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Introduction

Present worl in electroanalrtical rescarch requires an
Instrument wlth capabilities of performing a wide variety of
electrochenmical functions. Additionally, electroanalytical re-
search also demands that the conversion of the instrument from one

electrochemical technique to another be made rapidly and, prefer-
ably, by means of a single switch. Although several multipurpose
instruments have been reported in the literature which are rela-
tively easy to transform from a potentiostatic to a galvanostatic
mode of operation (1-3), a multipurpose instrument has not been
described which incorporates a function generator that (1) pro-
vides all necessary waveforms, (2) responds during the experiment
-to the cell potential, an integral timing circuit, and manual
controls, and (3) terminates the experiment after a predetermined
number of half cycles.

The instrument described here is intended for chronocampero-
metric, cyeclic voltarmetric, chronocoulometriec, square wave voltan-
metric, and cyecllic chronopotentiometriec studies, as well as for
normal polarography and stripping analysis. Important features
include: (1) rapid change from one circuit configuration to the
next by means of a single switch; (2) a timing circuit for control
of chronoamperometric and chronopotentiometric experiments; (3) a
counting circuit which terminates the electrochemical experiment
after a predetermined number of half ecycles; (L) independently
controlled amplitudes of the anodic and cathodic potential steps
for double potential step chronoamperometric experiments;

(5) anodic and cathodic currents which may be varied independontly



for use in current reversal chronopotentiometric studies of
follow-up chemical reactions; (6) triangular wave and staircase
funetion generators for cyclic voltammetric and square wave volt-
ammetric studies, respectively; (7) electronic switching of the
functlion generators; and (8) positive feedback capability for
correction of uncompensated iR in a potentiostatic mode of

operation.

Potentiostat-Galvanostat

Plate 1 is a simplified schematic of the three-electrode
potentiostat-galv-nostat and incorporates modified versions of
cir~uits originally given by Smith(l:) and Shain{(1l). Selection
among the several modes of operation (square wave voltammetry,
cyclic voltarmetry, chronoamperometry, standby, and cyelic
chronopotentiometry) is made by the master control switch, S1,
With the master control switch in a potentiostatic mode of
operation (positiens 1 through 3), the potential between the
working and the reference electrodes 1s determined by the several
voltages introduced in parallel to the control amplifier (0Al)
and by the values of the resistors in the bridge network. Com-
pensation of ohmic potential loss between the working and refer-
ence electrodes (uncompensated iR) is effected by the positive
feedbaclt loop from the ecurrent follower (0OA3) to the control
amplificr. Although the buffer amplifier (OAlL) in the positive
feedbaclk circuit can be eliminated in a minimum-amplifier circuit,
1ts presence greatly facilitates computation of the uncompensated

resistance, thus permitting rapid readjustment of the potentio-



PLATE 1

Three-Electrode Potentiostat-Galvanostat

OAl,0A3, 1194 (Analox Devices); OA2, OAl, 13210 (HNational):
81, 12p5%, shorting; S2, S3, spdt, togzle; Sl, S7, spdt, center
off, toggle; S5, 3pdt, toggle; S6, dpllt, shorting; D1-2, IN52L0:
Cl, 56pr; G2, 10”3uf; €3, 0.01 uf; R1-3, R20, R27, 10%n ; RL-S,
R17, R12-13, R25, 100in ; R6-7, R18, 50Xn; R1lL, 1lin; R1S,
500Kn ; R16, 200in : R19, 20Kn; R21, 5Kn; R22, 2Kn; R23, 1KA;
R2l,, 500n; R25-26, 10Ln 10-turn potentiometer; R10-11l, 500,
10-turn potentioneter; RE-9, 1Kn, trimpot; R29-31, 10Kn., 57.
Unless otherwvisc noted, all fixed resistors are 1)) tolerance.
ITot showm in the figure are the power supply comncctions and the

biasling networlts for the operation amplifiers,



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH DIAGRAMS
THAT ARE CROOKED
COMPARED TO THE
REST OF THE
INFORMATION ON
THE PAGE.

THIS IS AS
RECEIVED FROM
CUSTOMER.



PLATE 1

i o - m

xny

AMS
IsUuedg

VO

<




me ter setﬁing (R25) when the current range resistor (R14-2L) is
varied. The output bound across the current follower allows full
current output when the output voltage of thls amplifier oxceeds
10 volts(5). This modification is especially necessary in chrono-
amperometric and square wave voltammetric studi.s because of the
large, transient current requirements which are encountered when
the electrode potential is changed abruptly. Placement of capa-
citors Cl-3 for the stabilizatlon of thq potentiostat under condi-
tions of 100%|i§ compensation follows the suggestions of Brown,
Smith and Booman({6).

