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a b s t r a c t

The size effect of ZnO nanoparticles on catalytic activity of ZnO/MgO solids was studied in CO oxidation.
We have developed a simple method for preparing supported materials containing ZnO nanoparticles
of a controllable size with the same chemical composition, structure, and shape. We revealed that the
turnover frequency of CO oxidation on ZnO nanoparticles of variable average radius (2.0–2.3 nm) shows
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bell-shaped dependence on ZnO nanoparticle size. A dependence of catalytic activity of ZnO nanoparticles
on their electronic structure is found. This allows us to explain a maximum in the CO oxidation activity
observed for ZnO nanoparticles with the size of about 2.2 nm within the framework of the quantum
confinement effect.

© 2010 Elsevier B.V. All rights reserved.

O oxidation
uantum confinement effect

. Introduction

High-dispersed particles of the active metals and their oxides
n the size range less than 100 nm are of permanent interest due
o their potential applications in electronics, luminescent devices,
as sensors, catalysts etc. [1–4]. The size effect in catalysis over
etallic nanoclusters is well studied since the Boudart’s discovery

f structural sensitive and structural insensitive reactions [5]. It
as been established that the particle size of supported metallic
atalysts may affect their performance in various catalytic reactions
6–11].

There are several explanations for specific catalytic activity of
he metallic nanoparticles smaller than 10 nm. The possible fac-
ors changing the activity of nanoscale metal-containing catalysts
ompared to bulk matters are the high surface area, the increase
f percentage of atoms at the material surface, the nature of sup-
ort, the presence of moisture, the charge transfer, and quantum
onfinement effects [12–18]. Furthermore, in some cases the cat-
lytic activity correlates with the fraction of surface atoms located
n the facets, corners, and edges of metal nanoparticles [19,20].
or example, the catalytic activity of Pt nanoparticles of different

hapes increases with the number of surface atoms on the cor-
ers and edges of the nanoparticles as the following sequence:
ubic < spherical or “near spherical” < the tetrahedral structure [19].
t has been long considered that gold was inactive in cataly-
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sis. However, nanocrystalline gold supported on different oxides
has been found to be most active in redox reactions [12–15]. A
number of effects may contribute to the non-monotonic catalytic
activity of gold nanoparticles of 2–5 nm [21]. The most impor-
tant effect is related to the availability of low-coordinated gold
atoms on the small particles [21,22]. Also the quantum confine-
ment effect has been proposed to explain the high anomalous
activity and selectivity of the catalyst nanoparticles in some reac-
tions possibly due to significant modification of the electronic
properties compared to the bulk. For example, the bell-shaped
dependence of the Au nanoparticle activity on their sizes in the
CO oxidation may be explained by the changes of the electronic
properties of the Au clusters, characterized by a band gap of
0.2–0.6 eV [16]. This effect is associated primarily with the metal-
to-insulator transition, which occurs as the Au particle size falls
below 3.5 nm. Also the bell-shaped activity dependence of alumina-
supported Pt nanoparticles on their size (1.3–10 nm) was observed
in total methane oxidation [23]. The bell-shaped size dependence
is explained by transformation of supported platinum from ionic
to metallic form with the particle increasing. The maximum activ-
ity is observed for Pt crystallites of ca. 2 nm containing comparable
amounts of partially oxidized and metallic platinum species. For
catalysts containing predominantly metallic platinum with parti-
cle size above 2 nm the size dependence of their catalytic activity
is well described by a simple thermodynamic approach. In this
case, the catalytic activity decreases with the particle enlarge-

ment. If the particle size is less than 2 nm the catalytic activity
decreases at the diminishing particle size due to the predomi-
nance of the partially oxidized platinum and a strong interaction
with support. The changes of the electronic states with increasing
size were observed not only for gold and platinum containing cat-
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lysts but also for oxide-supported silver and palladium clusters
9,24–26].

A study of the size effects in catalysis over nanosized metal
xides is more complicated because the quantum confinement
ffect appears in some cases as nanoparticle size decreases [27–32].
he difficulty of preparation and characterization of oxide catalysts
ith uniform size and shape prevents to distinguish the quantum

onfinement effect from other size-dependent effects caused by
ifferences not only of the particle size but also of oxide struc-
ure, coordination of the edges and corners, and charge transfer
etween catalyst and support. Generally, the presence of the quan-
um confinement effect in a nanosized oxide system is identified
y the appearance of a shift in the UV–vis absorbance onset or by a
idening of the band gap as compared with the bulk material.

There are studies devoted to comparison of catalysts contain-
ng commercial or nanocrystalline oxides of several metals: Zn, Cu,
nd Ni [27]. It was found that nanoparticles ZnO (3.9 nm) and NiO
3.1 nm) were much more active catalysts than the commercially
vailable materials for the catalytic production of methanol from
ydrogen and carbon dioxide. The high activity of catalysts con-
aining nanocrystalline oxides is explained by their higher surface
reas compared to commercial samples.

ZnO is one of the oxides used as support, active component,
romoter and model system in heterogeneous catalysis [33–36].
urthermore, ZnO is characterized by high value of melting point
nd could be used as structural and textural modifier of multi-
omponent solid catalysts [37–39]. On the other hand, zinc oxide
s a semiconductor that shows the quantum confinement effect
n experimentally accessible size range (<10 nm) caused by the
ncrease of band gap with decreasing particle size [40,41]. Unfor-
unately the influence of the quantum confinement effect on the
roperties of ZnO nanoparticles was observed only for photocat-
lytic reactions [33,42,43].

