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In the present paper a general theory of ionic adsorption of gases on semi-conductors is developed,
with particular consideration for the combination of the types of semi-conductors and the signs
of the electric charge on the adsorbed molecules. The results obtained agree qualitatively with
experiments, but contradict predictions made by Dowpen who in his theory does not take the
space-charge layer near the surface into account. In the last section, physical models for adsorption
sites are speculatively considered. A discussion of the catalytic activities of semi-conductors based
on the present theory of adsorption is given. The applications to special reaction systems will be

given in Part IT of the present series.

With regard to the catalytic activities of semi-
conductors Dowpen ! in his famous paper concluded
that n-type (or p-type) semi-conductors are
general good catalysts for reactions associated with
negative (or positive) ions. Experimental results,
however, have shown that p-type semi-conductors
are good catalysts for the decomposition of nitrous
oxide 23 and for the oxidation of carbon mon-
oxide?, and that the adsorbed oxygen, an inter-
mediate product in these reactions, which is ad-
sorbed on p-type semi-conductors is negatively
charged?. Now that Dowpen’s theory has been
shown untenable, it is desirable to discuss the
problem in all its aspects and to establish a new
theory reconcilable with the empirical facts. The
difficulty is that in a transient state quantities such
as activation entropy and transmission probability
along a reaction path can hardly be estimated,
and it is therefore impossible at the present stage
to perform a quantum-mechanical calculation of a
rate constant. The alternative measure usually
taken is to analyze the reaction mechanism by
investigating the dependency of the reaction rate
on temperature and partial pressure of the con-
stituent gases. Sometimes, however, if experimental
procedures are appropriately designed, it is possible
to arrive straightforwardly at a proper understand-

in

L D. A. Dowpky, J. Chem. Soc., Lond. 1950, 242.

2 K. Haurrg, R. Grane and H. J. Excert, Z. phys. Chem. 201.
223 [1952]; G. Scamipt and N. Kerier, Naturwiss. 37, 43
[1950].

3 G. M. Scuwas and J. Brock, Z. phys. Chem. N.F. 1, 42
[1954] ; cf. also the references cited in it.

4 A. Kosavasur and S. Kawasi, unpublished data.

3 C. Wacner and K. Havrre, Z. Elektrochem. 44, 172 [1938].

ing of catalytic processes by measuring the physical
properties of the solid phase in stationary state.
Especially in the case of semi-conductor catalysts,
the physical properties under working conditions
are of great importance in the understanding of
reaction processes, since these processes are serious-
ly influenced by the gaseous environment. For
instance, WaeNEr and Haurre® have succeeded in
determining the reaction mechanisms by measuring
the electronic conductivity of the working semi-
conductor catalysts, and the recent work of Saro
consisted in observing the rate of change in the
colour of a ZnO —ZnCr,0, catalyst used for the
oxidation of carbon monoxide. These methods, how-
ever, cannot be applied to all reaction processes,
since the required special properties may be dif-
ficult or impossible to measure. Thus it becomes
advisable to develop a theory that involves only the
common properties of the semi-conductor catalysts.
One of common properties is the ionic adsorption
of gases on catalysts. From this point of view,
several authors” have advanced the theory of ad-
sorption for semi-conductors, but they have not
succeeded in formulating a general theory that
gives a deep insight into the nature of catalytic
activities. In view of these circumstances, the author
has constructed a more general theory of adsorption

6 T. Saro, Read at the 8th annual meeting of the Chem. Soc.
Japan (1955).

7 K. Hauvrre and-H. J. ExceLr, Z. Elektrochem. 56, 366
[1952]: 57, 763. 773 [1953]: P. Awraixy and C. Ducas,
ibid. 56, 363 [1952]; P. B. Wrisz, J. Chem. Phys. 21,
1531 [1953]: J. E. Germawy, J. Chim. Phys. 51, 691
[1954].
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IONIC ADSORPTION OF GASES ON SEMI-CONDUCTORS 1

for semi-conductors, and discusses the common
features of catalytic activities in these terms.

1. The Specific Nature of the Ionic Adsorption

on Semi-Conductors

Recently Brarrain and Barpeen® developed a
method to determine the space-charge layer near
the surface of a semi-conductor induced by ionic
adsorption. Several authors® have applied this
method to various systems and verified that space-
charge layers are always induced by the adsorbate
near the surface of a semi-conductor. The reason
the ionic state of the adsorbate is stable remains,
however, still unexplained even qualitatively. By
way of example, let us take the case of the adsorp-
tion of oxygen on nickel oxide. The energy required
to form from a molecule of oxygen two oxygen ions
and two electrons on nickel oxide can be estimated

as:
2 X (work function of NiO) = 2X 4.8eV
—2X (electron affinity of
atomic oxygen) =—-2X 1.5eV10
+ (dissociation energy of O,) 5.6 eV
total energy 12.2eV.

In other words, the energy required is 6.1 eV per
oxygen ion. The accepted value for the initial heat
of adsorption, 4H,4(0), is, on the other hand, of
the order of 1.2eV. Hence, to obtain this value
after compensation for — 6.1 eV lost by the above-
mentioned work, it is necessary to attribute the
total energy, ca. 7.3 eV, to other sources, such as
the MaDELUNG energy, exchange energy, etc. Many
of those energies can hardly be estimated either
theoretically or experimentally at the present stage
of knowledge, and so further discussion of the
stability of the ionic states of adsorbates becomes
hopeless. Be that as it may, it may well be asserted
from the above estimation that in most cases of
ionic adsorption on semi-conductors, the electron
affinity or the ionization energy of the adsorbate
and the work function of the adsorbent do not con-
stitute a deciding factor in generating the heat of
adsorption.

