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Abstract: An expression has been derived for partial molar volumes and also for apparent molar volumes ¢y, from the free-en-
ergy equation based on a model which takes explicit accounts of interionic effects and effects due to thermal jostling. The ex-
pression suggests that for moderately concentrated solutions ¢ varies linearly with C!/3 and that the cube root behavior of
¢ gives way to C!/2 dependence as C — 0. Excellent quantitative agreement is obtained by adopting a value of 60.66 X 10~6

bar~! for d(In €) /P of water at 25 °C and | atm.

Introduction

Examination of the “lattice” or “cell” theory!2 of aqueous
strong electrolytes reveals that this model may be a reasonable
description for moderate to concentrated solutions while in the
limit of infinite dilution the ion-cloud concept of Debye must
prevail. A more reasonable formalism appears to be one based
on Lietzke, Stoughton, and Fuoss’ observations.> We have
recently proposed a model* (henceforth called the transition
model) which assumes that ions in solutions (dilute as well as
concentrated) have a certain degree of mobility and that it is
the time average population density of the ions that corre-
sponds to either the Debye or the “lattice” model. The fun-
damental equation expressing the mean ionic molal activity
coefficient is4

0002-7863/78/1500-0681801.00/0

log v+ = [log Y+]lpebyee ~13 + (1 — e~ 13)[log v ]vcen”
— log (1 + vmM/1000)

-A\ZZ \/ % >CzZ2

= e—lSm

1+1.4 \/% YGZ2

+ (1 —e~15")(=A¥C+ BC + §)
—log (I + ymM/1000) (1)

where A = [4""Z+Z_N/2.303vRTe] a,4+(N/1000)1/3, p = vy
+ v_, A” is the cell model analogue of the Madelung constant,
¢ is the bulk dielectric constant, a4~ converts a particular
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structure to the distance of ionic separation, and ¢ corrects all
activity coefficients calculated according to the “lattice”
model! to the standard state where Debye-Hiickel limiting
laws are obeyed at infinite dilution. The parameter, e =137,
describes the probability? that an ion behaves as a “Debye”
ion. (This probability, which is determined primarily by ion-
solvent interactions, has been shown* to be dependent upon the
number of solute particles and not on the distance between
them. Further nuclear magnetic relaxation studies’ and recent
model calculations indicate that even in the first hydration
sphere the solvent is not permanently attached to the ions. This
would then mean that so long as the number of solute and
solvent particles are constant the probability that an ion be-
haves as a “Debye” ion is fixed and consequently molality
should be used in the parameter e~137). All other quantities
have their usual meanings,!~2

While expression 1 describes* well the activity coefficients
of a number of electrolytes in water at 25 °C, ¢ (apparent
relative molar heat content) calculated according to it also
reproduces* well the corresponding experimental values for
dilute NaCl solution at 25 °C. This paper shows that the
pressure derivative of expression 1 yields partial molar volume
data in excellent agreement with the experimental data for 1:1
and 1:2 electrolytes and is another confirmation of the general
applicability of the two-structure concept.?

Results and Discussion

The partial molar Gibbs free energy for an electrolyte in
solution is expressed as

G2=G2+ RTInfyXy* (2)

where f4 is the mean ionic mole fraction activity coefficient
and X is the mean ionic mole fraction of the electrolyte in
solution. Further fx is related to the mean molal activity
coefficient, v+, by the expression

log f+ = log v+ — log (1 + vmM/1000) (3)
and this transforms eq 1 to

log f = e 15"(log fi)Devye + (1 — €7 15") (log fa)celr”
4

Differentiation of eq 2 with respect to pressure yields

- = <}
= 7,0 — 5
V=V + vRT [ 5P (lnfi)]T,n‘s (5
which in view of eq 4 reduces to

V,=V,"+ vRT [e—ISM gap {In f+iDebye

+ (1 —e™13m) Sal_’ (lnf:t)"cell”] (6)

But
> Sy \/% YCZ;?
VRTEF (lnf:t)Debye7 = 1 (7)
14+ ab 5 SCiZ;2
and
vRT O
92 T 1/3
In (10) 5P (Infi)ucenws = ApCY3? + BpC (8)

so that expression 6 then reduces to

Sy \/% YCZ;?