With the master control switch in the galvanostatic mode
(position 5), amplifier OA3 now functions as an adder. Current
through the cell is determined by the sum of the voltages applied
to the input resistﬁrs of the adder (R12-13), the ratio of the
feedback resistor (R14-2li) to the input resistors, and the resis-
tance of the potentiometer (R26) between the adder (0A3) and the
working electrode. The circuit is most useful for current reversal
chronopotentiometry. Unequal current programming, which is es-
pecially advantageous in homogeneous kinetie studies(7), can be
obtained readily by varying the ratio of the applied voltages,

E, and Ec (vide infra).

Control Logic

The control of the functlon generator is provided by the
circuit showm Plate 2. The control logic determines whether the
electrochemical oxperiment should proceed in an anodic or in a

‘cathodic direction, provides « means of temporarily interrupting



PLATE 2
Control Logic

FFl, FF2, FFr3, 1/2 1¢853P; G1-2, 1/3 11C863P; G3-6, 1/l 1C18097;
G7-9, 1/l 1C8L9P; DC 1, 1iC838P; BCD to D1, CT7W2P; S8-13, spst,
Grayhill L0-1; S1l, splOt; R32-37, L70a, 5%.
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an experiﬁent, counts the number of half cycies, and finally, re-
sets the instrument to a prescribed set of initial conditions
after the electrochemical experiment has been completed. The
logic elemonts are all DTL and TTL integrated circuilts where a
logical "1" corresponds to +5V and a logical "0" corresponds to
ov.

The explanation for the operation of the control loglc
assumes that the instrument is initilally in the RTSET condition;
i.e., @ of flip-flop 1 (FF1l) is a logical "0". RESET directly
sets a logleal "1" at QZ’ thereby placing FF2 in the CONTINUE
mode of operation. In addiﬁion, the logical "0" at él places the
outputs of MNAND gates Gl and G2 high, causing the anodic and
cathodic voltage gencrators to be inhibited (vide infra).

Initiation of the electrochemical experiment is made by the
application of a logical "1" (OPERATE) to the K input of FF1.

On the clock pulse, the logical "1" is transferrcd to the inputs
of gates Gl and G2. Depending upon the state of I'F3, the output
from one of the triple NAND gates (Gl or G2) will be a logical
"0" while the output of the other gate will remain a logical "1,
Thus, in the OPERATE condition the state of FF3, whether anodiec
or cathodic, will determine which one of the voltage gencrators
will be enabled and which one will be inhibited.

An interrupt in the electrochemical experiment occurs when a
logical "1" appears at the K input of FF2 (HOLD). Since this
causes Qo to bocome a logical "O", outputs of both G1 and G2 will
be a logical "1". As previously discussed, this condition turns
. both the anodic and tho cathodic voltage generators off. The



experiment can be continued, with no change in direction, by the
application of a logical "1" (CONTINUE) to the J input of FF2,

he direction of the electrochemical experiment, either
anodic or cathodic, 1s controlled by OR gates G3-6 and FF3. The
presentation of a logical "1" either to the complementary input
or simultaneously to both the J and K inputs of FF3 causes a
logical "1" to appear at the complementary output on the next
clock pulse. The change in state of FF3 causes a corresponding
change in state in the anodic and the cathodic control gates, Gl
and G2, which in turn cause the anodic voltage generator to be
switched on and the cathodic voltage generator to bc switched off
or vice vorsa.

The presentation of a logical "1" to the inputs of OR zates
‘G3—é con be achleved manually by suwitches S12 and S13, by the
anodic and cathodic voltage limit detectors, or by the timing
circult. The direction of the electrochemical experiment can he
changed either by the timing circuilt or by manual control as
long as the cell potential is between the selected voltage limits.
The voltare limit detection ecircuilt, shown in Plate 3. consists
of an adder (0A5) and two comparators (0OA6 and 7). The anodic
and cathodle linits can be varied independently by potentio-
meters RIS and R57 and, if desired, may be both set on the samo
side of the Initial potential by switches S15 and S16. The only
restriction is that tho cathodie voltage limit must aliays be
negative with respecct to the anodic voltage limit. Switeh S17
varics the gain of the adder, thoreby providing mazimun voltage

limits of %1, *2, and %l V vhen tho absolutc magnitude of the
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PLATE 3
Voltage Limit Detection

