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microprobe x - r ay  analyzer,  while David Fisher and 
John  Bart le t t  did the atomic absorption analysis. The 
identification of the anodic films by  x - r ay  and electron 
diffraction was the work of Will iam Dorfeld and Louis 
Osika. 

Manuscript  submit ted April  24, 1969; revised manu-  
script received Aug. 8, 1969. This was Paper  369 
presented at the Montreal  Meeting, Oct. 6-11, 1968. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1970 
JOURNAL. 
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ABSTRACT 

The dissolution of ZnS, CdS, ZnSe, and Zn0.ssCd0.15S in acid solutions has 
been studied under conditions where the group VI anions yield only H2S or 
H~Se. The activation energies depend on the particular compound, the acid, 
and the solvent. However, for ZnS the activation energy is independent of 
purity and crystal structure. For dissolution of high-purity compounds in 
aqueous H2SO4, the activation energies (keal/mole) are: ZnS (9.5), CdS (14.2), 
ZnSe(ll.7). The factors that determine nonoxidative dissolution kinetics are 
analyzed, and a model is presented. This case is compared to the mechanism 
of elemental and compound semiconductor dissolution where electron transfer 
occurs, and there is a relat ively large change in the oxidation states between 
reactants  and products. 

The atomic processes that  occur on the surface of a 
solid dur ing  dissolution depend on the type of bonding 
in  the solid and on the par t icular  species in solution 
(1-5). For  the electrochemical dissolution of semi- 
conductors, these processes have been studied exten-  
sively. However, little a t tent ion has been given to the 
mechanism of dissolution of semiconductors in non-  
oxidizing solutions. 

The relationship of s t ructure  and bonding to the dis- 
solution mechanism can be i l lustrated by several cases. 
For example, the dissolution of alkali  halide crystals, 
such as LiF, is analogous to evaporation in  that  atoms 
are removed by dissociation from k ink  sites on the 
surface (1, 2). If the init ial  rate of dissolution in pure 
solvents is expressed by the equation 

Ro = ~ exp ( - -E /RT)  [1] 

then for the alkali  halides ~ is a f requency factor that  
depends on the surface area and the dis tr ibut ion of 
active sites, and the activation energy E is the energy 
for dissociation of surface atoms. In  the anodic dis- 
solution of semiconductors, the rate is often controlled 
by the t ranspor t  of holes from the bu lk  of the semi- 
conductor to the surface. The pre-exponent ia l  te rm in 
Eq. [1] will then be a funct ion of the bulk  charge 
carrier  concentration, the charge of the carriers, the 
diffusion coefficient, and the characteristic diffusion 
length in the solid. The activation energy wil l  be in-  
fluenced by space charge effects in the solid as well  
as by the bonding and s t ructure  of the par t icular  
semiconductor. All  factors that  have an influence on the 
charge carr ier  concentrat ion wil l  affect the rate  of 
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dissolution (e.g., i l lumination,  n -  or p- type  impurities,  
temperature,  inject ion by a p - n  junct ion,  and reduction 
of oxidants such as ferr icyanide ions on the  surface).  

For heavily doped n - type  germanium, Gereth and 
Cowher (3) have reported that  the rate of anodic dis- 
solution is controlled by the supply of hydroxyl  ions 
from the electrolyte, ra ther  than  by charge carriers in 
the solid. Therefore, the  activation energy may depend 
on space charge layers in the solution ra ther  than in  
the semiconductor. The pre-exponent ia l  in  Eq. [1] wil l  
then be proport ional  to the hydroxyl  ion concentration. 
In  addition, for the spontaneous dissolution of germa-  
n ium in oxygen-satura ted media, Harvey and Gatos 
(4) found that the rate is independent  of carrier  con- 
centrat ion or i l luminat ion.  In  oxidative dissolution 
such as this, when  diffusion is not rate limiting, it is 
bond breaking in  an oxide surface complex that  deter-  
mines the activation energy, v is then related to the 
frequency of thermal  vibrat ions in the solid. 

To distinguish between oxidative and nonoxidat ive  
dissolution, Simkovich and Wagner  (5) showed for 
PbS and ZnO that  doping of the solid and deviations 
from stoichiometry do not have a significant effect on 
the rate of dissolution in nonoxidizing acids, such as 
aqueous HC1. However, Ag2S as an acceptor and Bi~S3 
as a donor in PbS, or Li20 as an acceptor and A120~ as 
a donor in ZnO do significantly affect the rate  of dis- 
solution in concentrated nitr ic acid. The oxidative 
dissolution can be characterized by the formation of 
e lemental  sulfur  as a reaction product in the case of 
PbS. 

Based on the above results, it can be concluded that  
in nonoxidat ive dissolution the rate  constant and the 
activation energy in Eq. [1] are related to processes 
that  occur at the solid-liquid interface. To investigate 
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these processes in acid solutions, the dissolution of the 
I I -VI  compounds ZnS, ZnSe, CdS, and solid solution 
Zn~Cdl-xS has been studied as a function of both the 
s t ructure  and composition of the solids, and the prop-  
erties of the solution. The over -a l l  chemical  react ion 
describing the dissolution process is 

AiiBvI(s)  -}- 2H + = An ++ -{- H2Bvi(g) [2] 

with AII represent ing the group IIB cation and Bvi the 
group VI anion. The I I -VI  compounds are par t icular ly  
suitable for s tudying nonoxidat ive  dissolution kinetics 
for several  reasons: 

1. It has a l ready been shown that  in wel l -ag i ta ted  
systems the ra te  is controlled by a heterogeneous sur-  
face react ion ra ther  than by t ransport  in the solution 
(6). 

