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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 

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 rnd n 2  

(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   riR 120  (here i  is the number of a 

given layer) and the doubled radius of the gas 

molecule      rriRai 22sin122 0   . 

The polygon angle is defined as ,2 N   

where N  is the number of gas molecules loca-
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ted along a circle with radius rR 0
. For small 

values of  , we can replace sin  by α and get  
 

   r
rR

r
riRai 2122

0

0 


 . 

 

For a gas molecule, the condition ra i 2  

must be satisfied in order to get a position betwe-

en radial located molecules. If nm50 R  and 

nm1.0r , the number of adsorption layers sho-

uld be more than 30. The number of layers can be 

determined using the following formula: 

r

d
N L

2

max

BET,                          (1) 

 

where maxd  is the thickness of adsorption layer. 

The density of the i -th gas layer is 
ii ViN ads,  

where riRV i

2

0ads, 8  is the volume of the i -th 

layer, and N  is determined by the formula:  
 

       CrRBRArRN  exp, 000       
 (2) 

 

here  
 

  2

000 863.32089.22014.23 RRRA   and 

  2

000 224.178309.18227.913 RRRB  . Wit-

hin the measurement error, the value of C  can be 

assumed to be constant and equal to nm0.0537 .  

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 

hrd  22
, and the thickness of the i -th layer 

will accordingly be   hird i 12  , where 

rh 322  is the tetrahedron height. In this ca-

se, the number of layers can be determined using 

the following formula: 
 

   hrdNL 21 maxstp4, 
              (3) 

 
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  tdn ,  

with time using the diffusion equation  

 

),(),(
),( 2

tdnKtdnD
t

tdn





      (4) 

 

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 0Rdx  , and use the 

following initial and boundary conditions: 

0),(
0


t
txn , 

0),( ntxn
t




, 0),(
0


x
txn  
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and 
0),( ntxn

x



 where 0n  is the ambient 

gas concentration.  

We seek a solution of the diffusion equa-

tion in the form of product of two functions 

     xqtptxn ,  [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 

 ttp  exp1)( . To solve the second equa-

tion, we introduce new variables, and obtain an 

equation of the Riccati type [5]. Finally, we get   

 

   
000

0 coth1),( rnrx
x

n
etxn

t 



   (5) 

 

where   DK  . For the adsorption layer 

thickness  td  and the accumulated gas mass 

 tm , we find:  

 
 tf

tf
Rtd






1

1
ln)( 0   

 
  



























3

3

0
1

1
ln11

3

4
)(

tf

tf
Rtm   

where 

     











0

0 1
6

tan Re
n

Ktf
t 



 . Differen-

tiating  td  and  tm  with respect to time, we 

obtain expressions for the rate of layer formation 

 td  and the rate of mass accumulation  tm . 

Fig. 2 shows the time dependence of the gas mass 

accumulated at the surface of 20-nm-size ZnO 

and Co3O4 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 0mNM   where 0m  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 

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.  

 

 
 

Fig. 2. Time dependence of the gas mass accumulated at the 

surface of 20-nm-size ZnO (curve 1) and Co3O4 (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: 

01321  nn   . 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 Co3O4 nanoparticles 

is small. From this point of view, gas detectors 

based on Co3O4 nanoparticles would be prefe-

rable. However, the rate of accumulation of the 

adsorption mass on the surface of Co3O4 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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YARIMKEÇĠRĠCĠ ZnO VƏ Co3O4  NANOHĠSSƏCĠKLƏRĠNĠN SƏTHĠNDƏ QAZ LAYININ ƏMƏLƏ 

GƏLMƏSĠNĠN TƏDQĠQĠ   

  

R.R.Hüseynov, R.Ə.Əlizadə, V.S.Tağıyev, N.B.Mustafayev 
 

Nanohissəciklərin səthində qaz adsorbsiya layının əmələgəlmə mərhələləri təyin olunmuĢdur. Qaz molekulları-

nın nanohissəciklərin səthinə adsorbsiyası diffuziya tənliyi vasitəsilə ifadə edilmiĢdir. Adsorbsiya layının qalınlığının və 

əmələgəlmə sürətinin zamandan, qazın tipi və konsentrasiyasından, nanohissəciyin tipi və ölçüsündən asılılıqları üçün 

riyazi ifadələr alınmıĢdır. Adsorbsiya layının kütləsinin və onun əmələgəlmə sürətinin zamandan asılılığı hesablanmıĢ-

dır. Adsorbsiya layının qalınlığı ilə kütləsinin qiyməti əsasında layların sayı və strukturu təyin edilmiĢdir.   

 

Açar sözlər: qaz adsorbsiya layı, adsorbsiya layının qalınlığı, qaz kütləsinin yığılması,  adsorbsiya prosesinin 

kinetikası, yarımkeçirici nanohissəciklər 

 

ИССЛЕДОВАНИЕ ОБРАЗОВАНИЯ ГАЗОВОГО СЛОЯ НА ПОВЕРХНОСТИ 

ПОЛУПРОВОДНИКОВЫХ НАНОЧАСТИЦ ZnO  И  Co3O4  

 

Р.Р.Гусейнов, Р.А.Ализаде, В.С.Тагиев, Н.Б.Мустафаев 
 

Определены этапы образования адсорбционных слоев на поверхности наночастиц. Процесс адсорбции моле-

кул газов на поверхность полупроводниковых наночастиц описан с помощью уравнения диффузии. Получены вы-

ражения для зависимости толщины и скорости образования газового адсорбционного слоя от времени, концентрации 

и типа газа, размера наночастицы. Вычислены значения накопленной массы газа и скорость его накопления на по-

верхности наночастиц. По значениям толщины адсорбционного слоя газа и накопленной массы определялось коли-

чество и структура слоев. 

 

Ключевые слова: адсорбционный слой газа, толщина адсорбционного слоя, накопление массы газа, ки-

нетика адсорбции, полупроводниковые наночастицы  

 