OAS-T, MCL17h1CcP; S15-16, spdt, toggle; S17, dp3t, shorting;
1-2, MPS6513; D3-L, INL57A; RLO-L3, RL9-52, R58-61, 100Kn ;
38, 1Mn ; R39, 500Kn ; RLl, 50Kn; R4S, 25Kn; RL6, 27Kn, 5%;
53, R62, 180a, 5%; RSL, R63, 2.7Ko, 5%; R55, R6h, L.7Kn,
4, R47, R56, 50Kn trimpot; RLB, R57, 1Kn, 10-turn potentiometer.
‘ot shown in the figure are the power supply connections and the

iasing networks for the operational amplifiers.
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voltage dro» across RIB8 and R57 is 2.0 and 0.5V, respectively.
It should bs emphaslzed that the voltage applied to the
comparators is from an adder such as OAS5 rather than from the

voltacs follower, 042, The use of a separate adder obviates the
o 3 i

4]

@

problem vhich a varying amount of positive feedbaclt would hav
on the switching limits if the output from the voltags follower
were used. -

In normal operation, the potential difference between the
reference and working electrodes is at some value between the
anodic and cathodic voltage limits, Since both cormmarators are

saturated at their positive limits in this condition, the oui-

4]

=
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puts of transistors QL and Q2 are a logical "0"., Vhen a vol

144]

limit is attained, the output Ifrom the appropriate comparator i
clamped nsar ground by either D1 or D2, which results in the
appearance of a loglcal "1" at the DIL interface. As seen pre-
viously, the presentation of a logical "1" to the complementary
input of FF3 by G3 or ClL causes the outovuts of FF3 to change
state with a concomitant change in the operation of the anodic
and cathodic voltage generators.

The switching of the anodic and cathodic voltase generators
for chronopotentiometric and chronoamperometric studies is
achieved by the timing circuit shown in Plate LI, The 100 Hz
cloclk is counted dovm by six series-wired decade counters. The
outputs of the last three decade counters are decoded on LplOt
switches which serve to sclect the half-cycle duration. The
minlyun half-cyele duration which may be selectcd from the com-

bination of siitel settings is 10 msec vhile other valuss of
(o]
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PLATE |
Timing Circuit

G11-1l, 1/l MC857P; G10, MC1803P and MC833P; DC2-7, MC838P;
Q3-5, 1PS6513; FFL, 1/2 MC853P; bs-é, INL5T7A; S18, spdt, toggle;
S19-21, LplOt; CL-5, 220pf; R65-67, 10Kn., 5%; R68, l.7in, 5%;
R69-70, 20K n, trimpot.‘
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time may be selected 1n increments of 10 msec up to a maxirum of
9.99 secc. VWhen Gl0 1s enabled by S18 and the predetermined
count 1s attained on the decade counters, each input to expanded
gate G100 is presented with a logical "1", The logical "1" is
then transmitted to FFl; which changes state on the next clock
pulse. The logical "1" now at Qh effects the reset of the decade
counters to a count of zero via power NAND gates G12-1l and
toggles FF3, causing the anodic and cathodic voltage generators
to change state. The counting process can then either be re-
peated as many as eight more times before the experiment is
terminated or may be allowed to continue indefinitely (S1l).

Chronoarperometric, chronopotentiometric, and cyelic vol-
tarmetric studies frequently requlre that an experiment contain
an exact nmuiber of half cyeles. For example, it is often desired
in cyclic voltarmetry that exactly two full cycles be recorded.
Although manual control is possible if the duration of the experi-
ment 1ls several seconds, studies of shorter duration require both
a counter to count the number of half cycles and & means to ter-
minate the experiment, The circuit to perform this function con-
sists of gates G7-9, FF3, a decade counter, and a BCD to D
decoder (Plate 2).

The presentation of a logical "1" either to G3 or Gl by
either the voltage limit detection circuit or switches S12 and
S13 or to G5 and G6 concurrently by the timing circult causes a
logical "1" to be prescnted to NAND gate G7 or G8. The logical
"1", which remains at the input of the NAND gatc until FF3 changes

state, 1s then transmitted via NAND gate G9 to the docade counter,
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Operator seclectlon of the nwnber of half cycles (SELECT COUNT) is
made by Slh. The "1" to "0" transition which occurs when the
counter reaches the predetermined count causes an irmedlate over-
ride of the synchronous inputs of FF1l and a change 1in states of

Q, and Ql‘ The logical "0" which 1s now present at Ql causes the
anodic and cathodic voltage generators to be turned off (via INAID
gates Gl and G2) and resets the decade counter to zero in prepara-

tlon for the next experiment.

