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Electrogenerated Chemiluminescence 
XXIII. On the Operation and Lifetime of ECL Devices 

Daniel Laser and Allen J. Bard* 
Department o~ Chemistry, The University oJ Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Factors affecting the lifetime of ECL devices, including decomposition of 
start ing materials, formation of side products which react with radical ions 
or quench excited states, and filming of the electrodes are discussed. The 
mode of operation of the ECL device is shown to be important  in determin-  
ing its behavior and lifetime; operation of. (i) three-electrode pulsed poten- 
tiostatic, (ii) two-electrode pulsed voltage, (iii) two-electrode pulsed con- 
stant  current,  and (iv) th in - layer  cells is discussed and illustrated, in  studies 
of the Ru(bip)8  ~+ system in acetonitrile and the rubrene system in benzo- 
nitrile. 

Electrogenerated chemiluminescence (ECL) involves 
the production of excited state species and ul t imately  
light from the reaction of electrogenerated oxidants 
and reductants (1-7). Since several ECL systems are 
capable of producing fairly bright  light at reasonable 
electrical efficiencies, several applications of practical 
devices based on the ECL phenomenon,  e.g., lasers, dis- 
play devices, image convertors, etc. (8-12), have been 
suggested. For these devices to be practical, however, 
good lifetimes of the systems are required. In  princi-  
ple an ideal ECL system involving stable electrogen- 

erated reactants (e.g., a radical anion, A V, and radical 
+ 

cation, D ' )  should show a very long lifetime, since 
the ECL cycle (e.g., Eq. [1]-[4])  involve no net  chem- 
ical change in the system. In fact most ECL systems 
show a decay in emission with 

A + e --> A-: [1] 

+ 
D -- e-> D �9 [2] 

A 7 + D + A* �9 "+ + D [3 ]  

A* --> A + h~ [4] 

time (minutes to hundreds of hours) under  continuous 
electrical excitation. The rate of this decay depends on 
the nature  and pur i ty  of the ECL system as well as 
the design of the ECL cell and the form of the electri- 
cal excitation. It is the purpose of this paper to discuss 
the factors affecting the lifetime of ECL cells and give 
examples of the behavior of these devices under  differ- 
ent experimental  conditions. 

Experimental 
Purification of the solvents, acetonitrile (ACN) and 

benzonitr i le  (BZN), the support ing e.~ectrolyte, tetra-  
n - b u t y l a m m o n i u m  perchlorate (TBAP),  and the re-  
actants followed previous practice (7, 11). All experi-  
ments were conducted in a Vacuum Atmospheres (Los 
Angeles, California) Glove Box equipped with a Model 
MO 40-1 Dri-Train.  

�9 Electrochemical  Society Act ive  Member .  
K e y  words: electrochemiluminescence, nonaqueous solvents, th in-  

l ayer  electrochemistry, radical ions, cyclic vo l t ammet ry .  

The macro-cell  had a solution volume of 30 mliters 
with an optically flat Pyrex glass window. The work-  
ing electrode was a polished p la t inum disk (0.25 cm 2) 
sealed flush into soft glass and aligned parallel  to, and 
about 1 cm away from, the window. The large auxil i-  
ary electrode was a p la t inum foil (ca. 5 • 2 cm) sur-  
rounding the working electrode and immersed directly 
in the test solution. The reference electrode was a 
silver wire immersed in 10-2M A g N Q  in ACN, con- 
tained in a 6 mm glass tube closed at the bottom by a 
plug of porous Vycor (Corning Type 7930 "thirsty 
glass"), which was held to the glass tube by a piece of 
shrinkable Teflon tubing. For experiments  with work-  
ing and auxil iary electrodes of equal size, two matched 
Pt wires were employed. 

The th in- layer  ECL cells were constructed with two 
pieces of t ransparent  Cu-doped SnO2 glass (Corning),  
ca. 20 ohm/square,  spaced apart  by a thin Teflon spacer, 
and clamped by spring clamps. The active electrode 
area in these cells was ca. 0.5 cm% 

All electrochemical measurements  were made with a 
Princeton Applied Research Corporation Model 176 in-  
strument,  with a Wavetek Model 114 function gen- 
erator, a Mosley Model 7005A XY recorder, and a Tek- 
tronix Model 564 dual beam oscilloscope. Relative l ight 
intensities were measured with a Centralab Semicon- 
ductor solar cell attached to the ECL cell window. 

Results and Discussion 
Failure modes.--There are several modes by which 

an ECL system will undergo changes which will u l t i -  
mately cause a substantial  decrease in l ight emission. 
These are: 

]. Loss of the electroactive substances A and/or  D, 
leading to a decrease in the concentrat ion of the react-  

ing ions A Y and D '+, and thus of the emit t ing species. 

This f requent ly  occurs when the radical ion species A -  
+ 

or D ' decay by reaction with solvent or impurit ies;  in 
this case the rate of decay of in tensi ty  is related to the 
kinetics of the decomposition reaction (13, 14). In  sev- 
eral systems, e.g., A = D _-- rubrene  (in BZN or DMF),  
A ----- D -" tris-bipyridylruthenium(II) (in ACN), A -- 
9,10-diphenylanthracene (DPA), D _--- th ianthrene (in 
ACN), the radical ion species are very stable, and ECL 
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systems which have failed show no or only a very small  
change in the A and D concentrations as determined 
by cyclic vol tammetry  or spectroscopy before and after 
the ECL experiment.  However if the electrode potential  
is not closely controlled and is allowed to move to re-  
gions where later  waves (e.g., production of A 2- or 
D 2+) or electrolysis of solvent or support ing electrolyte 
occurs, then loss of A and D can be significant. This 
occurs because of instabi l i ty  of the dianion and dica- 
tions of most organic species employed in ECL. This 
can happen even in three-electrode potentiostatic ex-  
per iments  if the reference electrode potential  drifts 
dur ing the l ifetime test or if the system goes into large 
oscillations dur ing adjus tment  of the positive feedback 
iR-compensat ion circuit. When this occurs the solution 
often turns a brownish color and it cannot be restored 
to a l ight-emit t ing condition. 

