
reduction experiments. Potentiostatic measurements
were carried out at the limiting current for 120 s at
various rotation rates and electrode sizes. The copper
thickness was measured using X-ray ¯uorescence
(Kevex) taking into account the substrate composi-
tion as well as the additional gold layer. The condi-
tions used for the X-ray ¯uorescence were 300 lm
collimator, 30 kV, 0.1 mA, and 60 s acquisition time

in an air environment. An electrochemical stripping
technique was used as an independent method to
con®rm the validity of the X-ray ¯uorescence results.
(See Appendix.)

3. Results

Typical polarization curves for the reduction of fer-
ricyanide on the 3 cm diameter IRSDE are shown in
Fig. 3 for di�erent rotation rates. The curves were not
corrected for ohmic drop since only the value of the
limiting current is of interest here. Similar limiting
current plateaus were found for the di�erent size
electrodes. Figure 4 shows the inverse of the limiting
current density as a function of the inverse of the
square root of the rotation rate for the four IRSDE
of di�erent size and for the conventional RDE. The
coe�cients corresponding to the linear regression
lines shown in the ®gure are presented in Table 1. A
linear dependency of the limiting current on the
square root of rotation rate is noted for all the
IRSDE with high correlation coe�cients. As the size
of the IRSDE becomes bigger (at constant shaft ra-
dius) the slope of the Levich plot approaches that of
the RDE.

Examples of polarization curves for the copper
system are shown in Fig. 5 for polished and for gold
coated stainless steel substrates, respectively. Ap-

Fig. 3. Ferricyanide ion reduction polarization curves at di�erent rotation rates for a 3 cm diameter IRSDE: (a) 500, (b) 700, (c) 900, (d)
1200, (e) 1600 and (f) 2000 rpm.

Table 1. Ferricyanide reduction linear regression of Fig. 4

IRSDE size Slope Intercept r

/ cm / mA)1 cm2 rpm0.5 / mA)1 cm2

1 0.5369 )0.000 242 71 0.999 27

2 0.650 26 )0.000 263 62 0.999 84

3 0.678 86 )0.000 260 21 0.998 89

4 0.664 04 0.000 383 54 0.999 62

RDE 0.714 17 )0.000 096 88 0.999 62
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proximately the same limiting current value is found
for the two substrate surfaces but the gold coating
signi®cantly a�ects the kinetic regions of both the
copper and hydrogen evolution reactions. After the
polarization curve was completed the copper deposit
on the stainless steel surface was powdery and non-
adherent. In contrast, the copper deposited on the
gold surface was ®rmly attached to the substrate.
Although the surface morphology of the deposited
copper tended to be slightly dendritic if the layer was
thick (several micrometres), it was not powdery as in
the case when the stainless steel surface was used.
Thus the gold surface was used for most experiments
except at high rotation rates when for kinetic reasons
the limiting current was better de®ned with the
stainless steel substrate.

During polarization at large overpotentials gas
bubbles were observed in the acid copper electrolyte.

These did not adhere and freely detached from the
electrode surface. On the other hand, when copious
gas generation occurred the bubbles tended to stick
onto the insulating regions of the electrode holder,
that is, the central Te¯on shaft and the epoxy ring.

The inverse Levich plot for cupric ion reduction, in
Fig. 6, shows a similar behaviour as for the ferri-
cyanide reduction. The linear regression coe�cients
corresponding to the data points for di�erent elec-
trode sizes are given in Table 2. The larger the
IRSDE the closer is the behaviour to a true RDE.
For a purely mass transport controlled process the
inverse Levich plot should go through zero but in
Fig. 6 a slight deviation is observed. This nonzero
intercept is due to a kinetic contribution, and also
re¯ects the di�culty in the copper sulfate electrolyte
to clearly identify the limiting current which can be
partially obscured by the side reaction, particularly at

Fig. 4. Ferricyanide ion reduction inverse Levich plot. IRSDE diameter: (r) 1, (,) 2, (d) 3 and (j) 4 cm; (s) RDE. Solid lines represent
the linear regression of the data.

Fig. 5. Sample cupric ion reduction polarization curves at di�erent rotation rates, comparing a stainless steel (ááááá) and gold electrode (ÐÐ)
surface. IRSDE diameter: 3 cm.
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high rotation rates. Additionally, copper is con-
tinually depositing on the electrode surface during the
duration of the polarization scan and resulting
changes in electrode area could also be re¯ected in the
Levich plots.