FMunction Generator

The function generator shown schematically in Plate 5 con-
sists of the anodic (O0A8) and cathodic (0A9) voltase generators,
two adders (OAlO and 11), an inverter (0Al2), and an analog
integrator (0Al3). When the control logic is in the RESET con-
dition, the outputs of Gl and G2 of the control logic circult are
a logical "1", which cause FET drivers 2 and 3 to switch FETs 06
and Q7 to the inverting inputs of the voltage generators off.
Since the off resistance of the FET switeh 1s extremely large
compared to the 1L resistance in the feedbaclk loops of the vol-
tage generators, the gain of both amplifiers will be zero and
the output from operational amplifiers 8-13 will each be 0.000V.
When the control logic i1s switched to the OPERATE condition, one
or the other of the FET switches will be turned on, changing
the gain of that operational amplifier from zero to a value near
unity. The outputs of the anodic and cathodic voltage generators
are subsequently adjustod to -1,000 and +1.000V, respectively, by
trimpots R69 and RT6.
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PLATE S
Function Generator

Q6-12, 2u4860; @13, MPS3703; O0A8-12, MC171L1CP; 0Al3, LOJ
(Analog Devices); D7, 1N91l; G15-17, 1/l ¥C8L49P; S22, dpllt; S23,
spdt, toggle; C6, 56pf; C7, 10 uf, polystyrene; C8, 0.1 uf,
polystyrene, matched with C7; R70-71, R77, R80, R87-88, R90-91,
10K~ , 1%; R82-83, R10L, 100Ka , 1%; R9L, 10Ma , 1%: R95,
5Ma, 1%; R96, 3.33 Ma, 1%; R97, 2Ma, 1%; R98, 1.L3 Ma , 13;
R99, 1Ma , 1%; R100, soOKn, 1%; R101, 333Ka, 1%; R102, R8L,
200Kn , 1¢%; R103, 1L3Kn , 1%; R69, R76, 2Ka , trimpot; R72, R81,
10-turn potentiometer, 1Kn ; R92, 20Kn, trimpot; R74-75, R86,
R105, 100Kn , 5%; R73, R78, R93, 4.7Kn, 5%; R89, 3.3Kn, 5%;
R85, L3Kn, 5%, R79, 1Mn, 5%; R107-109, 10Kn , 5%. FET Drives
2-5 are identical to FLT Drive 1. MNot shown in this figure are
the power supply connections and the bilasing networks for the

operational amplifiers and the gates.
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Potentiometers R72 and R81 scrve to determine the magnitudes
of the potential steps in a chronoamperometric experiment as well
as to determine the anodic and cathodic currents in e¢yeclic chrono-
potentionetry. Consider first the chronopotentiometric mode of
operation. IIf 1t is assumed that the gain of the adder amplifier
(OA3) in Plate 1 is unity, then the cell currents are given
simply by the voltage settings on potentiometers R72 and RE1 and
the value of the resistance (R26) between the output of 0A3 and
the worlkiing electrode. There are two distinet advantages of this
particular generator. TI'irst, the cathodic and anodic currents can
be varied independently, thus facilitating current reversal
chronovotentiometric studies of homogeneous chemical reactions.
And second, since the cell current 1s switchzd electronicall -, the
‘deleterious elTect which would be observed if the auxiliary and
working electrode were shorted momentarily by a mechanical
switeh is avoided(8,9).

In order to perform a single or double potential step
chronoamperomstric experiment, ITATD gate Gl5 nust first be
enabled by the naster control switch, S1. Thus, when FFl ol the
control logic is placed in the OPERATE condition (§; = "1"), the
FET switch to OAlO will be turned on, allowlng a voltage other
than zoro to appear at the output of the operational amplifler.
Since the gain ol the operational amplifier is 2.000 in this
particular circuit, the mapgnitudes of the anodic and cathodic
potential steps can be varied separately by potentiometers R72
and RB1 from 0 to ¥ 2 volts.

