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Morphological characteristics of CuO- and NiO-doped silica/titania nanocomposites are analyzed using
atomic force microscopy and low-temperature nitrogen adsorption. The different types of pores (nano-, meso-
and macropores) in the powder composites are modeled as voids between spherical nanoparticles packed in
random aggregates. It is shown that specific surface area, total pore volume, average pore radius, incremental
pore size distribution and changes in relationships between these characteristics of the composites reveal a
non-linear behavior depended on the presence of the dopants. The textural and atomic force microscopy
investigations suggest that processes of aggregation differ from each other depending on the type of doping
oxide. Fractal dimension, estimated according to Frenkel-Halsey-Hill equation using the adsorption branch,
has values about 2.50-2.60 and indicates the aggregate formation.

INTRODUCTION

Varying the content and types of dopants in
composite nanomaterials based on different
matrices (silica or titania) affects changes in their
morphology and allows one to produce new
redox or acid/base catalysts and photocatalysts
with required properties for specific applications
[1-10]. The textural characteristics of
composites depend on properties of both dopant
(acidity, bandgap value) and matrix (textural and
electronic characteristics). For instance, specific
surface area, Sggr, and total pore volume, V,,
distinctly depend on the type of dopant,
including NiO and CuO, into the silica matrix
[8]. The incremental pore size distribution
(IPSD) profiles differ for pure nanosilicas and
nanocomposites containing Al,O; that can be
caused by changes in interactions between
primary particles due to presence of alumina and
silica on the composite surface [9]. Hence, the
character of the primary nanoparticles packing
changes too. TiO,-containing silicas demonstra-
ted diminution of the Sggr value with increasing
concentration of titania.

This paper focuses on titania-silica
composites doped with nickel(II) or copper(Il)
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oxides. The aim was to investigate the
morphological properties of synthesized mixed
oxides dependent of deposited dopant type and
content. Low-temperature N, adsorption-
desorption has been used for this purpose and all
calculated parameters (Sger, V,, R, IPSDy,
contributions of different pores types) and
relationships between them are analyzed, as well
as atomic force microscopy (AFM) images.

The topography and roughness of a surface of
many solid systems can be characterized by the
surface fractal dimension Dg [11, 12] which is a
kind of roughness parameters. The Dg value for the
ideal flat surface is equal to 2 but for a real
irregular surface Dg can vary between 2 and 3 and
expresses so the degree of roughness of the surface
and porous structures like oxide nanocomposites.
Additionally, fractal dimension of fumed oxides
reflects both mass fractal dimension and textural
pore fractal dimension. Thus, the Dg values
analyzed here can be considered as an integral
measure of nanooxide fractality.

AFM images are helpful to identify certain
characteristics of aggregates of nanoparticles and
agglomerates of aggregates because the structu-
ral hierarchy of nanocomposites depends on both
their composition and synthesis method.
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MATERIAL AND METHODS

The nanocomposites were obtained using
low-temperature hydrolysis of precursors for
sequentially depositing of CuO and NiO as
dopants and TiO, as a functional phase onto the
nanosilica surface. The synthesis was carried
out in a glass reactor equipped by a mechanical
Teflon stirrer, an air blow-through emitter
device and a heating system. Nanosilica A-300
(50 g, Sger = 294 m*/g produced at pilot plant at
Chuiko Institute of Surface Chemistry, Kalush,
Ukraine) was added into the reactor after
heating (6 h at 450 °C), whereat enough for
hydrolysis portion of water was added within
stirring at room temperature. In 1 h saturated
solution of Cu(CH3CO,),, H,O (Merck KGaA,
Germany) was added to form CuO from 0.14 up
to 30 wt. % against TiO,. Then in 0.5 h TiCl,
(Merck KGaA, Germany) was injected into the
mixture to generate TiO,-phase in 15 wt. %
against nanosilica matrix. After all the reagents
had been added, the system was heated up to
100 °C and thermally treated during 1.5h
stirred. To remove HCI the reactor has been
blown through by the air stream for 1 h. Finally
the mixture was cooled off to the room
temperature.

