





electrode. Because the surface area of
the pool was much larger than the area
of the mercury drop electrode, the cur-
rent density was effectively zero. Its po-
tential was, therefore, essentially
independent of the current. This scheme
achieved the desired result: The experi-
ment could be repeated in many labora-
tories with identical outcomes. The
potential might not be derived from first
principles, but at least it would be the
same from lab to lab.

This simple, two-electrode arrange-
ment suffices until the working elec-
trode is made large, or until the current
becomes large. In these cases, not all the
voltage (energy) is available to make the
desired electrochemical reaction pro-
ceed. Some of the voltage is wasted in
overcoming the electrical resistance of
the solution—it goes into making the
electrolyte hot. This result can become a
problem because the voltage determines
which reactions will occur and which will
not. If the available voltage changes, the
outcome of the electrochemical reaction
might also change.

THREE ELECTRODES

The answer to the problem is, of course,
to sense the electrochemically usable
voltage and to adjust the applied voltage
accordingly. Figure 1 shows this ap-
proach, using a working electrode, a ref-
erence electrode, and a counter
electrode. The working electrode is con-
nected to two different circuits. One
measures the potential difference be-
tween the working electrode and refer-
ence electrode. The other is a power
circuit that applies a voltage between the
counter electrode and the working elec-
trode and supplies whatever current is
required.

If the measurement circuit reports
that there is too little voltage between the
reference electrode and the working
electrode, the power circuit increases
the voltage applied between the counter
electrode and the working electrode.
Likewise, if the measurement circuit re-
ports that there is too much voltage at
the reference electrode, the control cir-
cuit decreases the voltage applied be-
tween the counter electrode and the
working electrode. The measure-and-
correct nature of the process became
clear to me the first time [ used an elec-
tromechanical potentiostat. The mea-
surement circuit’s output drove a motor
that quite literally turned the voltage ad-
justment knob on the power circuit. If
the reference electrode-to-working elec-
trode voltage difference was not correct,
you could hear the motor making the
correction.

Figure 1. ‘
A SIMPLE POTENTIOSTAT
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Figure 2.
A SIMPLE "ADDER" TYPE POTENTIOSTAT SHOWING THE
- POWER AMPLIFIER (PA) AND ELECTROMETER (EL)
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Current all-electronic potentiostats op-
erate in much the same way. Figure 2
shows a block diagram for an electronic
potentiostat (2). This simple potentiostat
has two components. The first is the
electrometer (EL), which fills the func-
tion of the measurement circuit of Fig-
ure 1 by reporting the potential of the
reference electrode with respect to the
working electrode, which is shown con-
nected to the circuit ground, or zero volt-
age point (see Sidebar on p. 33).

Important characteristics of the elec-

Z

trometer are its maximum input voltage
and its input impedance, The maximum
input voltage is simply the highest volt-
age that can be applied to the reference
electrode terminal of the electrometer
without damaging the electronics. Com-
mercial potentiostats are generally de-
signed with some sort of protection
circuitry to prevent permanent damage,
but the operation of the electrometer will
be compromised when the protection
circuit is activated. Maximum input volt-
ages are generally 10-15 V—adequate
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foﬁ nearly all common uses,

The input impedance is an important
specification when the resistance of the
reference electrode is high or when
there are very good corrosion protection
coatings. The higher the electrometer’s
input impedance, the better the elec-
trometer is at sensing the reference elec-
trode voltage without perturbing the
cell. Input impedances range from 10°
to 10'* ohms.

The triangle labeled PA in Figure 2
represents the power amplifier or con-
trol amplifier of the electronic poten-
tiostat. This circuit block's function is to
control the potential difference between
the working electrode and the reference
electrode. It does this by changing the
voltage on the counter electrode to cor-
rect for any deviations from the desired
potential difference. It must do this inde-
pendently of the amount of current re-
quired by the electrochemical cell. Two
important characteristics of this amplifi-
er are its maximum output current and
its maximum output voltage.

