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Norman Hackerman and Pranjivac V. Popat
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ABSTRACT

The differential capacity of the electricai double layer at polarized
platinum electrodes has bteen investigated as a function of the type and
concentration of anicns., The method of charging curves, utllizing a
square-vave signal was employed. The "hump” in the potential-cepacity
curve is characteristic of the snior involved and is explained ir&_tems
of adsorption or desorption of the snion. The tenacity of adsorplon is
found to increase with the covalert character of the adsorbed anion:

I"» Br » C1™» SO,{') NOB- and F~. Evidence is presented to indicate

that the adsorbed iodide, bromide and chloride ions are dehydrated be-
fore their anodic discharge. Fluoride and nitrate ions do not appear to
be dehydrated even on the anodic side of the zero point of charge. A
similarity is established between polarized platinum and mercury elec-
trodes and the location of the zero point of charge for platinum is
indicated. An interpretation is given for the observed effect of
chemisorbed anions on the hydrogen overvoltage on platinum.,.

INTRODUCTION

A knowledge of the structure of the electrical double layer (edl) at a
metal.solution interface is of importance in understanding the mechanism
of electrode processes. Determination of the differential capacity of
polarized metal electrodes as a function of polarizing potential provides
an imporiant tool for investigating the structure of the edl. Extensive
investigations of this type at polarized mercury electrodes have been
nepor?ed ;nd there are good reviews of both experimental and theoretical
work (1-5).

On the other hsnd, the progress with solid metal electrodes is relatively
slov. The main difficulty lies in obdtaining s clean and reproducible
metal surfece. This is essential for getting reproducible and relieble
capacity data, becuuse, unlike mercury for which such data can be veri-
fied by electrocepillsry m~surements, there is no independent se*hod of
verifying the ssme for solid wetals. Moreuver, there is no theoretical
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treatment available for the edl at solid metal electrodes, since very
little is known about it,

Among solid metal electrodes platinum, because of its noble character,

has been the subject of considerable interest and investigation.

Ershler (6), and Dolin and Ershler (7) studied the capacity of smocth
plati-um electrodes in acidic and alkaline media, ae a function of the
frequency of alternating current. They were primarily interested in de-
termining the slow stage in the discharge of hydrogen ions. Schuldiner (8)
used capacity measurements to estimate the true surface area of a polarized
platinum electrode. Robertson (9) was concerned mainly with the effect of
a.c. frequency and electrolyte concentration on the impedance of polarized
platinum electrodes in HC1 soluticas, Kheifets and Krasikov (10) used
capacity measurements to investigate the effect of surface active sub-
stances on the overvoltage of hydrogen evolution on platinum. Carmoucakis
and Prager (11) recently determined the impedance of polarized platinum
electrodes in KBr and KI solutions.

There sre so many variables and experimental difficulties involved in this
type of work that Grahame (2) did not observe much similarity between the
results of various investigators published before 1955, and found it
1mpossible to tell which, if any, of the results are reliable,

Apart from reproducibility and reliability, other problems of immediate
interest concerning polarized platinum electrodes include (i) determina-
tion of the zero point of charge (zpc) and (11) wvhether or not there
exists a simjilarity buiveen polarized platinum and mercury electrodes.
No similarity between the two is observed in the work of Robertsoun (3)
or of Sarmousakis and Prager (1l1).

Breyer (12) has recently reviewed the main problems concerning the edl in
general. One of these is whether the ions at the metal-solution inter-
face are solvated. Studies concerning the effect of anions at the air.
solution interface (13) and at mercury-solution interface (1,l14) have
generally led to the belief that anions at the metel-solution interface
are much less hydrated then cations and that, with the possitle exception
of the fluoride ion (14) they are largely bonded to the electrode surface
by covalent bonds., However, the problem is still far from settled (1%).
Moreover, the degree of covalent cheracter of the sdsorted anion must be
a functicn of the polarizability of the anion involved, but no such at.
teapt to correlate the two his been made even for mercuyy electrodes. For
platinur electrudes no systematic investigation of the capacity es a
function of the type and ccacentration cf anion over a sufficiently wide
range of potentisl is available.