8 W. H. Brarray and J. Barpeen, Bell Syst. Tech. J. 32, 1
[1953].

9 A.Kosavasur and S. Kawasr, J. Phys. Soc. Japan 10, 270
[1955]; S. Tanaka and M. Aok, Japan. J. Appl. Phys. 22,
311 [1953].
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Another important feature of chemisorption which
is observed in both metallic and semi-conductor
adsorbents is the change in the heat of adsorption
with coverage, ®. With a few exceptions!! an at-
tribution of this change in the case of metallic ad-
sorbents to an electric double layer at the surface
of the adsorbent brings about wrong results 2. In
the case of semi-conductor adsorbents, however,
such a double layer might play a principal role in
the dependency of the heat of adsorption on the
coverage, O, inasmuch as the surface double
layer of semi-conductors is considerably thicker
than that of metals and a small change in coverage
may induce a large change in the work function.
Thus one arrives at the situation that a statistical-
mechanical theory of adsorption can be developed
with due consideration for the relation between the
space-charge layer and the change in the heat of
adsorption with coverage.

2. The Formulation of Isotherm and Heat
of Adsorption

It is assumed for simplicity that

the crystal surface is an infinite plane re-
presented by =0 and that the electrostatic
field is a function of only x and temperature,
i.e., is independent of y and z, and that

the heat of adsorption assumes the same value
at each site, although the number of adsorption
sites may change with coverage and tempera-
ture.

It may be further taken for granted without loss of
generality in mathematical formulation that a nega-
tive charge is induced on the adsorbed particles.

Figs.1(a) and 1(b) show respectively the band
structure and the electrostatic potential near the
surface of a semi-conductor with a negatively
charged adsorbate. £, and E, indicate respectively
the bottom of the conduction band and the top of
the valence band of the semi-conductor. ¥, and V.,
indicate the values of the electrostatic potential at
=0 and at an infinite interior of the adsorbent,
i.e., at * = oo, respectively,

10 T, M. Bramscoms and S. J. Smira, Phys. Rev. 98, 1127
[1955].

11 J. H. pe Boer, Electron Emission and Adsorption
Phenomena, 1935.

12 R. Goumer, J. Chem. Phys. 21, 1869 [1953].
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and where

Vp=Veo-V,

is valid at all times.

Gas Semi- conductor

QOO

Fig.1. (a) The band
structure near the sur-
face of a semi-conduc-
tor, with negatively
charged adsorbate. (b)
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L1 or 12: lattice site or interstitial site where an
impurity level can be created

Quantities:

N: number of electronic levels per cm® or number
of adsorption sites per cm?

n: number of electronic levels occupied by an
“electron” per cm?® or number of adsorbed par-
ticles per cm?

O =n/N: degree of occupation of a specified state

a: partition function of an isolated particle in a
specified state

E: energy measured from the standard state in the
case where there is no space charge

lant

Bl The 1electrostatic de- {: Fermr level of the semi-conductor in the case
s = 7 tennam F‘;g"le(sf)on ng where there is no space charge
< £ s ’ ’ Ns: number of lattice points of cations or anions at

[

surface per cm?

Xy 0 X— Cp=Np/Ni1, Ca=Na/N;2: concentration of im-
) purity centers
The other symbols used in the present paper C,=N,/Ng : concentration of adsorption sites

are tabulated as follows.
At this point further assumptions are introduced

with respect to the distribution of various electronic
levels which might change with adsorption or tem-
perature. Both donor and acceptor centers in the
semi-conductor may exist simultaneously, but each
type of impurity levels is only one sort.

The partition function for an adsorbed state inclu-
sive of the solid phase, Qaas, is given, according to
the usual procedure 3, by

List of symbols
Subscripts:
D: donor level in the interior of the semi-conductor

A: acceptor level in the interior of the semi-conduc-
tor

o: adsorbed layer
: quasi-free electron in the semi-conductor
h: positive hole in the semi-conductor

(¢

Ng!

—N)! (N,—n,)! +ngIn a* +(N;—no) Ina,

In Qaas=1In n,! (Vs

+ /[1 feal FLTY—— |- da
J ap!(Ni1—Np) ! (Np—np) ! nA!(Ni2—Ny) ! (Na—ny)!

+/[(ND—'1D) Inap®+npInap+ (Va—na) Inas+nalnay”

+nelnae—In (ne!) +nnlnay—In (ny!)] - dx— Wine/kT

where ap® and aa” refer respectively to the ionized state of a donor level and the electron-trapped state of
an acceptor level; ap and aa to the neutral states of the respective levels; and @, and a,* refer respectively
to a vacant adsorption site and an occupied one inclusive of the adsorbed particle. Wiyt is the mutual inter-
action energy between the particles consisting of adsorbates, electrons at various impurity levels, quasi-free elec-
trons and positive holes.

Differentiation of In Q.45 with respect to n, yields the chemical potential of adsorbed particles:

) B e, ) on, [ B b ]
v Snﬂln Quas =In (1 6, + 35, In(1-6;) +1In 1—c. In a,
p ap* ) Snp Oy ay | Cna | Cnme ne\  Smny (mn)],
+/' s (1 —6@p ap ) dn, in (1—0\ ar” ) cn, + Sn, In (a;.) + ong o (ah) £ (1}
SN £ ON, y 1 3 .,
__/ c Iﬂ’lln(l_()l,)-}-]n CD —Inap :-l— zno\{ln(l—ﬂ\) —'—lnl_(\:.\ —]na;x”'dr—i-ﬁ;Tnuim-
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This expression may be further simplified by the use
of the condition for electrical neutrality:

n6+/(ne+n_;)dx=f(nh+ND—nD)dx

and the condition for thermal equilibrium:

Ap apt _ (,"—e v 9‘\,,, ax _ ne
1—6Gp ap kT )71—('1\ ayx—  ae
—C+eV
gl @ <_kT )

where V'=Vo. —V and e is the elementary charge.
Thus (1) comes out to be

Ue _ [ Qa a _:l
T P16, o exp | kT)I
1 , do
+kT[/V aad‘*-aﬂWmt}
+ o1 —8) 41 -5 _ing
3n, ? 1—ca ‘
+/[ ln(l—@[))—i—ln 7 —lna])ll
)
+a’v‘f1 (1-64) +1In = b Tnaa | |,
3n, | Ca J
in which o denotes the space charge of the semi-con-

ductor, and is defined by
(Np—np) —nal .