The thickness distributions of copper deposited
potentiostatically on the gold surface are shown in
Fig. 7 for di�erent electrode sizes at a constant ro-
tation rate of 400 rpm as a function of radial position
r. The outer edge of the IRSDE is located at the disc
radius, r � rd , and the centre of the shaft is at r � 0.
The applied potential was chosen to be approxi-
mately in the middle of the limiting current plateaus,
)0.8, )0.95, )1.1, )0.9 V vs MSE for the 1, 2, 3 and
4 cm diameter IRSDE, respectively. The three largest
IRSDEs all show a constant deposit thickness away
from the central rotating shaft. There is an increase in
the deposit thickness near the shaft followed by an
abrupt decrease. Unfortunately, it is di�cult to re-
solve the thickness very close to the shaft since the X-
ray ¯uorescence technique provides an average
thickness over the excited microspot region. For the
collimator used here this averaging region is an ellipse
having the size of 0.045 cm for the major axis and
0.032 cm for the minor axis. The in¯uence of rotation
rate on the deposit thickness is shown in Fig. 8 for the
2 and 4 cm diameter IRSDE, respectively. In all cases
there is a large region of uniform thickness and a
perturbed region near the shaft. The increase in
average thickness with rotation rate follows the
square root dependence for both size electrodes.

4. Discussion

The Levich equation describes the limiting current
density for the RDE:

il;RDE � 0:62 nFD2=3mÿ1=6x1=2C �1�
The limiting current density of the RRE is given by
Equation 2 which corresponds to that for the RDE

Fig. 6. Inverse Levich plot of the cupric ion reduction. IRSDE diamter: (r) 1, (,) 2, (d) 3 and (j) 4 cm; (s) RDE. Solid lines represent the
linear regression of the data.

Table 2. Copper reduction linear regression of Fig. 6

IRSDE size Slope Intercept r

/ cm / mA)1 cm2 rpm0.5 / mA)1 cm2

1 0.640 86 )0.000 716 67 0.996 09

2 0.680 63 0.004 046 6 0.993 99

3 0.730 35 0.003 637 2 0.991 75

4 0.830 69 0.001 419 13 0.994 59

RDE 0.867 13 0.002 093 8 0.998 47 Fig. 7. Copper thickness distribution for di�erent size IRSDE
plated at the limiting current for 120 s at 400 rpm.
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but contains an additional term which is dependent
on the ring size [2, 5±7]:

il;RRE � 0:62 nFD2=3mÿ1=6x1=2C
�r3

2 ÿ r3
1�2=3

r2
2 ÿ r2

1

�2�

Here r1 and r2 are the radius of the inner insulating
disc and outer conducting annulus. For a constant
central insulating disc size, as the ring becomes
thinner, r2 becomes smaller, and the limiting current
density increases. If the ring becomes very large so
that r2 � r1 then the RRE behaves as an RDE.

The average mass transfer rate of the IRSDE de-
pends essentially on two parameters, the angular ve-
locity x and the ratio of the shaft to disc radius
a � rs=rd. Due to the hydrodynamics of disc electro-
des a linear dependence of the average limiting cur-
rent of the IRSDE with the square root of angular
velocity should be expected. On the other hand, the
central shaft may create a turbulent region similar to
rotating cylinder electrodes which could lead to an-
other rotation rate dependence near the inner edge of
the IRSDE. Figure 9 shows the inverse of the average
limiting current measured on IRSDE normalized to
that of the RDE and the RRE, respectively, as a
function of xÿ1=2. The linear regression data of
Table 1 was used to calculate the limiting currents of
the RDE and RRE by Equations 1 and 2. The nor-
malized limiting currents of Fig. 9 are constant for all
electrode sizes studied. This con®rms that the central
shaft did not in¯uence the rotation rate dependence
of the average limiting current.

In Fig. 10 the limiting currents for ferricyanide
reduction on the IRSDE normalized to those on the
RDE and RRE, respectively, are plotted as a function
of the radius ratio a. Also shown is the ratio
il;RRE=il;RDE. From Equations 1 and 2 this ratio is
given by

il;RRE

il;RDE
� �r

3
2 ÿ r3

1�2=3

r2
2 ÿ r2

1

�3�

When a > 0 the ratios il;RRE=il;RDE and il;IRSDE=il;RDE

are always greater than one due to the presence of a
radial component which enhances mass transport. At
low values of a the limiting current density on the
IRSDE is nearly the same as that on the RRE while
at high values of a it becomes smaller as the e�ect of
the shaft becomes increasingly important.