NiO-doped  composites  (0.14-30.0 wt. %
against TiO,) were obtained by treatment of
saturated Ni(NO;), solution at 20 °C on the A-300
surface. As in the previous case the amount of
water contained in the crystalline hydrate
Ni(NO;),*6H,O was taken into account by
solution preparing. As in the case with
Si0,/Ti0,/CuO composite synthesis described
above TiCly was added in a half hour’s lapse to
make TiO, (15 wt. % against nanosilica matrix).
The mixture in the reactor was heated up to
100 °C and kept during 1.5h stirred before
blowing-through by the air stream for 1h and
cooling off to the room temperature.

All obtained composites were heated at
100 °C during 3 h to remove residual water and
HCI and then ones were being calcined at 600 °C
for 6 h until anatase as a crystalline phase of
TiO, was formed.

The composition and morphological
characteristics of the nanocomposites are
presented in Table 1. To determine and analyze
the morphological properties of synthesized
nanocomposites,  low-temperature  nitrogen
adsorption-desorption isotherms were recorded
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using a Micromeritics ASAP 2405N adsorption
analyzer. The specific surface area was
calculated according to the standard BET method
[13, 14]. The total pore volume was estimated
from the nitrogen adsorption data at the relative
pressure p/po = 0.98-0.99. To compute the pore
size distributions, the desorption data were used.
The proposed computation is based on use of
regularization procedure under non-negativity
condition for the pore size distribution function
(f(R,)>0 at any pore radius R,) at fixed
regularization parameter o = 0.01. The pores as
the voids between spherical nanoparticles packed
in random aggregates (d<1pum, [14]) are
considered. This approach based on Nguen-Do
method developed for porous carbons [15, 16]
was modified to be used for a variety of
nanomaterials [8, 17-19]. The functions f(R;)
and fy(R,) were used to get contributions of
different types of pores: nanopores (Viano, Snano at
R, <1nm), mesopores (Vmeso» Smeso  at
Inm<R,<25nm) and macropores (Vmacros
Smacro» Rp>25nm) [20]. To verify the chosen
pore model criterion Aw is used [21]

Aw =SB

~ Rmax

R R,

R min

(1

The Eq.(1) represents condition of right use
of the mentioned above model.

The estimation of nanooxide fractality was
performed on the basis the Frenkel-Halsey-Hill
(FHH) method described in detail by Avnir and
Jaroniec [22] which can be applied in the range
of multilayer adsorption. For this purpose the
adsorption branch within p/pp = 0.01+0.8 values
has been used where attraction between
adsorbent and adsorbate is caused chiefly by van
der Waals forces [22-24]. Ds can be calculated
from the plot corresponding to the Eq. (2):
In(V/Vy) = (Ds — 3)-In[In(pe/p)] + const, )
where V, V, are the adsorbed volume of N,, the
saturation volume of adsorbed N,, respectively, p
and po are the equilibrium and saturation
pressure of nitrogen adsorbed, respectively.

The particle morphology has been studied
using AFM (NanoScope V, Veeco, USA) with
5120x5120 pixel density and separative power of
0.1 nm.
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RESULTS AND DISCUSSION

The nitrogen adsorption-desorption
isotherms obtained for both types of composites
with  Si0y/Ti0y/CuO and  SiO,/TiOy/NiO
demonstrate the hysteresis loops of H3 type
(Fig. 1) [13]. That indicates the formation of
aggregates with nonporous nanoparticles that are
characterized by the textural porosity (the loops
are narrow and their onset is at p/po = 0.8-0.9).
This also causes the isotherm shapes
corresponding to type II of the IUPAC
classification of pores. Fig. 1 shows different
character of adsorption ability of composites
since the highest values are reached within 0.14—
5 wt. % of CuO and there is a high ability of the
Si0,/TiO,/NiO  system  with  except at
Cnio =5 wt. %. This is due two opposite effects
such as the formation of smaller nanoparticles
than the matrix ones (increasing textural
parameters) but of larger specific density than
that of silica (decreasing textural parameters).

It is shown that the Aw values (Table 1)
reveal an agreement between the proposed model

of pores and their real structure since the errors
are smaller than 20 %. Notice that the highest
Aw values are observed at the maximal dopants
concentrations in the both systems. This fact
supports the supposition that very high
concentrated dopants bring more significant
changes in the shape of nanoparticles and their
aggregates, e.g. the nanoparticles become less
spherical and aggregates are more strongly
compacted.