The maximum voltage is generally
called the compliance voltage of the po-
tentiostat. For commercially available
potentiostats, the compliance voltage
ranges from 12 V to 100 V or more. The
higher the compliance voltage, the larg-
er the “wasted” voltage to be compensat-
ed for or overcome. A high compliance
voltage is required when currents are
large or when electrolyte concentrations
are low, such as when working with low
dielectric constant, nonaqueous solvents
such as acetonitrile or dimethyl form-

amide (DMF). Don't confuse the compli-
ance voltage of the potentiostat with the
electrometer’'s maximum voltage rating.
The compliance voltage is the maximum
that might be present on the counter
electrode, not on the reference electrode
or at the electrometer,

The maximum output current of com-
mercially available potentiostats ranges
from several milliamperes to two or
more amperes. The larger the maximum
output current, the larger the working
electrode can be or the higher the con-
centration of electroactive material that
can be used. For work synthesizing new
compounds, this translates into more
material made per unit of time.

If the output voltage or the output cur-
rent exceeds the design specification of
the potentiostat, the working electrode-
toreference electrode voltage difference
will not be the desired value. Often a po-
tential overload or a control overload in-
dicator will signal this problem.

MEASURING THE CURRENT
Another functional block of a poten-
tiostat is the current measurement cir-
cuitry. Generally, the current passing
through the cell is converted to a voltage
signal by passing it through a resistor,
R, and measuring the iR, voltage drop
across the resistor with a voltmeter. By
changing the value of the resistor, the
current range can be selected so that the
iR, drop matches the full-scale reading
of the voltmeter.

The most common current measure-
ment circuit is the virtual ground I/E

Figitre 3.
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GROUND—WHAT IS IT?
Often we refer to the “zero volts” ref
erence point of a circuit as ground.
This name arose be ause the refer-
_ence point is often connected to the
chassis of the instrument. For saiety’s
sale, the chassis is generally connect-
ed to the earth through the third
_prong of the instrument’s line cord.
Never interfere with the groundmg of
an instrument’s chasms by using a
-twa-pmng adapter or “cheater‘ * cord.
You may compromise the instru-
. meni’mmmumty to noise and certam

: penmentaiapparatus may need to be
_connected to the earth. An example
might be an autoclave used to elevate

an elmchemrca] cell's temperature
or pressure. In these &mamms a spe-

feﬂ‘ed toasa ‘fﬂOatmg” instmment }
Even a welhieqxgned ﬁeaung poten-
tiostat is apt to be a bit noisier than
cmewrth a gmunded chassis. :
Ground is generally symbolized by
a small inverted tnangle- All of the
ground symbols in a circuit are con-
nected but, for the sake of clarity, this
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converter (currentto-voltage converter)
shown in Figure 2. The working elec-
trode is no longer connected to ground
but to the input of the I/E converter cir-
cuit, which has two jobs to perform. It
converts a current, which flows into the
circuit from the working electrode and
out into a voltage that can be measured
by a voltmeter. It also holds the working
electrode at 0 V versus system ground,
or at virtual ground. (It is called virtual
ground because the potential of the
working electrode is the same as that of
the system ground, but there is no hard
connection between them.)

Although the virtual ground I/E con-
verter is generally thought of as the ac-
cepted way to make the current
measurement, other architectures have
been used. Figure 3 shows a diagram of
a passive I/E converter and serves to in-
troduce the topic of four-terminal or four-
electrode measurements. Two changes
have been made to the circuit design of
Figure 2. The working electrode is no
longer connected to ground or to a virtu-
al ground. Instead, it is connected to one
end of the current-measuring resistor,
R, In this design the working electrode



will be at a voltage (iR,,) that depends on
the current flowing. The iR, voltage
drop across that resistor is sensed by the
simple difference amplifier labeled I/E.
Also, in Figure 3 the simple single-ended
electrometer has been replaced with a
differential electrometer (DE), so that
the voltage difference between the refer-
ence and working electrodes can be
sensed directly. This architecture hasad-
vantages when currents are high and the
voltage drop across the connections to
the electrode and through long wires
may be significant (see Sidebar below).

Each architecture of potentiostat de-
sign has its own advantages and disad-
vantages. Some manufacturers have
used both designs in different instru-
ments (3, 4); others have designed a hy-
brid that uses the passive I/E converter
for high currents and the virtual ground
I/E converter for smaller currents (5).
Some potentiostats combine the differ-
ential electrometer of Figure 3 with the
virtual ground I/E of Figure 2 (5, 6).