Here, Wint consists of the electrostatic energy Wes.
and the short range interaction energy Wgnort. The
term

o=e[ —ne+ny+

W es.[ns+ [V’ - Bo[3n, " dx

may be expressed in a more compact form by the use
of the Porsson equation:
3W(\ s.

rOD

1 [, W OV o ==
ﬂ[ S P @ZLO AL
L1 avar o e }
=8Vt g 15 O, " Om, 92 s

where the second term in the right hand side is zero
in so far as the electric field is continuous at x=0 ;
hence this term may be equated to zero in the usual
case.

Thus, one obtains the final expression for the chemi-
cal potential of the adsorbed particles:

13 R. H. Fowrer and E. A. Guccenuriv, Statistical Thermo-
dynamics, 1939.
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s =In 05 a, exp(—,/k T)] :: | 1 aW’slmrt
kT 1—(-)7 a* |7 kT kKT &n,
s 8 ?In(1—-6;) +1n _“CG —Ina, (2)
+/ —Inap :
+ON\ In(1-6,) +1In — In aa }dr
on 1— C J

The last two terms in (2) which bear upon the migra-
tion of constituent ions of the semi-conductor will be
called the electrolytic terms in the following discus-
sion. They are of great importance from both a theoret-
ical and an experimental standpoint, since in some
adsorbate-adsorbent systems the adsorption is accom-
panied by a considerable amount of gaseous absorption
which may have a serious effect upon the physical prop-
erties of the semi-conductor.

The chemical potential of the gaseous molecules,
Ugas , 1s given by 13

Ugas h2 i1 1
py — Pl (27!ka) kT jgas(T) )

where P and m denote respectively the partial pressure
and the mass of the gaseous molecules concerned, and
jgas (T) is the partition function for the internal degrees
of freedom of the molecules. In equilibrium with ad-
sorption, Hgas= U, is valid, unless the adsorbed mole-
cules are dissociated. Only molecular adsorption will
be discussed here, since dissociative adsorption may
be treated through the introduction of only a slight
modification.

Equating (2) to (3), one obtains the adsorption
isotherm [(E.T.) = (electrolytic terms)]:

P 2] eV, 1 2
—I—); = m exp [ﬁ + ﬁ ﬁ_ Wshort <+ (ET)}
N, |
= Sn (1- 0)—|—1n1 Cf—lnaa
i 38“’ [1 Op+In 0 _Inap|dr (4)
o Cp
ANA A
+/m[1n(1_@,4)+1n1 - —Inay|de

where O is introduced in place of ©,, according to the
usual notation, and P, is defined as follows
a,exp(— "/kT kT(z-[ka)Z/
Py D Jeas(T) .
The heat of adsorption can be obtained by aid of the
CrLaPEYRON equation, so that the isosteric heat of ad-
sorption becomes

AHoa(0) =K T2 (22E) )
4 i} W\ hor
— AH,45(0) + £ T2 aaT [“’——Tk - 2 SFshort | (E.T.)

where 4H,35(0) is a contribution from the term of P,,
whose change with temperature is imperceptibly small
and may be usually ignored.
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For further development it is necessary to obtain an
explicit expression for ¥ .. in (2). This proves feasible
only for such special models as will be given in the
following section.

3. Application to Special Models
(Case A)

At first one of the simplest cases is considered.
A negative charge is induced on the particles ad-
sorbed on an n-type semi-conductor with homo-
geneously distributed donor centers, where Wt
and the migration of constituent ions may be neg-
lected. The space-charge layer in this case may be
approximately represented by Scrortky’s exhaustion
layer 14, where the density of space charge o has a
constant value, e Np, for 0 < 2 < 2; and is zero
for >z, ; x; is the thickness of the exhaustion
layer. The Poisson equation AV = —470/¢ can
easily be solved for such a charge-distribution, the
solution being given by

V=0 for < %,
V=Vgs(x:—2x) /2, for 2, <20,
Vs=|2:|4 7 endes,

Vs ~ 250 N 02 328 o o W
&

p
for 02 <2,

and

% .VZZJEINI)I;J—FV‘\‘

::2ﬂ§)l§_§_4ze|xa| e

4 for x =2,  (6)
¢ Np 3

where x=0 is the surface of the semi-conductor,
|2,| is the thickness of adsorption layer and &,
and ¢ are respectively the dielectric constants of the
adsorption layer and the semi-conductor. In de-
riving the solution, the condition for electrical neu-
trality, n, = Np 2, , has been used.

Combining (4), (5) and (6), one obtains the
adsorption isotherm

P (] 2ne N2 -,

4:ze2|zol

P, 1-6 P|kTe Np iTe, VO (D
and the heat of adsorption
| 2
AH:uls(@) = —1H\|l~(0) - 4"7 i ; e | ne— 22;;\,% n, . (8)

These results are slightly different from those by
Haurre and ExceL 7, and by Aicrainy and Ducas 7;

4 W. Scuorrky and E. Seevke, Wiss. Veroff. Siemens-Werk.
18, 1 [1939].
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the latter group ignored the factor I in the expres-
sion for the electrostatic energy, and thus derived
an incorrect formula.

rpts
gs0fPtion
—~ ~

Fig. 2. Adsorption dia-
gram for the case of
spherical adsorbent.

