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The surface 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 contradictory 1-s. 
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.9. 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 C10£ anions are reduced to chloride anions to an appreciable degree. 
For  this reason, our results lor 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 electrode (2) and the auxiliary electrode (3), as welt as of two vessels 
(4 and 5) for replacing the solutions, 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 bot tom end 6. The compart- 
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, e.9. 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 solutions at compartments I and 2. (11), Teflon washer; (12), adjustable conical 
element; (13), bottom part of vessel for replacement of solutions. 

Fig. 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 H2SO 4 (A and B according to the data of refs. 25 and 2~,); (3) 0.3 M H F + 0.12 M 
KF;  (4) 0.005 M H2SO4 +0.05 M Na2SO4 (according to 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 2 
(Pt),  14 cm 2 (Rh) and 18 cm 2 (Ir). The true surface areas of  these electrodes were: 
2.4 m I (Pt), 1.1 m 2 (Rh) and 1.2 m 2 (It) .  The potent iodynamic  curves were measured 
on smaller electrodes with the values of  true surface area equal to 0.5 m 2 (Pt),  0.25 
m 2 (Rh) and 0.5 m z (Ir). The true surface areas of  the electrodes were determined from 
the length of  the hydrogen section of the charging curves assuming the amoun t  of 
hydrogen adsorbed at the reversible hydrogen potential  in 0.5 M H 2 S O 4  in the case 
of  Pt  210 pC c m -  2 (ref. 14) of  Rh and Ir 220/~C c m -  2 (refs. 15 and 16). Platinization 
was carried out from a 2~o H/PtC16 solution for 3 h at the current density i = 2  
mA cm -2, which ensured a sufficiently positive deposit ion potential  iv. Rhod ium 
plating was performed from a 2~o RhC13+ 1.5 M HC1 solution at i = 6  mA cm -2 
and cont inued for 2 h (ref. 18), iridium plating from a 2~o Na2IrC16+0.1 M HC1 
solution at ~0r= + 100 mV and t ° = 6 0 ° C  for 20 h (ref. 19). 

H F  of  the "special puri ty" grade was subjected to addit ional  purification by 
cathodic polarizat ion for a week on a large P t /P t  gauze 6, which periodically was 
subjected to anod ic -ca thod ic  polarizat ion in H2SO4, whereupon it was carefully 
washed with twice-distilled water. K F  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 + I°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 z°-2z. According to the thermodynamic theory of the platinum 
hydrogen electrode, the following relations are valid for HF and HF + KF solu- 
tionsT-lO, 1 Z. 

\ ~ H  +/Q, #KF 

~Q 
(2) 

where  FH + is the Gibbs adsorption of H + ions, ~n+, #ffV, /ZKF are the respective 
chemical potentials, Q the total surface charge (Q = -Fn)*, q~ the electrode potential, 
~0r the potential referred to the reversible hydrogen electrode in the same solution 
(~0, = q~--/~H÷). All the quantities in eqns. (1) and (2) are expressed in electric units. 
The adsorption was calculated per 1 cm 2 of true surface. 

The values of the derivatives ( 0 ~ 0 / t ~ ] 2 1 ~ F ) Q  and (Oq~/O~H+)Q,uKF, determined by 
the isoelectric potential shifts method, are shown in Fig. 2. The isoelectric shifts 
were determined replacing the 0.018 M HF solution by 0.9 M HF and 0.15 M HF + 
0.12 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=2.0  and 0.3 M HF+0.12  M KF, pH=2.4,  respectively). 
The value ot" A#ffV was  calculated by means of the equatior] A~tffv= (RT/F)A log 
(7±cuE) from the data given in ref. 23. The value of A#n + for H F + K F  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; A/zn+ 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 (OQ/Oq~r)u~F and 
(OQ/~q~r)uH+ ,,~,~ were determined by graphical differentiation. Then by means of 
eqns. (1) and (2) the derivatives (63FH+/6~qgr)u~ v and (SFn+/t3q~r)~,...u,, F were calculated 
and the (~FH+/0¢pr)UhF-- (,O r and (OF H+/0(pr)#H+ , . K F  - -  q ) r  curves were plotted, by the 
integration of which the dependences of Fn+ on q~r were found (Figs. 4, 5, curves 1). 
The pH values of the H2SO4 and H2SO4 + Na2SO4 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 soiutions. 