2. Product ion of small  amounts  of side products from 

slow reactions of A -  or D + �9 with other system compo- 
nents or impurit ies;  these side products can react with 

A -  or D "+ decreasing their  life or they may act as 
quenchers of the excited states. These decomposition 
reactions could involve reactions of A 2- (formed on 

disproport ionation of A T) or D ~+ (formed on dispro- 
+ 

port ionat ion of D ' ) .  Although the equi l ibr ium con- 
stants for these disproportionation reactions are small  
(e.g., 10 -8 for a ca. 0.5V separation between E ~ values 
of radical ion and doubly charged ion half-react ion) ,  
the dianions and dications are usual ly  very reactive 
species; this disproport ionation decay of radical ions, 
in  connection with much faster reactions, however, has 
been discussed extensively (15-17). A useful estimate 
of the max imum rate of bui ldup of side-product (or 
rate of loss of reactant)  can be derived as follows: As- 
suming that the electrolysis of the reacting component 
(e.g., A) is diffusion controlled, the moles of species A 
electrolyzed per pulse is 

moles electrolyzed per  pulse ---- i d t / F  

-~ 2AC (Dtf/~)'/2 [5] 

where C and D are the concentrat ion and diffusion co- 
efficient of A, tf is the pulse length, and A the electrode 

area. If A-: decomposes by a first-order or a pseudo- 
first-order reaction with a rate constant, k, the fraction 

of A -  converted to product, Q, is 1 - e -kf~. Thus the 
max imum number  of moles of Q produced per pulse is 

moles Q produced per pulse 
= 2(1 -- e - k t OAC(Dt f / ~ ) ' / 2  [6] 

The concentrat ion of Q produced in  the total solution 
volume, V, after N pulses is 

[Q] -_ 2 (1 - e -kt~) C N ( A / V )  (Dtf /~)  v, [7] 

The total system lifetime, T, is 2Ntf. Moreover, in any 
practical system ktf is small, so that 1 -- exp (--  ktf) is 
essentially ktf. With these substi tutions the lifetime can 
be approximated by 

T =- ( [Q] /C)  ( V / A )  (x /Dt f )  'J;/k [8] 

The t ime required to bui ld up a significant concentra-  
tion of side product for a given k, depends on the pulse 
length and V / A  ratio. For  example, for the typical 
values, D ---- 5 X 10 -6 cm'~/sec and tf ---- 0.01 sec, and 
assuming the device lifetime is at tained when the im-  
pur i ty  level builds up to 1% of start ing substance 
( [ Q ] / C  --- 0.01), the lifetime expression is 

T(hr )  _~ 0.02 ( V / A )  ( c m ) / k  (sec - I )  [9] 

Thus a 1000 hr lifetime requires k < 2 X 10 -3 sec -1 
for a V / A  ratio of 100 cm, characteristic of a large scale 
cell, while a k < 2 • 10 -7 sec-~ is required for a V / A  
ratio of 10 -2 cm, typical of a th in - layer  cell. 

The decreased lifetime of the radical ion species is 
signaled by decreased reversal  currents  in cyclic vol- 
t ammetry  over those originally observed. These side 
products can also behave as quenchers of the generated 
excited states. The radiat ive lifetime of singlet states is 
short (about 10 -8 sec) so that small  concentrations of 
generated quenchers should not be of importance in 
ECL systems where singlet excited states are produced 

directly on reaction of A -  and D + [i.e., S-route  sys- 
tems, e.g., DPA ( -- ) / D P A  ( + )  in DMF]. However t r ip-  
let states have longer radiat ive lifetimes (10 -8 to sev- 
eral seconds) and can be quenched by low concentra-  
tions of side products. Thus systems which involve 
direct formation of triplets followed by t r iple t - t r iple t  
annihi la t ion to produce emit t ing singlets [T-route sys- 
tems, e.g., rubrene  ( -- ) / r u b r e n e  ( + )  in DMF and many  
energy deficient mixed systems] may be susceptible to 
this decay mode. In certain special cases photochemical- 
type reactions of the excited state species ( rearrange-  
ments, cycloadditions, etc.) could also occur. 

The applied excitation signal also affects this decay 
mode. The assumption has been made that the anodic 
and cathodic coulombs were equal, so that  no excess 

+ 
of either A -  or D" is produced over long, repeated 
pulsing. However this condition is only obtained by 
careful control and appropriate relative electrode areas. 
In the absence of this condition one of the reactants 
builds up in the bulk  solution and can show more ex- 
tensive decomposition to side products. 

3. Production of side products from the electrolysis 
of impurit ies in the solvent, support ing electrolyte, or 

radical ion precursors, which can react with A- and/ 
or D + or quench the excited states. For example traces 
of water, which are difficult to remove from solvents 
such as DMF and ACN, could be oxidized on anodic 

pulses to oxygen, which in turn could be reduced to 027 

on cathodic pulses. Electrogenerated O2 U has been 
shown to react as a nucleophile and as a base (18). In 
the process free radicals such as HO2' and HO' are 
produced, which may initiate chain reaction decomposi- 
tion of system components. Since 2 ppm water repre- 
sents 0.1 mM water, or 1-10% of the A and D species, 
very high puri t ies  of system components are required. 
If electrolysis of the solvent or support ing electrolyte 
occurs, either because of lack of control of the applied 
signal or because the radical ion generation processes 
occur on the foot of background discharge, deleterious 
substances can also be generated. For example, it is 
known that the light level of the DPA ( - - ) / D P A  ( + )  
in the DMF system decreases sharply when the poten-  
tial of the Pt generat ing electrode reaches those where 
cathodic background currents  become appreciable (19). 