In the case of an adsorbent of spherical form, slight
modifications are introduced in (7) and (8): If ry is
the radius of the adsorbent, ri—r; the thickness of the
exhaustion layer, and r, the distance between the cen-
ter of adsorbent and the surface of adsorption layer
(Fig. 2), the space-charge and the electrostatic field
are given respectively by

o=eNp for m =T 27,

0=0 for r<<ry,

and

V=0 for r=>r,,

V:4:zenr,rﬂ2(_1_1_‘) for r,>r >,
£, ror,

y_ _2rrleNnr2_
3&

v
IA

¢
—L ¢y for r.
I

where ¢; and ¢, are defined by
ci;=4meNprd/(3¢)
" 47%(5_ 1

Ts rs &)

r
_2.‘1617\1[] r2
&= F ? &

o

G-

In these equations r can be eliminated by utilizing
the condition for electrical neutrality:
dmen,r2=(4meNp/3) (r—r?)
or )
r=[r3— (3r.2n,/Np)]*.
If the inequality (3 .2 n,/Nprs3) < 1 is valid, (9) may
be expanded in the form

272 r.h
2 2 o 4 2
re=ry— ——"-ns— ——— Ng 10
4 : Npre © Npirdt ° (10)
4 0B 7’“8,,,,14._
3Np3rs ’ 3Npirgl? ®

The condition (37,2n,/Nprd) <1 is fulfilled in the
above-given example, since, provided re~r,~10"%cm,
Np~ 10" em 3 and n, ~ 10 ¢cm 2, one obtains
(3rs2ny/Nprd) ~0.3.
By the use of (10) and the relation r,—ri= |z, !,
one obtains

% 4melz,| Py 2me o7t
o = — o +—=-N"—3
& rs €Np Ts

6 8

4 8ae a8 e ldze i iy

3eNpirs rs8  3eNp3re? r8
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for the potential difference between r=0 and r=r,.
As r,/rs ~ 1, the equation becomes

V.— dme|x,| n, 2me .2
&y e Np
8me l4dme 4
; —— ————nt. 11
3eNpirg ot e Np3rg2' ° (11)

By comparison equations (11) and (6) can be
shown to be identical up to the second order terms.
Since the terms of third and higher order in n, can
be neglected; there is practically no difference be-
tween (11) and (6). The difference arising from
these higher terms becomes appreciable only when
the radius of the sphere and the concentration of
donor levels are very small and the quantity of
adsorbed molecules is considerably large.

The theory developed here can also be applied to
the case in which a positive charge is induced on
the particles adsorbed on a p-type semi-conductor,
since then the change in sign of both the charge
and the field gives rise to no change in the quantity
elV._.

(Case B)

Another simple but important case to be con-
sidered is the one in which a negative charge is
induced on the particles adsorbed on an intrinsic
semi-conductor, where W+ and the migration of
constituent ions in the semi-conductor can be ig-
nored. The space charge in this case is due to the
polarization of quasi-free electrons and positive
holes, both of which are assumed to obey the
Borrzmann distribution law. Thus the space charge
is given by

o=e[ny.exp{—e(V-V.)/kT}
—neexple(V-V_)/kT}]
where ny ., and n,., are respectively the numbers of
positive holes and quasi-free electrons per cm?
the infinite interior of the semi-conductor.

This expression may be further simplified, by
the relation ny., =n... , to give:

0=2ene,sinh{e(V. . —-V)/kT}.

in

The corresponding PorssoN equation is

3w ) . e(Ve—V)
= ——— ginh————-

32~ T & T T = kT

This Poisson equation may be transformed into the
simpler form,

2d/3£2 = sinh P (12)

2901

by introducing the new variables
DP=e(V,-V)]kT,
and
t=V8aen. [ekT x=zx/Ly
where Ly is the DesyE length.

Eq. (12) is the famous equation appearing in the
theory of an electric double layer at an electrode

’ <
surface, and has the solution 1®

In tanh (®/4) —Intanh (Py/4) = — &

where @ is the value of @ at §=2=0. In the pre-
sent problem, it is necessary to express @, as a
function of n,. This can be performed by the use
of the condition for electrical neutrality:

en;= f@ dz=2 enecofsinh - Lyds,
0

which, in conjunction with the relation

Q®/3& = — 2sinh (D/2),

becomes
0
n, 1 2 sinh (©/2) - cosh (P/2) o D
4newlp 2]  —2sinh(D)2) d® =sinh ",
D,
or
Dy=eVylkT=e(V_ —Vs)[kT (13)
PTY LT L
=2In 4neoLp ' |(.4nle)) +1| ’

On the other hand, Vg is given by
Vi=4ne

Zo | nof s,

so that the corresponding expressions for eV  /kT

and O{eV _/kT}/3T are

eV eVs 4me?|z,]

T =0t F T kT, ™ (14)
nﬂ 1 ' nﬁ 2 llz}
+2 ll’l [4 ne;Li)_:_ [(4 n(-g;L])) +l ’ 2
3 [eVw 4me?|a,|
ar’(”) =~ kT, (15)

n, n, 2 % [QInnesw 1
-2 [—2—) +1 o |— -+
4 newLp [\4 neoLD T T

Introduction of (14) into (4) yields the adsorption
isotherm:

P 6O 2021 112 -exp (29
E:m[/.1@+l/}.l 62 +1] exp(kT

),<16)

in which 4, and /, are defined by
Ady=No/(4new Lp) and Ay=4 7we®| x| Nofeo

15 D, C. Graname, Chem. Rev. 41, 441 [1947].
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where Vs is the number of adsorption sites per cm?.

For the heat of adsorption, one obtains from (15),

(5) and the relation n.. =const-exp(—A4E/2kT),

the expression

JH:MS(@) = AH:\(I.\'(O) _;'29 (17)
— 4 O[2260% 1] - [(4E[2) +kT] ,

where 4E(=E,—E,) denotes the magnitude of the
energy gap between the conduction and valence
bands in the intrinsic semi-conductor.

In the above derivation of (16) and (17) it has
been assumed that the quasi-free electrons and the
positive holes obey the Borrzmann statistics, an as-
sumption which is valid only when AE/2 is large
compared to kT and e(V. — V). When these con-
ditions are not met one must apply the FErmi-Dirac
distribution function, and the resulting equations
have no simple analytical solution. The order of
magnitude of e(V. — V), on the assumption that
ns~10"%/em?®, n..~10"¥/cm? and Ly~ 1077 cm, is

estimated by (13) to be
e(V,—Vs)=kT ®y~2kTIn50=78kT.

Since in usual cases AE is larger than 1€V, the
Borrzmany statistics may be used as a good ap-
proximation.