1+14 \/%Z‘,C,-Z,'2
+ (- e_lsm)[ApC1/3 + BpC]
= ¢~ 15m [I_/2 - I_/20] Debye

+ (1 = e~ 15m)[Vy — V2%ecerr  (9)

‘_/2 — I_/20 = e~ 15m

where

Sy = vRTIn (10)Sf% [31n¢/dP)7ns— B8]  (10)

Sp= % & 1,Z/AkT)=¥2(1.29 X 109) (n

Ap=vRTIn (10)4[(d1n ¢/dP]7.ws— B/3] (12)
Bp = vRT In (10)[8B + (dB/dP)1,4s] (13)

8=— Il,(aV/aP)r.,,'s

= isothermal compressibility of water (14)

and the various symbols have their usual meanings.!? The
quantity ab in Debye’s expression for log f+ has values® be-
tween 1.3 and 1.5 and for the present calculations we have
taken ab = 1.4.

However, it is common to report results in terms of apparent
molar volumes, ¢y, rather than in terms of partial molar vol-
umes ¥, as the former are usually determined experimentally
from density data. Nevertheless, these two quantities are re-
lated by

oy = (V= nV1%/ny (15)

where ¥ is the volume of the solution, ¥, is the molar volume
of the pure solvent, and n; and n; are the number of moles of
the solvent and solute, respectively. From eq 15 it follows
that

QV/ons)1.pm = Vs = 59,; (mév) (16)

Consequently ¥ for Debye and “cell” models are expressed
by eq 17 and 18, respectively.

a—am_ (méy) = V22(= ¢v0) + [SV \/%Zciziz/
(1 +14 \/% zc,z,l)] (17)

59,; (méy) = VO + (ApCV3 + BC)  (18)

If we now express concentration C in terms of the molality m
of the solution by

C=p%+ Bm? (19)
where p01is the density of water, then for very dilute solutions,
for which C = p%mn and for which the ion-cloud concept is
valid, expression 17 yields

by = 900+ 25,010 (20)
On the other hand, expression 18 now becomes
5% (moy) = V2.0 + Ap[p°m + B'm?}1/3
+ Bp[p®m + B'm?] (21)
Integration of eq 21 yields
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Table 1. Difference between the Calculated and the Experimental ¢ Values Expressed as 042 = 3_(¢y(obsd) = @ V(caled) )2/ for Various

Electrolytes at 25 °C

042, dB/OP =0 a2, OB/OP #= 0
2B/oP, 610, C=5%x10"4 C=5%X10"2 C=5x10-¢
mL mol~! bar~! mL mol~! t003 M 10 1.0M to1.0M
NaCl 1.257 X 1073 16.6118 0.005 0.018 0.004
NaBr 5.301 X 10-¢ 23.48¢ 0.010 0.056 0.004
Nal 5.393 X 10-¢ 34.9823 0.012 0.020 0.005
KCl 1.828 X 1073 26.8118 0.030 0.080 0.008
KBr 8.316 X 107¢ 33.7518 0.016 0.109 0.005
Kl 7.837 X 1076 45.2118 0.014 0.091 0.004
LiCl 4.260 X 1076 17.0628 0.003 0.031 0.005
HCI —4.615X% 1076 17.8226 0.065 0.120 0.009
BaCl, 2219 %X 1073 23.2426 0.126 1.256 0.085
CaCl, 3.313x 1073 17.7826 0.119 0.166 0.056

2 A. W. Geffcken and D. Price, Z, Phys. Chem., Abt. A, 155, 1 (1931).

d)V = ‘_/20 + Ap [—1' j;m (p°m + B’m2)1/3dm]
m

+ Bp [’—L- j;m (p°m + B’mz)dm]
=V°+ 34pC'3 + BpC/2
+ %Apm¥3B' /3 + (Bp/3)B'm (22)
But

dy(solution) = e_lsm[d)V]Debye + (1 - e_lsm)[d)V]“cell“

Therefore

v (solution) = =157 [¢,0 + HSy/CV/?]
+ (1 = e~ 15m) [V,0 + BpC)2
+ % ApCY + %ApB V/im¥3 + B'mBp/3] (23)

where ¥, is the value that ¢, would have at C =0 according
to the “cell” model.
Assuming that V20 ~ ¢,,9, eq 23 reduces to

dv = ¢y0 + e~ 13m(%h)S,CY/2
+ (1 - 6_15"’)[3/4APC1/3 + BpC/2
+ 3% A4pm?3B'1/3 + (B'mBp)/3] (24)

The coefficient Sy in this equation depends on (3 In
¢/dP)7,s and on the isothermal compressibility of water and
as such has a common value for salts of the same valence
type.