2. The react ion products do not form passive films 
that  could inhibit  the dissolution process. 

3. The compounds can be prepared in allotropic crys-  
tal l ine modifications, and have  a complete  range of 
solid solubility. 

Exper imental  
Materials.--All of the polycrystal l ine I I -VI  com- 

pounds were  prepared by precipi tat ion from a soluble 
salt of the group IIB cation. To produce a crystal l ine 
solid, the precipi tate was dried, and annealed in H2B 
gas or in an iner t  atmosphere.  The method of prepara-  
tion, impur i ty  content, B.E.T. surface area, and crystal  
s t ructure  of each mater ia l  are summarized in Table I. 
The composit ion of the crystal l ized solid solution was 
de termined  by comparing the measured lattice param-  
eters to those repor ted  by Bal lentyne  (7). In addition, 
chemical  analyses for both zinc and cadmium w e r e  
done af ter  completely dissolving the solid in cold con- 
centra ted hydrochloric  acid or in nitric acid. These 
two analyt ical  methods gave results that  were  wi th in  
4%. The composition determined by x - r ay  analysis is 
reported in Table I. Reagent -grade  chemicals and high-  
conductivi ty wate r  (6.0 x 10 -7 ohm -1 cm -1) were  
used to prepare  the acid solutions. 

Apparatus and procedure.--Except for dissolution of 
ZnSe, rate  measurements  were  made at constant pres-  
sure by continuously increasing the vo lume of the 
system as vapor  was evolved. The pressure regula t ing  
system was similar to the one described by Cremer  (8), 
al though modifications were  needed to keep the pres-  
sure constant to wi thin  0.1 m m  Hg whi le  automatical ly  
recording the volume (9). The evolut ion of as l i t t le as 
3 x 10 -7 moles of vapor  could be detected. This sensi- 
t iv i ty  is required in order  to study the dissolution of 
the spar ingly soluble I I -VI  compounds. 

A 200-ml baffled Py rex  reactor  flask, shown in Fig. 
1, was immersed  in a cons tan t - tempera ture  bath con- 
t rol led to wi thin  0.1~ All  exper iments  were  carr ied 
out at a st irr ing speed of 1200 rpm. A 3g solid sample 
( _  0.1 mg) was held in a th in -wal led  Py rex  crucible 
before the start  of each react ion so that  it did not 
contact the acid in the flask. F i f ty  mil l i l i ters  of acid 
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Fig. 1. Stirred reactor and sample crucible 

solution were  degassed by lowering the pressure unti l  
the solution boiled. The solution was then saturated 
by flushing the system with  H2S vapor. With the 
s t i r rer  on, the react ion started instantaneously when  
the p lunger  pushed the sample crucible into the acid 
solution. 

Dissolution exper iments  per formed at constant pres-  
sure and t empera tu re  have definite advantages  com- 
pared to exper iments  at constant volume. All  of the 
vapor produced in the reaction goes into the gas 
phase since the solution is a l ready saturated at a fixed 
constant pressure. Also, the evaluat ion of the constants 
in an empir ical  rate  equat ion is easier when  both 
tempera ture  and pressure are constant dur ing an ex-  
periment.  In principle, the constant-pressure  apparatus 
could have been used for the ZnSe experiments ,  but  
the large quanti t ies  of H2Se needed to flush the system 
made this impractical.  Al though the ZnSe exper iments  
were  done at constant volume, the same reactor  was 
used for all exper iments  and the sample was in t ro-  
duced in the same way as described above. 

The concentrat ion of acid, zinc ions, and cadmium 
ions was de termined  after  equi l ibr ium was reached 
in each experiment .  For  both zinc and cadmium, volu-  
metr ic  analysis was used, wi th  e thy lenediamine te t ra -  
cetic acid as a complexing agent. In addition, when the 
cadmium ion concentrat ion was too small  to be de-  
te rmined by volumetr ic  methods, analyses were  done 
with  a J a r r e l -A sh  flame photometer .  