The enabling of G1l6 by the master control switch allows one
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to perform a cycllc voltammetrlc experiment. With the control
logic In the OPERATE condition, the FET switches to the inputs of
operational ampliflers OAll-13 are turned on, while the FET
switch in parallel with the capacitor in the feedback loop of the
analog Integrator is turned off. As long as the control logic
remains in the OPERATE and the CONTINUE conditions, an output
voltage of + or - 1,000V is provided by either the cathodic or
the anodic voltage generator, respectively. The voltages from
the generators arc summed by 0Al1l and adjusted slightly by O0Al2
to correct for deviations of the two matched integrating capaci-
tors from their nominal values. Scan rates varying from 0.01 to
100 V/sec in 22 steps can be obtained by the appropriate selection
of input resistor (S72) and integrating capacitor (S23). Although
this range of scan rates is adequate for our studies, the circuit
can be readlly modified to obtain virtually any scan rate which
may be desired.

The scan may also be interrupted and the integrator voltage
held at any desircd point by the presentation of a logical "1"
to the K input of FF2. As seen previously, the HOLD condition
causes the anodic and cathodlc voltage generators to be inhibited,
but does not alter the condition of the FET switches on amplifiers
11-13. The scan can be restarted from the polnt of interruption
by the prescntation of a logical "1" to the J input of FF2 by S10.
At the completion of the cyclic voltammetric experiment, the con-
trol logic is switched from the OPERATE to the RESET condition.
This change in condition causes the FET switches to the inputs of
OAll-13 to be turned off and the FET switch in parallel to the
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integrator capacitor (C7 or 8) to be turned 6n, thereby resetting
the output of 0Al3 to zero in preparation for the next experi-

ment,

Squarc Wave Voltammetry

The theory of square wave voltammetry and its analytical
application have been reported recently by Ramaley and Krause(5,
10). The demonstrated sensitivity of this technique, its excel-
lent resolution, and its applicability to all stationary
electrode surfaces suggest that square wave voltarmetry will
probably be the most useful of the several electrochemical
methods for multicomponent and trace analysis studies.

The square wave generator, current measurling circuits, and
the additional logic reauired to perform this function are shown
in Plate 6. The stalrcase potential generator, which willl be
dlscussed first, utilizes the triangular wave generator of Plate
5, the timing clrcuit of Plate L, the control logic of Plate 2,
and the BCD to D decoders, NOR gate G18, and FF5 of Plate 6.

Upon initiation of the square wave voltammetric experiment, count
from decade counters l and 5 is decoded by the two BCD to D
decoders of Plate 6. When the count from these decoders is "10",
NOR gate G18 is presented with a logical "0" at both inputs.

FF5, which has its synchronous inputs overridden in all modes of
operation cxcept square wave voltammetry, toggles on the noxt
clock pulse, placing a logical "1" and a logical "0O" at QS and
65, respectively. Since a loglcal "0" at @S will turn on the FET
" switch to the input of operational amplifier 0Al2 of Plate 5, the
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PLATE 6
Square Wave Voltammetry

BCD to D2, BCD to D3, MC7LL2P; O0All,, OA17-18, MC17.1CP;
0A15-16, LM210 (National); G18-21, 1/L MC1810P; G22-23, 1/6
MC836P; Q1l-15, 2nL860; D7-8, IN52,0B: D9-10, IN19L; TFF5-6,

1/2 1C853P; €9-10, 1 uf, polycarbonate; Cll, 1 uf; €12, 0.5 uf;
R110¢, 1iin.; R112, R11l6, R1l9, 2Kn; R11ll, R115, R117-118,
100Kn ; R120-R123, 10Kn, 1%; R12l, R125, 220Kn ; R126, 270Kn ;
R127, 300Kn ; R128, L470Kn ; R113, 20K n, trimpot; R1ll, 500,
10-turn potentiometer. All fixed resistors are 5% tolerance
unless otherwise noted. The power supply connectlons and bilas-

ing networlizs for the operational amplifiers are not shown.
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triangular wave generator ;ill operate only until the count of
"11" appears on the decoders. The result is a staircase waveform
with a frequency of 10 Hz and a potentlal-step slze which 1is
dependent upon the sweep rate of the trilangular wave generator.

The connections bei:cen the decoders and the NOR gates are
selected to give a logical "1" at the outputs of G1l8 and G1l9 on
counts of "10" and "60", respectively. Thus, on these counts,

FF6 changes state, causing OAllL to alternately switch from one 10V
limit to the other. The voltage resulting from this 10Hz oscil-
lator is then attentuated by potentiometer R113 so that the saquare
wave amplitude across R11lL is exactly one volt. Since the 100 K
resistor (RL) in the bridge network of the control amplifier
causes the signal to be att ntuated by another factor of 10, any
potential between 0 and 100 mv may be selected by potentiometer
R11lly for the square wave amplitude.