However, it was observed!© that although ¢y varies linearly
with C1/2 in dilute solutions, the slope, which is %Sy, shows
considerable individuality!! within a series of similar valence
type electrolytes. This slope has been variously estimated as
1.9-2.5!2 for 1:1 electrolytes depending upon the value of (d
In ¢/dP)rs employed. Moreover, while (2 In
€/OP)r=25°C.ws.P=1atm have been determined from direct
measurement on pure water,!3-16 considerable variation!’
exists among reported values and it has been suggested®!7 that
(9 In €¢/dP) 1,5 be found from partial molar volume data.

Redlich and Bigeleisen!® made precise density determination
on very dilute solutions of hydrochloric acid and observed that
the ¢y against C!/2 plot has a limiting slope of 1.86. Subse-
quent studies!’1920 on other 1:1 electrolytic solutions also
showed that the limiting slope for 1:1 electrolytes is 1.868. This
corresponds to a value of 2.802 for Sy and hence of 60.66 X
10=6 bar~! for (9 In €/dP) 7= 125°C ns.p=1atm With 82! = 45.24
X 1076 bar~1. The (d In ¢/dP) 1=25°Cn's P=1atm value thus
obtained must apply to all strong salts in order to be truly
consistent. We shall use the above value of (9 In
€/OP)1=25°C,p=1atm in our further consideration of expression

For very dilute solutions (C < 0.01 M) lattice contributions
to ¢ would be negligibly small as compared to Debye’s so that
¢ would be linear in C1/2 as has indeed been observed.?2 In
comparatively more concentrated solutions (C > 0.03 M), the
lattice contributions (with C/3 term only) outweigh those due
to Debye so that ¢y would be linear in C!/3. Since Bahe?® al-
ways considered solutions more concentrated than C = 0.03
M the linear relationship between ¢y and C1/3 is not unex-
pected. Further, since lattice theory!:2 is valid only for con-
centrated solutions, linear extrapolation of ¢y — ApCY/3 vs.
C to yield ¢ is not realistic. Expression 24 takes care of this
problem.

We now examine the effectiveness of eq 24 to predict ¢y of
various electrolytes at various concentrations. This requires
values of B, A, B’, 8, and dB/dP in addition to the value of (3
In €/dP)Tnsp=1atm- While values of 4, B, and 8 are
known,*1%.2! there is no direct method to evaluate dB/dP and
for the present purpose we have taken dB/dP = 0. The data
necessary to convert molalities to molarities were taken from
the literature.23 ¢, values of various 1:1 electrolytes at 25 °C
were then calculated for different concentrations of the elec-
trolytes (C = 0.0005, 0.0001, 0.0002, 0.005, 0.01, 0.02, 0.05,
0.01,0.2,0.05,0.01,0.2,0.4,0.5,0.6, 0.8, and 1.0 M), Except
for sodium chloride, potassium chloride, potassium bromide,
and potassium iodide, for which Dunn?0 has determined ¢,
values at 25 °C for very dilute solutions (1073-10~4) to about
1.0 M, ¢y data for other electrolytes are available2425 for C
> 0.05 M solutions only. The ¢y data at 25 °C for these elec-
trolytes at C < 0.05 (to C = 0.0005) were then calculated from
Scott’s formula.26 The reliability of Scott’s formula?é to
evaluate ¢y for C < 0.05 was tested by comparing the ¢y
values so obtained (at 25 °C) for sodium chloride, potassium
chloride, potassium bromide, and potassium iodide with their
corresponding experimental values as determined by Dunn.20
The two agreed well within the experimental uncertainty. It
is assumed that ¢ values calculated from Scott’s formula for
C <0.05 for other electrolytes should also bear the same good
agreement with their corresponding experimental values. The
¢y data at 25 °C for dilute solutions of hydrochloric acid were
taken from Redlich and Bigeleisen!® while those for C > 0.2
were evaluated from Young and Smith’s formula.?’ These
calculzated ¢y values compared excellently with those of Fortier
et al.?8