In this paper the ZnO/MgO solid was chosen as model system
or studying the size effect on activity of oxide catalysts. To achieve
his goal, we developed a method for the preparation of ZnO/MgO
atalysts with controllable size of supported ZnO nanoparticles by
hanging conditions of the colloidal solution aging (pH, tempera-
ure, composition, and time). The developed approach is based on
eposition of the zinc oxide nanoparticles from colloidal solution
ithout surfactant on magnesia [44]. MgO is known as suitable

upport material due to its inertness in different chemical reac-
ions. The use of colloidal technique for the preparation of ZnO/MgO
atalysts led to the formation of uniform “near spherical” ZnO
anoparticles.

The morphology of ZnO nanoparticles was investigated by two
omplementary methods: transmission electron microscopy (TEM)
nd UV–vis absorption and diffuse reflectance (DR) spectroscopy.
olecular carbon monoxide is one of the most widely used indi-

ators for local surface structure and an ideal probe molecule
or investigating the influence of particle size on catalytic prop-
rties [36,45]. Thus, the relationship between catalytic activity
nd size of ZnO nanoparticles was investigated in CO oxidation
36,46,47].

. Experimental

.1. Materials

All chemicals and solvent (zinc acetate dihydrate, sodium

ydroxide, magnesium oxide, absolute 2-propanol from Ukraine
hemical Reagents Co.) were of the highest purity available and
ere used as received. CO gas was purified by molecular sieve traps

efore it was used. Before use the magnesia was calcinated at 500 ◦C
n air for 5 h to remove water and carbonate.
talysis A: Chemical 335 (2011) 14–23 15

2.2. Catalyst preparation

Magnesia-supported ZnO catalysts were prepared using a two-
step procedure: formation of ZnO nanoparticles in a colloidal
solution and deposition of ZnO nanoparticles from colloidal solu-
tion on MgO.

The preparation of ZnO colloidal solution followed the method
of Bahnemann et al. with some modifications [48,49]. Two
precursor solutions were prepared by dissolving 0.57 mmol of
Zn(CH3COO)2·2H2O in 92 mL of 2-propanol and 1.14 mmol of NaOH
in 8 mL of 2-propanol under stirring at about 50 ◦C, after both
solutions were cooled to 0 ◦C. At this temperature the hydroxide
solution was added dropwise to the prepared zinc acetate solution
under vigorous stirring. The mixture containing 5.7 × 10−3 M zinc
acetate and 1.14 × 10−2 M hydroxide was immersed in a water bath
preheated to 60 ◦C for aging. After 2.5 h a transparent colloidal solu-
tion of ZnO nanoparticles was obtained. Schematically the overall
nucleation reaction is presented as [50,51]:

Zn(CH3COO)2 + 2NaOH → ZnO + 2CH3COONa + H2O

The synthesis of ZnO/MgO catalyst was carried out by mixing
27 mL of ZnO colloidal solution with 10 mL of suspension contain-
ing 1 g MgO powder under constant stirring at temperature ≤4 ◦C
for 15–20 min. The MgO suspension was cooled below 4 ◦C under
vigorous stirring before the ZnO colloid was added. Solid product
was separated by filtration, washed several times with 2-propanol
and dried in air at 70 ◦C followed by calcinating in air at 350 ◦C for
4 h.

A series of ZnO/MgO samples with different sizes of ZnO
nanoparticles were prepared by varying the conditions of the
colloidal solution aging (temperature, pH, time, and reagent con-
centration). The value of pH in the ZnO colloidal solution (5.4–7.5)
was varied by adding appropriate amount of 0.1 M solution of
CH3COOH in 2-propanol for adjustment. The temperature of ZnO
colloid aging was varied within 20–60 ◦C. The molar ratio of
Zn(CH3COO)2:NaOH was set for preparation of colloidal solution
as 1:2 and 1:1.6 with concentration of zinc acetate in the range of
3.4 × 10−3–1× 10−2 M.

The amount of colloidal solution and support was calculated as
having a final ZnO loading of 1 wt.%.

The catalyst containing bulk ZnO was prepared for comparison
purposes by mixing a commercial powder of ZnO (1 wt.%) and MgO
in 2-propanol suspension. The drying of the ZnObulk–MgO catalyst
was conducted in air at 70 ◦C followed by calcination in air at 350 ◦C
for 4 h.

2.3. Characterization techniques

There are different methods for characterization of morphology
and structure of nanoparticles in colloidal solutions or solids: trans-
mission electron microscopy (TEM), ultraviolet–visual (UV–vis)
absorption or diffuse reflectance (DR) spectroscopy, powder X-
ray diffraction (XRD) and others [52]. Generally the combination
of several methods and their comparison gives the most correct
characteristic about the particles size. Unfortunately, some of these
methods cannot be applied for the determination of the particle size
in powder samples with low content (<5%) or very small particles
(≤2 nm). In this case, the average particle size may be estimated
by TEM. However, the accuracy of the size determination of sup-
ported ZnO particles by TEM is complicated mainly due to the low

contrast resolution between the ZnO particles and the support. DR
spectroscopy is an alternative and non-destructive technique to
obtain the average size of supported particles in solid composite
with minimum sample preparation. Especially this method may
be useful to characterize zinc oxide particles. ZnO is one of the
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emiconducting oxides whose properties are well studied by spec-
roscopic methods. The ZnO nanosized particles exhibit an increase
n the band gap or a shift in the UV–vis absorbance onset toward
horter wavelengths compared with bulk ZnO which is attributed
o the quantum confinement effect. We used both TEM and UV–vis
bsorption or DR spectroscopy to ensure trustworthy information
bout morphology of ZnO nanoparticles in colloidal or solid sys-
ems.

The structural characteristics of the prepared solids were inves-
igated by an X-ray diffractometer (DRON-3M, Bourevestnik, Inc.,
SSR) with CuK� radiation (� = 0.154 nm) filtered through Ni.