In the integration of the (OFn+/8~Or)~,h~-~o~ curves at Pt, Rh and Ir, the 

* The detailed interpretation of Q is given in ref. l 1. 
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Fig. 3. Charging curves o f (A)  Pt, (B) Rh and (C) Ir electrodes in solutions: ( l )  0.14 M HF:  (2) 0.02 M 
H2SO4. 
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Fig. 4. FH" (Pr curves at (A) Pt, (B) Rh and (C) Ir electrodes in solutions: (1) 0.1 M HF: (2) 0.005 M 
H2SO,, (A and B according to the data of refs. 25 and 26). 

Fig. 5. FH q~r 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 H2SO4+0.5 M Na2SO4 (according to the data of refs. 32 35). 

value of FH+ = 0  at (pr=0 was taken as the integrat ion constant ,  since in solut ions 
of pure acid HA FH÷ = F ,  and, by analogy with sulfate anions,  at q)r=0 the 
adsorpt ion  of fluoride an ions  24 26 can be taken to be zero. If in H F + C A  solu- 
t ions [C +] ~>[H+], then Ell+ =e=YA - --/ 'c +, where ~ is the surface free charge ~ .  
Since at ~or values of the "double  layer" region on a positively charged surface the 
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adsorption of alkali-metal cations in H2SO4 +C2SO4 solutions is insignificant 27"28, 
it can be assumed that in H F +  KF solutions as well at ~Pr values of the "double 
layer" region FK * -~ 0. Therefore the integration constants of the FH +-tpr curves in 
HF + KF were determined from the condition that/-~FF ax-~ FH ~x in HF + KF is equal 
to l~max = FH'~ x in HF. The possible dependence of Fv m-ax on the concentration of F -  
ions at [F-]  > 10 -2 M was neglected. It was not possible in the case of HF and 
HF + KF solutions to determine the integration constants of the FH+-~pr 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 v a l u e s  of(~Og/0ktl~A)t2 and (0~o/0pn:+)Q.ucA 
in HF and H F + K F  solutions are higher than in H2SO4 and H2SO4+Na2SO4. 
These results show that the surface coverage of Pt, Rh and Ir electrodes with 
adsorbed hydrogen and oxygen atoms at these ~0r in solutions with fluoride anions 
is greater than in solutions with sulfate anions. At Pt, Rh and Ir the isoelectric 
potential shifts on the ascending branches of the curves in HF and HF + KF solutions 
reach values larger than (or equal to) 1 at less positive ~Pr than in H2SO4 and 
H2SO4 + Na2SO4. 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 H2SO4 also points to an earlier 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 l in Fig. 4 characterize quantitatively the dependence of the adsorption 
of fluoride anions on qgr at Pt, Rh and Ir. It is clear from Fig. 4 that the adsorbability 
of fluoride anions at Pt, Rh and Ir over the whole range of ~p~ (50-800 mV) is 
markedly less than for sulfate anions (Fig. 4, curves 2). The maximum values of FA- 
(in/~C cm -2) are:/~F ax= 12.5 (Pt), 18 (Rh), 17 (lr) whereas Fs~ x =23 (Pt), 28 (Rh), 
33 (lr). The decrease in the amounts of adsorbed fluoride and sulfate anions after a 
certain q~r value is due to their displacement by adsorbed oxygen. Since fluoride 
anions are more weakly adsorbed, their displacement starts earlier and the values of 
F~ ax correspond to less positive q~ than F~o 4 values.It should be pointed out that 
the solutions being investigated along with the F -  and SO42- ions, contain con- 
siderable amounts of HF2 and HSO£ ions, and therefore the characteristics given 
here represent certain averages for F -  and HF~- and SO 2- and HSO4- as well. 

The comparison of the FH÷-~o~ curves in HF at Pt, Rh and Ir (Fig. 4A, B, C, 
curves 1) shows that the amounts of adsorbed fluoride anions at ~0~ of the hydrogen 
and "double layer" regions are greater at Rh and Ir than at Pt, the FF max (Rh) 
value being approximately equal to /'F max (Ir). The decrease of FF at Rh and Ir 
starts at more cathodic ~pr 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 electro- 
chemical data, which show, that oxygen adsorption on Rh and Ir occurs at more 
negative ~0~ than on Pt, and from the comparison of the standard heats of formation 
of oxides 29, the heats of oxygen chemisorption on Pt, Rh and Ir and the bond 
energies Pt-O, Rh-O, Ir-O, calculated by the Pauling method 3°'3~ 

