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The surlace properties of Pt, Rh and Ir electrodes in solutions containing
fluoride anions have not been studied as thoroughly as those in solutions containing
other anions. The literature data for Pt are scanty and rather contradiclory!=3.
Some problems of the technique of measurements in HF solutions have been discussed
in ref. 6 and lower adsorption of fluoride anions, as compared with sulfate anions,
on Pt and Rh electrodes was assumed on the basis of the potentiodynamic curves.
The surface properties of the Ir electrode in HF solutions have not been studied at
all. This paper contains the results of a systematic study of the surface properties of
Pt. Rh and Ir electrodes in solutions of HF and of acidified fluorides. To obtain
quantitative data, the methods developed on the basis of the thermodynamic theory
of the platinum hydrogen electrode were used (see, e.g. refs. 7-12).

Sulfate and perchlorate anions were found to be the least specifically adsorbed
at platinum metals of the anions studied earlier. However, according to ref. 13, at
Pt and Rh the CIO, anions arc reduced to chloride anions to an appreciable degree.
For this reason, our results for fluoride anions were compared with the respective
data for sulfuric acid and acidified sulfates.

EXPERIMENTAL

The measurements were carried out in a cell made from Teflon and trifluoro-
polyethylene (Fig. 1). It consisted of the compartments of the operating electrode (1),
the reference clectrode (2) and the auxiliary electrode (3), as well as of two vessels
(4 and 5) for replacing the selutions, in which the operating and reference electrodes
were placed. Platinum gauzes (6) covered with electrodeposited Pt, Rh and Ir layers
were used as operating electrodes. The auxiliary electrode was a Pt wire {7) and
the reference electrode a Pt tube (8), platinized from the bottom end®. The compar-
ments of the electrodes were separated from one another by Teflon stopcocks (9).
At closed stopcock. the resistance in the circuit operating electrode—auxiliary elec-
trode in 1 M HF was ca. 100 k€. There were two stopcocks between the compart-
ments 1 and 2 to ensure that hydrogen did not reach the operating electrode. The
solutions to be replaced were removed through the openings in the cell bottom
closed by Teflon stopcocks (10). The important requirement for the cell—its tight-
ness was ensured by the use of conical elements for connecting various parts of
the cell (see. eg. Fig. 1, element b).
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Fig. 1. (a) Teflon cell for measurements in hydrofluoric acid solutions (for details. see text); (b) Vessels
for replacement of solulions al compartments | and 2. (11), Tefton washer; (12), adjuslable conical
element; (13}, bottom part of vessel for replacement of solutions.

Yig. 2. Curves of the isoelectric potential shifts of (A) Pt, (B) Rh and (C) Ir electrodes in solutions:
(1)0.14 M HF;(2)0.005 M H,S0, (A and B according to the data of refs. 25 and 20);(3) 0.3 M HF +0.12 M
KF; (4) 0005 M H,S0, +0.05 M Na;SO. (according tc the data of refs. 32-35).

The measurements of the isoelectric potential shifts and of the charging
curves were carried out on the same electrodes with geometric surface area 30 cm?
(Pt), 14 cm? (Rh) and 18 cm?® (Ir). The true surface arcas of these ¢lectrodes were:
24 m?(Pr), 1.1 m*(Rh)and 1.2 m? (Ir). The potentiodynamic curves were measured
on smaller electrodes with the values of true surface area equal to 0.5 m? (Pt}), 0.25
m?(Rh)and 0.5m?(Ir). The true surface areas of the electrodes were determined from
the length of the hydrogen section of the charging curves assuming the amount of
hydrogen adsorbed at the reversible hydrogen potential in 0.5 M H,8Q, in the case
of Pt 210 C cm ™ 2 (ref. 14) of Rhand Ir 220 4C cm ™ 2 (refs. 15 and 16). Platinization
was carried out from a 2% H,PiClg solution for 3 h at the current density i=2
mA cm” 2, which ensured a sufficiently positive deposition potential’”. Rhodium
plating was performed from a 2% RhCl3+1.5 M HCI solution at i=6 mA cm™ 2
and centinued for 2 h (rel. 18), iridium plating from a 2% Na:lrCls +0.1 M HCI
solution at ¢,= +100 mV and *=60°C for 20 h (ref 19).