Eq. (16) and (17), which have been derived for
the intrinsic semi-conductor adsorbent, may also
be used for the p-type semi-conductor adsorbent,
provided 4E,/2 (= (E\ —E,)/2) is large compared
with e(V ., —Vs) and kT, so that the BoLtzmann
statistics may be used as an approximation for the
distribution of positive holes and of electrons trap-
ped in acceptor levels. Here, one must be careful
in assigning the correct value to AE,, since the
conductivities and HarL coefficients of powdered
samples are influenced by several unfavourable fac-
tors 1. In the study of catalysts, one of the appro-
priate methods of obtaining a correct value of
AE, may be the measurement
power at various temperatures 7.

It is to be remarked that in the CaseB under
consideration it is difficult to treat an adsorbent of
spherical form, inasmuch as the fundamental dif-
ferential equation for a strong electrolyte must be
solved without recourse to the Desve-HickerL ap-

of thermoelectric

16 H. K. Hesisn, Z. phys. Chem. 198, 41 [1951]; A. Ko-
Bavasui, Kagaku (Chemistry) 10, No. 8, 22 [1955] in Ja-
panese.

17 A. Kosavasnur, L. c.'%; G. Parravaxo, J. Chem. Phys. 23, 5
[1955].
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proximation '8, The analytical solution of this dif-
ferential equation has not been obtained, so that a
further discussion will not be given here.

For the same reason as given at the conclusion
of the treatment of Case A, these above-obtained
results can be applied, without alterations, to the
case in which a positive charge is induced on the
particles adsorbed on an n-type semi-conductor.

4. Comparison of the Theory
with Experimental Results and Catalytic
Activities of Semi-Conductors

It is not easy to secure reproducible data in the
study of semi-conductor catalysts, since their physi-
cal properties are seriously affected by the history
of the sample and the impurities contained in it.
Hence only few experimental values of the heats of
adsorption are available for comparison with the
present theory. One set of such data is due to
Kinuvama 12, who studied the adsorption of carbon
dioxide on zinc oxide catalyst at temperatures be-
tween 350 C and 500° C. From these isotherms
one can obtain the isosteric heat of adsorption as
shown in Fig. 3. It can been seen from this figure
(Curve A) that the heat of adsorption rapidly de-
creases with increasing coverage — an increase of
3-10" molecules/cm?® adsorbed corresponds to a
decrease of 13 kcal/mole in AH 4, and that the

50

keal
mole

20 L

2x107 4x10"
Number of Adsorbed Parficles
per cm? —=
Fig. 3. The change in the heat of adsorption with coverage.
Curve A is obtained from the isotherms for the adsorption of
CO, on ZnO at 450° C and 500° C (by Kinuvama).

18 R. A. Rosixsox and R. H. Srokes, Elektrolyte Solutions,
Butterworth Sci. Publ., 1955.

19 T, Kwan, T. Kisvvama and Y. Fusrra, J. Res. Inst. Cataly-
sis, Hokkaido Univ. 3. 31 [1953].
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decreasing curve can approximately be represented
by a parabola:

AH, 1 (0) =48 —6.5-10 % n, —1.3-10"26 p,2
(18)

Such a rapid change in the heat of adsorption
might be explained either by assuming the model of
Case A given in the preceding section or by assum-
ing some special distribution of active centers. Ex-
perimental evidence in favour of Case A indicating
the existence of ionic adsorption could be demon-
strated by an application of Brarraix and BARDEEN's
method, but this has not yet been performed. Honic
and RosexsLoom’s test?? was anticipated to choose
between the two alternatives, but has been shown to
lead to no tenable conclusion. On the assumption
that the model of Case A is to be adopted the theo-
retical formula (8) can be compared with the
empirical (18). If |z, ~10 %cm and ¢~5, the
numerical values of the physical constants & and
N1 come out to be:

Np=3.2-10*/cm? and &, =6.4.

These are at least of the correct order of magnitude,
since this /Vp-value indicates that the concentration
of impurities is 0.75 atom percent of the host crys-
tal, and it is known that the negative ions have
usually relatively large dielectric constants. Thus it
may be considered as probable that the adsorbed
molecules of carbon dioxide have a negative charge
on the n-type semi-conductor ZnO.

The heat of adsorption as a function of coverage,
6, in CaseB is shown by the curveB in Fig. 3, in
the construction of which it has been assumed that
AE~1 €V, the effective masses of quasi-free elec-
trons and positive holes are nine times as large
as that of free electrons, and the other physical
constants are equal to those for curve A. The steep
slope found in the initial stage of curve B may be
smoothed out by an increase in the concentration
of electronic carriers. Except in the region of very
small @, the change of 4H,;, with @ is much
slower in curve B than in curve A, and 3AH 4,/On,
becomes nearly constant at the final stage of curve
B. This means that the potential drop V., is due for
the most part to Vs, and that the situation is similar
to that in the case of ionic adsorption on metals, at
least in so far as the electric double layer is con-
cerned. Consequently, further quantitative discus-

(in kcal/mole).

20 J. M. Honic and P. C. Rosexsroom, Canad. J. Chem. 33,
193 [1955].
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sion as to the change in heat of adsorption with
coverage becomes impossible unless short-range
interactions are taken into account. Be that as it
may, it may be safely concluded that the decrease
in heat of adsorption with increasing ® is con-
siderably small in Case B as compared with Case A.

Unfortunately experimental data are not avail-
able for direct comparison with the present theory
for Case B, but the theory may be indirectly com-
pared with the experimental results obtained by
Brarrain and Barpeex. They have measured the
contact potential differences (C.P.) between plat-
inum and germanium in various ambient gases at
atmospheric pressure, and the changes in C.P. due
to illumination, (A C.P.);,. The result is that both
(C.P.) and (4 C.P.);, depend on the ambient gases
and the time of contact of the crystal with the
gases, or, in other words, on the kind and amount
of adsorbate. The results are shown in Fig. 4, where
(C.P.), and (C.P.), are the values of (C.P.) for
the case in which there is no space-charge layer
near the surface of the germanium, i.e., the values
of (C.P.) at (4C.P.);,=0. (4C.P.);, corresponds,
according to the present notation, to the change in
Vg with illumination, and therefore to a fraction of
Vg . Though (A4C.P.)y, is not a simple function of
Vg and furthermore depends on the intensity of
illumination, there is a close parallel between

(A CP)] and V}; .
(C.P.) — (C.P.), and (C.P.) — (C.P.), also cor-

respond to V., . The V-curves are schematically re-
presented by the broken lines in Fig. 4 a.