Whe'her or not the catiors et the interface are hydrated is even less
clear. Grahace (15) believes that the arguments sgainst cation hydrstion
are stronger than those for {t. The chief srgument for cation hydration
is the observation that the catbodic brench of the electrocapillary curve
is slmost independent of the nature of the cstion. Grabsae asintains that
this experimental finding can be expleined by assuming that the nature of
the solvent rether tran the specific properties of the sttracted cetions
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is the determining factor in the capacity measurpments. However there
appears hardly any conclusive evidence to prove or disprove either position.
Treyer (12) has suggested that the state of the cation, exactly as that of
the anion, must be a function of the applied potential and that the cations
also must undergo dehydration ({f only partially) either before or during
electrodeposition. In this conmnection, it is of interest to study the be-
havior of different cations at polarized platinum electrodes.

One of the ressons for the slow progrees in the field of the edl in general
lies in the fact that the capacity mcasurements by the impedance bridge
method are tedious and time-consumirg (12). Moreover, the method is
limited to low capacities, i.e. to microelectrodes which, with solid
metals, are difficult to prepare.

Recently, Brodd and Hackerman (16) veported a variation of the charging
curve method of capacity measurement which is suitable for projected

surface areas of about 1-3 cme, and which 1s relatively fast. They
utilized a square-wave signal to obtain time-potentisl traces on s
cathode-ray-oscilloscope, T"is method has been modified by McMullen

and Hackerman (17), who obtained reproducible results with mercury and
other metal electrodes. The results with mercury electrodes were in good
agreement with tiiose obtained by the more accurate impedance bridge
method. They assumed an electric aualog circult for polarized metsl
electrode., The analog consisted of a condenser of capacity, c, in paral-
lel with a resistance of Rp ohms, both of these being {n series with a

resistance of Re ohms, Rp represents the resistance of the dielectric of
the medium and Re represents the resistance of the electrolyte solution.
The square-vave signal passed through a standard resistance of Rs ohms

before entering the solution. McMullen and Hackerman showed that, pro-
vided the charging times are sufficiently small (t &< RBC), the slope of

the time-.potential trace for any value of Rp and Re can be obtained as a
linear function and is given by:

dE E

<. L
dt R,C
where '1 is the magnitude of ‘he input square-wavesignal. If therefore,

the frequency of the square-wave signal is high enough to give a linear
function on the oscilloscope, the ce .acity can be calculated using this

relationsbip.

The wethod is bei.r utilized in this leboratory for a series of investigs-
tions concerning the structure of the edl st platinum and other metal

electrodes.




I1I. EXPERIMENTAL

The circuit diagram used was that described by McMullen and Hackerman (17).
The frequency of the input square.wave signal was 500 c.p.s. and the
standard resistance, R_, was 15,000 ohms in all cases. The change in the
electrode potentiasl due to the square-wave signal was of the order of 10
millivolts,

The all-glasg, pyrex cell used in all experiments was similar to that
described by Brodd end Hackerman (16). A large area platinized platinum
cylindricel gauze was used as a non-pdlarizable auxiliary electrode. One
potentiometer was used as & source of applied polarizing potentials and
another fcr measuring electrode potentials againsi saturated celomel
electrode (SCE) as the reference., All potential meesurements reported in
this study are against SCE as the reference.

All water used for preparing solutions wes triple distilled, conductivity

vater (specific conductance of about 1x10” 7 mho/cm.), All salts, of
analytical veagent grade, were further purified by at least one recrystal-
lization from conductivity water. All solutions (except those containing
bromide or iodide) were still further purified by pre-electrolysis at

3 ma/cm2 for about 20 hours in helium atmosphere. Bureau of Mines grade A

belium reported as 99.997 per cent pure {with less than 10'6 per cent of
either oxygen or woter vapor) was bubbled through the pre-electrolysis
«ell during pre-electrolysis and through the experimental cell throughout
the capacity measurements. The rate of helium bubbling during capacity
peasurements was maintained uniformly low. Incoming helium passed through
a pre-satur-ator containing conductivity water, and outgoing helium passed
through s trap containing conductivity water which prevenied any back

di £fusion of air into the system. Contamination by grease or other
organic materials was carefully avoided.

Platinum wire (0.016" dia) of resgent grade, supplied by Beker Co,, New
Jersey, vas used throughout, Test pieces of the wire, about 9 cm. long,
were sealed {n € mm. pyrex tubes. The length of the test zlectrode
actually exposed to the solution was 7.5 cm., which gave an apparent ares

of 1 c-.2. The tudbe holding the test electrode was sealed to a pyrex
glass holder wkich fitted the cell. Contact between the test electrode
and the rest of the circuit wvas made by a column of mercury. Each elec-
trode was used only once.