The morphology of obtained products was characterized by TEM
sing PEM-125K (Selmi, Ukraine). Samples for TEM measurements
ere prepared by placing a drop of 2-propanol colloidal solution or

nO/MgO suspension onto a carbon-coated copper grid and allow-
ng the solvent to evaporate in air. The powder samples of catalysts
ave been previously ultrasonically dispersed in 2-propanol.

Optical properties and sizes of ZnO nanoparticles in the col-
oidal solution and supported on MgO were examined by UV–vis
bsorption and DR spectroscopy using Specord M-40. The UV–vis
bsorption spectra from colloidal solutions were obtained with
cm quartz cells. The UV–vis DR spectra of the ZnO/MgO powder

amples were obtained with MgO as a reference. All measurements
ere carried out at ambient temperature (22 ± 1 ◦C).

The particle size distribution and the average size of ZnO
anoparticles were estimated from the TEM images by mea-
urement of 300–400 particles and the UV–vis absorption or DR
pectroscopy using effective mass approximation. The accuracy of
he ZnO nanoparticle average radius was ±0.1 nm by the UV–vis
pectroscopy and ±0.05 nm by TEM. The UV–vis DR spectroscopy
as also used to evaluate the dispersion of the ZnO particles (DZnO)

s the surface fraction of the total number of ZnO molecules in
atalyst.

The content of ZnO in ZnO/MgO was determined by titrimetric
nalysis and amounted to 0.8–1.2 wt.%.

The surface area of the prepared catalysts was measured by
2 adsorption at −196 ◦C using the BET (Brunauer–Emmet–Teller)
ethod. The BET surface area of initial MgO after calcination is

BET = 13.5 m2 g−1.

.4. Catalyst testing

The prepared ZnO/MgO samples were tested in CO oxidation
y O2 using the flow method. The catalyst sample (ca. 1 cm3) with
–2 mm mesh particles was loaded in the middle of the quartz flow
ube reactor (length 20 cm and 0.9 cm internal diameter) and put
etween two layers of the granulated quartz glass (0.5 cm3 on each
ide). The reactor was placed in a thermoprogrammable vertical
lectric furnace that allowed maintaining the temperature of the
atalyst with an accuracy of less than ±5 ◦C. The pretreatment of
he sample was carried out at 300 ◦C for 30 min with He under
tmospheric pressure followed by cooling to 200 ◦C. The test gas
ixture containing 2 vol.% CO, 20 vol.% O2 (He as a balance gas) with
flow rate of 100 cm3 min−1 was used over the temperature range
00–560 ◦C under atmospheric pressure. The reaction components
nd product at the reactor outlet (CO, O2, CO2) were analyzed on
gas chromatograph. The experiment was repeated several times

or each catalyst sample. The experimental precision did not exceed
5%.

The CO conversion (X) was calculated based on the CO consump-
ion as follows:
(%) = [CO]in − [CO]out

[CO]in
× 100

here [CO]in and [CO]out are the inlet and outlet CO concentration
%), respectively.
alysis A: Chemical 335 (2011) 14–23

The mass-normalized reaction rate was expressed as the num-
ber of CO (moles) transformed over mass of catalyst per second as
follows:

W(molCO s−1 g−1
cat) = F in

CO − Fout
CO

Wcat

where F in
CO and Fout

CO are the inlet and outlet CO molar flow rates
(molCO s−1), respectively; Wcat is the catalyst weight (g).

The surface-specific activity so-called turnover frequency (TOF,
s−1) for CO oxidation was determined as the reaction rate per
active site. The TOF value was calculated as the number of the
CO molecules reacting per surface-centered ZnO molecules (active
sites) in unit time. The number of active sites was obtained using
the average radius of the near-spherical ZnO nanoparticle.

3. Results

3.1. Size characterization of ZnO nanoparticles in colloid and solid

As shown in Fig. 1a the TEM image of the ZnO colloid reveals
that the nanoparticles are almost spherical. The ZnO nanoparticles
size distribution is rather narrow. Approximately 90% of nanopar-
ticles have radius within 1.6–2.4 nm. The average radius of ZnO
nanoparticles obtained from the TEM images was evaluated as the
simple average value (〈rT〉). In colloidal solution, the〈rT〉 = 2.0 nm
with standard deviation � = 0.3 nm. The absorbance spectrum for
ZnO colloid is shown in Fig. 1b. The absorbance onset blue shifted
compared with the macrocrystalline ZnO for which the absorbance
onset is about 388 nm corresponding to the value of band gap 3.2 eV
at room temperature [53]. The absorption edge obtained from the
extrapolation of the steep part of the absorption spectrum of the
ZnO colloid was calculated as �c ≈ 365 nm. The band gap deter-
mined as 1240/�c(nm) is about 3.4 eV. The widening of the band
gap indicates that ZnO nanoparticles in colloidal solution are in the
quantum confinement region, i.e. the ZnO nanoparticle radii are
smaller than 5 nm, which is in good agreement with TEM.

The ZnO nanoparticle radius was determined from UV–vis spec-
trum using the effective mass model [50,54]:

E∗(r) − Ebulk
g = h̄2�2

2er2

(
1

m∗
e

+ 1
m∗

h

)
− 1.8 e

4�εε0r

− 0.124 e3

h̄2(4�εε0)2

(
1

m∗
e

+ 1
m∗

h

)−1

,

where E* is the exciton energy in the spherical nanoparticle
(eV) with a radius of r (m); Eg

bulk is the bulk band gap; h̄ is
reduced Planck’s constant (h̄ = h/2� = 1.055 × 10−34 J s); m∗

e and
m∗

h are the effective masses of the electron and hole, respec-
tively (for ZnO m∗

e = 0.26 me, m∗
h = 0.59 me); me is the free

electron mass (9.11 × 10−31 kg); e is the charge on the electron
(1.602 × 10−19 J/eV); ε is the relative permittivity (for ZnO –8.5);
ε0 is the permittivity of free space (8.854 × 10−12 F/m).