Results 
Typical  examples  of the kinetic data collected in 

this invest igat ion are displayed in Fig. 2 and 3. The 
dependence of the dissolution rate  of h igh-pur i ty  ZnS 

Table I. Preparation and properties of materials 

Material Method o f  p r e p a r a t i o n  

Impurity 
c o n t e n t  

(spectroscopic 
analysis) 

Crystal structure 
(observed v a l u e s )  

S u r f a c e  
a r e a  

(m21g) 

Z n S  

Z n S  

C d S  

ZnSe 

ZnzCdl-xS 
X = 0,85 

Zn (NO3) s + H~S 

ZnSO~ + H2S 

Cd(NO~)s + H2S 

Zn(C1)s + (NI-I~)sSe 

Zn (CsI-I~02) s + Cd (CsI~Oz) = + H~S 

10 p p m :  
Pb 3 p p m  
Cu 0.2 ppm 
Ni 0.3 ppm 
Fe 1 ppm 

2 % :  

Cd 1% 
Fe 0.1% 

10 pprn 

10 ppm 

No analysis 

Cubic 
ao = 5 . 3 8 A  

75% cubic-25% h e x .  
(approximate) 

H e x a g o n a l  
ao = 4.12A co = 6.94A 
Cubic 
ao = 5 . 6 0 A  
H e x a g o n a l  
ao  = 3 . 8 6 A  Co = 6 . 3 0 A  

28.8 

5.5 

0.94  

0 .63 

1.2 
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Fig. 2. Effect of sulfuric acid concentration on the dissolution 
of high-purity ZnS: �9 O.5M; �9 1.0M; A 2.0M; [ ]  3.0M; 0 
4.0M; T = 25~ PH2S -~- 0.88 arm. 
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Fig. 3. Effect of temperature on the dissolution of high-purity 
ZnS in aqueous H2S04: �9 T = 0.2~ PH2S = 0.26 atm; �9 T ---= 
10.0~ PH2S ~ 0.15 atm; A T = 25.00C pH2S ~ 0.27 atm; 
[ ]  T = 40.0~ PH2S = 0.25 atm; O T = 59.0~ pH2s .----- 
0.40 atm; [H2S04] ~ 1.0M. 

on sulfuric acid concentrat ion at fixed tempera ture  
and hydrogen sulfide pressure is i l lustrated in Fig. 2. 
F igure  3 shows the var iat ion of the dissolution rate 
with temperature  at constant  sulfuric acid concentra-  
tion (1M). In  all the investigations, the dissolution 
was allowed to proceed to conclusion so that  informa-  
t ion on the equi l ibr ium state may also be obtained. 
This informat ion is needed in order to determine the 
kinetic parameters  of the reverse (precipitation) re-  
action. Although the general  shape of the dissolution 
curves does not change with the composition of the 
leaching solution (aqueous sulfuric acid, alcoholic 
sulfuric acid, or aqueous hydrochloric acid), the dis- 
solution rate in aqueous sulfuric acid is found to de- 
pend more strongly on tempera ture  than in the other 
two solutions. 

Our experiments  confirmed the finding of Romankiw 
and deBruyn (6) that  the dissolution process is inde-  
pendent  of the rate  of agitation of the reacting mix-  
ture  beyond a critical s t i rr ing speed of 750 rpm. This 
exper imental  observation suggests that  the net  dissolu- 
tion rate is not diffusion controlled. If we now assume 
that  the dissolution process is controlled by a chemical 
reaction at the solid-liquid interface, then the rate of 
dissolution R (moles/m ~ sec) may be expressed as 
follows: 

1 
R A (dn~2Bdt) = kl[H2SO4]r 

-- k-I[AIISO4]/3P~H2B [3] 

In wri t ing Eq. [3], we assume the leaching agent to be 
sulfuric acid. The various symbols introduced in  this 
expression are identified in the Nomenclature  at the 
end of this paper. It is important  to note that  the 
formal rate constants kl and k-1 for the forward and 
reverse reactions, respectively, include the activity 
coefficients of the react ing species. The symbol A with-  
out subscript refers to the surface area (m s) of the 
solid/ l iquid interface. The square brackets, [], imply 
molar  concentrat ions of the reactants;  the quant i ty  

[H2SO4] refers to the stoichiometric sulfuric acid con- 
centrat ion and not to the molar  concentrat ion of ~he 
undissociated species. 

Spectrophotometric studies (10) of the composition 
of aqueous sulfuric acid solutions show that, except in 
extremely dilute solutions, the SO4 = ion is not a major  
consti tuent and that the concentrat ion of undissociated 
H2SO4 is negligibly small  in  solutions of molar i ty  less 
than  14M. At moderate concentrations, it is the HSO~- 
ion which predominates and the properties of such 
solutions are essentially that  of a h 1 electrolyte con- 
sisting of H + and HSO4- ions. An analysis of all 
per t inent  thermodynamic  data on this system in the 
temperature  range 0~176 (11) shows that  the H + 
ion concentrat ion is proport ional  to the stoichiometric 
acid concentrat ion in the concentrat ion range 0.1-6M 
which includes the exper imental  concentrat ions (0.5- 
5M) used in this investigation. The sulfuric acid con- 
centrat ion term in Eq. [3] may therefore be replaced 
by the actual  concentrat ion of H +, the proport ionali ty 
constant  re la t ing [H + ] to [H2SO4] being approximate-  
ly 0.8. 