Of the several methods of treating the electrode that were triei, the
following, vhich gave reproducible and consistent results, wes used
throughout. The electrode was thoroughly washed with conductivity vater
and then slovly heated to bright red color for seversl minutes. Before
introducing it into the cell, it was allowed to cool to room temperature
in s clean, pyrex tuge holdsr. All experiments were carried out at
rooa tesperature (25 to 30 C.) unless othervise stated.
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The seme procedure of treating the electrode, of its polarization and of
capac ity measurement was consistently followed throughout this investigs-

tion.

III. EXPERIMENTAL RESULTS

Variation Of Capacity With Time

Preliminary experiments indicated that the capacity of polarized

platinum electrodes at a glven electrode potentisl varies with time.

The curves of Flgure 1 are representative of this behavior. Sarmousakis
and Prager (11), using an impedance bridge also found that the capacity
of platinum electrodes in 1.0 N KBr and KI solutions decreased with time,
first rapldly and then more slowly, Curves (d) ard {e), of Figure 1 show
that time-veriation of capacity was observed also wvhen the solution con-
tained & surface active substence. The behavior illustrated by curve (a),
Figure 1, was most common when the change in capacity with a chenge of
polarizing potential was \ery small, whereas the behavior illustrated by
curves (b) and (c) was common when there vas considerable change in
capacity vith a change in polarizing potential. Behavior illustrated by
(e) wen observed when the solution contained & surface active substance.
In absence of a surface active substence, the maximum capacity was attsined
fuirly rapidly. It will be noticed that the <ime required for the
capacity to attain a constant value varies from 30 to 60 minutes. Delahay
and Trachtenberg (18) showed that adsorpticr. of a surface-sctive sub-
stance (n-hexsnol) on & mercury electrode is diffusion controlled, and
that it takes from 30 to 60 minutes to reach equilibrium, The vatiation
of capacity witn time Iin absenc: of s 3urface ac.ive substance, however,
cannot be explained on the basin of diffusion alone because the concentra-
tion of fons in these solutions is so large (1.0 M) that their diffusion
ts not likely to be of major importance, It is more likely that ionic
sdsorption or desorption itself, whenever it occurs, is & slow process

as discussed later.

Before tak'ng the finel capacity dets, enocugh time was allowed for the
steady 3tate to be attained. While teking the final deta it vas sscer-
tained that no noticeadble change in the capecity value occurred within a
period of about ten minutes at & given potentfal.

The Iffect Of Anions

This wes investigsted in neutral 1.0 N solutions of KeF, KCl, XBr, KI,
m, and :2001' respectively. These solutions were selected so that a

comparison could be msde vwith similsr work on mercury, end vhenever pcs.
sible, vith pletimm. Substit.tioo of a sodium salt 1in plece of potsssi.s
salt ves not expected t0 interfere with the effect of the fluoride ion




Fig. 1

‘ODD

variation of Caracity with Time

(a) O.1 M NeESOu (0.4 volts)

b) O.1 M Ha,SO) (0.1 volts)

(z) C.1M KECrQOY (0.75 volts)

(d) 0.1 M NaQSOh + 7»(10'5 M/l n-caproic acid
(1.0 volt)

(e) 0.1 M NaSO, + 7x10‘-5 M/1 n-caproic acid

(0.9 volt)
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Fig. 2 The Effect of Halide Ions On The Capacity of Polarized
Platinum Electrodes
A (a) 1.0 N NaF
O (v) 1.0NKC1
® (c) 1.0 NKBr
® (d) 1.0NKI
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3  The Effect of Nitrete And Sulfate Ions On the

Capacity of Polarized Platinum Electrodes

(a) 1.0N KNO5

(b) 1.0N KQSOh
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The Effect Of Electrolyte Concentration

Representative curves showing the effect of electrolyte concentration on

the capacity of platinum electrode as a function of polarizing potential

are given in Figures 4 and 5, vhere each curve represents an average of

at least three independent experiments which were reproduced within ex- :
perimental error. It must be mentioned here that the precision of :
measurements in 0.01 M solution was slightly lower be-ause of considerable :
IR drop due to Increased resistance of the electrolyte solution. Also

the method in its precent form is more precise between about €0 and

10 pF/ch. Beyond 60»!-‘/cm2 the slope of the time potential trace is too

small to measure accurstely and below 10 p.F/cme, the time potential pat-
tern extends beyond the range of the oscilloscope.