HF of the “special purity” grade was subjected to additional purification by
cathodic polarization for a week on a large Pt/Pt gauze®, which periodically was
subjected to anodic—cathadic polarization in H,SO,, whereupon it was carefully
washed with twice-distilled water. KF of “analytically pure” grade was twice
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recrystallized from twice-distilled water in a Teflon vessel and calcined in a Pt cup
at 600°C. The experiments were carried out at 20+ 1°C. -

RESULTS AND DISCUSSION

{1). The adsorption properties of Pt, Rh and Ir electrodes in HF and HF + KF
solutions

The adsorption properties of the Pt, Rh and Ir electrodes were studied by
the method of the isoelectric potential shifts coupled with the measurement of
charging curves®®22 According to the thermodynamic theory of the platinum
hydrogen electrode, the following relations are valid for HF and HF +KF solu-
tions” 1012
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where I+ is the Gibbs adsorption of H* ions, pw+, ufr, uxr are the respective
chemical potentials, Q the total surface charge (0= — I§1)*, ¢ the electrode potential,
¢. the potential referred to the reversible hydrogen electrode in the same solution
(@e=¢ — urr*). All the quantities in eqns. (1) and (2) are expressed in electric units.
The adsorption was calculated per | cm? of true surface.

The values of the derivatives (3¢/6usir)e and (Go/0uy+)g.ucr» determined by
the isoclectric potential shifts method, are shown in Fig. 2. The iscelectric shifts
were determined replacing the 0.018 M HF solution by 0.9 M HF and 0.15 M HF +
012 M KF by 1.5 M HF +0.12 M KF and referred to a solution with a medium
pH value (0.14 M HF, pH=2.0and 0.3 M HF +0.12 M KF, pH=24, respectively).
The value of Audr was calculated by means of the equation Augr= (RT/F)A log
(7+car) from the data given in ref. 23. The value of Auy+ for HF + KF solutions
was determined experimentally from the change in the potential difference operating
electrode — reference electrode after replacement of the solution in the compartment
of the reference electrode; Auy - was 79+1 mV.

The slow charging curves were measured in solutions with medium pH
values (Fig. 3). From these curves the values of the derivatives (8Q/0¢,),4, and
(0Q/0P)uss+ ur Were determined by graphical differentiation. Then by means of
eqns. (1) and (2) the derivatives (01 /0¢,),z, and (813+/@9,),, . 4., Were calculated
and the (06~ /0@ )uhe — @rand (15 /00 ) g+ uer — @ curves were plotted, by the
integration of which the dependences of ;- on ¢, were found (Figs. 4, 5, curves 1).
The pH values of the H,SO, and H,S0, + Na,50, solutions, for which the curves
are also given in Figs 2-5, are close to those of 0.14 M HF and 0.3 M HF solutions.

In the integration of the (65« /6¢,)uie — @, curves at Pt, Rh and Ir, the

* The detailed interpretation of @ is given in ref, 11,
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Fig. 3. Charging curves of (A) Pt. (B) Rh and (C) Ir electrodes in solutions: (1} 0.14 M HF;(2) 0.02 M
H,80..

L ot

2 20

Eid d

20

b(i

>
'S 3
v . T -
by .
-_—
s
- " .
£

S0 6;10 99 /m\/ 500
T

L
0 300 600 gP/v 900 _}
T

Fig. 4. I+ ¢. curves at (A} Pt, {B) Rh and (C) Ir electrodes in solutions: (1) 0.1 M HF: {2) 0.005 M
H:;50, {A and B according to the data of refs. 25 and 26).

Fig. 5. My —o, curves of (A) Pt, (B) Rh and {C) Ir electrodes in solutions: (1) 0.3 M HF+0.12 M KF;
(2) 0.005 M ;80,405 M Na,SO, (according te the data of refs. 32-35). ’

value of Iy+ =0 at ¢,=0 was takcn as the intcgration constant, since in solutions
of pure acid HA I'y- =I,- and. by analogy with sulfate anions, at ¢,=0 the
adsorption of fluoride anions**~2¢ can be taken 10 be zero. If in HF +CA solu-
tions [C*]»[HT], then [ =&=T, —{c+, where ¢ is the surface free charge''.
Since at ¢, values of the “double layver” region on a positively charged surface the
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adsorption of alkali-metal cations in H,50, +C;SQ, solutions is insignificant?7-28,
it can be assumed that in HF + KF solutions as well at ¢, values of the “double
layer” region Iy ~0. Therefore the integration constants of the Iy+—o, curves in
HF + KF were determined from the condition that If**= ;@** in HF +KF is equal
to IF™ =¥ in HF. The possibie dependence of [7™* on the concentration of F~
ions at [F7] > 1072 M was neglected. It was not possible in the case of HF and
HF + KF solutions to determine the integration constants of the fi-—p, curves by
means of direct adsorption measurements {as was done in refs. 9, 10, 25 and 26)
because even at sufficiently high pH values these solutions contain large amounts
of HF owing to the low dissociation constant of hydrofluoric acid.