Determination of the particle size distribution from the absorp-
tion onset of ZnO nanoparticles is based on the dependence of the
optical absorption (A) on the number (N) and radii (r) of the parti-
cles by a law of the form A ∝ Nr3 [55]. The particle size distribution
for ZnO nanoparticles in colloidal solution is obtained as follows
[56]: ∫ ∞

4 3
A(r) ∝
r

3
�r n(r)dr,

where A is the optical absorption, r is the particle radius, n(r) is the
particle size distribution. This statement is valid for diluted solution
as long as the particles are spherical and the absorption coefficient
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Fig. 1. TEM image (a), absorption spectrum (b), and size distributions of ZnO
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anoparticles from the aged colloidal solution diluted at 5 times (c) obtained
rom TEM image (histogram) and absorption spectrum (solid curve). Condi-
ions of the ZnO colloidal solution preparation: [Zn(CH3COO)2] = 5.7 × 10−3 M;
NaOH] = 1.14 × 10−2 M; temperature for aging is 60 ◦C; aging time is 2.5 h.

s independent of the particle size. After differentiation on radius
nd noting that n(r) = 0 when r → ∞, the expression relating the par-
icle size distribution to the local slope of the absorbance spectrum:

(r) ∝ − dA/dr

4/3�r3

comparison of the particle size distributions obtained from the

nalysis of the TEM image and the absorbance spectrum of the
nO colloid is presented in Fig. 1c as histogram and solid curve,
espectively. A good agreement between the data obtained by
oth methods is observed. The average radius of ZnO nanoparti-
les was calculated as number average size using the following
Fig. 2. XRD patterns for pure MgO and 1% ZnO/MgO prepared by deposition of ZnO
nanoparticles from colloidal solution on magnesia. Conditions of the ZnO colloidal
solution preparation are the same as in Fig. 1.

formula: 〈rs〉 = �n(ri)ri/�n(ri) where n(ri) is the number of parti-
cles with radius ri. The ZnO nanoparticles in colloidal solution have
an average radius 〈rs〉 = 2.12 nm with a size distribution of about
97% in the 1.8–2.4 nm range (� = 0.2 nm). This value of 〈rs〉 cor-
responds to the average particle radius obtained from the TEM
images (〈rT〉 = 2.0 nm). Similar results have been observed for the
colloidal ZnO nanoparticles synthesized using the same procedure
and reported in literature [56].

Fig. 2 shows a typical XRD pattern of the ZnO/MgO solid. The XRD
pattern of the initial magnesia is also included in Fig. 2. The sharp
diffraction peaks at 2� = 36.9, 42.9, and 62.4 on both spectra are
ascribed to MgO (JCPDS 45-0946). The peaks corresponding to the
ZnO nanoparticles are not observed in the XRD pattern of ZnO/MgO
solid due to the small ZnO concentration.

Fig. 3 shows the TEM image, diffuse reflectance UV–vis spectrum
of the ZnO/MgO solid and the corresponding particle size distri-
butions. TEM observation reveals that the ZnO nanoparticles are
almost homogeneously dispersed on the surface of the support as
illustrated in Fig. 3a and in the inset. The shape of the MgO par-
ticles is cubic with sizes in the range of 20–100 nm. The average
radius of supported ZnO nanoparticles is 〈rT〉 = 2.2 nm (� = 0.3 nm).
For the 1% ZnO/MgO powder, as for any dilute solid systems, super-
ficial reflection is neglected, which is always superimposed upon
the diffuse reflection and which therefore distorts the spectrum
[57,58]. The scattering phenomena is minimized due to high con-
tent of magnesium oxide (99%) also used as reference material.
As shown in Fig. 3b the absorption edge in the DR spectrum of
the ZnO/MgO solid is blue shifted in comparison with bulk ZnO
to 378 nm corresponding to a band gap of about 3.3 eV. The band
gap of the bulk ZnO in the ZnObulk–MgO powder is 3.19 eV, which
does not differ significantly from the value of 3.2 eV reported in the
literature [53]. Thus, the size of ZnO nanoparticles after their depo-
sition on MgO from colloid remains in the quantum confinement
region.

The particle size distribution in the ZnO/MgO solid was obtained
from the DR spectrum in a similar way as analysis of absorbance
spectrum of colloidal solution. The normalized function of the par-
ticles size distribution obtained from analysis of the DR spectra and
the TEM images of the ZnO/MgO solid are presented in Fig. 3c as
solid curve and histogram, respectively. Similar to results obtained

for colloidal solution the distributions predicted by both methods
for the ZnO/MgO solid are well correlated. The main part (about
90%) of the ZnO nanoparticle radii are in the 1.8–2.6 nm range. The
average ZnO nanoparticle radius determined from analysis of the
UV–vis DR spectrum of solid is 2.26 nm (� = 0.3 nm) which is in
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Fig. 3. TEM images (a), diffuse reflectance (DR) spectrum (b), and size distribu-
tions of ZnO nanoparticles in the 1% ZnO/MgO solid (c) obtained from TEM images
(
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n
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t

histogram) and absorption spectrum (solid curve). Conditions of the ZnO colloidal
olution preparation are the same as in Fig. 1. For comparison the DR spectrum of
he 1% ZnObulk–MgO powder prepared by mixing of MgO with bulk zinc oxide is
iven in Fig. 3(b) also.

good agreement with the average nanoparticle radius obtained
rom TEM images (〈rT〉 = 2.2 nm).

It should be noted that the most probable value of the ZnO
anoparticle radius obtained from TEM and UV–vis spectroscopy is
bout 2.2 nm both in colloidal solution and in the ZnO/MgO solid.

owever, the most probable radius of ZnO nanoparticles in col-

oidal solution obtained from TEM is slightly smaller and equals to
.0 nm.