To determine the order of the forward reaction, that  
is, the magni tude  of the constant  a, we focus at tent ion 
on the ini t ial  stage of the dissolution reaction. Equa-  
t ion [3] may now be t ransformed to read 

Ro = kf Ao[H2SO4] o a exp (--  Es/RT) [4] 

where Ro is the ini t ial  dissolution rate in moles/sec and 
is given by the ini t ial  slope of the exper imental  curves 
in Fig. 2. A check on the measured value of Ro was 
obtained by a numer ica l  curve fitting technique (9). 
By plott ing values of Ro against ini t ial  acid concen- 
t ra t ion ([H2SO4]o), it was clearly established that  a 
equals un i ty  regardless of the composition of the solid 
phase and of the liquid phase. This first-order depen-  
dence of the dissolution rate on acid concentrat ion was 
previously observed by Romankiw and deBruyn (6) 
for ZnS in aqueous sulfuric acid solutions. These 
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Fig. 4. Arrhenius plot for calculation of the activation energies 
for dissolution of II-VI compounds in aqueous H2S04. 
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Fig. 6. Effect of H2S pressure on the dissolution of high-purity 
ZnS in aqueous H2S04: �9 PH2S = 0.27 atm; A PH2S = 0.32 
atm; [ ]  PH2S ---- 0.82 arm; O PH2S ---- !.01 arm; T = 25~ 
J'H2S04] : 1.OM. 
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Fig. 5. Arrhenius plot for calculation of the activation energy 
for dissolution of ZnS in different solutions. 

authors  used an ident ical  ana ly t ica l  p rocedure  for 
eva lua t ing  a. 

The act ivat ion energy  E s for the  fo rward  (dissolu-  
tion) reac t ion  was then  de te rmined  by  p repa r ing  plots 
of log (Ro/Ao[H2S04]o) = log ki against  1/T as 
shown in Fig. 4 and 5. The magni tude  of ks, a reac t ion  

ra te  constant  which  is independen t  of t empera tu re ,  
m a y  then  be calculated.  

At  constant  pressure  of H2B, i t  follows d i rec t ly  
f rom Eq. [3] tha t  for  equ i l ib r ium condit ions 

d log [Au + +]e/d log [H+]e ---- p [5] �9 

where  the  subscr ip t  e denotes  tha t  the  equ i l ib r ium 
concentra t ions  of the reac t ing  species a re  to be used. 
Equat ion [5] shows how the  constant  ~ for the  reverse  
(prec ip i ta t ion)  react ion m a y  be eva lua ted  f r o m  ex -  
pe r imen ta l  da ta  such as found in Fig. 2. I t  also fol lows 
f rom Eq. [4] that ,  if the  ini t ia l  concentra t ion of the  
acid is fixed in a series of exper iments  in which  the  
pressure  of the  H2B gas is a l lowed to vary ,  then  at  
equi l ibr ium,  for a = 1, 

log { [ H 2 S 0 4 ] ~  [AnSO4]e } [ A I I S O 4 ] e ~  

k -1  
= ~ log PHsB ~L log ~ [6] 

and therefore  

d log { ( [H2SO4] o --  [AIISO4] s) / [AIISO4] e B} 
= ,y [ 7 ]  

d log PH2B 

Once p is known, the  constant  -~ m a y  be eva lua ted  f rom 
the informat ion  contained in expe r imen ta l  ra te  curves 
such as those p lo t ted  in Fig. 6. F rom the appropr ia t e  
plots suggested by  Eq. [5] and [7], it  has been es tab-  
l ished that  the  ra te  of the  reverse  react ion var ies  wi th  
the square root  of both the  concentra t ion of the  AII+ + 
ion in solut ion and the H2B pressure.  The ac t iva t ion  

Table II. Activation energies and rate constants 

M a t e r i a l  S o l u t i o n  c o m p o s i t i o n  Er k t  Er kr 
(kca l /mo le )  ( l i t e r s / sec  m s) (kca l /mo le )  (moles  l i t e r s /a tm)1/~  

see m s 

ZnS (0.1% Fe)  aq. H~SO4 9.9 -- 1.0" 
aq. 20%- i -P rOHz  80% 5.0 

H~SO4 
aq. HC1 4.5 

~-ZnS aq. H2SO, 9.5 
CdS aq.  H ~ O 4  14.2 
ZnSe  aq. FI2SO4 11.7 
Zn0.ssCdo.~S aq. H2SO4 5.7 

2.7 --  0.4 x 101 
8.9 x 10 -a 

5.4 x 10 -~ 
3.8 x 10o 
6.8 x 108 
1.0 x I0  ~ 
2.9 x 10 -~ 

6.7 + 1.0 
1.6 

5.8 
6.7 
6.8 
5.3 

1 . 9 - - 0 . 5  • 10 o 
5 .3  • 10 - t  

~ x  10 -~ 
1.7 x 101 
4.8 • 101 
3.4 • 10 ~ 

* P rec i s ion  n o t e d  fo r  t he  f i rs t  v a l u e  app l i e s  to  o t h e r s  in  s a m e  c o l u m n .  
i - P r O H  r e p r e s e n t s  i sopropano l .  

) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 130.203.136.75Downloaded on 2016-09-15 to IP 

http://ecsdl.org/site/terms_use


Vol. 116, No. 12 D I S S O L U T I O N  O F  S E M I C O N D U C T O R  C O M P O U N D S  1663 

energy (Er) of t h e  reverse  (precipitation) reaction 
was then determined by solving Eq. [6] for k-1 at 
different temperatures  and then  plott ing log k-1  
against  1/T. 