The RRE is inherently not a uniformly accessible
electrode surface, unlike the RDE. Due to the central
inert region fresh solution is continually supplied to
the inner edge of the ring thus inducing a radial ¯ux
of species. The local, reaction rate distribution is gi-
ven by Levich:

iRRE�r� � iRDE 1ÿ r3
1

r3

� �ÿ1=3

�4�

Similarly, the copper deposition results in Figs 7 and
8 reveal a radial ¯ux contribution. However, no
analytical solution for the limiting current distribu-
tion on the IRSDE is available and therefore it was
determined experimentally. The local limiting current
density on the IRSDE was determined from the

Fig. 8. Deposit thickness at di�erent rotation rates for the IRSDE having a diameter of (a) 2 and (b) 4 cm, plated at the limiting current for
2 min.
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thickness of the copper deposits and compared to
Equation 4. In Fig. 11 the measured local limiting
currents are normalized to the average value, in-
tegrated over the electrode area. The experimental
data are those presented in Fig. 7 for a rotation rate
of 400 rpm. In the case of a true RDE the local
thickness should be the same everywhere (neglecting
edge e�ects). For the RRE, Equation 4 predicts an
in®nite limiting current density at the inner edge of
the ring electrode and a decrease towards the outer
edge. The data of Fig. 11 show that for the IRSDE
the presence of the shaft leads to a sharp drop of
limiting current in its immediate vicinity. The elec-
trolyte solution at the inner border apparently is not
readily renewed because of the presence of the shaft.
A maximum in the local deposit thickness is observed
at about 0.1 cm away from the shaft wall. This sug-
gests that two opposing e�ects determine the mass
transport conditions at the IRSDE. On the one hand
the shaft inhibits electrolyte renewal near the vertical
wall, while on the other hand a radial ¯ux component
increases the rate of transport at some distance from

the shaft. The data of Fig. 8 indicate that this loca-
lized behaviour is in¯uenced only by the rotation rate
of the disc (xÿ1=2) and is practically insensitive to the
hydrodynamics of the cylindrical shaft.

Based on the described behaviour, an expression
can be proposed for the prediction of the average
limiting current density on the IRSDE. The thickness
distribution measurements reveal that the local re-
action rate is enhanced towards the inner electrode
boundary, similar to the RRE, but at the border of
the rotating shaft the reaction rate is greatly reduced.
Thus, an equation of the same form as Equation 2 for
the RRE is used to describe mass transport at the
IRSDE however, an e�ective inner radius rs,e� bigger
than the shaft radius rs replaces r1. The use of an
e�ective inner radius accounts for the loss of local
reaction rate near the shaft boundary. The value of
rs,e� was determined by ®tting the ferricyanide ex-
perimental data obtained with the smallest diameter
disc of 1 cm. This electrode size corresponded to the
largest a value studied here and therefore exhibited
the biggest deviation from both the RRE and RDE

Fig. 9. Normalized IRSDE limiting current density with (a) a RDE and (b) RRE having the same size electrode as a function of the inverse
square root of angular velocity. IRSDE diameter: (r) 1, (,) 2, (d) 3 and (j) 4 cm; (s) RDE; (ÐÐ) average.
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limiting currents. A reasonable ®t was found for an
e�ective radius of rs,e� � 1.075 rs. Therefore, the em-
pirical Equation 5 describes the average limiting
current for the range of IRSDE geometries studied
here.

il;IRSDE � il;RDE

r3
d ÿ �1:075rs�3

� �2=3

r2
d ÿ r2

s

�5�

The predictions of Equation 5 are compared in Fig. 12
to the ferricyanide data and Fig. 13 to the copper

deposition data. Good correspondence is observed
for both systems.

Although, the IRSDE is a simple alternative for
the inverted RDE some limitations should be men-
tioned. To approach the true Levich behaviour the
ratio a must be small. This requirement can lead to
relatively large electrode areas and a corresponding
need for a high current power supply and a cell of
rather large volume. For example, according to
Fig.10 for a � 0.2 the deviation from the Levich
(Equation 1) is of the order of 5%. For the shaft

Fig. 10. Normalized IRSDE ferricyanide ion reduction limiting current density to that of a RDE and RRE as a function of dimensionless
radius. A comparison between the limiting current of the RRE and RDE (il,RRE/il,RDE) is also shown as the dashed line. Key: (j) il/il,RDE

and (d) il/il,RRE.