It is clear from Fig. 2 that the minimal values of ( 2o/ Cpita)e and (0@/3n+ )o.uca
in HF and HF + KF solutions are higher than in H,50, and H,50,+ Na,S50,.
These results show that the surface coverage of Pt, Rh and Ir electrodes with
adsorbed hydrogen and oxygen atoms at these ¢, in solutions with fluoride anions
is greater than in solutions with sulfatle anions. At Pt, Rh and Ir the isoelectric
potential shifts on the ascending branches of the curves in HF and HF 4+ K F solutions
reach values larger than (or equal to) 1 at less positive ¢, than in H,S0, and
H,80, + Na;80,. This is evidently due to an earlier displacement of the fluoride
anions by adsorbed oxygen, as compared to sulfate anions. The shape of the charging
curves in HF and H,SO, also points to an e¢arlier oxygen adsorption in HF
solutions (Fig. 3). From what has been said above, it can be already assumed that
at Pt, Rh and Ir fluoride anions are less strongly adsorbed than sulfate anions,

Curves Lin Fig. 4 characterize quantitatively the dependence of the adsorption
of fluoride anions on ¢, at Pt, Rhand Ir. It is clear from Fig. 4 that the adsorbability
of fluoride anions at Pt, Rh and Ir over the whole range of ¢, (50-800 mV) is
markedly less than for sullate anions (Fig. 4, curves 2). The maximum values of I -
(in 4C cm ™ *)arc: Ip**=12.5(Pt), 18 (Rh), 17 (Ir) whereas I&y =23 (Pt), 28 (Rh),
33 (Ir). The decrease in the amounts of adsorbed fluoride and sulfate anions hfter a
certain ¢, value is due to their displacement by adsorbed oxygen. Since fluoride
anions are more weakly adsorbed. their displacement starts earlier and the values of
I'f2* correspond to less positive ¢, than I35 values. It should be pointed out that
the soluticns being investigated along with the F~ and SOZ~ ions, contain con-
siderable amounts of HF; and HSO, ions, and therefore the characteristics given
here represent certain averages for F~ and HF; and SOZ~ and HSOJ as well,
_ The comparison of the I+, curves in HF at Pt, Rh and Ir (Fig. 4A, B, C,

curves 1) shows that the amounts of adsorbed fluoride anions at ¢, of the hydrogen
and “double layer” regions are greater at Rh and Ir than at Pt, the ™ (Rh)
value being approximately equal to [§™* (Ir). The decrease of Ip- at Rh and Ir
starts at more cathodic ¢, values than at Pt. This is evidently due to the fact that
the p.z.c. of Rh and Ir are more negative than the p.z.c. of Pt (by =200 mV, see
below) and that the bond energy of adsorbed oxygen with Rh and Ir surfaces
is higher than with Pt. The latter circumstance follows both from the clectro-
chemical data, which show that oxygen adsorption on Rh and Ir occurs at more
negative @, than on Pt, and from the comparison of the standard heats of formation
of oxides?®, the heats of oxygen chemisorption on Pt, Rh and Ir and the bond
energics Pi-O, Rh-O, -0, calculated by the Pauling method?©-3!