All  the per t inent  kinetic parameters  obtained by 
the above analysis of the exper imental  data are col- 
lected in  Table II. It  should be ment ioned that in per-  
forming this analysis no correction has been made for 
the dependence of the activity coefficient of the re-  
acting species on temperature.  However, the stoichio- 
metric activity coefficients for sulfuric acid and also 
hydrochloric acid in the concentrat ion range  0.SM 
(Molal) to 5M are relat ively insensit ive to changes in 
tempera ture  (12). The magni tudes  of the activation 
energies E s and Er will  therefore not  be altered signifi- 
cant ly  if such corrections are made. 

It  is interest ing to note for Table II that  the values 
of E~ for ZnS, ZnSe, and CdS agree to wi th in  •  
kcal/mole.  During the asymptotic approach to equi-  
l ibr ium shown in Fig. 2, 3, and 6, the solid must  form 
simultaneously with the dissolution. The reverse reac- 
tion involves either precipitat ion of new particles or 
growth on the already existing solid. In  either case, 
the data suggest that  the process of solid formation is 
not s imply the reverse of the dissolution process. No 
at tempt has been made to study the reverse reaction in 
detail, since the ini t ial  rate data used to calculate k 1 
and E i are not affected by  these complexities. 

In Table II it can be seen that  the activation energy 
E I for dissolution in aqueous H2SO4 is different for 
each of the h igh-pur i ty  I I -VI  compounds. However, for 
the h igh-pur i ty  ~-ZnS, the activation energy is almost 
the same as for the mater ial  containing 0.1% Fe. The 
lat ter  solid also showed some wurtzi te  l ines in its x - r ay  
diffraction pat tern  which did not appear in the high- 
pur i ty  ~-ZnS. These results indicate that the activation 
energy is not sensitive to impur i ty  content  or crystal 
structure, but the over-al l  rate of dissolution does de- 
pend on these factors due to changes in the number  
of reactive surface sites. 

The dependence of the dissolution rate on the prop- 
erties of the solution are also shown in Table II. For  
the same solid ZnS(0.1% Fe) in different solutions, 
there is a large change in the activation energy. There-  
fore, changing the solution, and with it  the properties 
of the solid-liquid interface, influences the activation 
energy for the ra te-control l ing step. 

The relat ively low activation energy for dissolution of 
the solid solution Zn0.s~Cd0.1~S may be related to other 
observations made on this material.  For  example, even 
after heat t reatment ,  the x - r ay  diffraction peaks of the 
crystallized solid were not near ly  as sharp as for the 
pure ZnS or CdS. It was found that the Zn/Cd ratio in 
the solution was several  times higher than  the ratio 
in the star t ing material.  Therefore it is possible that  
the method of preparat ion sufficiently influences the 
surface properties of the  solid to affect the act ivat ion 
energy for dissolution. 

The results show that the rate of nonoxidat ive dis- 
solution depends on both the properties of the solid 
and the solution. These data bear out the introductory 
remarks that  any proposed mechanism of nonoxi-  
dative dissolution of semiconductors must  account for 
the influence of processes at the  solid-l iquid interface. 

Discussion 
Figure 7 shows the steps that  occur dur ing  dissolu- 

t ion of the I I -VI  compounds in  nonoxidizing acids. 
Since agitation has no influence on the rate of dis- 
solution of the I I -VI compounds in aqueous H2SO4, and 
the activation energies are higher than the 3-6 kcal /  
mole expected for t ranspor t  processes, it is unl ikely  
that  diffusion is the ra te-control l ing step. Furthermore,  
a quant i ta t ive  estimate of the rate of diffusion of H + 
can be made using the equation 

1 
..~ (dnH2B/dt) = - - D ( [ H + ] o  -- [H+ ]i)/d [8] 

SOLID = LIQUID - VAPOR 

SULFUR 

ZINI 

Fig. 7. The mechanism of dissolution of I I - IY compounds in non- 
oxidizing acids. 

where [H+]~ is the concentrat ion of hydrogen ions 
near  the solid surface. Values of [H+]i  = 0, [H+]o ---- 2 
moles/l i ter ,  d -~ 10 -3 cm, and D = 10 -5 cmS/sec, give 
a rate of 10 -5 moles/(sec cme). The chosen values of 
the effective boundary  layer thickness, d, and the 
diffusivity, D, are likely to be wi th in  an  order of mag-  
ni tude for this system. Experimental ly,  for the I I -VI  
compounds in aqueous H2SO4, the init ial  rates were no 
larger than 10 -9 moles/(sec cm~). For the dissolution 
of ZnS in hydrochloric acid or in alcoholic H2SO4, 
the init ial  rates were approximately 10-5 moles/(sec 
cm2), so that the exclusion of diffusion control here 
is not as certain. However, it is the fact that  the sur-  
face reaction is much slower for dissolution of ZnS in 
aqueous H~SO4 than  in the other solutions, ra ther  
than  the magni tude  of the activation energy in the 
lat ter  case, that  is important .  This fact is used below 
as evidence that a slow adsorption step is a plausible 
mechanism for the dissolution of the I I -VI  compounds 
in nonoxidizing aqueous H2SO4. 