The differential electrometer makes a
kind of four-electrode measurement pos-
sible. The characteristics of a membrane
may be studied by placing the counter
electrode and the reference electrode on
one side of the membrane and the work-
ing electrode and a second reference
electrode on the other side. This second
reference electrode is connected to the
other (negative) input of the differential
electrometer. Because the differential
electrometer senses and reports the volt-
age difference across the membrane, the
potentiostat can control this voltage.

SPEED AND STABILITY

Advances in microelectrodes and inter-
ests in EIS have fostered interest in fast-
er electrochemical processes and have
increased the demand for fast poten-
tiostats. Evaluating the overall speed of a
potentiostat can be tricky. Each of the
three main circuit functions of the poten-
tiostat—electrometer, power amplifier,
and current measurement—will have its
own impact on the overall speed (7).
Reading the specifications for a poten-
tiostat can be confusing. Very often the
“rise time” is quoted, generally under
“no load” conditions. This specification

34 TODAY’S CHEMIST AT WORK, JUNE 1995

* negative output voltage; the passive

emphasizes the speeds of the electrome-
ter and power amplifier.

More realistic is a system speed speci-
fication, which includes all three major
circuit functions. This assesses not only
how quickly the electrometer and power
amplifier can respond to a rapidly chang-
ing signal (sine wave or square wave)
and change the potential applied to the
cell, but also how rapidly the I/E con-
verter can respond to a fast-changing
current. In most common uses, the limit-
ing factor is not the power amplifier or
electrometer but the current measure-
ment circuit. In general, the more sensi-
tive the current measurement, the
slower it is. The 1A scale will respond
more slowly than the 1-mA scale, and the
1-nA scale will be slower still.

Speed does not come without some
associated problems. Manufacturers
generally offer some selections for
“bandwidth” or “compensation,” which
trade raw potentiostat speed for assur-
ances that the system does not oscillate
uncontrollably. The emphasis on the sys-
tem is significant, because the stability
(resistance to oscillation) is a function
not only of the design of the potentiostat
but also of the cell to which it is connect-
ed. Factors such as the construction of
the reference electrode can play a major
role in system stability.

SIGN CONVENTIONS
AND THE POLARITY O
OUTPUTS

The electrometer (EL in Figure 2 or
Ein Figure 3) isolates the reference
_ electrode and provides an output that
. equals the reference electrode poten
 tial with respect to the working elec-
ode. The electrochemist, however,
kes to think of the voltage of the |
orking electrode with respect to the
eference. When the working e
trode is at +1 'V (with respect to
 reference) the signal at the E mon
. connector will read -1V,
~ Things are even more confusing
when talking about currents. Many
American electrochemists think of a-
~cathodic current (reduction at the
. working electrode) as positive; corro-
_sion engineers, European electr
hemists, and the remaining Ameri
lectrochemists think of an anodic
oxidation) current as positive. For an
nodic current, the virtual ground
/E converter in Figure 2 yields a

_ I/E converter in Figure 3 yields a pos-
_itive voltage. Check your inst
‘ment’s manual!

COMPUTER CONTROL N
Everything stated thus far about poten-
tiostats applies wholly to analog poten-
tiostats as well as to computer-controlled
potentiostats. When we see what ap-
pears to be a digital potentiostat, it is real-
ly an analog potentiostat with digital or
computer control. Digital-to-analog con-
verters have replaced waveform genera-
tors and potentiometer knobs. Analog-
to-digital converters have replaced
oscilloscopes and strip chart recorders,
but the basic analog potentiostat is still
there underneath all the twenty-first-cen-
tury lights and buttons.

If you want to get the most out of your
computer-controlled potentiostat, be
sure you have access to the analog po-
tentiostat inside. Connectors for adding
analog signals to a computer-generated
ramp or staircase, as well as analog out-
puts for the raw current and potential
signals, will enhance your potentiostat’s
versatility and guard against obsoles-
cence.

Computer control helps us to auto-
mate experiments that used to be te-

dious and makes for better, more I
accurate measurements. With current:

autoranging, the potentiostat’s microy
processor can make the decision about
which is the best current range to use.
Autoranging is particularly important in
experiments such as a potentiodynamic
scan where the current may change by
factors of 10° (or more) during the corro-
sion measurement scan. It allows the
chemist to focus on the meaning of an
electrochemical experiment rather than
on keeping the recorder on scale.
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