4. F i lming of the electrode by production of insolu-  
ble products (e.g., polymers) from side reactions of 
the radical ions, or by electrolysis of impurities, sol- 
vent, or support ing electrolyte. These films can cause 
progressive blockage of the electrode or by bui ldup 
of a layer which can catalyze side reactions. When this 
form of decay is important,  removing and polishing the 
electrode and re turn ing  it to the ECL system will at 
least part ial ly restore the emission. This behavior  was 

noticed upon generat ion of DPA ? in ACN (19); other 
examples of filming are discussed below. 

Electrical exci tat ion of ECL.--The discussion of fail-  
ure modes points to the importance of the mode of elec- 
trical excitation to long term stability. In  general a de- 
sirable mode of excitation will (a) main ta in  the elec- 
trode potentials of both working and auxil iary elec- 

- -  + 

trodes in regions where only A and D �9 can be pro-  
duced; (b) be coulometrically symmetric, i.e., have 
equal anodic and cathodic (faradaic) coulombs on 

al ternate pulses; (c) maximize reaction between A :  
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and D +, i.e., cause the direct oxidation of A T and re- 
+ 

duction of D �9 at the electrode to be minimal.  For  ex- 
ample the square wave potentiostatic mode causes very 
little loss of the radical ions by direct electrolysis, 
while appreciable losses occur with the sinusoidal or 
t r iangular  wave potentiostatic or constant current  
modes.  

Potentiostatic (three-electrode) puZsed mode.--This 
method is that employed in most recent experimental  
ECL studies and has been treated theoretically (13, 14, 
20). With regard to operation of a long-durat ion cell 
the design of the reference and auxi l iary electrodes be- 
comes important.  The reference electrodes f requent ly  
employed in ECL are silver or p la t inum wire  quasi- 
reference electrodes which show reasonable stabili ty 
over experiments of a few hours durat ion but  which 
show much too large drifts in potential  with continuous 
pulsing over long time periods to be reliable. Other, 
more poised, reference electrodes, like the aqueous 
saturated calomel electrode (SCE) can leak undesi r -  
able amounts of water  or alkali metal ion into the ECL 
solution on prolonged immersion, even when separated 
with double s intered-disk salt bridges. We have found 
that  the Ag/Ag + (ACN) contained in a porous Vycor 
tube, as described in the Exper imental  section, main-  
tained a reproducible and constant  potential, and 
showed no detectable leakage of Ag + into the main 
body of solution after many  tens of hours of use. The 
auxil iary electrode design is also of importance, since 
uncontrol led electrochemical processes occur there and 
these may lead to solution contamination. The usual  
electrochemical technique of isolating the auxi l iary 
electrode in a separate chamber separated from the 
working electrode chamber  by sintered glass disks, salt 
bridges, etc., is not desirable in ECL since this greatly 
increases the power necessary to drive the cell, and may 
prevent  potentiostatic control of the working electrode 
in the early stages of pulse reversal when large cur-  
rents flow. An auxi l iary electrode which is somewhat 
larger than the working electrode and  immersed di-  
rectly into the ECL solution compartment  in a geome- 
t ry  where the current  density across its surface is fairly 
uniform can be employed. The current  density at its 
surface will be smaller  than that at the working elec- 
trode, and hence it will  at tain less negative and less 
positive potentials (with respect to the adjacent solu- 
tion) than those of the working electrode. Certainly a 
small  auxil iary electrode is to be avoided, since it will  
be forced to more negative and positive potentials caus- 
ing undesired electrode reactions to supply the current  
required for potentiostatic control of the working elec- 
trode. The role of the auxi l iary  electrode is i l lustrated 
in a discussion of two-electrode cells in the next  sec- 
tion. 

To i l lustrate the necessity of potential  control and 
the behavior of an ECL system under  continuous long- 
term pulsing we consider the tris-bipyridylruthe- 
n ium( I I )  (Ru(bip)82+) system in ACN. The electro- 
chemistry and ECL of this system have been described 
(21, 22). Briefly, Ru (bip) 32 + undergo es three reversible 
reduction steps (to the +1, 0, and --1 species) and a 
reversible oxidation (to the +3  species) in dry, deoxy- 
genated ACN (Fig. 1). Controlled potential  coulometry 
experiments have demonstrated that the +3  species is 
very stable, but  that the + 1  species, although appar-  
ent ly stable on the cyclic voltammetric  t ime scale, un -  
dergoes a very slow decomposition reaction (22). ECL 
results from reaction of the +3  species with either the 
+1, 0, or --1 generated on the cathodic cycle. The ap- 
plication of al ternate potential  steps between ~-1.200 
and --1.900V vs. Ag/Ag + with 95% iR compensation, 
i.e., from oxidation to second reduction wave, with a 
frequency of 100 Hz (i.e., tf : 5 msec) in a cell with 
V ---- 20 cm 8 and A ---- 0.25 cm 2 produced intense ECL 
with a half-life, Tz/2, (the t ime for the ECL intensi ty  
to decrease to one-half  its initial  value),  of about 5 hr. 

i', 

i , i 

I I O U A  , , 

i I I I I I I 
§  o - 1  -2  L 

I[ / Vol t  V ,  AISAg 4" Ref. 

Fig. 1. Cyclic voltammetry of 0.6 mM Ru(bip)3(CIO4)J0.1M 
TBAP/ACN solution at Pt electrode with a scan rate of 100 mV/ 
sec. - - - - ,  Original solution; - - - ,  the same solution after 5 hr 
of ECL production by pulsing between -I-1.20 and --1.90V at 
100 Hz after which no further ECL emission is observed. 

The cyclic vol tammogram at this t ime taken at the 
same working electrode in the ECL cell is noticeably 
different than the original one (Fig. 1). The height of 
the reduction peaks ( + 2  -* +1, +1  --> 0, 0 --> --1) de- 
pend on the positive potential  the electrode has at-  
tained during the anodic scan; they are larger (and 
anomalous) when the anodic scan includes the + 2 / + 3  
wave than when the scan stops at the foot of this wave. 
Similar ly the + 2 / + 3  wave is anomalous when the 
cathodic scan includes the +2/-t-1 wave. This behavior 
is evidence of surface changes at the electrode causing 
changes in electrochemical reaction. Fur thermore  a 
ye l low-brown precipitate covers the electrode surface. 
If the electrode is removed from the ECL cell in an 
inert  atmosphere box, polished with 0.03~ a lumina and 
replaced, both the original cyclic voltammetric  be- 
havior and the original ECL intensi ty  is restored. 