If the over-al l  rate of the dissolution reaction is con- 
trolled by the adsorption of hydrogen ions, or the pro- 
tonated solvent, onto the surface then  

Ro ----- k/Ao[H + ]~ exp (--EA/RT) [9] 

EA is the activation energy for adsorption of the hy-  
drogen ions at the interface. The concentrat ion [H + ]~ 
is related to the concentrat ion in  the bulk  solution by 
the equation 

[H +] i----- [H+]oexp  (--@JRT) [10] 

where  @~ is the potential  of the ion at the distance of 
closest approach, before adsorption onto the surface. As 
hydrogen ions adsorb there is a change in potent ial  
equal  to (@o -- ~ ) ,  where r is the potent ial  of the 
solid surface relat ive to the bu lk  solution. Also there is 
an energy change, ~, when  a proton interacts with the 
surface atoms to form some compound. This free en-  
ergy change wil l  depend on the activity of the solid 
surface, but  it is independent  of the surface charge. 
As shown in Fig. 7, it is assumed that  the hydrogen 
ions adsorb preferent ia l ly  on the sulfur  sites, and 
that the surface reaction product  dissociates as H S - .  
This ion then reacts with a hydrogen ion to form HaS 
which is t ransported away from the solid, and is finally 
evolved at the l iquid-vapor  interface. The observa- 
t ion that  the H2S/Zn + + mole ratio is greater  than  1 
is reasonable if adsorption occurs preferent ia l ly  at 
the sulfur  sites. 
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In te rms of the  adsorpt ion  theory  of dissolution, 
where  no e lect ron t rans fe r  is involved in the r a t e -  
control l ing step, the  ra te  equat ion becomes 

{F } R o = k l A o [ H + ] o e x p  - - ~ [ 0 +  ( 6 o - - 6 8 )  +Ca]  

[11] 

The act ivat ion energy for  dissolution, wi th  the  ad -  
sorpt ion step control l ing is 

EA = F(r , + @o) [12] 

EA is made  up of a chemical  and an electrostat ic  con- 
t r ibution.  The former  can be re la ted  to the  bonding,  
surface energy,  and o ther  solid p roper t ies  that  m a y  
effect r The la t te r  t e rm depends  on the  in terac t ion  be-  
tween  the charged solid surface and the ions in solu-  
tion. Changes in the  ac t iv i ty  of the  surface due to the  
s t ruc ture  or the composit ion of the  solid wi l l  genera l ly  
be small ,  and r wi l l  not be apprec iab ly  changed.  This 
is the  reason for the  smal l  difference be tween  the 
act ivat ion energies  for  pure  B-ZnS and ZnS (0.1% Fe) .  
The model  also explains  the  results  of Simkovich and 
Wagner  (5),  tha t  impur i t ies  in the  solid have l i t t le  
effect on the  ra te  of nonoxida t ive  dissolution. The low 
act ivat ion energy  for Zn0.ssCd0asS is p robab ly  due to a 
state of d isorder  of the  surface tha t  is sufficient to 
affect the  chemical  potent ia l  for pro ton  adsorpt ion.  

The m a x i m u m  difference of about  5 kcal  in the  
act ivat ion energies for dissolution of ZnS, ZnSe, and 
CdS is due p r i m a r i l y  to the  e lectrostat ic  in terac t ion  
at  the  so l id- l iquid  interface.  This also must  account 
for the  changes in the  act ivat ion energy  when the same 
solid ZnS is dissolved in different  solutions. For  h y d r o -  
chloric acid as the  solvent,  there  is also the  poss ib i l i ty  
~hat specific interact ions  of chlor ide ions occur on the 
surface, and a l ter  both  the  surface charge  and the  dis-  
t r ibut ion  of act ive sites. This would  lead to changes in 
both the  ra te  constant  and the act ivat ion energy.  A l -  
though the concept of a dielectr ic  constant  for the  
solut ion near  the  solid surface has l i t t le  meaning,  the  
polar izab i l i ty  of the  solvent  and the potent ia l  drop 
across the  Helmhol tz  l aye r  a re  essential  factors in the  
mechanism of nonoxida t ive  semiconductor  dissolution. 

Conclusion 
The exper imen ta l  results,  ana lyzed  in te rms of an 

ac t iva ted  adsorpt ion model  for the  dissolution of I I -VI  
compounds, expla in  why  the  ra te  of dissolution in 
nonoxidizing solutions is not  affected by  the  e lect r ica l  
proper t ies  of the  solid. I t  is the  space charge in the  
solut ion r a the r  than in the  solid tha t  is important .  