Figure 4 shows that dilution of the chloride solution has considerable
effect on the capacity of platinum electrodes in the intermediate range of
rotentials. The potentials at which the capacity maximum appesrs in
each case are -0.4, -0.3 and -0.25 volts for 1.0, 0.10 and 0.0l N solu-
tions of KC1l respectively, The releative positions and magnitudes of the
minimum cepaclity in the anodic region of potential differ only slightly
for the three concentrations. Similar effect of Gilution was observed
vwith KBr solutions (1.0 M and 0.1 M) for which the curves are not shown.
The capacity maximum sppeared at -0.55 volts with 1 M KBr and et -0.50
volts with 0.1 M KBr. The effect of dilution of KI and NaF solutions
vas not studied,

Figure 5 shows that dilution of nitrate solution has practically no effect
on the capacity of platinum electrodes. The results with 1.0 N and 0.1 K
mo, were practically identical (though the points sre shown slightly

separate for clarity). Dilution of sulfate solution had very slight
effect on cepacity, It is of intcrest to mention here that Rice and
Hackerman (19) in their studies on zeta potentials of platinum, gold and
silver vith stresming current technique found no effect of dilution of
nitrate solution, and very slight effect of dilution of sulfate solution
on the zeta potentisls of these metals.

The Effect Of Tempsrature

Figure 6 gives the results of sows preliminery experiments on the effect
of rature op the potentisl.capacity curve for platinum electrodes.
Curve (b) for 50 C. with 0.1 XN KC1 is the averege of three runs vhich
agreed vith one another most closely. For some reescn the reproducidility
at higher tempersture ves a8 good as ot room tempesrsture. Curve (a)
for roox temperature (25¢ 3 C.) is reproduced for comparison. Note that
the position of the cspecity saximum is coneidersbly displaced to rore
anodic values end that the potential renge within which the hump occurs

is also reduced.
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Fig. 4

The Effect of Chloride Ion Concentration On

The Capacity of Polarized Platinum Electrodes
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¥ig. 5 The Effect of Nitrate aud Sulfate Ion Concentration
on The Capacity of Polarized Platinum Electrodes

(a) 1.0N !(NO5

Pal

0 (b) O.1 N lcno5

v (¢} 0.0l N 1cNo5
0o (d) 0.2 N NaSO,
[ ] (e) 0.02 N Ne SO,
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Fig. 6 The Effect of Temperature On.The Capacity of
Polarized Platinum Electrodes

N XC1 at 50° C. o
N KC1 at about 25 C.
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The Effect Of Cations

It was observed during this investigation that the curves for 0.1 M K?Soh
and 0.1 M naesok did not coincide in the extrene cgthodic region of pcten-

timl, The results are shown in Figure 7. Such differences in the behavior
of cations have not been observed with mercury electrode. More extensive
investigation with different cations is in progress.

DISCUSSION OF RESULTS
A. Adsorption of Anions

The mosi interesting portion of the potential-capacity curves of Figures
2.7 is the "hump" that appears in the intermediate range of potentials in
each case. An examination of the relative position and shape of each
hump (Fig. 2) indicates that it 1s a function of the anion imvolved.

Similar humps in the potential-capacity curves have been reported for
mercury electrodes in various electrolytes (1,14) and Grahame {2C) has
proposed an "ice-layer" theory to explain the observed effects of
electrolyte concentration and temperature on the capacity humps with
mercury electrodes in NaF and KNO5 solutions. According to this theory,

the surface of the electrode may be covered with 8 "pseudo-crystalline
{ce-1ike layer" of solvent through which anions pass only with difficulty,
but without activation energy. This "semi-rigid" layer is supposed to
melt only gradually since the hump disappears gradually with rise in
temperature.

A different and perhape more satisfactory interpretation of eimilar humps
found with platinrum electrodes is proposed here. Before doing so, it is
probably better to discuss briefly the significance of other perts of
curves of Figure 2.

The steep rise at the extreme left of each curve (except for NaF) repre.
sents the pseudo capacity due to the discharge of the halide iorn under
consideration. The potential at which this occurs is found to be a
characteristic function of the anion involved.

