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INVESTIGATION OF A GAS LAYER FORMATION ON THE SURFACE OF THE ZnO
AND Co03;0, SEMICONDUCTOR NANOPARTICLES
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Stages of the formation of adsorption gas layers on the surface of nanoparticles are determined.
Process of the adsorption of gas molecules to the surface of nanoparticles is described using the diffu-
sion equation. Expressions are obtained for dependences of the thickness and the rate of formation of
the adsorption gas layer on time, the concentration and type of ambient gas, and the size of nanoparti-
cles. The gas mass accumulated at the nanoparticle surface and the accumulation rate are calculated.
From values of the adsorption layer thickness and the accumulated gas mass, the number and structure

of layers are determined.
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Introduction

Materials consisting of the semiconductor
nanoparticles decorated with small clusters of
metal oxides are widely used now for making
devices that detect the presence of combustible,
flammable and toxic gases in environment [1, 2].
The method for detecting such gases by these
devices is based on a specific change in electri-
cal conductivity of the material during gas ad-
sorption. Detectors based on the semiconductor
nanoparticles decorated with small clusters of
metal oxides are very sensitive. They can detect
a very small percentage of ambient gas. These
detectors are economically inexpensive.

In this paper, the process of adsorption of
gas molecules to the surface of semiconductor
nanoparticles is described using the diffusion
equation. Expressions are obtained for depen-
dences of the thickness and the rate of formati-
on of the adsorption gas layer on time, the con-
centration and molecular mass of the ambient
gas, and on the concentration and size of nano-
particles. From values of the adsorption layer
thickness and the accumulated gas mass, the
number and structure of layers are determined.

Formation of multilayer gas adsorption
on the surface of a nanoparticle

The formation of a gas layer on the surface
of a semiconductor nanoparticle depends on the
physical (electrical, magnetic, etc.) characteristics
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of the nanoparticle and gas, the attractive force
which acts between the gas molecule and nanopar-
ticle, the attraction between molecules of the gas,
the size of nanoparticle, the temperature and partial
pressure of the gas, etc. A more or less close mole-
cular packing in the adsorption gas layer can be
realized: (a) molecules are located one above the
other (Brunauer-Emmett-Teller theory) [3], or (b)
molecules are located on the voids formed by the
molecules of the previous layer [4].

Consider first the case (a) where, after the
formation of the first adsorption layer, subsequ-
ent layers are formed by placing the gas mole-
cules vertically over the molecules of the previ-
ous layer. Theory of such formation of the ad-
sorption layers is given by Brunauer, Emmett
and Teller (BET). Since the gas molecules of a
given layer are located above the molecules of
the previous layer, the thickness of the n-th ad-
sorption layer will be determined as d, =2m
(here r is the radius of the gas molecule). The
distance between the gas molecules located ra-
dially in the same adsorption layer can be defi-
ned as the difference between the length of the
side of a polygon inscribed in the circle with ra-
dius R, +(2i—1)r (here i is the number of a
given layer) and the doubled radius of the gas
molecule a, = 2[R, +(2i—1)r]sin(a/2)-2r
The polygon angle is defined as « =2x/N,
where N is the number of gas molecules loca-
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ted along a circle with radius R, + r . For small
values of « , we can replace sin o by a and get

r

a, =2[R, +(2i-1)r] —2r.

R, +r

For a gas molecule, the condition a, > 2r

must be satisfied in order to get a position betwe-
en radial located molecules. If R, =5nm and
r =0.1nm, the number of adsorption layers sho-
uld be more than 30. The number of layers can be

determined using the following formula:

N — dmax (l)

L, BET
2r

where d, .. is the thickness of adsorption layer.
The density of the i -th gas layer is p, =iN

ads, i

where V., =87zRZri is the volume of the i -th

ads, i

layer, and N is determined by the formula:

N(Rmr)z A(Ro)"' B(Ro)exp(_ r/C) (2)

here

A(R,)=23.014 +22.089 R, +32.863R  and
B(R,)=913.227 +18.09 R, +1783.224 R? . Wit-

hin the measurement error, the value of C can be
assumed to be constant and equal to 0.0537 nm .