Fig. 11. Normalized local to average current density as a function of the local electrode position for di�erent IRSDE sizes: (r) 1, (n) 2, (j)
3 and (d) 4 cm. Also, theoretical thickness distribution predicted by the equation for a RRE with r1 = 0.35 cm and r2: (ÐÐ) 2.0, (- - -) 1.5,
(±ááá) 1.0 and (ááááá) 0.5 cm.
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radius of 0.35 cm chosen here, this leads to an active
electrode area of 37 cm2. The shaft diameter could
probably be made smaller but there is a limit to this
because the mechanical stability must remain su�-
cient to avoid eccentricities of the rotating electrode.
The IRSDE dimensions chosen here were a com-
promise between these di�erent considerations.

5. Conclusions

The IRSDE (inverted rotating shaft disc electrode) is
a simple rotating electrode system which has similar
characteristics as the inverted rotating disc electrode
without the need for a special cell design and sealing.
It allows one to avoid problems due to adherence of
gas bubbles when performing electrochemical studies
under controlled mass transport conditions. Mass
transport at the IRSDE over a wide range of condi-

tions can be described by an equation similar to that
of the rotating ring electrode where the inner radius is
replaced by an e�ective radius. The use of an e�ective
inner radius accounts for the fact that the rate of
mass transport at the inner edge of the active elec-
trode surface is decreased by the presence of the shaft.
For small values of the shaft to disc radius ratio, the
average limiting current density of the IRSDE ap-
proaches that predicted by the Levich equation for a
rotating disc electrode.
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Fig. 12. Predicted IRSDE limiting current determined from Equation 5 compared to the ferricyanide ion reduction data. IRSDE diameter:
(r) 1, (,) 2, (d) 3 and (j) 4 cm; (s) RDE and (ÐÐ) prediction.

Fig. 13. Predicted IRSDE limiting current determined from Equation 5 compared to the cupric ion reduction data. IRSDE diameter: (r) 1,
(,) 2, (d) 3 and (j) 4 cm; (s) RDE, (-----) RDE linear regression; (ÐÐ) prediction.
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Appendix

The calibration of the X-ray ¯uorescence was per-
formed with bulk samples of thick copper which is
interpreted as an in®nite thickness. The local thick-
ness measurement is thus calculated by the intensity
of the X-ray signal emitted. Gravimetry analysis
can be performed to verify the calibration when the
deposit mass is large enough to yield a reliable
weight measurement, but when there is only a thin
deposit layer and the electrode size is small the
change in mass approaches the limit of conventional
scales. In this study copper has a tendency to form
dendrites when the deposit thickness is several mi-
crometres, therefore the thickness was kept on the
order of 1 lm.

The gold RDE was used to check the calibration of
the X-ray ¯uorescence for the copper thickness since
it should have a nearly uniform current distribution
at the limiting current. Deposition was carried out at
the limiting current for two minutes keeping the de-
posit thickness near 1 lm. In order to account for
current e�ciencies that may not be 100% a stripping
procedure was used to measure the amount of anodic
charge, Q, which occurs during the oxidation of the
solid copper to the cupric ion. The stripping curves
are shown in Fig. 14(a) for samples plated with
copper at di�erent rotation rates, for 120 s at a con-
stant potential of ±0.85 V vs MSE. The rotation rate
during stripping was 2000 rpm. The same acid copper
sulfate bath was used for both plating and stripping.
During stripping the potential, uncorrected for ohmic
drop, was swept from the equilibrium potential to an
anodic potential at 5 mV s±1. The scan was ended

when it was clear that the electrode did not have any
more copper on it. The thickness, Dt, was determined
through Faraday's law

Dt � QM
nF qpr2

�A1�

where q is the density of copper and M is the mole-
cular weight.

The thickness distribution measured by X-ray
¯uorescence, in Fig. 14(b), shows a uniform thickness
over the radius of the RDE as expected, except near
the outer edge of the electrode. The average value is
shown as a straight line.

Fig. 14(c) shows the comparison of the two tech-
niques. The stripping results agree fairly well with the
X-ray ¯uorescence and gives con®dence to the results
presented here for the IRSDE.

Fig. 14. (a) Stripping voltammetry used to calculate the copper
deposit thickness from the stripping charge. The copper stripping
curves are shown as the solid curves for di�erent plating rotation
rates, while the gold substrate is presented as the dashed line: (i)
625 rpm, (ii) 400 rpm, (iii) 225 rpm. (b) Copper thickness mea-
surement obtained from X-ray ¯uorescence for deposits plated at
the limiting current at three di�erent rotation rates. (d) 225 rpm,
(j) 400 rpm, (m) 625 rpm. (c) A comparison of the measured
thickness from the X-ray ¯uorescence technique (s) and the elec-
trochemical stripping method (j).
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