Thus, the results obtained from analysis of the TEM images and
he UV–vis absorbance spectra for the ZnO colloidal solution and
alysis A: Chemical 335 (2011) 14–23

the ZnO/MgO solid are in a good agreement. This demonstrates
a possibility to determine the particle size distribution using the
UV–vis absorbance spectrum not only for the ZnO colloidal solution
but also for the ZnO/MgO solids.

3.2. Effect of the preparation conditions on ZnO nanoparticle size
in solid

The ZnO/MgO solids containing ZnO nanoparticles of differ-
ent size were prepared by varying the conditions of the colloidal
solution aging (temperature, pH, time, and reagent concentration).
Fig. 4 shows the correlation between conditions of colloid prepara-
tion and size of ZnO nanoparticles supported on magnesia. Most of
the growth of the colloidal ZnO nanoparticles occurs in the first
40 min after which the particle size does not vary as shown in
Fig. 4a.

The influence of pH was studied using colloidal solutions aged of
20 min before mixing with the support. An increase of pH value of
colloidal solution within 5.4–7.5 leads to the increase of the average
ZnO nanoparticle radius in solid from 1.97 nm up to 2.24 nm as
shown in Fig. 4b.

The dependence of the ZnO nanoparticle size in solid on the
concentration of zinc acetate in colloidal solutions aged for 10 min
passes through a minimum as it follows from the data presented
in Fig. 4c. The magnesia-supported ZnO nanoparticles have min-
imal size at Zn(CH3COO)2 concentration about 4.8 × 10−3 M. The
increase of Zn(CH3COO)2 concentration within (4.8–5.7) × 10−3 M
leads to significant growth of the ZnO nanoparticles in solid, up
to 2.23 nm in radius. If the concentration of zinc acetate is above
5.7 × 10−3 M the size of ZnO nanoparticles changes slightly. The
largest ZnO nanoparticles (〈rS〉 = 2.27 nm) are formed at the min-
imal concentration of zinc acetate (3.4 × 10−3 M). Probably, this
concentration of acetate–ion is not enough for the stabilization of
the ZnO colloidal nanoparticles [49]. An increase of pH value in
the reaction mixture causes the agglomeration of the unstable ZnO
nanoparticles after adding the basic magnesium oxide to the col-
loidal solution. The buffering capacity of acetate is too small to keep
the pH value constant.

The dependence of the average ZnO nanoparticle radius in solid
on the aging temperature of the colloidal solution is given in Fig. 4d.
The ZnO colloidal nanoparticles grew during 15 min. The average
radius of the ZnO nanoparticles supported on magnesia increases
slightly in the range of 2.18–2.26 nm as the aging temperature
increases from 20 to 50 ◦C. The sharp decrease of the average ZnO
nanoparticles radius down to 2.05 nm is observed at aging tem-
perature of 60 ◦C. Keeping the solution at the aging temperature
of 60 ◦C for 15 min is sufficient for the formation of stable colloidal
ZnO nanoparticles which do not change their size significantly after
deposition on magnesia.

It should be noted that the range of ZnO nanoparticle sizes in the
ZnO/MgO solid is narrower compared with their colloidal solution
if preparation conditions are varied [49,50,56]. This may be caused
by an increase of pH value after adding magnesia to the colloidal
solution.

3.3. Textural characteristics of ZnO/MgO solids

The textural characteristics of the prepared ZnO/MgO solids
were studied by N2 adsorption and UV–vis DR spectroscopy. The
results are given in Table 1. The surface area of the ZnO/MgO
samples varies within 9–15 m2 g−1. The surface area of the 1%

ZnObulk–MgO catalyst containing bulk ZnO is 13 m2 g−1. The aver-
age radius and dispersion of ZnO nanoparticles in the catalyst were
calculated from the particle size distribution obtained using the
UV–vis DR spectroscopy. They were found to be in the range of
2.01–2.29 nm and 54–62%, respectively.
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6, Cat-2, and Cat-10, respectively, followed by the CO conversion
ig. 4. The influence of aging conditions of the ZnO colloidal solution on size of ZnO
NaOH] = 1.14 × 10−2 M; aging temperature Tag = 60 ◦C); (b) pH of reaction mixtu
oncentration of Zn(CH3COO)2 in reaction mixture ([Zn(CH3COO)2]:[NaOH] = 1:1
NaOH] = 1.14 × 10−2 M; tag = 15 min).

.4. Catalytic activity of ZnO/MgO solids in CO oxidation

The catalytic activity of the ZnO/MgO samples prepared at dif-
erent conditions was evaluated for the CO oxidation by O2 in
he temperature range of 200–560 ◦C. Fig. 5 shows typical plots
f the CO conversion as a function of temperature for the ZnO
ontaining catalysts. The plots of the CO conversion versus temper-

ture for all ZnO/MgO have complicated forms. The CO conversion
ncreases stepwise as indicated by two shoulders on each plot. The
O conversion goes up slightly for all ZnO/MgO catalysts; then
he first plateau is observed within 220–260 ◦C for catalyst Cat-

able 1
extural characteristics of the 1% ZnO/MgO catalysts (Cat) and mixture of 1% bulk
nO with MgO powder.