The nature  of the interfer ing precipitate was eluci- 
dated by some experiments at the RRDE. As shown 
previously (22) when the disk potential  is held at the 
second reduction wave (production of Ru (bip) 3 ~ and 
the ring potential  held at the foot of the first reduction 
(corresponding to oxidation 0 --> +2 ) ,  the disk cur- 
rent, after a short time of constancy equal to twice the 
current  of the first reduction wave, begins to increase 
with time (up to a one order of magnitude increase) 
without a corresponding increase in the ring current.  
This lack of increase in the r ing current  demonstrates 
that the increasing disk current  cannot be at t r ibuted to 
formation of soluble Ru(bip)8 ~ If the disk potential  
is scanned back toward more positive potentials a large 
oxidation disk current  peak is observed at potentials 
corresponding to the +1  --> + 2  wave. A similar large 
oxidation current  peak is seen at the ring at this t ime 
(ER -:-- 0.0V). These results can be explained by the 

formation of a deposit on the disk electrode. This de- 
posit catalyzes the reduction of solvent or electrolyte 
(giving rise to the enhanced disk current)  and is oxi- 
dat ively stripped off during the positive potential  
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sweep. The na ture  of the deposit has not been e s t a b -  
l i shed .  It could be some form of Ru (bip)3 ~ itself or Ru-  
metal  formed by its decomposition. Attempts to repro- 
duce this effect on a s tat ionary Pt  electrode by electro- 
deposition of finally divided Ru-meta l  were unsuccess- 
ful. A deposit of a zero-valent  Ru-species would ex-  
plain the str ipping experiment,  if the disk oxidation 
peak represented the oxidation of this deposit to the 
-5 1 species while the r ing current  represented the fur-  
ther oxidation of -5 1 --> -52. An al ternate explanat ion 
would require fall ing away of some of the zero-valent  
species dur ing the oxidation scan producing -5 1 species 
(upon reaction with -52 in the gap region) which is 
oxidized at the  ring. Thus for the long durat ion ECL 
with the Ru (bip)8 + 2 system the second reduction wave 
must  be avoided; pulsing to the second reduction wave 
is also undesirable,  because of lack of coulombic sym- 
metry  and the consequent slow bui ldup of reduced spe- 
cies in the bulk  solution. Since the first and second 
reduction waves are separated by only about 200 mV, 
close potential  control (better than --+50 mV) is r e -  
quired,  with the negative potential  l imit  adjusted b e -  
t w e e n  Ep/2 and Ep of the first reduction wave. The posi- 
tive potential  l imit  was at or beyond that peak for th e  
oxidation to the -53 species. Under  these conditions, 
with pulsing between --1.650 and -51.100V at 100 Hz 
for a 2.5 mM Ru(bip)32+, 0.1M TBAP solution in ACN, 
the ECL emission increased slightly from its ini t ial  
value and main ta ined  this level for 50 hr. The in ten-  
s i ty- t ime behavior in this system is shown in Fig. 2; 
the  exper iment  was terminated at 112 hr. Cyclic vol- 
t ammet ry  after this period shows no change in 
Ru(bip)  32 + concentration, but  evidence for production 
of a small amount  of an unidentified electroactive spe- 
cies is found (Fig. 3). 

Voltage (two-electrode) pulsed mode.--Practical ECL 
devices will probably be based on two-electrode sys- 
tems. The way in which the potentials of the working 
electrode and the counterelectrode vary during pulsing 
with a low impedance function generator depend on 
the  cell geometry and relative electrode areas. In this 
mode the technique of applying a symmetrical  square 
wave to the cell and increasing the voltage unt i l  maxi-  
mum emission is observed or a l ternat ively applying a 
signal of • (the peak potential  separation) can re-  
sult in  overdriving the cell and degraded device life. 

Before the system is per turbed both electrodes are at 
their open-circuit  or rest potentials, which will be es- 
sential ly identical, if both electrodes are composed of 

~6  

1 ~ECL 
a u 

0.4 

0.2 

@ m M 

J 

I " ime / /H r  s 

Fig. 2. ECL intensity vs. time behavior for a 2.5 mM 
Ru(bip)3(CIO4)2/0.1M TBAP/ACN solution with pulsing between 
-I-1.200 and --1.550V vs. Ag/Ag + (ACN) electrode at 100 Hz. 
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Fig. 3. Cyclic voltammetry of the system of Fig. 2 at a scan rate 
of 100 mV/sec. (a) Original solution; (b) after 120 hr of ECL pro- 
duction. 

the same material  and have been subjected to similar 
pretreatments;  this rest potential  will general ly be 

- -  4 -  

s o m e w h e r e  between the A / A  and D/D �9 half-react ion 
potentials. When the voltage step, V, is applied be- 
tween the working and counterelectrodes the potentials 
of the electrodes move in opposite directions such that  
their difference plus the solution /R-drop equals V, 
with the current  in one electrode being equal in magni-  
tude and opposite in direction from that in the other. 
When the pulse is reversed the electrode potentials 
switch to new values which again satisfy the aforemen- 
tioned conditions, but  in general  they do not simply 
interchange the potentials observed during the first 
pulse. Let us consider two possible cases when (a) the 
auxil iary electrode is much larger than the working 
electrode and (b) both electrodes are the same size and 
the rest potential  lies about midway between the peaks. 