Measurement of the square wave current occurs one millisecond
after each change in the square wave potential. Thus, on counts
of "11" and "61" from the decoders, the FET switches to the two
sample-and-hold amplificrs (O0A15-16) are alternately switched on
for exactly one msec to measure the output voltage of the current
follower. The difference in output voltage of the two sample-and-
hold amplifiers is then measured by the differential amplifier,

OAl7, filtered, and recorded by an x-y recorder,

Potential-Axis Drive, Time-Base, and Integrator Circuits

Since the output of the voltage follower in the potentio-

static mode 1s a function of the cell current, a separate ampli-



fler (Plate 7a) 1s required to present the cdrrected potential of
the roference electrode for recording. The galn of the adder
(0419) which serves this purpose can be varied by S2l.

The circuilt of Plate T7b provides a time-based voltage for the
drive of the x-y recorder for chrohoamperometric, chronopotentio-
metric, and chronocoulometric studies. The rate of the voltage
sweep may be varied in a 1-2-5-10 sequence, or turned off entirely
by selector switch S25. The time base 1s activated by switching
Q16 off with the application of a logical "1" to the FET driver
circuit by Ql (OPERATE). The time base is reset to zero in
preparation for the next experiment upon the receipt of the RESET
command at FF1 of th= control logic.

A similar circuit (Plate 7c) is used for integration of the
current in chronocéulometric studies. With S26 in the operate
condition, the analog integrator is activated by switching Q17
off. Integration of the signal from the current follower continues
until the RESET command is given to the control logic by either the
SELECT COUNT circuit of the control logic or manually via S8 to the

J input of FFl.

Powver Supplies

The ¥ 15V power supply, a Philbrick Model PR-300R, is rated
at 300 ma with a stability of 0.01% and a maximum noise and
ripple of 250 uV, p-p. This supply serves as the source of all
reference voltages in the instrument. The 5V power supply for the
DTL and the TTL integrated circults was constructed with a LM209K

(National Semiconductor) as the voltage regulating element (11).
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PLATE 7

(a)
Potential-Axis Drive

0A19, MC1l7L1CP; S2lj, dp3t, shorting; R129, 1Mn; R130,
S00Kn ; R131-13L, 100Ka ; R135, 50K ; R136, 25Kn ; R137, 25Kn,
5%. All fixed resistors are 1% tolerance unless otherwise noted.

Power supply and bias network connections to OAl19 are not shown.

(B)
Time Base

0A20, 1;0J (Analog Devices); Ql6, 20uB60; S25, dp5t; R138,
20K n, 5%; R139, 500a, trimpot; R1L0, 1Mn, 5%; R1L1l, 1Mo ;
R142, 500Kn; R1L3, 200Ka ; Rlhl, 100Kn; R1L5, 1Kn, 59; C13,
1 uf, polystyrene. All fixed resistors are 1% tolerance unless
otherwise noted. Power supply and bias network commections to

0A20 are not shovm.

(c)
Integrator

0A21, LOJ; Q17, 2n4B860; Q18, MPS3703; D11, IN9llh:; CllL, 1 uf,

polystyrenc; Cl5, S56pf; S26, spdt; R1L6, Heath EUW-30; R1L7-148,

1Ka, 5%; R150-152, 10Kn., 5%; R1L49, 100Kn , 5%. Power supply and

bias network connections to OA21 are not shown,
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The 165V pouer supply for the intepgral lighted switheces (S8-13) is

noncritical,

EBvaluatior of Sauare VWave Voltammetry

The development of square wave polarography by Barker(12,13)
has become well established as an analytical technlgue, especially
in trace analysis. This technique has had applied to it the
multitude of modificatlons and adaptations as has any instrumental
technique. The theory of pulse polarography has recently been
summarized by Burge(1lhl).

Ramaley and Krause presented both theory (10) and experinen-
tal data (5) that indicate very significant improvements by
surming a square wave potential and & stalrcase potential to
yield a staircase-square-wave. They propose that the electro-
analytical method be called square wave voltarmetry (SWUV).

Square wave voltarmetry has been showm to offer the advantazes of
square wave polarography and yet may be accomplished in much
shorter poriods of anclysis time.