On the other hand, the relation between V' and
V. can be obtained by the use of (6), (13) and
(14). The result obtained by assuming the values:

Case Case :
1 % g [ 8 o4 CaseA | CaseB
T region | region
S ozt I
S 3 [
i) ol . PR
- Tog £ ¢ |
3 P |
U | =02r I
S| type] Ge ;
-16 | -04r |
(€P)q :

-04 -02 00 02 04
Vo in volt —

04 06 08
(C.P)in volt —s

Fig. 4 a. The contact potential differences between Pt and Ge

and their changes with illumination according to Brarraix

and Barpeex. The solid lines show experimental values and
the broken lines are schematic representations of Vg .

Fig. 4 b. Theoretical curve of Vg for a p-type adsorbent.
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&=5, £¢=5, Ny=10"%/cm?, 4E,=0.1eV,
T=300°K, and |z,|=10 A

is illustrated in Fig.4b. These values for the physi-
cal constants are of a reasonable order of magni-
tude in the usual semi-conductor catalysts but con-
siderably different from those of Ge used in Fig. 4a;
nevertheless the general feature of the curves in
Figs.4a and 4b is the same. Now that the present
theory of adsorption has proved to yield qualita-
tively correct results, this theory may well be as-
sumed for the basis of further discussion of cataly-
tic activities of semi-conductors.

HepvarL 2! has discovered an important effect of
light on the adsorption of organic dyes on metallic
sulphides. The amount of dye adsorbed on a pig-
ment is increased by illumination with light of a
wavelength lying within the fundamental absorption
band of the solid, as shown in Fig.5. Hepvarr
termed this effect “photoadsorption”. Recently
Kosavasur and Kawas1? found a similar effect for
the adsorption of oxygen on ZnS, and observed at
the same time a large change in contact potential.

95

2 Light off

initially illuminated
st

in dark

% of adsorbed dye —=—

60 120 B0 240
Time inmin. —

Fig. 5. Adsorption of lanasolgreen G (40 mg/l) on ZnS (Cu)
in the dark and the effect of illumination by Hepvarr 22,

The effect may be understood qualitatively by as-
suming the existence of a space-charge layer near
the surface, as a decrease in the surface potential
by irradiation brings about an increase in the heat
of ionic adsorption. It is, therefore, quite natural to
expect that in some cases the photo-excited adsorp-
tion seriously influences the reaction process in
heterogeneous catalysis 23, but in order to discuss
this effect quantitatively, a further development of
the theory is required.

2t J. A.Hepvarl, Handbuch d. Katalyse, Vol. VI, 1943, p.578.
Einfiihrung in die Festkorperchemie, 1952.

T. TAKAISHI

Adsorbents with strong adsorptive forces are not
always good catalysts and in some cases may be
rather inactive, since there may exist an optimum
magnitude of adsorptive force for the adsorbent to
be a good catalyst for a certain reaction. Particles
adsorbed with such an optimum force may be in a
reactive state, so that the adsorbent will act as an
active catalyst under the condition that there are many
reactive adsorbates. In a case such as Case A in which
the heat of adsorption changes rapidly with cover-
age, only a limited number of adsorbed particles
will participate in the reaction; in other words, the
n-type semi-conductor is generally a less active
catalyst than the p-type semi-conductor, if the
amount of negatively charged adsorbates plays a
decisive role in the rate of reaction concerned. The
reverse is true with positively charged adsorbates.
This theoretical conclusion accounts for the general
feature of catalytic activities of semi-conductor
catalysts, as mentioned in the beginning. The prop-
erties of ionic adsorption on semi-conductors are
summarized in Table I, where (Dowpen) and (Ta-
karsHI) have in mind a good catalyst as predicted
by Dowbpen’s and the present theory, respectively.

Thickness of the | (E.A.) (W.F.)
double layer ina | —(W.F.) —(I.E.)
semi-conductor . |
in the case | in the case
o forming } forming of the forma- of the forma-
gfyp:emi_ negative | positive tion of nega-| tion of posi-
conductor ions ions tive ions tive ions
o . thin | large | o
n-type thick (Taxasur) | (Dowbe) ijai“#
o thin L ‘ | large
p-type (Taka1sHI) thick small (DowbEeN)

Table I. Properties of Ionic Adsorption on Semi-Conductors.
(E. A.): electron affinity of the adsorbed particle, (I.E.):
ionization energy of the adsorbed particle, (W.F.): work
function of the semi-conductor adsorbent. (Dowpex) and
(Taxawsur) have in mind a good catalyst as predicted by
Dowpex’s and the present theory, respectively.