In case (a) the current  at the auxi l iary electrode 
during the pulse will be largely (or even completely) 
nonfaradaic and will be consumed in charging the elec- 
trical double layer (dl) i.e., most of the current  will be 
consumed in moving the electrode potential  of the aux-  
il iary from its rest potential, but  the potential  of this 
electrode will not at tain a value where a faradaic reac- 
tion can occur. The shift in the auxi l iary electrode po- 
tential  is thus inversely proportional to its dl capacity 
and hence its area; if the area is large enough (com- 
pared to the coulombs passed during the pulse),  its 
potential  will only shift very slightly from the rest 
potential. For the small area working electrode how- 
ever, the electrode rapidly charges its dl and then car- 
ries out a faradaic oxidation or reduction. Under  these 
conditions the small working electrode shifts by almost 
the total of the applied pulse, V. For example, if the 
working electrode moved immediately to the diffusion- 
l imited plateau region, the faradaic current  in the sys- 
tem would be governed by the Cottrell equation and 
the total coulombs passed during the pulse would be  
given by [5] plus the coulombs needed to charge the 
working electrode Qdlw. The large auxi l iary electrode, 
of area Aaux, will only shift by an amount  AEaux, given 
by 

2AwF(Dtf) '/2 ~-'/2 -5 Qdlw 
~Eau~ ----  [103 

AauxCdl 

where Cd, is the dl capacity per uni t  area of the auxil i -  
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ary electrode. For example, for Aw/Aaux -- 100, con- 
centrations in the mM range, and Cdt of 10 #f/cm 2, AEaux 
will be about 100 mV for a 100 msec pulse. To i l lustrate 
this effect, we describe an ECL exper iment  with a so- 
lution of 2 mM rubrene  and 0.1M TBAP in benzonitrile, 
with two p la t inum electrodes of ratio 80: 1. An Ag/Ag + 
reference electrode was employed to monitor  the po- 
tentials of both electrodes as a voltage pulse of • 
was applied across the Pt  electrodes at a frequency of 
10 Hz. The results, shown in Fig. 4, demonstrate that 
the large auxil iary electrode stays within • mV of 
its rest potential  (+0.6V vs. reference electrode), while 
the small electrode moves • from its rest potential  
to potential  regions where secondary electrode reac- 
tions occur. (The slightly larger shift of the auxil iary 
electrode potential  immediately after pulse reversal 
is caused by the large /R-drop at this t ime which is 
included mainly  in the measured auxil iary electrode 
potential, because the reference electrode was located 
near  the small  working electrode). Thus, for this con- 
figuration, the large auxil iary electrode behaves as a 
practical reference electrode and the proper potential  
program can only be achieved by knowing the system 
rest potential  and applying an unsymmetr ica l  voltage 
program derived from the cyclic vol tammetry  of the 
system. If the rest potential  does not lie exactly mid-  
way between the redox potentials for reduction a n d  

+ 2 . 1  

- - 2 . 1  

�9 4- 2 . 0  

V o l t  

- 2 . 0  

- I - l .0  

- - 1 . 0  

r 

I ! 
40 msoc.  

Fig. 4. Potentials of working and auxiliary electrodes (area ratio 
ca. 1:80) in the two-electrode voltage pulsed mode of operation. 
The solution was 2 mM rubrene/0.1M TBAP/BZN. (a) Applied 
voltage; (b) potential displacement of small electrode; (c) potential 
displacement of large electrode. 
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oxidation, an applied symmetrical  (square) wave equal 
to one-half  the peak separation either may not produce 
efficient ECL or may lead to "overpulsing" and short- 
ened lifetime. Certainly a square wave of ampli tude 
equal to the peak separation will lead to rapid system 
deterioration. 

Case (b) involves two electrodes of the same size 
with the rest potential  lying approximately midway 
between the peak potentials. In this case both elec- 
trodes will shift about the same amount  in potential  in 
opposite directions from the rest potential, i.e., the ap- 
plied potential  is shared between the electrodes. This 
effect is i l lustrated in Fig. 5, where the conditions are 
the same as case (a) (Fig. 4), except that the elec- 
trodes are of equal size. Here both of the working 
electrodes shift by about _ I V  vs. the reference e~[ec- 
trode for the • applied; the slight asymmetry  in 
the shifts is caused by the rest potential  not lying ex- 
actly midway between the peak potentials, but, in fact, 
lying about 50 mV toward Epa. Thus the desired poten- 
tial program for two equal size electrodes involves ap- 
plied voltages essentially twice as large as for the very 
smal l -very  large case, but  both electrodes produce 
light. If the rest potential  does not lie midway between 
the peaks, the general  behavior wi]I be the same, but  
the unequal  extent of charging of the two electrodes 
will make behavior more complicated when the amount  
of nonfaradaic charge per pulse is appreciable. 

For the general case of two electrodes of unequal,  
but not very disproportionate, size, the behavior  will 
be intermediate  to cases (a) and (b) above, and a 
carefully selected and controlled potential  program is 
required; a symmetrical  square wave will, in general, 
not be suitable. 

Constant current pulsed mode. - -A two-electrode mode 
in which al ternate anodic and cathodic constant  current  
pulses are applied has been suggested (23). This mode 
has the advantage of precise coulombic symmetry  with 
simple control circuitry. However, the coulombic ECL 
efficiency is smaller  in this mode and the applied cur-  
rent  density, to, and pulse duration, fr, must  be main-  
tained in a ra ther  nar row range to obtain ECL yet pre-  
vent  overdriving. The applied current  again is dis- 
t r ibuted between dl charging and the faradaic process; 
in this case the rate of dl charging is controlled by io, 
with appreciable charging occurring before any fara-  
daic process begins. Thus iotr must  be larger than the 