The ¢y values calculated from expression 24 in the manner
discussed above agreed well with their corresponding observed
¢ values at 25 °C (C = § X 1074 to 0.3 M). The difference
between the calculated and the observed ¢y values at 25 °C
was expressed as

062 = 2 (Dr(obsd) — DPr(caled))?/q

where g is the number of experimental points. These 0,2 values
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are recorded in Table I (column 4). The universality of the (9
In ¢/0P)r s value at 25 °C was next checked by evaluating
¢y at 25 °C for barium chloride and calcium chloride, the
necessary data for both of which are available.#29-31 The
calculated and the experimental ¢y values (for C= 5 X 10—4
to 0.3 M) again are in good agreement (Table I, column 4).
However, for C > 0.3 M the agreement between the calculated
and the experimental ¢y values is not so good and it affected
the overall ¢,2 (C =5 X 1074 to | M) (Table I, column 5).
This failure may be due either to (1) evaluation of (d In
€/OP)25°C p=1atm.n's IN the manner suggested above or to (2)
the assumption that (3B/0P) = 0. It was, however, observed
that if (3 In €/dP)25°C. p=1atm,n’s has the value 88.84 X 1076
bar~!, the overall agreement between the observed and the
calculated ¢y values is improved somewhat but it would yield
2.993 and 15.55 as the limiting slope for the ¢y data of 1:1 and
2:1 electrolytes. These slopes are evidently not consistent with
the experimental!®20.28 and theoretical values.!” The probable
failure for C > 0.3 M may therefore lie with the assumption
that (0B/dP) = 0. Since (dB/dP) is a quantity characteristic
of an electrolyte and as it involves additional contributions to
¢y according to a theoryl? which is applicable to concentrated
solutions, we evaluated it by fitting the observed ¢y data for
1 M solution to eq 24. This value of dB/0P was next used to
calculate ¢y values for the electrolyte at all concentrations
from expression 24. The agreement between the observed and
the calculated ¢ values at 25 °C has now improved consid-
erably (Table I, column 6).

The (O In €¢/dP)25°C p=1a1mns value of 60.66 X 1076 bar~!
obtained from our analysis of ¢ data is greater than the recent
value!3 of 47.10 X 10~¢ bar~! but is less than the value 76 X
10~% bar~! which Bahe and Jung?® obtained from their analysis
of ¢y data in terms of their lattice model.!:2 Nevertheless, in
view of Bahe and Jung’s observations,? our value of [d In ¢/dP}
at 25 °C and at | atm does not seem impossible.

Acknowledgments. The patience of Professor L. G. Hepler,

Journal of the American Chemical Society |/ 100:3 | February 1, 1978

with whom many valuable discussions were held, is gratefully
acknowledged. The author thanks the authorities of the Panjab
Agricultural University, Ludhiana, India, for a leave of ab-
sence. This work was supported by the National Research
Council of Canada.

References and Notes

(1) L. W. Bahe, J. Phys. Chem., 76,,1062 (1972).

(2) L. W. Bahe and D. Parker, J. Am. Chem. Soc., 97, 5664 (1975).

(3) M. H. Lietzke, R. W. Stoughton, and R. M. Fuoss, Proc. Natl. Acad. Scl.
U.S.A.; 58, 39 (1968).

(4) P.P. Singh, J. Am. Chem. Soc., 99, 1312 (1977).

(5) H. G. Hertz, R. Tutsch, and N. S. Bowman, J. Phys. Chem., 80, 417
(1976).

(6) M. S. Goldenberg, P. Kruss, and S. K. F. Luk, Can. J. Chem,, 53, 1007
(1975). :

(7) H. S. Harned and B. B. Owen in ‘‘The Physical Chemistry of Electrolytic
Solutions’’, 3rd ed, Reinhold, New York, N.Y., 1967, p 79.