Even in the  case of oxida t ive  semiconductor  dissolu-  
tion, it  is known tha t  adsorpt ion  affects the  kinet ics  
by  increas ing or  decreasing the ra te  of the  control l ing 
step. For  example ,  in the  oxida t ive  dissolution of InSb, 
which exhibi ts  c rys ta l lographic  po la r i ty  in the  <111>  
direction,  a l iphat ic  amines p re fe ren t ia l ly  adsorb on the 
S b ( l l l )  surface and inhibi t  the  r a t e  by  in ter fer ing  
with  dissociation of the  surface complex  tha t  controls  
the  ra te  of dissolution (13). Richards  and Crocker  (14) 
found tha t  Ag + reveals  etch pits on the  A s ( l l l )  sur -  
face of GaAs for the  same reason. In  these two cases, 
i t  is the r a t e  constant  ki in Eq. [1] tha t  is lowered.  
According to Ha rvey  and Gates  (4), adsorbed hal ide  
ions ca ta lyze  the  reduct ion of oxygen on the surface 
of Ge by  supply ing  one electron. Based on the mech-  
anism of dissolution proposed  by  H a r v e y  and Gates,  
this adsorpt ion effects E as wel l  as kl in Eq. [1]. A d -  
sorbed ions can also change the ra te  of anodic dissolu-  
t ion of semiconductors  when  charge t ransfe r  in the  
solid is the  ra te -con t ro l l ing  step. The reduct ion  of 
fe r r icyan ide  (Fe(Cn6-~)  to fe r rocyanide  (Fe(CN6-4)  
on the ge rman ium surface leads to an increase in the  
anodic dissolution rate.  This is expla ined  by  Efimov 
(15) by  the supposi t ion tha t  the e lect ron requ i red  for  
the  reduct ion comes f rom the  valence band, c rea t ing  

an addi t ional  hole near  the  ge rman ium surface. The 
process is analogous to the effect of i l luminat ion  on the 
charge  t ransfe r  contro l led  anodic dissolution. 

In  nonoxida t ive  dissolution of the  I I -VI  compounds,  
it  is the  adsorpt ion  tha t  is the  ra te -con t ro l l ing  step. 
The adsorpt ion  model  m a y  be useful  in expla in ing  the 
results  of etching studies in nonoxidizing solutions. Ac-  
cording to this  model,  p re fe ren t ia l  adsorpt ion  occurs 
on the anion sites so that  this face would  be expected  
to dissolve fas ter  than  the corresponding cat ion face 
when the  I I -VI  compounds are  e tched in the  (111) 
orientat ion.  Therefore,  etch pits should appear  on the 
cat ion faces. Studies  of the  adsorpt ion  kinetics of ions 
at the  semiconduc tor -e lec t ro ly te  in terface  and a more  
complete  unders tanding  of the  changes in solvat ion that  
occur in the  layer  of solution near  the  solid surface 
would pe rmi t  this  adsorpt ion  theory  of semiconductor  
dissolution to be developed fur ther .  These same effects 
a re  impor tan t  in a b roader  scope of e lect rochemist ry ,  
such as wi th  anodic oxide films and ba t t e ry  e lect rode 
behavior ,  so tha t  the adsorpt ion  mechanism of non-  
oxida t ive  semiconductor  dissolut ion m a y  be of more  
genera l  importance.  

Manuscr ip t  submi t t ed  March 7, 1969; rev ised  manu-  
script  received Aug. 8, 1969. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the  June  1970 
JOURNAL. 
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NOMENCLATURE 
Surface  area  of solid (m 2) 
Surface  area  of solid at  s ta r t  of react ion 
(m 2) 
Atom of group IIB (Zn, Cd) 
Ion of AII in solut ion 
Ion concentra t ion at  equ i l ib r ium (moles /  
l i ter  
A tom of group VIB (S, Se) 
Diffusion pa th  length  (cm) 
Diffusivity (cm2/sec) 
Act iva t ion  energy  (kca l /mole )  
Act iva t ion  energy  for  proton adsorpt ion  
(kca l /mole )  
Act iva t ion  energy  for dissolution reac-  
t ion (kca l /mole )  
Act iva t ion  energy for prec ip i ta t ion  reac-  
t ion (kca l /mole )  
F a r a d a y  constant  
Acid concentra t ion at  s tar t  of reac t ion  
(moles / l i t e r )  

Acid concentra t ion at  equi l ib r ium 
(moles / l i t e r )  
Hydrogen  ion concentra t ion at  sol id-  
l iquid in terface  (moles / l i t e r )  

l i ters  % 

kl F o r m a l  fo rward  ra te  constant  ( ) 
\ m 2 see ] 

A 
Ao 

All  
A + +, Al l  + + 
[A++]e 

B, BvI 
d 
D 
E 
EA 

Ef 

Er 

F 
[H2S04]o 

[ H 2 8 0 4 ]  e 

[H+]~ 
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k-1 

kf 

k, 

nH2B 
PH2B 

moles Ro 
�9 R Formal  reverse rate constant  h m e sec T 

liters y / ,  (a__~m) Y~ ] v 

Rate constant  for dissolution ( l i ters/  
see m 2) a, fl, "~ 
Rate constant  for precipitat ion (moles r 
l i t e r /a tm)  ~/sec  m 2 
Moles of vapor evolved in reaction 
Pressure of H2B vapor (atm) 
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Init ial  rate of dissolution (moles/sec) 
Over-al l  reaction rate (moles/m 2 sec) 
Temperature  (~ 
Frequency factor 
Electrostatic potential  of proton at solid- 
liquid interface relat ive to bulk  solution 
Constants 
Electrostatic potential  of proton on solid 
surface relat ive to bu lk  solution 
Change in chemical potential  dur ing 
proton adsorption 