L 
2V 

'-2V 

-b - " f ~ . . . . .  ~ ]~'2V 

I I 
50  m s e c  

Fig. 5. Potentials of working and auxiliary electrodes (area ratio 
1:1) in the two-electrode voltage pulsed mode. Solution as in Fig. 4. 
(a) Applied voltage; (b) potential displacement of electrodes. 
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number  of coulombs requi red  to charge  the dl, app rox i -  
ma te ly  CdI-~E (i.e., about  2 )< 10 -~ coulombs /cm 2 for 
10 ~f/cm 2 dl capaci ty  and 2V s tep) .  However  iotf'/2 must  
be main ta ined  be low io'~ 1/2, where  v, the  chronopotent io-  
metr ic  t ransi t ion time, is given by  (24) 

to.d/2 = ~'/2FnD~/2C/2 ---- 85.5 nD'/2C (mA-sec'/2) [11] 

if the e lect rode potent ia l  is to be main ta ined  at  values  
where  secondary  electrode react ions do not occur. Ac-  
tua l ly  Eq. [11] per ta ins  to a single constant  cur ren t  
step; the t rans i t ion  t ime under  constant  puls ing condi-  
tions wi th  continuous regenera t ion  of pa ren t  wil l  be 
close to this value.  The useful work ing  range of io and 
tf in ECL based on these cr i te r ia  is shown in Fig. 6, 
under  the simplif ied assumption that  dl charging is 
separable  f rom the faradaic  process. 

With  constant  cur ren t  ECL, upon reversal ,  the cur-  
rent  first is consumed to ta l ly  in revers ing  the process 
of the  preceding pulse, wi thout  generat ion of a r eac t -  
ing species requ i red  for l ight  emission. For  example ,  if 
the first cur ren t  pulse  was cathodic and led to p roduc-  

tion of A -  (Eq. [1]) ,  then  dur ing  the t ime per iod  up 
to (1/3)tf ,  the  nex t  anodic pulse would  to ta l ly  involve 

the oxidat ion  of A -  to A, as is usual  for  reversa l  chro-  
nopoten t iomet ry  (25). Af te r  this t ime the potent ia l  
jumps  in a posi t ive direction, at  a ra te  p r i m a r i l y  de te r -  
mined by  dl charging,  to values  where  oxidat ion  of D 
occurs (Eq. [3]).  Dur ing  this t rans i t ion  per iod  ox ida-  

+ 
tJon of A -  to A continues. However  once D " produc-  
t ion begins at  the electrode,  direct  e lec t rode  oxidat ion  

of A -  becomes negl igible  and ECL commences. The 
observed exper imenta l  behavior  (Fig. 7) shows the de-  
lay  in emission in tens i ty  on reversal ,  fol lowed by  a 
sharp  increase, a maximum,  and slow decay, in agree-  
ment  wi th  the  resul ts  obta ined by  a digi tal  s imulat ion 
for this mode of operat ion.  

The max imum s teady-s ta te  ECL efficiency under  
these conditions,  neglect ing dl charging,  is 0.62 tha t  for 
the po ten t ia l - s tep  mode. The s imulat ion results  also 
predic t  an in tensi ty  propor t iona l  to the  current ,  inde-  
pendent  of cycling frequency.  Moreover  the total  num-  
ber  of photons emi t ted  per  pulse is p ropor t iona l  to io 
at  fixed frequency,  is p ropor t iona l  to tf at fixed io, and 

~otf, . In practice,  is inverse ly  propor t iona l  to io at fixed " "~ 

+ 8 0  

u A  

- 80 

4- 1 

V o l t  

- 1 

a . u  

a ,I L 

! I 
0.5 sec.  

Fig. 7. Pulsed constant current ECL for a 2 mM rubrene/0.1M 
TBAP/BZN solution. (a) Applied current; (b) working electrode 
potential; (c) light intensity. 

however,  dl charging is not  negligible,  so tha t  a l though 
the propor t iona l i ty  to io at fixed tf is observed (Fig. 
8A), the in tensi ty  is r e l a t ive ly  smal le r  at  h igher  f r e -  
quencies because of the re la t ive ly  grea te r  impor tance  
of the nonfaradaic  processes at smal l  tf values  (Fig. 
8B). Within  the l imita t ions  of the method, however,  
this operation mode may be preferred to a controlled 
voltage mode for long lifetime operation. 

Special controlled current modes which conserve the 
desirable features of constant current operation but 
overcome some of its problems, are also possible at the 
expense of greater driver complexity. For example a 
double pulse current mode, similar to that used in 
galvanostatic studies of fast electrode reactions (26) 
could be employed. This would involve a short, very 
large current pulse to charge the dl and, in ECL, also 
rapidly drive the electrode potential into the region 
where ECL begins, followed by a lower current of 
magni tude  sufficient to main ta in  ECL (if the  second 

! 

2 

10-z 

i i I I [ I I I I I l 

10 ~3 2 s 1c~ 2 2 s Lo 1 
Pulse Time / Sec. 

Fig. 6. Useful working region for pulsed constant current ECL. 
(a) Double layer charging limit, assuming itp = 20 ~coulombs/cm2; 
(b) upper (transition time) limit for /'r 1'~" = 0.2 mA �9 sec/cm 2 (i.e., 
for n = 1, D = 5 X 10 - 6  cm2/sec and C = 1 mM); . . . .  , upper 
limit for i as in (b), except for C = 2 mM. 

CL 
u 

A B 

J I 
1oo mser  

Fig. 8. Light intensity profiles in pulsed constant current ECL 
(conditions as in Fig. 7) with (a) pulsing at 1 Hz for currents of 
a-g 100, 90, 80, 70, 60, 50, 40 ~A; (b) constant current of 100 ~A 
for pulsing at 1, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2 Hz, respectively. 
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current  were too low the potential  would drop back to 

the region where only reversal, e.g., A -  --> A, oc- 
curred).  This double pulse, constant current  mode 
would require very careful adjus tment  and control to 
prevent  overdriving, however. 