(8) L. W. Bahe and K. A. Jung, Can. J. Chem., 54, 824 (1976).

(9) Reference'5, pp 524-525.

) D. D. Masson, Philos. Mag., 8, 218 (1929).

) Reference 5, pp 359, 361.

) O. Redligh; J. Phys. Chem., 44, 619 (1940),

) B. B. Owen,R. C. Miller, C. E. Milner, and H. L. Cogan, J. Phys. Chem., 65,

2065 (1961). :

(14) F. E. Harris, E. W. Haycock, and B. J. Alder, J. Phys. Chem., 67, 978

(1953). '

A. Falkenberg, Ann. Phys. (Leipzig), 61, 145 (1920).

. Kyropoulos, Z. Phys., 40, 507 (1926).

. Redlich and D. Meyer, Chem. Rev., 64, 221 (1964).

. Redlich and d. Bigeleisen, J. Am. Chem. Soc., 64, 760 (1942).

. G. Hepler, J. M: Stokes, and R. H. Stokes, Trans. Faraday Soc., 61, 20

1965). .

) L. A. Dunn, Trans. Faraday Soc., 65, 1898 (1968).

) R. C. Weast, Ed., *'Handbook of Chemistry and Physics”’, 49th ed, Chemical

Rubber Publishing Co., Cleveland, Ohio, 1968, p F-S.

Reference 5, p, 362, 363.

Reference 5, pp 361, 725.

F. Vaslow, J. Phys. Chem., 70, 2286 (1966).

F. Vaslow, J. PHys. Chem., 73, 3745 (1969).

A. F. Scott, J. Phys. Chem., 35, 2315 (1931).

T.

J.

8
9
(10
(11
(12
(13

oOo®w

(15)
(16)
(17)
(18)
(19)

——

(20
21

F. Young and M. B. Smith, J. Phys. Chem., 58, 716 (1954).
L. Fortier, P. A. Leduc, and J. E. Desnoyers, J. Solution Chem., 3, 323
(1974).
(29) L. A. Dunn, Trans. Faraday Soc., 62, 2348 (1966).
(30) A. Perron, J. E. Desnoyers, and F. J. Millero, Can. J. Chem., 52, 3738
(1974).
(31) Reference 5, p 361.

(22)
(23)
(24)
(25)
(26)
(27)
(28)
29

Photocurrent Spectroscopy of Semiconductor
Electrodes in Liquid Junction Solar Cells

A. Heller,* K.-C. Chang, and B. Miller
Contribution from the Bell Laboratories, Murray Hill, New Jersey 07974.

Received June 16, 1977

Abstract: Photocurrent spectra obtained by a two-beam (one pump-one probe) spectroscopic method on the semiconductor
electrode of liquid junction solar cells can vary with the pump irradiance. In cells with n-type CdS, CdSe, CdTe, and GaAs
photoanodes and chalogenide anion solutions this irradiance dependence results from and sensitively detects the presence of
carrier recombination centers. With semiconductors showing no detectable recombination centers by this technique, cells with
external solar to electrical conversion efficiences of 8-9% have been made. Classical single beam photocurrent spectroscopy
reveals that poor short-wavelength response in semiconductor liquid junction solar cells is due to surface or near surface recom-
bination centers and resembles p-n junction solar cells in this respect. Lowered long-wavelength response is associated with
shrinkage of the depletion region of imperfect and overdoped semiconductors.

Introduction

The analysis of efficiency losses in photovoltaic solar cells
requires the identification of carrier recombination centers and
other mechanisms leading to photocurrent decrease.! Photo-
current spectra for semiconductor-liquid junction cells? have
been used to determine band gaps and redox solution absorb-

0002-7863/78/1500-0684301.00/0

ance? but also contain many other features which relate di-
rectly to cell operation such as short- and long-wavelength
defects and dependence on incident light intensity. This latter
dependence may account for cell efficiency deterioration ob-
served by others at light levels corresponding to only 0.01-0.1
of typical solar irradiance.4

We have recently introduced a method of two-beam spec-
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