Interpretation and Significance of Heats of Activation for 
Electrochemical Reactions Exhibiting Anomalous Tafel Slopes 

B. E. Conway and D. J. MacKinnon 
Department o~ Chemistry, University of Ottawa, Ottawa, Ontario, Canada 

ABSTRACT 

Heats of activation for electrochemical reactions studied over a wide range 
of temperatures  are considered in relat ion to the temperature  dependence 
of the Tafel slope factor b. Experimental ly,  b is found to have anomalous 
temperature  dependence, i.e., other than  the classical form RT/~F, for hydro-  
gen evolution at Hg, Cd, Pb, Ni, and Pt and the consequences of this behavior 
in calculation of heats of activation are evaluated. Curvature  of the electro- 
chemical Arrhenius  plots is shown to arise for certain of the cases t reated and 
is discussed in  relat ion to the problem of detection of proton tunne l ing  at  
low temperatures.  Other difficulties associated with tempera ture  dependence 
of coverage by atomic H and tempera ture -dependent  s t ructure changes in the 
solvent are considered. 

Heats of activation in electrode processes, unl ike  
those for gas phase and in certain cases solution reac- 
tions, cannot be easily related to the mechanism of 
the reaction. This arises because only an apparent  en-  
ergy of activation (1) is measured by such exper imental  
derivatives as d in io/d(1/T) ( involving the exchange 
current  densi ty io), (d~/dT)i, (d~/d 1/T)~ or (d~/d In 
T) ~, where ,1 is the overpotential  at a cur ren t  density i 
related to io by the familiar  equation i = io exp n/b, 
where b is the Tafel slope. However, in a number  of 
situations, variations of heats of activation for a given 
reaction, e.g., over a series of metals, or on account of 
isotopic substitution, or with temperature,  can be use-  
ful as a basis for evaluat ion of such factors as chem- 
isorption in relation to the electronic character of the 
metal  (2) or the role of quan tum-mechan ica l  t unne l  
effects in proton t ransfer  (3) through the est imation 
of f requency factor ratios. 

Normally the apparent  heat of activation AHO#R at 
the reversible potential  differs from the "true," k ine t -  
ically significant quant i ty  AWo~ (for zero meta l -  
solution p.d.) according to the relat ion (1) 

hHo~=R -~ ~Wo~ - - -  flAHo [1] 

where • is the enthalpy change in the single (half-  
cell) reaction 

H+aq -~- eM ~--- 1~ H2 [2] 
and fl is a symmetry  factor. It is well  known that  Z~H o, 
for obvious reasons, is not a thermodynamical ly  
measurable  quanti ty,  al though it may  be est imated 
with varying degrees of uncer ta in ty  depending on the 
value assigned to the surface potential  and the basis 
for assignment of individual  ionic free energies of 
hydra t ion  (4). 

Usually the apparent  heat of activation is evaluated 
at zero overpotential  from the derivative (3 In io/0 
1/T),=o or from the temperature  coefficient of over-  
potential  at a given current  density (5). At finite 
overpotential  o, the derivat ive (~ In i/8 1/T)~ also 
gives the effective heat of activation at potent ial  

which differs from that deduced for the reversible 
potential  by the energy fl~F. These relations which 
give ~H~ in terms of hW ~ and hH ~ apply when  the 
Tafel slope b of the process is given by b = RT/~F 
and ~ r I (T) .  

In  the present and other (6) recent work, we have 
investigated the tempera ture  dependence of the TafeI 
slopes of the hydrogen (h.e.r.) and bromine  evolution 
reactions over a wide range of temperatures  ( includ-  
ing low temperatures  down to --125~ in order to 
establish the correct form of the temperature  depen-  
dence of b. It has been found (6) that  b is rare ly  
given by the "defining" relat ion quoted above and 
usual ly b is less tempera ture  dependent  than  is im-  
plied by b = RT/~F with ~ a constant  equal to ap-  
proximately 0.5. Under  some conditions b can be 
almost independent  of tempera ture  (6-9), while for 
other conditions b may even increase with decreasing 
temperature.  Inspection of early papers in the l i tera-  
ture reveals qual i ta t ively similar observations, but  t h e  
results were usual ly  poorly reproducible and were 
obtained in insufficiently purified solutions. Also, the 
variat ion of b or ~ with T was not systematically 
examined. 

General ly  (6), when b ~ RT/flF, the Tafel slope can 
be represented empirically by  

RT 
b = + c [3] 

~F 
where c is a tempera ture  independent  constant  and p 
can be > 0.5. It  appears coincidental  that b -~ 0.116 at 
room temperature,  e.g., for the h.e.r, at Hg, so that  b 
is apparent ly  RT/~F with ~ = 0.5. Over a wider  range 
of temperature,  including low temperatures  down to 
--100~ in methanol  and ethanol (3,6),  and higher 
temperatures  up to 65~ at Hg in methanol,  b is not 
represented by the usual  simple relat ion b = RT/~F 
but  by Eq. [3]. 

The consequences of this si tuation with regard t o  
the evaluat ion and significance of AH~ are invest i-  
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