The steep rise at the right of each curve (see Fig. 2, curve a) represcnts
the pseudc capacity due to the discharge of hydrogen ions in each case.
The potential at which this occurs also appears to be 8 function of the
snion involved.

Between these two limits, the electrode behaves more or less as an idenl
polarized electrode.

At the minimum to the left of the hump, the anions populate the inner
region of the edl, wvhereas at the minimuz to the right of the hump the

1h




Flg. 7

The Effect of Cations on the Capacity of
Polarized Platinum Electrodes

(a) 0.1 M Na,SO,
(b) 0.1 M K80,
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cations pojulate the inner region of the edl.

According to the interpretation proposed here, esch hump in the capacity-
potential curve for pletinum electrodes in verious anions represents a
rearrangeaent of the edl. The aain process during this rearrangement

is the desorption of anions in going from left to right. The reverse
process, i.e. adsorption of anions occurs if the potential 1s altered

in the reverse direction. Similar humps (or pesks) due to desorption of
surface active substances have been known (1). Particularly, Kheifets
and Krasikov (10) reported the presence of a single peak due to desorp-
tion of e surface active anion such as caprylate ion, (Desorption of a
surface active neutral molecule normally produces two peaks, one on either
side of the zpc.)

In the present case, each hump is characteristic of the anion involved,
The most important featurs of the hump in this connection is the potential
at vhich the cepacity meximum occurs in each case, These values* are
~0.80, -0.55, -0.40 and 0.00 volts for I°, Br~, C1~ and F~ ions respective-
ly. Another important feature of each hump is the potentisl range within
which esch hump occurs. This decresses in the following order: I~ >» Br >
ClL S F,

On the basis of these observations it can be concluded that the appearsnce
of the humps with various snions under investigation must be due to théir
desorption as the potential is made more cathodic., The rise in capacity
during desorption must apparently be due Lo the flow of "anion-current”
and in that sense the humps probably represent pseudo-capscity. It must
be made clear that both branches of each hump represent desorption
exactly as in the case of organic surface active anions. The cations are
also involved in this dynamic process, but their contribution to the hump
appears negligible as shown later.

It follovs that the halide ions are adsorbed on the platinum surface in
the following order: I % Br » Cl™>» F~. Note that the numerical values

of the polarizability (in the units of 10'2h o’ ) of these ions are (21):
0.81, 2,98, 4.2k and 6.45 for F°, C1”7, Br™ and I  ions respectively.

A plot of the polarizability of each halide ion egainst the potential of
tae capacity maximum for esch hump suggests a linear relationship (Fig. 8).
Thus, the 1odide ion (most strongly adsorbed) must hcove the largest degree
of covalent character while the fluoride ion (least adsorbed) the smallest.

On the basis of e foregoing interpretation of the hump and froa the
relative size snd the degree of covalent tharacter of the adsorbed halide
ions, we cen arsume that the anions, during adsorption, must be dehydrated
in the followi:g order: I"» Br > Cl > F’, and that the process of
dehydration (going from right to left) must be oceurring wvithin the
potential range of each hump. Additional support for this sesurption

* These values have not been corrected for junction potentials,
16
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Fig. 8 Rolation Between The Polarizability of Halide
Tons and The Potentiaml At Which The Maximum

Capacity Occurs In The Hump For Each Hslide Ion.
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is found in the fact that only a slight increase of potential beyond the
minimum on the left of the hump producea a steep rise in capacity (Fig. 2)
due to the dischargc of the halide ions (except for F ) under coneidera-
tion. Evidently, these anions must be dehydreted before their discharge.

Whether the fluoride ions are dehydrated on the anodic side of the hump

is less clear. That they show the highest degree of iocnic character would
indicate that they are not eppreciably dehydrated. In this connection,
the following rbservations sre of interest. (1) The curve for fluoride
ions shows a shallow minimum in the anodic region., (11) the polarizability
of OH 1ions is 1.89 (21) and that of water dipoles is 1.44 (22) compared
to 0,81 for fluoride ions. (iii) The snodic process at the extreme left
18 oxygen evolution and not fluorine evolution. These observations sup-
port the assumption that fluoride ions are probably not dehydrated on the
anodic side and further indicate that the inner resion of the edl is
largely populated by OH™ ions and oriented wat<r dipoies. In this case,
the hump could be attributed to the desorption of UH  ions and reorienta-

tion of water dipoles.