Among the additlional advantages of square wave voltammetry
are: (1) increased sensitivity, (2) shorter analysis time, and
(3) the ability to use stationary electrodes. Since one is no
longer restricted cxelusively to the dropping mercury electrode,
a large number of oxidation studies which were previously pre-
cludcd because of the ease of mercury oxidation are now feasible
on solid electrode surfaces. Also, elecctrode noise such as has
bceome encountered due to mercury streaming through the capillary

1s avoided.
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Experimental

The previously dlscussed instrument incorporates many desir-
ablo features such as the three-electrode system, bound output
current follower amplifier, and sample-and-hold measuring circuits.
The output of the sample-and-hold circults 1s measured differen-
tlally, the differential output passed through a 1 Hz filter
amplifier and displayed by an x-y recorder.,

The electrodec systems utilize the saturated calomel elec-
trod: (SCE) as the reference electrode, a hanging mercury drop
(IMDE), a platinum button or carbon paste as the working eloc-
trode, and a platinum vire or a carbon rod as the auxiliary
electrode. The saturated calomel electrode (15) z:.1 carbon paste
electrode (16) were prepared as given by Adams and the hanging
mercury drop electrode was prepared according to Shain(17).

All chemicals used were reagent grade, without purification,
and solutions were prepared using water distilled from allkaline-
vermanganate. Nitrogen used for deaeration was standard grade,

water-pumped gas without additional treatment.

Cormarison of Cyclic Voltarmetry (CV) and Square Yave

Voltarme try (SWV)

A stocl: solution of 107°H o-dianisldine was prepared in
111 HZSOM and a ecyeclic voltammogram was run to deterrmine the re-
versibility of the electrochemical couple. As can be seen from
Plate 8, the differcnce between E and L. is approximately

p,a p,c
. 27-28 mv, which comparcs favorably with the thecoretical value of
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28 mv for a two-clectron reversible process (18)

The instrument was changed to the sauare wave voltammetry
mode and a square wave voltammogram {Plate 9) obtained with the
same solutlon. The curve obtained indicates that there is approxi-
mately a silixty fold lncrease in sensitivity from the measuring

technique alone.

Poak Current as a Function of Pulse Amplitude

The purpose of the next experiment was to obtaln square wave
voltammograns from one concentration of o-dianisidine solution
while varying the rotential step. Parry and Osteryoung(l9) pre-
sented a theoretical = - ivation that indicates whenAE/2 becomes

.very large with respect to RT/nF the equation for the limiting
current 1s reduced simply to the Cottrell expression. The peak
differential current should remain constant with any further
increase in pulse amplitude.

Data were talzen at 10, 20, LO, 50, 60, and 80 mv steps.
Plate 10 shows the experimental points of the differential pesak
current (ip) plotted as a function of pulse amplitude, Under the

experimental conditions AE/2 approaches RT/nF at about 15-20 nv.

Effect of Pulse Amplitude on Pealr Half Width

The peak half width (W,) shall be defined as the width of
=2
the peak at one half its maximmum height. The value of W, was
determined for each of the above pulse amplitudes and plotted as a

function of pulse amplitude (Plate 11). Extrapolation of this
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PLATE 8

Cyeclic Voltammogram of 10731

o-dienisidine in 1M H SO

Scan rate -0.0SV/sec; carbon paste working electrode.
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PLATE 9

Square VWave Voltammogram of 10'3M
o-dlanlsidine in 1M HESOM

Scan rate - 0.002V/sec; carbon paste working electroc
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PLATE 10

Differential Peak Current as a Function of
Pulse Amplitude for Solution 10~3M
o-dianisidine in 1M H,SO

277
pulse(mv) ip(mA)
10 2.62
20 ly. 60
10 5.24
50 5.96
60 6.10

80 6.78
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curve indlates that the minimun W% attainable is approximately

45 mv which is in agreement with the theory presented by Parry and
Osteryoung. The expression for the peak half width, which 1s
valid only for small pulse amplitudes, is Wi = 3.52 RT/nF. Thus,
at 25°C the equation gives peak half widths of 90, L5, and 30 mv
for one, two, and three electron processes, respectively. It
should be clear then that the peaks of two one-slectron processes
separated by 100 mv in E% cannot be completely resolved by any
polarozsrapnic technique while with two or three electron processes
whose difference in E% is 100 mv are resolvable,

The above should also indicate many desirable features ol an
instrument with a variable pulse amplitude, mainly the ability to
permit the optirmum selection of pulse amplitude for each
analytical situation. It is highly desirable that experimental con-

ditions be optimized to obtain maximum sensltivity yet retain ade-

quatce resolution.