Other important facts are that in both Case A and
B a change in the heat of adsorption with coverage is
reduced by an increase in the concentration of elec-
tronic carriers, and that the change of Fermi-level
with concentration of impurity levels is negligibly
small under usual conditions, thus having little effect
on the “equilibrium relation”. In the first approxi-
mation, therefore, a semi-conductor may be con-

22 J. A. Hepvarr, Z. phys. Chem. B 32, 383 [1936].
23 J. A. Hepvart, Z. anorg. allg. Chem. 239, 713 [1938].



IONIC ADSORPTION OF GASES ON SEMI-CONDUCTORS I

sidered a more active catalyst, the greater its elec-
tronic conductivity. In an extreme case, it may hap-
pen that catalytic activities of semi-conductors are
controlled solely by the kind and concentration of
impurity levels in the crystals. In such a case the
activity is independent of the individual character-
istics of the band structure. An example of such a
case has been obtained by Kraus?2*, who investi-
gated the production of nitrous oxide by oxidation
of ammonia on MnO-, CoO-, and NiO-catalysts. The
results are shown in Fig. 6, and indicate that the
catalytic activities of these oxides depend only on
the concentration of excess oxygen, i.e., of impurity
levels of the acceptor type. If factors other than the
equilibrium amount of adsorption, such as the
rate of transfer of electron or positive holes ap-
preciably affect the catalytic activities of these ox-
ides, one would not have been able to obtain such
a simple relation as shown in Fig. 6, since the pro-
cesses associated with electron transfer must be sen-
sitively influenced by the individual nature of the
crystal band structure. Kraus’ result may belong
to an exceptional case, nevertheless it is strong evi-
dence for the importance of the space-charge layer
in semi-conductor catalysts.

T 75
Q
N
g o0
S 50 ®
=N
kS
‘S 25 + OMnoO
9 c5><o ® Co0
> /o X X Ni O
2 4 6 8
(0/Me0) X 10%—

Conc.ofexcess 0
Fig. 6. Relation between catalytic activity and concentration
of excess oxygen in MnO-, CoO- and NiO-catalysts for the
oxidation of NHj, at the ratio of O,/NH;=1 and at a reaction
temperature of 300° C.

It is natural to expect that the catalytic activity
of semi-conductors may be promoted by such im-
purities that they increase the electrical conduc-
tivity in accordance with the principle of control-

24 W. Kraus, Z. Elektrochem. 53, 320 [1949].

25 E. J. W. Verwey et al., Philips Res. Rep. 5, 173 [1950] ;
F. A. Krocer et al., Z. phys. Chem. 203, 1 [1954]; K.
Haurre, Erg. exakt. Naturw. 25, 193 [1951].

26 C. Wacner, J. Chem. Phys. 18, 69 [1950]; K. Haurre,
R. Grane and H. J. Excerr, Z. phys. Chem. 201, 223
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led valency developed by Verway, Krocer and
Havurre?. Several authors?® have investigated the
catalytic activity of semi-conductors containing im-
purities from a viewpoint slightly different from
that in the present theory ; namely, on the assumption
that the activities of the catalysts are determined by
the rate of transfer of electrons or positive holes
between adsorbent and adsorbate. This is in con-
trast to the present viewpoint that attaches a greater
importance to the equilibrium amount of the ad-
sorbed particles. Their results, however, have shown
that the changes in the activation energy and in the
entropy of reaction induced by doping the crystal
with impurities were too complicated to be ex-
plained solely by the mechanism of electronic trans-
fers. In these studies, the concentration of impurities
was considerably higher in order of magnitude than
in Kravus’ case. Unfortunately such a high concen-
tration of impurities introduces new complicated
effects, such as the formation of large amounts of
dislocation lines and phase separations. On the basis
of the principle of controlled valency alone, it is im-
possible to continue the discussion of catalytic ac-
tivities, since dislocation may play an important
role in the formation of adsorption sites as will be
considered in the next section, and moreover since
the structure of the catalysts in question has not
been fully examined in spite of the fact that a most
careful treatment is required to obtain oxides homo-
geneously doped with impurities, as pointed out by
Fensuam 27,

5. The Adsorption Sites and Surface
Trap Levels

In the preceding sections the question of the sur-
face trap levels and the change of the number of
adsorption sites has not been taken into considera-
tion. The intrinsic nature of these factors remains
still obscure, chiefly because of the difficulties in-
volved in the experimental investigations, which
were started only a few years ago. Some informa-
tion, however, has been obtained and is very in-
structive in the study of semi-conductor catalysts.

[1952]; G. Parravano, J. Amer. Chem. Soc. 75, 1452
[1953]; E.Mouinart and G. Parravano, ibid. 75, 5233
[1953]; G. M. Scuwas and J. Brock, Z. phys. Chem. N. F.
1, 42 [1954]; K. Tarama, S. Teranisur and A. Yasui, Read
at the 8th meeting of Chem. Soc. Japan, 1955.

27 P. J. Fensuam, J. Amer. Chem. Soc. 76, 969 [1954].
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The MapeLuncG energy is one of the most im-
portant factors in the stability of the ionic state of
adsorbed particles. For example, let us consider the
MapEeLuNG energies at the sites [1] and [2] in
Fig. 7. If the crystal has the structure of NaCl-type,
the MADELUNG constants at [1] and [2] are 0.066 28
and 0.874, respectively. This results in a difference
of 9.76 eV in the MapELUNG energies of the ionic
adsorbates at these sites on NiO whose lattice con-
stant is 4.17 A, a difference which is considerably
large in comparison with the usual order of magni-
tude of initial heat of adsorption (2eV). But such
surface steps as shown in Fig. 7 may be extremely
small in population owing to its special geometrical
form, so that they may be of little importance in the
study of the macroscopic properties of the crystals.

Fig. 7. The surface of a crys-
tal and its adsorption sites.

On the other hand, a large number of surface
steps may be formed by screw-dislocations, which
at first would seem to be similar to those in Fig. 7
but actually are essentially different. Since the
MADELUNG constants at the adsorption sites along
screw-dislocation steps take the value intermediate
between 0.066 and 0.874, it is possible that these
sites may act as the so-called active centers for
adsorption. If so, the adsorption sites may appear
or disappear simultaneously with the screw-disloca-
tions, the concentration of which is seriously af-
fected by foreign ions and non-stoichiometry. This
is one of the reasons why it is inadequate to discuss
the catalytic activities of oxides doped with an
impurity from the standpoint of the principle of
controlled valency alone (see the preceding sec-
tion).

Here it should be pointed out, however, that so
far nothing definite is known about the concentra-
tion of dislocation steps on the surface of such small
powdery crystals as catalysts, so that the present
proposal is no more than a speculative considera-
tion.