Since in the solutions of acidified salts HA+CA at [C*] »[H*], Iy;- =&, the
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curves of Fig. 5 express the dependence of the density of the surface free charge on
potential. It is clear from Fig. 5 that at Pt at ¢,>300 mV and at Rh and Ir over
the whole range of ¢, being considered (50-800 mV) the values of ¢ at ¢, =constant
in HF + KF are appreciably less than in H;SO4+Na,S0,. The intersection of the
¢, curve with the abscissa axis determines the value of the potential of the zero
free charge (@, . - o). The values of g, _ ; (referred to NHE) of Pt, Rh and Ir electrodes
in 0.3 M HF +0.12 M KF (pH=24) are listed in Table 1 which for comparison
shows also the values of @.=¢ for 0.005 M H,S504+0.5 M Na,SO, (pH=24),
taken from the literature,

TABLE |
THE VALUES OF @,_;, @0 AND As,, OF Pt, Rh AND Ir ELECTRODES

Solution Elecirode @s—o/mV Po-o/mV AGpax/erg cm ™2
03 M HF+0.12 M KF Pt 185 235 0
(pH=24) Rh -3 85 0
Ir —-10 — —
0.005 M H;SO4+ 0.5 M NﬂzSO4 Pt 160" 200* —_
(pH=24) Rh L 25° —
Ir — 604 — —
0.005 M H,80,+0.06 M K,80, Pt — 205 —15
(pH=24) Rh - 30 —60
0.01 M HC140.12 M KCI Pt — 130 -~ 80
(pH=22)

¢ The data of ref. 32 were slightly corrected.
b The data from ref. 32.
¢ The data from ref, 33,
4 The data from ref. 34,

As can be seen from the Table, the values of ¢, for the three metals in
HF +KF are all more positive or less negative than in H,S0,+ Na,SO,.

Thus the adsorbability of fluoride anions on Pt, Rh and Ir is substantially
less than that of sulfate anions. When passing from Pt to Rh and Ir, there is a
significant shift of ¢,-4 as well as of the potentials of the transition from hydrogen
to oxygen adsorption in the cathodic direction. It should be pointed out also that
the adsorption properties of Rh and Ir electrodes in HF solutions at ¢, < 400 mV
are similar.

(2). On the dependence of the reversible surface work on the potential of Pt and Ir
elecrrodes

In connection with the lesser adsorbability of fluoride anions, as compared
to sulfate anions, at Pt and Rh, it was of interest to calculate the Ag—¢ curves of
the first kind>¢ of Pt and Tr electrodes in acidified fluoride solutions and to compare
them with those in acidified sulfate solutions®??3,

The Ao—¢ curves of the first kind was calculated and plotted in the same
manner as in ref. 36, using the Lippmann equation:

é
(—") —Tu=—Q ()
o LIRSy TeFN
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where ¢ is the reversible surface work, Iy the Gibbs hydrogen adsorption, @’
the total surface charge at constant - *™*¢. Figure 6 shows as an illustration the
'@, curves of Pt and Rh electrodes in 0.3 M HF +0.12 M KF solutions (curves |
and 1') and in 0.005 M H;S04+0.06 M K,SO, (curves 2 and 2'). In order to pass
from the Q—¢, curves (similar to the curves in Fig. 3) to the Q'—p, curves, the
solutions being investigated were substituted under isoelectric conditions by the
001 M HCl+1 M KCI solution for which the Q'-¢, curves at Pt and Rh are
known®?-?7. Figure 8 shows the Ag—¢ curves of Pt and Rh clectrodes in HF + KF
and H;SO,+K,S80, solutions calculated from eqn. (3) by integration of the
corresponding O'—, curves. As the integration constants for plotting the o—¢ curves
are not known, the value of ¢ at the maximum of the curves for HF + KF is
conditionally taken to be zero. The potentials of the zero total charge of the Pt
and Rh electrodes surface, corresponding to the intersection of the Q-p, curves
with the abscissa axis and the relevant maximum values of Ag are listed in Table 1.

It is clear from Fig. 7 and Table 1 that when passing from H,SO,+K,SO,
to HF + KF solutions, both at Pt and Rh ¢g- and the left-hand branches of the
curves shift in the anodic direction and 6., increases. This supports the conclusion
made earlier about the lesser adsorbability of fluoride anions at Pt and Rh, as com-
pared to suifate anions.

200p QI/;I-C em 2

~100

-200

-300

0.8 04 0 gp/v -04

Fig. 6. 0~¢, curves of (1,2) Pt and (1',2) Rh electrodes i solutions: (1) 0.3 M HF +0.12 M KF; (2)
0005 M H,SO,+0.06 M K,80,.