Thin-layer cel~, d-c mode.--Thin- layer  ECL involves 
the use of two closely spaced electrodes (at least one 
of which is t ransparent)  in which, during d-c electrol- 
ysis, the oxidized and reduced forms produced at the 
different electrodes diffuse (and migrate) together, near  
the middle of the interelectrode spacing, to annihilate,  
and produce light, and regenerate start ing materials. 
The basic principles of th in- layer  electrochemistry 
have been reviewed (27-29) and some th in- layer  ECL 
experiments have been at tempted (30-32). Thin- layer  
ECL has the advantage of producing a continuous and 
steady-state light with a low voltage d-c excitation. 
Only the rotat ing r ing-disk electrode (RRDE) has been 
capable of producing t rue steady-state ECL previously 
(19). Moreover the close spacing minimizes the iR 
drop between the electrodes and the d-c operation 
eliminates charging current  contributions, except dur-  
ing the initial  switching on of the cell. However the 
very small cell volume places severe requirements  on 
solution pur i ty  and reactant  stabili ty if long-life opera- 
t ion is to be attained. 

The behavior of a th in- layer  ECL cell follows that of 
the usual  twin-electrode th in- layer  cell (27-29), except 
that the concentrat ion profiles of the electrogenerated 

+ 
reactants ( A -  and D ' ) are such that, assuming equal 
diffusion coefficients and equal concentrations of A and 
D, both will have zero concentrat ion in the middle of 
the cell at steady state. Thus, the l imit ing steady-state 
current  will  be 

i~s lira = nFADC/0.5I [12] 

where I is the interelectrode spacing (cavity thick- 

ness);  the concentrat ion profiles of A -  and D + will  
be linear. The steady-state current-appl ied voltage be-  
havior of the cell, assuming reversible electrode reac- 
tions, will be given by 

2RT ln ( issma ) 
AV -- ~E1/2 -F nF \ - 1 -~ iss Rcell [13] 

"/'ss 

where .~V is the applied cell voltage, AE1/2 is the dif- 

ference in half-wave potentials between the A / A :  and 
+ 

D / D '  reactions, and iss lira is the l imit ing steady-state 
current  which obtains when the parent  concentrations 
at the electrode surface are essentially zero. The ECL 

intensity, I, is proportional to the flux of A -  and D + 
at the middle of the cavity and hence is proportional to 
the current  

I = ~bEC L iss/nF [14] 

just as in RRDE experiments  (19). 
The behavior of th in- layer  ECL cells was tested 

using the rubrene  in benzonitr i le  and Ru(bip)32+ in 
ACN systems. Satisfactory lifetimes could only be ob- 
tained when no supporting electrolyte (TBAP) was 
added to the cell solution. For the Ru(bip)~ 2+ system 
this cation and the C104- counterion served as electro- 
lyte. For the rubrene  system, small amounts of impur i -  
ties, perhaps introduced in the drying stages, probably 
served as electrolyte unt i l  the concentrat ion of electro- 
generated ions buil t  up to aid in the conduction. The 
results, shown in Fig. 9 and 10, fit the predicted be- 
havior quite well. The lack of proportionali ty of I and 
iss at low iss values shown in Fig. 10, is reminiscent  of 
the "foot" observed in I vs. disk current  in RRDE ECL 
studies (19), ascribed there to reaction of low levels 
of impurities with the excited states. 

The rise time in a th in - layer  ECL cell depends upon 
+ 

the t ime required for A -  and D '  to diffuse together 

T ECL 
8.u 

] I [ i I L 
AE  / VOLT ~ 2.s 2,4 2 

Fig 9. Thin-layer ECL for 4 rnM rubrene/BZN for 50/~ spacing 
and scan r a t e  of 2 mV/see. (a) Current vs. applied voltage; (b) 
light intensity vs. applied voltage. 
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Fig. 10. Light intensity vs. applied d.c. in thin-layer ECL (eondi- 
tions as in Fig. 9). 

after the current  flow commences and for the current  
to decay to its l imiting value. To a first approximation 
then, light emission should commence at ts = 12/16D, 
(or for l = 100 and 20 ~m, ts is of the order of one and 
0.04 sec, respectively).  A more sluggish response sug- 
gests the occurrence of some slow chemical step or 
quenching of the excited state species. In the absence of 
complications the intensi ty should then level off at the 
value given by Eq. [14] (Fig. 11). In  all cases we have 
observed a decay in  signal level with time, probably 
indicative of the processes which l imit  the lifetime of 
the large cells but  which are greatly accelerated be-  
cause of the small cell volume. We should note that 
while half-l ifetimes of about 10 min  can be obtained in 
cells that contain no added TBAp, those that contain 
the usual 0.1M levels of TBAP have considerably 
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On Off 

I ~ l i i I I e I , I SOC 

O 5 lO 

Fig. 11. Transients in thin-layer ECL. (a) Light intensity; (b) 
current cell. Spacing, 30/~ (other conditions as in Fig. 9). 

shorter lifetimes (maximum of about 3 min) ,  suggest- 
ing that the support ing electrolyte may be an impor-  
tant  source of impurit ies or quencher progenitors in 
ECL systems. 

The th in- layer  cell can also be operated in the pulsed 
cyclic mode. For pulse lengths small  with respect to the 
t ime to diffuse half the cell thickness, the previous two- 
electrode t reatments  apply. For pulse lengths of the 
order of t~, when the electrode polari ty is reversed a 
sharp l ight  spike is observed, because of the new an-  
nihi la t ion reactions occurring near  the electrodes; the 
l ight then decays unt i l  the mid-cel l  reaction becomes 
impor tant  and the light increases again toward its 
s teady-state value (Fig. 12). In both the d.c. and pulsed 
mode th in - layer  ECL cells will be useful in  s tudying 
decay mechanisms in ECL cells and in accelerated life 
testing. 

The small  interelectrode spacing of the thin layer  
ECL cell makes possible the use of solvent systems 
which would be too resistive for conventional  electro- 
chemical cells. For example a solution of 105 ohm-cm 
specific resistance will only produce a 50 mV iR drop 

O -  ! ! 

o.s sec. 