In the second case (b), the adsorption of gas
molecules on the surface of nanoparticles is similar
to the close atomic packing in crystals [4]. The clo-
se packing AB model is mostly realized. In this ar-
rangement, the spheres of the second layer (B) are
above the voids of the first layer (A). The voids are
surrounded by three spheres, and the lines connec-
ting the centers of these spheres form a tetrahed-
ron. This arrangement is repeated in other layers.
Then the thickness of the second layer will be
d, =2r+h, and the thickness of the i -th layer

will accordingly be d, =2r+(i-1)h , where
h=2,/2/3 r is the tetrahedron height. In this ca-

se, the number of layers can be determined using
the following formula:

N =1+(d_, —2r)/h (3)

L,4-stp

MBRUZOLOR —<«p—

REPORTS

Fig.1. Stages of the formation of adsorption layer on the
surface of a nanoparticle

Thus, based on the mentioned above, it can
be concluded that the adsorption layer is formed
in several steps. The formation stages are shown
in Fig.1.

Description of the adsorption gas layer
formation using the diffusion equation

The process of gas adsorption on the surfa-
ce of a semiconductor nanoparticle can be consi-
dered as a change in the gas concentration at the
surface of the nanoparticle. Assume that the
change in the concentration of the gas adsorbed
on the surface of the semiconductor nanoparticle
does not change the concentration of ambient
gas. Suppose that spontaneous desorption of gas
molecules from the nanoparticle as well as che-
mical reaction between the gas molecules and
nanoparticle do not exist. Let us describe the va-
riation of the adsorbed gas concentration n(d,t)

with time using the diffusion equation

M:szn(d,t)—Kn(d,t) (4)
ot

where D is the diffusion constant, and K is the
reaction constant. Values of these constants are
given in [3]. Suppose that the system is sym-
metric, there is no preferred direction of ad-
sorption, and solve the last equation in a spheri-
cal coordinate system. We can introduce the di-
mensionless quantity x=d/R, , and use the

following initial and boundary conditions:
n(x’t)|t—>0 :O’ n(X’t)|t—>ac = no ! n(x’t)|x—>0 =0
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and n(x,t)| __=n, where n, is the ambient

gas concentration.

We seek a solution of the diffusion equa-
tion in the form of product of two functions
n(x,t)= p(t)-q(x) [5]. Substituting the latter
into equation (4) and dividing the variables, we
obtain two equations. Taking into account the
initial conditions, the solution of the first equa-
tion can be written in the form
p(t) =1—exp (- At). To solve the second equa-
tion, we introduce new variables, and obtain an
equation of the Riccati type [5]. Finally, we get

n(x,t) = (1—e‘“)n7° coth (\/ZM0 + noyro) (5)

where y =(1—-K)/D . For the adsorption layer
thickness d(t) and the accumulated gas mass
m(t), we find:

d)=r im0

1- (1)
m(t):iﬂRsp 1- 1—|n1+—f(t) 3
3 1- f(t)
where
f(t)=tan[K o (1—e’”)\/; RO}. Differen-
6,01

tiating d(t) and m(t) with respect to time, we
obtain expressions for the rate of layer formation
v, (t) and the rate of mass accumulation v (t).

Fig. 2 shows the time dependence of the gas mass
accumulated at the surface of 20-nm-size ZnO
and Cos30,4 semiconductor nanoparticles. As can
be seen in Fig. 2, after a certain time, the accumu-
lation of mass stops and reaches its maximum va-
lue. The mass of the adsorption layer can also be
defined as M = Nm, where m, is the mass of

gas molecule. We have determined the number of
adsorption layers of known thickness using for-
mulas (1) and (3). The number of gas molecules
adsorbed on the nanoparticle surface has been
calculated by formula (2). Calculations show that
the number of adsorbed gas molecules found by
the 4-step adsorption is closer to the value deter-
mined from the accumulated mass. Therefore, the
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adsorption of gas on the nanoparticle surface oc-
curs in four steps. However, for a large number of
layers, there is a significant discrepancy between
the values found by the 4-step adsorption and the
values determined from the accumulated mass.
This discrepancy indicates a random packing
(a loose structure) of gas molecules on the surface
of semiconductor nanoparticle. For large numbers
of layers, the number of adsorbed gas molecules
calculated by the BET packing model is closer to
the value determined from the accumulated mass.

0 10 20 30 40
f, sec

Fig. 2. Time dependence of the gas mass accumulated at the
surface of 20-nm-size ZnO (curve 1) and Coz0, (curve 2)
semiconductor nanoparticles

Conclusion

The mechanism for the formation of ad-
sorption layer is the diffusion of gas molecules
from medium to a nanoparticle. Basically, the
adsorption layer has a close packing structure.
Starting with a certain value of the layer num-
ber, the adsorbed layer has a loose structure
corresponding to the random packing of gas
molecules. It follows from simple considerati-
ons that the values of filling factor for the first,
second, third and the next layers should differ
and satisfy the following relationship:
6,>0,>6,>...>60,>6,,=0. This explains

the formation of loose structure, starting with a
certain value of the layer number. The density
of the first adsorption layer depends on the mo-
lecular weight of gas, the size of gas molecule,
the filling factor, and does not depend on the si-
ze of semiconductor nanoparticle, i.e. it is the
same for surfaces of nanoparticles in all size
range. Hence, the filling factor @ will not de-
pend on the size of semiconductor nanoparticle.
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The number of adsorption layers increa-
ses with the nanoparticle size. With increase in
the number of adsorption layers, the operating
efficiency of gas detector decreases. Therefore,
in order to increase the efficiency of the detec-
tor operation, it is desirable to synthesize semi-
conductor nanoparticles with an average radius
of 2-5 nm.