Curve (a), Figure 3 for the nitrate ions is very similar to that for the
fluoride ions and can be interpreted similarly. Note that the position
and magnitude of the hump in the two cases are about the same. (The
snodic process in presence of nitrate lons is also oxygen evolution.)
This similarity further supports the assumption that OH™ ions and water
dipoles are preferentially adsorbed in these cases,

Curve b, Figure 3 for the sulfate ions also shows a marked similarity
vith the fluoride and nitrate ions though they appear slightly more ad-
sorbed than the latter. Moreover, tke tehavior of sulfate ions sppears
slightly anomalous &s it gives rise to a siight "dip" at about 0.4 volts.
Similar "dips" are well known with mercury electrodes in very dilute
solut.ons near the zpc of the electrode, and sre believed 1o be due to
the decrease in the capacity of the diffuse part of the edl at or near
the zpc (23). Whether the present slight "dip" is associated with the
divalent character of the anions or with the capacity of the diffuse
part of the double layer is difficult to decide (14).

The foregoing inter-pretation of the humps is further supported by the
observations regarding the effect of electrolyte concentration and
temperature (Figs. 4 to 6) on the potential-caupacity curves. With
chloride and bromide ions which are strongly adsorbed, dilution reduces
the hump and ghifts the capacity maximum to the left indicating that

-

specific adsorption is a function of the anion concentrmui~n as one would
expect.

With nitrate and fluoride ions which show least specific adsorption,
dilution should have no effect on capacity as demonstrated by the curves
for nitrate ions (Fig. 5). Behavior of sulfate ions is also similar.

The effect of higher temperature with the chloride system (Fig. 6) 1s
as expected on the basis of the above discussivn; that le, specific

18
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adsorption should jecrease wilth incresse in temperasture. In this respect,
the effect of temperature is more pronounced then that of dilution.

B. Adsorption of Cations

Preliminary results given in Figure '/ indi-ete that potsssium ions in
the edl are probably less hydrated tha:. sodium ions. Considering the
relative sizes of the two ions, this 13 not unexpected. If confirmed,
this experimental finding would mean that cations are also dehydrated
before thelr cathodic discharge.

The contribution of cations to the hump is relatively small (Fig. 2,

curve (&) and Fig. 7). This would indicate that K' r Na* ions are held

at or near the platinum electrode mainly by the electrostatic forces. More
extensive work, with more sensitive method is required before final con-

clusions can be drawn.
C. Similerity Between Flatinum And Mercury Electrodes

A qualitative comparison of the various curves reported in the present
work with those for mercury electrodes (1.l4) reveals a basic, qualite-
tive similarity between the two electrodes within the corresponding
range of potentials where no electrochemical reaction occurs. Robert-
son (Y) did not observe such similarity probebly because he used acid
solutions and therefore missed the paint of comparison, 1.e. the hump.

On the basis of this similarity we can assume that the foregoing inter.
pretation of the humps with platinum electrodes may also apply, qualita-
tively to those with mercury electrodes. If so, this would provide a
perhaps more satisfactory explanation of the humps than that given by
Greahame's "ice-layer" thecry.

D. Capacity Minimum And The Zero Point Of Charge (zpc)

The determination of the zpc of a metal electrode has been a matter of
considerable practical and theoretical interest. Tne zpc is usually taken
as the potential at which a well defined minimum cccurs in the potential-
capacity curves in dilute (& 0.01 N) solutions. With more concentrated
solutions, however zpc is not well defined ever for mercury electrodes,.
Significantly, the zpc for mercury lies withir the potential range of the
hump observed with more concentrated solutious as expected from the
present interpretation of the humps.

Findings of the present investigation suggest thet it may be worthwhile
to determine zpc for platinum in very dilute solutions of fluoride or
nitrate ions, using, preferably an impedance bridge. Iu absence of such
information, attemp.s have been made to estimate this value froa the data
with concentrated sclutions. Thus Robertson (9) has reported s vaiue of
about 0.79 volts for platinum in 1 N HCl vhereas McMullen and Hackerman
(17) reported a value of (.5 *70.2 volts for platinum in 1 N Na 80, .
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If the present interpretation of the potential-capacity curves 1s cor-
rect, then Roberison's value of 0.79 volts (which agrees with the present
data) cannot represent the zpc for platinum because, at this potential
the chloride ions are firmly adsorbed at the metal surface as shown be-
fore. This conclusion 1s further supported by the fac* that the potential
of the capacity minimum in the anodic region 1s a function of the anion
involved (Fig. 2). Closer analysis reveals that this minimum 1f related
to the two processes occurring cn either side of the minimum, nemely,

the discnarge of the halide fon on the left and their desorption on the
right. From the similarity with mercury, one would expect at the zpc for
platinum, another and sharper minimum which should lie within the
potential range of the humps nbtained in presence of the anions that are
specifically adsorbed.