Fig. 12. Effect of reversal of electrode polarity in thin-layer cell. 
(a) Current; (b) light intensity (cell and solution as in Fig. 11). 

for l = 20 #m and a current  density of 250 #A/cm% 
In the presence of low electrolyte concentrations very 
high fields can be produced inside the cell by using 
external  high voltage sources. These would lead to ap- 
preciable migrat ion of the electrogenerated species, i.e., 

+ 
in effect the D" and A -  would be "fired" at one an-  
other by the large field gradient. The study of ECL and 
electrochemical reactions under  these conditions is po- 
tential ly of interest  and is cur rent ly  under  study. 

Steady-state efficiency of ECL cells.--The measure-  
ment  and kinds of efficiency in ECL have been dis- 
cussed (14, 19, 33). What is of interest  in ECL devices 
is r ss, the number  of photons emitted per number  
of faradaic electrons passed, per pulse, after sufficient 
repetit ive cycles that  steady-state electrochemical be- 
havior is observed 

l t IdtN 

r ~ -- [15] 
#~' idtN 

The max imum value of this parameter,  which applies 
when ~bECL ~ 1, i.e., when every radical ion encounter  
produces an emitted photon, depends on the mode of 
electrical excitation and cell geometry. This can be 
estimated by digital s imulat ion (13, 14, 20) of repeti t ive 
pulses with the appropriate boundary  conditions. The 
efficiencies quoted here are based on simulations in 
which only a single species (e.g., species A) is the par-  

- + 
ent of both radical ions (A and A" ) and all species 
have equal diffusion coefficients. It is assumed that the 
radical annihi la t ion reaction is diffusion, controlled and 
leads directly to an emit t ing species which emits with 
uni t  efficiency (luminescence quan tum yield of one). 
The simulat ion employed 2000 simulat ion t ime units  
(L) per pulse. 

For the pulse potentiostatic (three-electrode) mode, 
assuming that only the working electrode emits, the 
following values of r obtained by counting the total 
number  of annihilat ions per pulse and dividing by the 
total electric charge required in that  pulse, were ob- 

+ 
tained beginning with pulse 1 (production of A " : pulse 
1, 0; 2, 0.549; 3, 0.462; 4, 0.507; 5, 0.484; 6, 0.494; 7, 0.491; 
8, 0.489. Thus the l imit ing value of r ~ 0.49. For 
example, during a cathodic pulse, N, 49% of the cur-  

rent  produces A - w h i c h  reacts with the A + produced 
dur ing the previous pulse ( N -  1) and the remainder  

produces excess A -7 which will  react wi th  A + �9 in the 
pulse N + 1. Only about 2% of the current  is consumed 

+ 
by direct reduction of A ' (in the two-electron reaction 

to form A - )  at the electrode and very little of the A -  
produced in this pulse will eventual ly  diffuse into bu lk  
solution. Steady state is at tained after about 7 or 8 
pulses, and at steady state the concentrat ion profiles of 

the electrogenerated species (A T in pulse N) and the 
+ 

reacting previously generated species (A - in pluse N -- 
1) are essentially the same from pulse to pulse except 
for a small diminishing tail  of the species first produced 

+ 
(A " in the example) spreading out into the bulk  solu- 
tion. The value r = 0.49 implies that under  ideal 
conditions, the coulombic efficiency approaches the 
max imum possible value for pulsed ECL efficiency 
(0.50) and that  few faradaic electrons are lost in the 
process. For two-electrode cells in the voltage pulsed 
mode, for case (a) (large auxil iary electrode), the 
max imum value of q~cou~ ss is the same as in the potentio-  
static case. For ease (b) (electrodes of equal size), both 
electrodes will emit, so the over-al l  cell efficiency can 
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approach a m a x i m u m  value  of 98%. In  the constant  
cur rent  mode, because of the  grea ter  extent  of non-  
radia t ive  radical  ion loss by  direct  e lectrode reaction, 
the  max imum efficiency pe r  e lec t rode  is only 30% (or 
60% for emission at both e lectrodes) .  The t h in - l aye r  
d-c  cell  wil l  show a m a x i m u m  efficiency of 100%, since 
every  radical  ion produced should u l t ima te ly  annihi la te  
in the middle  of the cell. The prac t ica l  efficiencies of 
cells wil l  depend on the actual  value of ~bECL (for the 
most efficient systems, this lies in the range of 0.01 to 
0.1), the magni tude  of the nonfaradaic  cur ren t  and the 
cell resistance. 
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Technical Notes ~ J 

Penetration of Hydrogen into Aluminum on 
Exposure to Water 

Henry Leidheiser, Jr.* and Narayan Das 
Center for  Surface and Coatings Research, Lehigh University, Bethlehem, Pennsylvania 18015 

Data in the l i t e ra tu re  indicate that  hydrogen  has 
l imi ted  solubi l i ty  in a luminum (1, 2) equi l ibra ted  wi th  
gaseous hydrogen.  For  example ,  the solubi l i ty  of h y -  
drogen in pure  a luminum at 300~ is repor ted  to be of 
the order  of 0.001 ml/100g. The solubi l i ty  increases to 
app rox ima te ly  0.04 ml/100g at 660~ Our immedia te  
in teres t  was to de te rmine  the amount  of hydrogen  that  
penet ra tes  into a luminum as a consequence of exposure  
of the meta l  to water .  

* Electrochemical  Society A c t i v e  M e m b e r .  
K e y  words:  hydrogen, a l u m i n u m ,  a q u e o u s  corrosion. 

Aluminum samples were in the form of fiat plates, 
approximately ]2 X 1 • 0.I cm. The composition was 
99.994% aluminum, 0.003% copper, 0.002% iron, and 
0.001% si]icon. The samples were metallographically 
polished, washed with ethanol and acetone, dried in 
vacuum for 6 hr, and annealed at 600~ for 4 hr at a 
pressure of 1,0 -8 Torr. The samples were then cooled 
in vacuum .and exposed to liquid water at 60~176 for 
varying periods of time. After exposure to water, the 
corrosion product was removed by heating in a mix- 
ture of 2% CrO3 and 5% H3PO4 at 95~ for 60 rain. 
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