Catalyst 〈rS〉a ± 0.05 (nm) �b (nm) SBET
c (m2 g−1) DZnO

a (%)

Cat-1 2.01 0.21 14 62
Cat-2 2.03 0.21 14 61
Cat-3 2.05 0.23 12 60
Cat-4 2.12 0.23 12 59
Cat-5 2.16 0.26 11 55
Cat-6 2.20 0.27 10 56
Cat-7 2.23 0.27 9 55
Cat-8 2.25 0.22 10 55
Cat-9 2.26 0.29 15 54
Cat-10 2.29 0.29 15 54
1% ZnObulk–MgO – – 13 –

a The average radius and dispersion of ZnO nanoparticles in the 1% ZnO/MgO cata-
ysts calculated from the particle size distribution using the UV–vis DR spectroscopy.

b Standard deviation of the average radius.
c BET surface area.
particles supported on magnesia: (a) aging time, tag ([Zn(CH3COO)2] = 5.7 × 10−3 M;
n(CH3COO)2] = 5.7 × 10−3 M; [NaOH] = 1.14 × 10−2 M; Tag = 60 ◦C; tag = 20 min); (c)
= 60 ◦C; tag = 10 min); (d) aging tempezature, Tag ([Zn(CH3COO)2] = 5.7 × 10−3 M;

6 containing ZnO nanoparticles of average radius 〈rS〉 = 2.20 nm,
320–360 ◦C for Cat-2 (〈rS〉 = 2.03 nm), and 280–420 ◦C for Cat-10
(〈rS〉 = 2.29 nm). Further rise in temperature leads to steep increase
in CO conversion for Cat-2 and Cat-6. For Cat-10 the CO conver-
sion increases only slightly. Afterward, a second plateau is observed
in the range of 320–520 ◦C, 460–520 ◦C, and 440–480◦C for Cat-
increases again. The maximum value of the CO conversion reaches
only 50% for Cat-6 and about 100% for Cat-2 at 560 ◦C. For Cat-10
the CO conversion rises up to about 55% at 540 ◦C. Thus the cata-

Fig. 5. Comparison of the CO conversion vs. temperature for the 1% ZnO/MgO cata-
lysts containing ZnO nanoparticles of different average radius: (�) 2.03 nm (Cat-2),
(�) 2.20 nm (Cat-6), (�) 2.29 nm (Cat-10), and (©) the 1% ZnObulk–MgO catalyst con-
taining bulk zinc oxide. Reaction conditions: 2 vol.% CO, 20 vol.% O2 in He with a total
volumetric flow rate of 100 cm3 min−1.
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Table 2
The activity in CO oxidation of the 1% ZnO/MgO catalysts (Cat) and mixture of 1%
bulk ZnO with MgO powdera.

Catalyst 〈rS〉b ± 0.05 (nm) T30%
c (C) T50%

c (◦C) X320
d (%)

Cat-1 2.01 350 400 7.3
Cat-2 2.03 400 420 7.3
Cat-3 2.05 380 400 7.7
Cat-4 2.12 400 530 8.0
Cat-5 2.16 360 540 24.0
Cat-6 2.20 305 550 44.5
Cat-7 2.23 445 535 16.2
Cat-8 2.25 440 500 12.0
Cat-9 2.26 500 540 6.1
Cat-10 2.29 505 530 10.2
1% ZnObulk–MgO – 540 (<30%) – 3.1

a Reactant gas mixture: 2 vol.% CO, 20 vol.% O2 in He; a total volumetric flow
rate = 100 cm3 min−1.
ig. 6. The start temperature of CO oxidation (Tstart) as a function of the average
adius of ZnO nanoparticles in the 1% ZnO/MgO solids and the 1% ZnObulk–MgO
owder containing bulk zinc oxide. Reaction conditions are the same as in Fig. 5.

yst Cat-6 containing ZnO nanoparticles with the average radius of
rS〉 = 2.20 nm exhibits significantly higher activity compared with
ther ZnO/MgO nanosolids at temperatures 200–400 ◦C. The low-
st activity in CO oxidation is observed for the catalyst containing
ulk ZnO for which an increase of the reaction temperature above
10 ◦C is accompanied by slow rise of the CO conversion up to about
0% at 540 ◦C.

The structure change of the catalyst surface during reaction may
e one of the reasons for the complicated dependence of CO con-
ersion on temperature. At the start of reaction, the CO oxidation
ccurs on the ZnO nanoparticles leading to the CO2 formation. Then
agnesium carbonate can be formed over the catalyst surface as a

esult of CO2 reaction by magnesium oxide. The superficial magne-
ium carbonate complicates access of reagents (CO and O2) to active
ites of ZnO nanoparticles. Decomposition of the magnesium car-
onate at temperatures above 350 ◦C leads to the steep rise in the
atalyst activity. Further temperature increase can cause structural
hanges of the catalyst surface affecting the catalytic activity of ZnO
anoparticles.

The start temperature of CO oxidation (Tstart) and the temper-
ture required for 30% and 50% CO conversion (T30%, T50%) were
sed for comparison of the catalytic activity of prepared samples

ontaining the ZnO nanoparticles of different size and bulk ZnO. A
lot of the start temperature of CO oxidation versus the average ZnO
anoparticles radius for ZnO/MgO nanosolids is presented in Fig. 6.
he Cat-6 (〈rS〉 = 2.20 nm) is characterized by the minimum tem-
erature values of reaction start (200 ◦C). For catalysts containing
nO nanoparticles with average radius 2.16, 2.23, 2.25 nm (Cat-6,
at-7, Cat-8, respectively), the start temperature of CO oxidation is

n the narrow range of 240–260 ◦C. The maximum value of Tstart is
bserved for Cat-9 (〈rS〉 = 2.26 nm) – 320 ◦C. Tstart for other catalysts
s size-independent and equals 280 ◦C.
Table 2 gives values of the temperature required for 30% and 50%
O conversion. The minimum temperature value of 30% CO conver-
ion (305 ◦C) is for Cat-6. However, the temperature required for
0% CO conversion for Cat-6 is 550 ◦C. This is the maximum value
or all studied ZnO/MgO catalysts. Such complicated behaviour of
b The average radius of ZnO nanoparticles in the 1% ZnO/MgO catalysts obtained
from the UV–vis DR spectrum.