Since in the solutions of acidified salts H A + C A  at [C +] >> [H+], FH+ =~, the 
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curves of  Fig. 5 express  the dependence  of  the densi ty  of  the surface free charge  on 
potent ia l .  It  is clear  from Fig. 5 that  at  Pt  at q~r > 300 mV and at Rh and Ir  over  
the whole  range of  ~0r being cons idered  (50-800  mV) ttie values of  e at  ~Or = cons tan t  
in H F  + K F  are  apprec iab ly  less than  in H2SO4 + Na2SO4.  The  in tersect ion of  the 
e-~Or curve with  the abscissa  axis de te rmines  the  value of  the  po ten t ia l  of  the zero 
free charge  (q~ . . . .  o). The values of q~ = o (referred to N H E )  of  Pt, Rh and  Ir  e lect rodes  
in 0.3 M H F + 0 . 1 2  M K F  ( p H = 2 . 4 )  a re  l isted in Tab le  1 which  for compar i son  
shows also the values of  q~=o for 0.005 M H 2 S O 4 + 0 . 5  M Na2SO4 ( p H = 2 . 4 ) ,  
t aken  from the l i terature.  

TABLE 1 

THE VALUES OF tp,=o, (oQ= o AND Aa.~ x OF Pt, Rh AND Ir ELECTRODES 

Solution Electrode q~,=o/mV ¢Pe=o/mV Atrm.x/erg cm -2 

0.3 M HF+0.12 M KF 
(pH=2.4) 

0.005 M H2804.+0.5 M Na2SO4 
(pU =2.4) 

0.005 M H2SO4+0.06 M K2804 
(pH=2.4) 

0.01 M HCI+0.12 M KC1 
(pn=2.2) 

Pt 185 235 0 
Rh - 5 8 5  0 

Ir - 10 - -  - -  
Pt 160 b 200" - -  
Rh - 40 ~ 25" 
Ir - 60 d 
Pt - -  205 - 15 
Rh - -  30 - 60 
Pt 130 - 80 

a The data of ref. 32 were slightly corrected. 
b The data from ref. 32. 
c The data from ref. 33. 
d The data from ref. 34. 

As can be seen from the Table ,  the  values of  q~,=o for the three meta ls  in 
H F  + K F  are  all more  posi t ive  or  less negat ive  than  in H2SO4 + NazSO4.  

Thus  the adso rbab i l i t y  of  f luoride an ions  on Pt, Rh and Ir  is subs tan t ia l ly  
less than  tha t  of  sulfate anions.  W h e n  pass ing from Pt  to Rh and  Ir, there  is a 
significant shift of  tp~=o as well as of  the  poten t ia l s  of  the t rans i t ion  from hydrogen  
to oxygen adso rp t i on  in the ca thod ic  direct ion.  It should  be po in ted  out  also that  
the adso rp t i on  proper t ies  of  Rh and  Ir  e lect rodes  in H F  solu t ions  at  Or<  400 mV 
are  similar .  

(2).  On the dependence of  the reversible surface work on the potential o f  Pt and lr 
electrodes 

In connec t ion  with the  lesser adso rbab i l i t y  of  f luoride anions,  as c o m p a r e d  
to sulfate anions,  at  P t  and  Rh, it  was of  interest  to calcula te  the A~-tp curves of  
the first k ind  36 of  Pt  and  Ir  e lect rodes  in acidified f luoride solu t ions  and to c ompa re  
them with those  in acidified sulfate so lu t ions  22'35. 

The  Acr-tp curves of  the first k ind  was ca lcu la ted  and  p lo t t ed  in the  same 
m a n n e r  as in ref. 36, using the L i p p m a n n  equa t ion :  

--8(~z2_] = F . = - Q '  (3) 
\vtp/ ~H+,NCA 
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where a is the reversible surface work, FH the Gibbs hydrogen adsorption, Q' 
the total surface charge at constant #H+ 11,36. Figure 6 shows as an illustration the 
Q'-~or curves of Pt and Rh electrodes in 0.3 M HF+0.12 M KF solutions (curves 1 
and 1') and in 0.005 M H2SO4+0.06 M K2SO4 (curves 2 and 2'). In order to pass 
from the Q-~or curves (similar to the curves in Fig. 3) to the Q'-~0r curves, the 
solutions being investigated were substituted under isoelectric conditions by the 
0.01 M HCl+ 1 M KC1 solution for which the Q'-q~r curves at Pt and Rh are 
known 32'37. Figure 8 shows the Atr-cp curves of Pt and Rh electrodes in H F + K F  
and H2SO4+K2SO4 solutions calculated from eqn. (3) by integration of the 
corresponding Q ' -~  curves. As the integration constants for plotting the a-tp curves 
are not known, the value of a at the maximum of the curves for H F + K F  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'-~0~ curves 
with the abscissa axis and the relevant maximum values of Aa are listed in Table 1. 