In addition, the adsorption layer thickness
depends on the type of semiconductor nanopar-
ticle. For example, the thickness of gas layer
adsorbed on the surface of Co30,4 nanoparticles
is small. From this point of view, gas detectors
based on Co304 nanoparticles would be prefe-
rable. However, the rate of accumulation of the
adsorption mass on the surface of Co3O,4 nano-
particles is less than that on the surface of ZnO
nanoparticles. It means that ZnO nanoparticles
will adsorb and detect the ambient gas faster.
Therefore, in order to make the efficient and

sensitive gas detectors, it is necessary to deter-
mine optimal values of the adsorption layer
thickness and the maximum rate of their forma-
tion for semiconductor nanoparticles.
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YARIMKECIRICIi ZnO VO C0;0, NANOHISSOCIKLORININ SOTHINDO QAZ LAYININ 9MOLO
GOLMOSININ TODQIiQi

R.R.Hiiseynov, R.9.9lizads, V.S.Tagiyev, N.B.Mustafayev

Nanohissaciklorin sothinds gaz adsorbsiya laymim amolagalma morhalalari toyin olunmusdur. Qaz molekullari-
nin nanohissaciklarin sathino adsorbsiyas: diffuziya tonliyi vasitasils ifads edilmisdir. Adsorbsiya laymim qalimliginin va
amolagalma siiratinin zamandan, gazin tipi vo konsentrasiyasindan, nanohissaciyin tipi va dl¢iisiindon asililiglar tigiin
riyazi ifadslor alinmigdir. Adsorbsiya layinin kiitlasinin vo onun amalagalma siirotinin zamandan asililigi hesablanmis-
dir. Adsorbsiya layinin qalinhigr ils kiitlasinin giymati asasinda laylarin say1 vo strukturu tayin edilmisdir.

Agar sozlar: qaz adsorbsiya lay:, adsorbsiya laymnin galinligi, qaz kiitlaSinin yigiimasi, adsorbsiya prosesinin
kinetikasz, yarimkegirici nanohissaciklar

HCCIHEJOBAHUE OBPA3OBAHUA I'A30BOT'O CJIOA HA ITIOBEPXHOCTH
MoJYInPOBOJHUKOBBIX HAHOYACTHIL ZnO U Co30,

P.P.I'yceiinos, P.A.Anu3zane, B.C.Tarues, H.b.Mycradaen

OmpenienieHs! 3Tansl 00pa30BaHUA aICOPOIMOHHBIX CIOEB Ha MOBEPXHOCTH HaHOouacTHIl. IIpouecc agcopOimm mMoie-
KyJI Ta30B Ha TIOBEPXHOCTD ITOIYIPOBOAHMKOBBIX HAaHOUYACTHI] OTMCAH C MOMOIIBI0 ypaBHeHMS qudy3un. [lomydeHs! BbI-
PaXXEeHHS T 3aBUCHMOCTH TOJIIIMHEI M CKOPOCTH 00pa30BaHMs ra30BOr0O aCOPOIOHHOTO CJI0SI OT BPEMEHH, KOHIICHTPAIIUH
U THIA rasa, pa3Mepa HaHOYACTHUIIBl. BhIunciieHs! 3HaueHNsI HAKOTUIEHHOM Macchl ra3a M CKOPOCTh €ro HaKOIUICHHs Ha TI0-
BEPXHOCTU HAHOYACTHILL. [10 3HAYEHMSIM TOJIIMHBI aCOPOIMOHHOTO CJI0S Ta3a U HAKOIIEHHOH MacChl ONPEAEIsIOCh KOJIU-
YeCTBO U CTPYKTYpa CIIOEB.

Knroueswvie cnosa: aocopbyuonnulii ciou 2aza, moawura aocopoyuoHHo20 Clos, HAKONIeHue MAccovl easd, Ku-
Hemuka adcopoyuu, noIYNPo8oOHUKOEble HAHOYACMUYbL
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