Fig. 7. Curves of the dependence of the reversible surface work of (A) Pt and (B) Rh electrodes on the
_ potential (electrocapillary curves of the 1st kind) in solutions: (1) 0.3 M HF+0.12 M KF; {2) 0.005 M
H,80,+0.06 M K;50,.
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The comparison of the Ac—@ curves for Pt and Rh with the ¢—¢ curves for
Hg shows thal at Ptand Rh electrodes the change of ¢ when passing from fluoride to
sulfate and chloride anions is greater than on Hg. Thus, if for Hg the change in
the maximum values of o when passing from fluoride to chloride (0.1 M solutions)
is less than 3 erg cm™ 2 for Pt it is ca. 80 erg em ™~ 2. These differences are explained
by the partial charge transfer of specifically adsorbed ions to the melal surface at
Pt and Rh!0-25:38,

It should be pointed out that there are certain differences in the Ag—p curves
at Ptand Rh. At Rh the difference between the values of ¢ - and 6, (see Table 1)
for HF + KF and H,SOQ, + K S0, solutions is much larger than at Pt. This appears
to be due to a greater difference in the adsorbability of fluoride and sulfate anions
at Rhthan at Pt. A faster decrease of the left-hand branches of the curves at Rh than
at Pt can be explained by the larger value of dflg/d¢g (#o is the surface coverage with
0,4 ) at the Rh electrode in the range of ¢ values studied, which leads to an increase
of |do/de|. A significant shift in the values of @g=¢ in the cathodic direction when
passing from Pt to Rh is due to a much carlier oxygen deposition on Rh.

{3 ). The potentiodynamic curves

The potentiodynamic curves of Pt, Rh and Ir electrodes in 0.14 M HF (curves
1yand 0.02 M H,80, solutions {curves 2) with similar pH values are compared in
Fig. 8 (refs. 21, 22, 35). At the Pt/Pt electrode the second peak corresponding to more

sy L/mA

0 300 606 (pt /mv g00

Fig. 8. Polentiodynamic curves of (A} Pt, (B) Rh and (C) Ir electrodes in solutions: (1) 0.14 M HF;
(2) 302 M H,50,.
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strongly bound hydrogen is much higher in H;SO, than in HF. At the same
time, the ionization of a part of the strongly bound hydrogen occurs in HF at
higher ¢, values than in H,80,. The comparison of the potentiodynamic curves
shows that in the presence of fluoride anions, the total amount of Huy, on the Pt
electrode surface is the same as in the presence of sulfate anions. Consequently, the
decreasein the height of the second peak in HF, as compared to H,80,, is associated
with its broadening owing Lo the ionization of a part of the strongly bound hydrogen
at larger .. The shift of the ionization potentials of the strongly bound hydrogen
in the anodic direction in HF, as compared to H,S8Q,, points to an increase in HF
of the bond energy of this form of H,,..

At Rh and Tr in HF (Fig. 8, B, C, curves 1), just as in H,50,, the potentio-
dynamic curves show one maximum, which testifies to the presence at ¢, >0 of only
one form of H,,,***% The ionization regions of adsorbed hydrogen at Rh and Ir in
HF are also shifted in the anodic direction, as compared to H,SO,, which is an
indication of an increase in the bond energy of H,y, at these metals in the presence
of fluoride anions as well. These results agree with the expected effect of the
decrease of the anion adsorbability on the bond energy of the dipoles Rh-H,g,,
Ir-H,4, and Pt -H,g4, (strongly bound form), turned with their negative ends towards
the solution?®-37,

The potentiodynamic curves also confirm an earlier oxygen dcposition at
Pt, Rh and Ir in HF solutions as compared to H,80,.

SUMMARY

The charging curves, the potentiodynamic curves and the isoclectric potential
shifts have been measured on Pt, Rh and Ir electrodes in HF and HF + KF solutions
in a Teflon cell. From the obtained data, the Iy-—¢ curves and the Ao—¢ curves of
the first kind have been calculated by means of the thermodynamic theory of the
hydrogen electrode. The T+ values in 0.14 M HF and 0.3 M HF+0.12 M KF arc
much less than in 0.005 M H,SO, and 0.005 M H,50,+0.5 M K,S0, solutions.
In the presence of F~ anions, the potentials ¢,-o and ¢g-o are by 25 55 mV
more ancdic than in the presence of SO3~ anions. In an acidified luoride solution
the values of ¢ are higher than in an acidified sulfate solution. The analysis of
the results obtained leads to the conclusion that on platinum metals the fluoride
anions in the @, region investigated (from @, =0 to @, =900 mV) are the most
weakly adsorbed anions.
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