28 K. F. Herzrerp, Z. phys. Chem. 105, 329 [1923].

29 W. H. Bratraix and W. Snockiey, Phys. Rev. 72, 545
[1947]: W. H. Brarraiy, Phys. Rev. 72, 345 [1947]:
W. SuockLey and G. L. Pearson. Phys. Rev. 74, 232
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The surface trap levels in Si and Ge have been
studied by several authors? in a vacuum of the
order of 10"®mm Hg. Recently Kosavasur and
Kawasr3® investigated the surface trap levels in
ZnS at a high vacuum of 107 mm Hg and arrived
at the conclusion that the surface trap levels of the
donor type in ZnS result from anion vacancies con-
centrated near the surface. Surface trap level may
then be treated in the same manner as acceptor and
donor levels in the interior of a crystal.

6. Conclusion

One of the weak points of the existing theories of
heterogeneous catalysis is that too much importance
is attached to the kinematical expression of reaction
processes with little consideration for the character-
istics of the solids. As early as 1939 Wacner and
Haurre successfully interpreted the reaction pro-
cesses in heterogeneous catalysis in terms of the
specific properties of solids. But their ingeneous
papers have not been properly appreciated, and no
substantial progress has been made since. Recent
developments in the study of semi-conductors have
improved the situation so that the physical prop-
erties of semi-conductors can be used to help in
the understanding of the catalytic process. Some of
these important properties are the space-charge
layer near the surface of a semi-conductor, the
thermo-electric power and the electric resistivity
at high frequency 3.

Since the principle of controlled valency is es-
sentially concerned with the bulk properties of sol-
ids, and, on the other hand, the surface properties
may be affected by a factor such as the concen-
tration of screw-dislocations, catalytic activities can-
not be discussed from the standpoint of controlled
valency alone. It is true, however, that the applica-
tion of valence-control to oxide catalysts will largely
diminish the amount of absorbed gas, so that it will
enable one to obtain stable catalysts and hence to
separate “adsorption” from “absorption”.

Although the present theory of adsorption is in
accord with experimental results and explains the

[1948]; E. N. Crarke, Phys. Rev. 91, 756 [1953]: 95,
284 [1954].
30 A, Kosayasur and S. Kawasi, J. Phys. Soc. Japan, in press.
31 A. Kosavasur, l.c.1%; E.J. W. Verwey, Semi-conducting
Materials, 1952, p. 151.



IONIC ADSORPTION OF GASES ON SEMI-CONDUCTORS II

general feature of the catalytic activity of semi-
conductors, it yields no definite information as to
the catalytic mechanism. It is anticipated, however,
that through the introduction of the concept of a
“virtual atmosphere”, one will in time succeed in
gaining a deeper insight into the catalytic mechan-
ism at least in some cases. One of the best examples
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for such a case is found in the oxydation of carbon
monoxide, as will be discussed in PartIl of the
present work.

The author expresses his sincere thanks to Professor
T. Hort who read the manuscript and made helpful
suggestions, and also to Professor A. Kosavassur for his
guidance during the development of this work.

The lonic Adsorption of Gases on Semi-Conductors

and Their Catalytic Activities
Part II. The Law of the Virtual Atmosphere and Its Applications

By Tersvo Takarsur

The Research Institute for Catalysis, Hokkaido University, Sapporo, Japan
(Z. Naturforschg. 11 a, 297—306 [1956] ; eingegangen am 24. Januar 1956)

In Part I of the present work the theory of ionic adsorption was developed. In the present paper,
the theory of the catalytic activity of semi-conductors is extended on the basis of the previous con-
clusions as to the ionic adsorption of gases. By introducing the concept of a “virtual atmosphere”, a
guiding principle for the selection of catalysts is obtained. The law of the virtual atmosphere here
derived is applied to the oxidation of carbon monoxide on a semi-conductor, and provides the reasons
the Ripear mechanism in this reaction is observed not on n-type but on p-type semi-conductor cata-
lysts. Moreover, the relation between the catalytic activity and the history of a sample is reasonably
interpreted in terms of the virtual atmosphere. Other reactions such as the decomposition of nitrous
oxide and the synthesis of methanol are discussed qualitatively.

In Partl of the present work!, the author de-
veloped a theory of ionic adsorption on semi-con-
ductors with due regard to the space charge induced
near the surface of a crystal, and discussed the
catalytic activities of semi-conductors with special
consideration for the types of semi-conductors and
the signs of the electric charge on the adsorbed
molecules. The results obtained, contradict the pre-
diction made by Dowpex? that p-type (or n-type)
semi-conductors will in general be good catalysts for
reactions in which the amount of negatively (or
positively) charged adsorbates plays a decisive role
in the rate of reaction concerned, and that the
greater electronic conductivity, the more active the
semi-conductor will be. In the previous theory the
effect due to the migration of the constituent ions
of a semi-conductor was not taken into consideration
and the mechanism of catalytic reactions could not
be discussed in detail.

It is now desirable, at least qualitatively, to take
into account the migration of ions and the changes
in the properties of a catalyst with the surrounding
atmosphere. For this purpose it is convenient to in-

U T. Takasur, Z. Naturforschg. 11 a, 286 [1956].

troduce the concept of “the virtual atmosphere”
which specifies the external conditions acting on the
working catalyst.

1. The Law of the Virtual Atmosphere

The theory developed is based on the previous
theory of adsorption in which the plane model of
adsorption sites has been adopted for the sake of
mathematical simplicity, but the essential results
remain unaltered if the problem is treated from the
standpoint of an active-center model; since the
energy of the electric double layer which plays a
primary role in the present theory is almost inde-
pendent of the model of the adsorption sites.

If an n-type semi-conductor catalyst is placed in an
oxidizing atmosphere, it will be gradually oxidized,
approach a stoichiometric composition and conse-
quently become less active owing to the decrease in
the concentration of electronic carriers or in its
ability for adsorption, as was shown in PartI. In
the case of p-type semi-conductors, further oxidation
brings about an increase of positive holes, and re-

2 D. A. Dowpex, J. Chem. Soc.. Lond. 1950, 242.