Total Current as a Function of Pulse Armmlitude

Since large pulse amplitudes were seen to result in broaden-
ing of the pealk 1t is intuitively obvious that a better correla-
tion could be made with total differential current plotted as a
function of pulse amplitude. The result of such a plot is as
expocted (Plate 12), It can be easily seen now that since the peak
current approaches some maximum with increasing pulse amplitude,
then there must be considerable peal: broadening with inereasing

pulse amplitude. This effect will inherently lead to loss of
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PLATE 11

Plot of Peak Half Width (W,) as a
‘ 2
Function of Pulse Amplitude

pulse(mv) W%(mv)
10 50
20 55
Lo 88
50 105
60 125
80 168

Dashed curve calculated for a two-electron process, values

taken from Parry and Osteryoung(19).
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resolution for rmulti-component waves if not checked. Thus, one
needs to select the pulse amplitude that yields maximum pesak
current while maintaining the optimum pealk width for the system of

interest.

Linearity, Reproducibility and Sensitivity of SWV

As with any analytical technique, to be of_significant value,
the slgnal response must vary predictably with a change in concen-
tration of the species being measured. Plate 13 shows data ob-
tained by square wave voltammetry (50mv pulse amplitude) for tio
orders of magnitude dilution of o-dianisidine (1073 to 10-2H).
Reproducibility of pealk current for successive runs of the sane
-solution was found to be within experimentally acceptable limits.

Atteripts to run cadmium reduction waves quantitatively were
not successful dues to what was believed to be impurities in the
reagent chermicals and/or the water puriped nitrogen used for
deaeration. UWaves were obtainable at the 100 ppb (10'6H) and
50 ppb (5 x 10_7H) levels (Plate 1l;) whiech indicates that this
technique should compare favorably with stripping techniques (20)
on thc basis of sensitivity with both modes limited by purity of
rcagents. Irause and Ramaley(5) present detection linmits of

T, 1.7 x 10~% (4.7 ppb Ca%*), and 2.5 x 10~8 ror 1,

1.1 x 10
2, and 3 electron proccsses, respectively, of amalgam-forning
metals. In addition, square wave voltarmetry is much morc desir-
able an analytical techniquec because: (1) there are fewer
critical parameters that must be controlled and (2) the time of

analysis is much shorter.



PLATE 12

Total Differential Current as a Function
of Pulse Amplitude for Solution 10-3M
o-dlanisidine in 1U stou

pulse(mv) area(sq. mm.)
10 189
20 376
140 6L8
50 860
60 1,040

80 1,290
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PLATE 13

Linearity - Differential Peak Current as a

Function of Concentration fof Solutions of

o-dianisidine in 1M Hasou with 50 mv Pulse
Amplitude (10-3M to 10-=5M)

cﬁnc. M 1p(mA)
1.09 x 1073 6.0l
2.18 x 1074 1.2l
1.09 x 1074 0.719
2.18 x 1072 0.180

1.09 x 1072 0.100
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PLATE 1L

Square Wave Voltammogram of:

4) 1076 (100 ppb) ca** in 0.1 MH, + 0.1M NH C1

3 i
B) 5 x 10~711 (50 ppb) Cd2* in 0.1H NH, + 0.1 IH)C1

Hanging mercury drop working electrode; saturated calomel

reference electrode; platinum wire auxiliary electrode.
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PLATE 1L
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ABSTRACT

The multipurpose instrument described is Intended for chrono-
amperometric, chronocoulometric, cyclic voltammetric, cyeclic
chronopotentiometric, square wave voltammetric, polarograpi:ic and
stripping analysis studies. The three-electrode potentiostat-
galvanostat incorporates a function generator that (1) provides
all necessary waveforms, (2) responds during the experiment to the
cell potential, an integral timing clrcult, and externsl controls,
and (3) resets the instrument to the initial conditions after a
selected number bf half cycles has been completed.

The square wave voltammetric mode of operation was evalu-
ated by experimentally investigating (1) differential peak
current as a function of pulse amplitude, (2) effect of pulse
amplitude on peak broadening, (3) total current as a function of
pulse amplitude, and (L) linearity, reproducibility, and sensi-
tivity. All experiments demonstrated the value of this technique
as an excellent analytical tool and showed good agreement with

theory and previously published articles.