c Temperature required for the 30% and 50% CO conversion.
d The CO conversion at 320 ◦C.

catalyst Cat-6 may be caused by the fact that the average size of
ZnO nanoparticles affects the activity of ZnO/MgO solids only at
temperatures below 350 ◦C (calcination temperature of the catalyst
preparation). At temperature above 350 ◦C, the catalyst activity is
basically influenced by reorganization of the catalyst surface struc-
ture. Therefore a temperature below 350 ◦C, namely 320 ◦C, was
selected for comparison of the catalytic activity of ZnO nanopar-
ticles with different average radius. Furthermore, the experiment
not presented in this work has shown that CO oxidation on pure
magnesia starts at 350 ◦C. It is thus assumed that the catalyst activ-
ity at 320 ◦C is caused mainly by the zinc oxide nanoparticles. The
CO conversion values at 320 ◦C (X320) for all catalysts are also given
in Table 2. The maximum value of the CO conversion (44.8%) was
achieved for Cat-6. The catalyst containing bulk ZnO exhibits the
lowest activity compared to other catalysts with X320 about 3%.

4. Discussion

The simplest scheme of CO oxidation on ZnO can be described
as follows [36]:

According to the first step, the formation of superficial carbonate
structure occurs. Its further decomposition requires considerable
activation energy. At high temperature (above 300 ◦C) the decom-
position of the surface carbonate occurs rapidly with formation
of CO2. CO is oxidized according to the stepwise mechanism as
presented by reaction (1) in scheme. At low temperature, the
decomposition rate of the surface carbonate decreases sharply.
The concerted mechanism of the carbonate decomposition and the
ZnO reoxidation makes a significant contribution to the process
of CO oxidation as presented by reaction (2). Reaction with oxy-
gen adsorbed from the gas there leads to the formation of CO2.

The anions of molecular oxygen formed from adsorbed oxygen
are transformed instantly into atomic oxygen anions involved in
reaction (2).

As it follows from this mechanism, CO oxidation rate is defined
by the quantity of active sites on which oxygen is adsorbed from the
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Table 3
The effect of size and exciton energy of the 1% ZnO/MgO catalysts (Cat) on the mass-normalized rate (W) and TOF for CO oxidation at 320 ◦Ca.

Catalyst 〈rS〉b ± 0.05 (nm) E*c (eV) W (× 107 molCOs−1 gcat
−1) TOF (× 103 s−1)

Cat-1 2.01 3.49 0.8 2.6
Cat-2 2.03 3.48 0.8 2.6
Cat-3 2.05 3.47 0.9 2.6
Cat-4 2.12 3.43 1.1 3.3
Cat-5 2.16 3.40 4.2 9.5
Cat-6 2.20 3.41 10.3 13.1
Cat-7 2.23 3.40 2.2 10.0
Cat-8 2.25 3.42 1.5 9.2
Cat-9 2.26 3.39 0.9 1.5
Cat-10 2.29 3.39 1.5 1.8
1% ZnObulk–MgO – – 0.49 0.7

a
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Reactant gas mixture the same as in Table 2.
b The average radius of ZnO nanoparticles in the 1% ZnO/MgO catalysts obtained
c The exciton energy estimated as E* = 1240/�1/2 (�1/2 is the wavelength at whic

xcitonic peak or shoulder).

as phase. According to the stepwise or concerted reaction mech-
nism, the active sites are presented by zinc cations and oxygen
acancies on the surface of the catalyst. Both type of active sites are
nvolved in the reaction. With a decrease in the particle size of an
ctive component, the surface-to-volume ratio and number of the
xygen vacancies rapidly increase and the catalytic activity should
ncrease, especially in the case of nanoparticles. The correlation
etween the oxygen vacancy concentration and ZnO nanoparti-
le size smaller than 10 nm was experimentally indicated by the
ppearance of additional peaks in XPS spectra [59].

Furthermore, the differences in the catalytic activity of ZnO
anoparticles for CO oxidation may by caused by structure sen-
itivity of this reaction. The reaction structure sensitivity may be
stimated by the turnover frequency (TOF, s−1), scaling with the
nverse nanoparticle size in logarithmic scale [20]. If TOF does not
epend on the particle size, reactions are structure-insensitive.
tructure-sensitive reactions can be classified into three categories:
he TOF increases (a positive particle size effect), decreases (a neg-
tive particle size effect), and the TOF passes through a maximum
bell-shaped dependence) with increasing particle size [8,60].

According to the classical structure-sensitivity approach, pos-
tive and negative particle size effects are caused by different
atalytic activity of active sites localized on the facets, edges or
orners of the crystal lattice (geometric factor) [8,56,60,61]. The
lope of the linear fit for this scaling characterizes the type of active
ites. In general, for structure-sensitive reactions a scaling factor
1 is obtained, if active sites are localized mainly on the facets; for
dges this value is ≥2, and for corners it is about 3. For structure-
nsensitive reactions, the value of the scaling factor is less than 1
20,61]. The bell-shaped dependence of TOF on particle size is due
o changes in the electronic structure of metallic nanocrystallites
ith size less than 4 nm [8,60]. Similar size dependence of the elec-

ronic properties has been observed for Au, Pt, Pd, and Ag supported
atalysts [16,23–25].