It is clear from Fig. 7 and Table 1 that when passing from H2SO4+KzSO 4 
to H F + K F  solutions, both at Pt and Rh qgQ=o and the left-hand branches of the 
curves shift in the anodic direction and trm~x increases. This supports the conclusion 
made earlier about the lesser adsorbability of fluoride anions at Pt and Rh, as com- 
pared to sulfate anions. 

Oy/~C cm "2 

O ' Adler 9 cm-2 

t 
I 

-Ioo 

6o0 2 
o A 

"1 -~oo i 

- 300 1 

/ 

/ i l i i 

' 0.8 O.~d 0 ~ / / V  - °.td 

Fig. 6. Q'-~f curves of(l ,2) Pt and (1',2') Rh electrodes in solutions: (1) 0.3 M HF+0.12 M KF; (2) 
0.005 M H2SO4+0.06 M K2SO4. 

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 
H2SO4+0.06 M K2SO,~. 
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The comparison of the Aa-q~ curves for Pt and Rh with the a-q) curves for 
Hg shows that at Pt and Rh electrodes the change of a 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 a when passing from fluoride to chloride (0.1 M solutions) 
is less than 3 erg cm-2 for Pt it is ca. 80 erg cm-2. These differences are explained 
by the partial charge transfer of specifically adsorbed ions to the metal surface at 
Pt and Rh 1°'2s'38. 

It should be pointed out that there are certain differences in the Aa-q~ curves 
at Pt and Rh. At Rh the difference between the values of q~Q = o and am, x (see Table 1 ) 
for HF + KF and H2804 -b K2SO4 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 Rh than 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 d0o/drp (0o is the surface coverage with 
O,,~) at the Rh electrode in the range of q~ values studied, which leads to an increase 
of Ida/dq~l. A significant shift in the values of ~0Q=o in the cathodic direction when 
passing from Pt to Rh is due to a much earlier oxygen deposition on Rh. 

(3).  The potentiodynamic curves 
The potentiodynamic curves ofPt ,  Rh and Ir electrodes in 0.14 M HF (curves 

1) and 0.02 M H'2SO4 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 
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Fig. 8. Potentiodynamic curves of (A)  Pt, (B) Rh and (C) | r  electrodes in solutions: (1) 0.14 M HF;  
(2) 0.02 M H2SO4. 
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strongly bound hydrogen is much higher in H2SO4 than in HF. At the same 
time, the ionization of a part of the strongly bound hydrogen occurs in HF at 
higher q~r values than in H2SO4. The comparison of the potentiodynamic curves 
shows that in the presence of fluoride anions, the total amount of Had~ on the Pt 
electrode surface is the same as in the presence of sulfate anions. Consequently, the 
decrease in the height of the second peak in HF, as compared to H 2804, is associated 
with its broadening owing to the ionization of a part of the strongly bound hydrogen 
at larger ~Or. The shift of the ionization potentials of the strongly bound hydrogen 
in the anodic direction in HF, as compared to H 2 8 0 4 ,  points to an increase in HF 
of the bond energy of this form of I-I,a,. 

At Rh and Ir in HF (Fig. 8, B, C, curves 1), just as in H 2 8 0 4 ,  the potentio- 
dynamic curves show one maximum, which testifies to the presence at ~or ~>0 of only 
one form of H,~ 39,4o. The ionization regions of adsorbed hydrogen at Rh and Ir in 
HF are also shifted in the anodic direction, as compared to HzSO4, which is an 
indication of an increase in the bond energy of Had~ 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-Haa~, 
Ir-Hads and Pt-Had~ (strongly bound form), turned with their negative ends towards 
the solution 36" 37. 

The potentiodynamic curves also confirm an earlier oxygen deposition at 
Pt, Rh and Ir in HF solutions as compared to HESO~. 

SUMMARY 

The charging curves, the potentiodynamic curves and the isoelectric potential 
shifts have been measured on Pt, Rh and Ir electrodes in H F  and HF + KF solutions 
in a Teflon cell. From the obtained data, the Fn + ~p curves and the Acr-~o curves of 
the first kind have been calculated by means of the thermodynamic theory of the 
hydrogen electrode. The FH ÷ values in 0.14 M HF and 0.3 M HF+0 .12  M KF are 
much less than in 0.005 M H2SO4 and 0.005 M H 2 8 0 4 + 0 . 5  M K 2 8 0 4  solutions. 
In the presence of F -  anions, the potentials ~0~=0 and ~OQ=o are by 25-55 mV 
more anodic than in the presence of SO 2- anions. In an acidified fluoride solution 
the values of ~r 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 ~or region investigated (from ~or=0 to ~0r=900 mV) are the most 
weakly adsorbed anions. 
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