It is @ifficult to understend Robertson's value {9) of 1.85 volts as the
potential difference between platinum and mercury electrodes at the :or-
responding capacity minima, because, using his value of 0.75 volts

{ve. normal calomel electrode) at the minimum cepacity for platinum and
~0.5 volts (vs, normal calomel electrode) as the zpc for mercury, this
difference should be about 1.25 volts. Moreover, the value of the work
function for platinum (6.3 e.v.) used by him appeara doubtful in the
light of more recent data (2i). The value of 5.3 e.v. (16) appears mcr
accurate. On this basis the con ».t potential difference between
platinum ard mercury should be shout 0.8 volts-(using 4.5 e.v. as the
vork function of mercury), and the estimated value of the zpc for
platinum should be about O.4 volts (vs SCE).

The slight dip in the curves for sulfate solutions {Figs. 3%, 5 and 7)

at about 0.4 volts may be re-examined in this light. It is more likely
that this is the zpc for pletinum., This is supported by the obserwvation
that in the presence of surface active neutral substances (25) minfmum
capacity is obtained at about 0.4 volts, with desorption pesks on either
side or this potential, From this it would follow that the slight humps
vith fluoride, nitrate and sulfate ions (which occur on the right of the
zpc) probably involve a reorientation of water dipoles.

The significance of the more or less shallow portion of the curves with
these anions is not fully understood, From a practical standpoint, this
1s the region that is most suitable for determining surface areas by
capacity measurements (16).

Hydrogen Overvoltage On Platinum

It has been mentioned before thet the steep rise of capscity st the ex.
treme right in each curve (Fig, 2) represents s pceudo capacity due tc
hydrogen evolution. In presence of fluoride lons {Fig. 2, curve a) tiis
occurs at about -0.65 volts which is roughly the potential of meversitle
discharge of hydrogen ions in e solution of pH 7.0. This indficetes that
fluoride ion {least adsorbed} has pructicslly no ef” <t on~the hydroger
overvoltage on platinuz, Nitrete and sulfste ions behave similarly.
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With other anious, however, hydrogen overvoltage appears t> be dependent

on, smong other things, the degree of covalent character (or polarizability)
of the adsorbed anions. The hydrogen overvoltage thus increases in this
order: I 9 Br > Cl > F . The effect of anions on the hydrogen over-
voltage (Fig. 2) appears much greeter than one would expect. (The poten-
tial region of hydrogen evolution was not studied in any detail because,
when this work was in progress, the significance of the var’ous portions

of these curves was not well understood.) No previous work on hydrogen

overvoltage on platinum ir neutrel solutions of the anions studied here
is available for comparison.

It must be pointed out here that the interpretation given by Sarmousakis
and Prager (11) for the steep rise of capacity in the cathodic region

of their curves for the bromide and iodide solutions (as due to the dis-
charge of hydrogen ione, etc.) seems incorrect on the following grounds:

(1) If this r se in capscity represented hydrogen evolution,
then the capacity should continuously rise with more cathodic
potentials. This is contrary to what is experimentally ob-
served in thelr work and more clearly in the present work.
Evidently, they did not cover sufficient potential range and

therefore missed the hump as well as the potential of hydrogen
evolution.

(11) If the rise in capacity under question represented hydrogen
evolution, then the electrode potential should become insen-
sitive to further changes (in more cathodic direction) of
the applied potential. This was not observed in the present
work. Also, the time-potential trace on the oscilloscope did

not register any curvature indicating the absence of any
electrochemical reaction in this region.

(114) Sarmousakis and Prager followed Dolin and Ershler (7) in their
interpretation. However, the latter workers used acid solu-
tions whereas the former used . :utral solutions of KBr and KI.

The potential of hydrogen evolution must be different in the
two classes.

It is interesting to note that Figure 2 suggests a convenient methcd of

estimating the magnitudes of hydrogen overvoltages with different anions
in neutral colutions.
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