This may be crucial also for understanding catalytic activity of
etal oxide nanoparticles. In fact, details of the near-edge elec-

ronic spectra provide useful guidance about intrinsic reaction
ates on active transition metal oxide systems. For the first time,
he influence of the electronic factor on catalytic activity was
eported for highly dispersed metal oxides in oxidative dehydro-
enation reactions [29]. The relationship between the catalytic
ctivities for propane oxidative dehydrogenation, the electronic
ransitions responsible for the UV–vis absorption edge energies,

nd the surface densities was established for VOx, MoOx, WOx,
nd NbOx supported oxides, consisting predominately of two-
imensional domains. For each of these oxides the TOF increases
onotonically with decreasing absorption edge energies. Further-
ore the lower absorption edge energies correspond to higher
he UV–vis DR spectrum.
orption in the UV–vis DR spectrum of the 1% ZnO/MgO solid is 50% of that at the

metal oxides surface densities characterized for larger particle
sizes.

Table 3 shows the correlations between the catalytic activities
(mass-normalized reaction rate, W, and surface-specific activity so-
called turnover frequency, TOF) of the prepared ZnO/MgO solids
and their exciton energies or the average radii of ZnO nanoparti-
cles obtained from the UV–vis DR spectra. The values of W and TOF
for CO oxidation were calculated at 320 ◦C, corresponding to CO
conversion less 20% for most of the prepared catalysts. Under such
conditions, the CO oxidation rate depends weakly on the concen-
tration of CO and O2 as the reaction is carried out in kinetic area
[60,62]. Besides, the influence of reverse reaction is minimized;
therefore observable rate of the CO oxidation is closest to the true
value. The exciton energy was estimated as E* = 1240/�½, where
�½ is the wavelength at which the absorption in the UV–vis DR
spectrum of ZnO/MgO solid is 50% of that at the excitonic peak or
shoulder [63]. Our results demonstrate that the catalytic activity
of the ZnO nanoparticles does not depend on their exciton energy
monotonously. The dependence of the catalytic activity on the exci-
ton energy of ZnO nanoparticles has a bell-shaped form as shown
in Fig. 7. The catalyst Cat-6 for which the exciton energy is about
3.41 eV (〈rS〉 = 2.20 nm) exhibits significantly higher rate compared
to samples with smaller and larger exciton energy value (Fig. 7a). A
similar correlation between TOF and the exciton energy is observed
(Fig. 7b). The highest values of TOF are shown by the catalysts with
the exciton energy in a narrow range of 3.40–3.42 eV. These cata-
lysts contain ZnO nanoparticles of average radius of 2.16, 2.20, 2.23,
and 2.25 nm (Cat-5, Cat-6, Cat-7, and Cat-8, respectively). It should
be noted that the changes of exciton energies and ZnO nanoparticle
sizes are not symbate.

The dependence of TOF on the average radius of ZnO nanoparti-
cles is plotted in logarithmic coordinates in Fig. 8. Our experimental
results gives a bell-shaped dependence of TOF on ZnO nanoparticle
sizes. This plot indicates that the influence of the geometric factor
on catalytic activity of ZnO nanoparticles is insignificant compared
to the electronic effect.

The correlation between the electronic structure and activity of
ZnO nanoparticles may be caused by electronic transitions from the
highest occupied molecular orbitals (HOMOs) to the lowest unoc-
cupied molecular orbitals (LUMOs). The electronic structure of ZnO
nanoparticles starts to change if its diameter is smaller than 5 nm.
This quantum confinement effect is observed as a blue shift in the
band gap or exciton energy [49,54].
Fig. 9 demonstrates the dependence of TOF on the average
radius of ZnO nanoparticles supported on magnesia. It shows a
bell-shaped dependence of TOF on the average radius of ZnO
nanoparticles in the solids. The ZnO/MgO solid containing ZnO
nanoparticles of average radius about 2.20 nm has maximum activ-
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Fig. 7. The mass-normalized rate (a), and turnover frequency (b) of CO oxidation at
320 ◦C as a function of the exciton energy (1240/�1/2) for the 1% ZnO/MgO solids.
Other reaction conditions are the same as in Fig. 5.

Fig. 8. The turnover frequency of CO oxidation at 320 ◦C as a function of the inverse
average particle radius for the 1% ZnO/MgO solids in logarithmic coordinates. Other
reaction conditions are the same as in Fig. 5.

Fig. 9. The turnover frequency of CO oxidation at 320 ◦C as a function of the average
radius of ZnO nanoparticles in the 1% ZnO/MgO solids and the 1% ZnObulk–MgO
powder containing bulk zinc oxide. Other reaction conditions are the same as in
Fig. 5.
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ity in CO oxidation. It should be noted that the catalysts obtained
under different conditions but containing ZnO nanoparticles of
the same size exhibit comparable activity for CO oxidation within
experimental error. Therefore the bell-shaped dependence of the
ZnO/MgO solids activity on the exciton energy and on average
radius of ZnO nanoparticles in the range of 2.01–2.29 nm may be
caused by quantum confinement effect.

5. Conclusions

Our results show that the catalytic activity of metal oxides
nanoparticles may change significantly if their size changes in a
relatively narrow range. This has been demonstrated by the depen-
dence of ZnO/MgO solids activity on ZnO nanoparticle sizes in CO
oxidation. That has been achieved by developing a relatively sim-
ple method for preparing the supported materials containing ZnO
nanoparticles of the same chemical composition, structure and
shape with varied particle sizes. The developed approach is based
on the deposition of preformed zinc oxide nanoparticles of control-
lable size on magnesia by varying aging conditions of the precursor
colloidal solution (time, pH, composition, and temperature).

We found that the TOF for CO oxidation over ZnO nanoparticles
having sizes in a narrow range shows a bell-shaped dependence on
the exciton energy. It confirms a correlation between the local elec-
tronic properties and the catalytic activity of magnesia-supported
ZnO nanoparticles. Our results allow explaining the maximum in
CO oxidation activity observed for ZnO nanoparticles within the
framework of quantum confinement effect. Based on these results
we suggest that for some solids, there exists a possibility to predict
their catalytic activity based on the UV–vis DR data.
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