According to Table 1, the Sggr value as
function of dopant concentration has different
profiles dependent on the type of doping metal
oxide (Fig.2). The loss of Sggr is a result of
complex processes occurred on the nanosilica
surface by consecutive introduction of CuO or
NiO and TiO,. Therefore, there is the non-linear
dependence on CuO or NiO concentration. At
minimal concentrations, the loss of Sggr in both
systems is hardly observed since in the case of
NiO-containing one there is almost no change in
the Sgpr value compared to the initial nanosilica
(Sger = 294 m%/g).

Table 1. Morphological characteristics of synthesized CuO- and NiO-doped silica-titania composites

SBETa Snanoa Smesos

Smacros

Vv 9 Vnanm Vmesm RP9

Vmacros

Sample m’/g m’g m¥g mig cmlg cm’g cm/g cmg  nm Aw
Z}%ﬁgoi/ﬁfwt. b, 2892 239 2583 70 0714 0009 0615 009 128 —0.044
Zi(%ztgi)ozz/ f;? o 2445 51 2005 389 1100 0.002 0504 0593 244  0.059
(SDI(% g)ozz/sc\‘;? b, 2784 158 2387 240 0980 0006 0643 0331 187 0010
Zl(%ii gi)ozz/ O . 2563 100 2169 294 0965 0004 0533 0428 215 0032
21((():211 g)oj/fougt. b, 2506 173 2205 128 0581 0007 0380 0193 156 -0.249
Zi((iﬁg)i(fflifwt_ b, 2938 102 2605 141 0904 0004 0710 0190 162 -0.036
Z‘((;ﬁgﬁz/lelv? b, 2968 84 2761 123 0877 0004 0715 0158 158 0039
Zl(%g;(}g‘lvlv? b, 2907 257 2620 30 055 0010 0510 0039 969 0029
(S‘)i(?\fig)igz/fgigt b, 2656 119 2331 207 0878 0005 0687 0308 178 -0.027
8i0,/TiOx/NiO 2586 1.6 2518 52 0813 0001 0752 0061 138  0.191

®(NiO) =30 wt. %

At Ccuo =5 wt. %, a maximum corresponds
to the loss of 7 % Sggr only. But at Cgop =1 %
there is a dramatic difference in Sggr changes
since NiO provokes an increase but CuO gives
18.5 % loss greater than that at its maximal
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concentration (16.5 %). At Cyio = 30 wt. % the
specific surface area loses 14.5 %.

The analyzed dependence allows us to
assume that the nanoparticles of NiO-doped
system are smaller than those of SiO,/TiO,/CuO
at the same concentrations. The biggest
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contribution to Sggr is made by mesopores in
both cases but their part in SiO,/TiO,/NiO is
higher than in SiO,/TiO,/CuO though a
comparable character of profile change (Fig. 3),
at Cyop=0.14 and 30 wt. % there are most
significant S5, shares.

750+
—=— SI05/TiO2/CuO (0.14 wt. %)
600- —e— SI05/TiO2/CUO (1 Wt. %)
—a— Si05/TiO2/CUO (5 Wt. %)
450 —v— Si05/TiO2/CuO (10 Wt. %)
—+— SI05/TiO2/CUO (30 Wt. %)

A, ccm STP/g
= w
a o
e . °

0
0.0
a
60011 . sioymiogmio (014 wt. %)
5004 —e— SIOITIOL/NIO (1 wt. %)
—a— SIOLITIOL/NIO (5 wt. %)
o 400+ —v— SiO5/TiO2/NIO (10 wt. %)
a o
SiO2/TiO2/NIO (30 wt. %
B a00] | T S0ATOANO oW
e
3 200-
<
100+
o
0,0
b
Fig. 1. Nitrogen adsorption-desorption isotherms for
composites  Si0y/Ti0/CuO  (a) and
Si0,/TiOx/NiO (b)

Given the fact that there is a sharp decrease
in Sger at Ccyo =1 % that can be explained by
certain compaction of aggregates that causes an
increase in contribution of macropores (voids
between aggregates in agglomerates). At this
concentration, a maximum of the function is
observed (Fig. 4). Taking into account a similar
behavior of the Vi VS Caop plot we have
ground to assume that the aggregate/agglomerate
systems possess the dopant-content dependent
structure that can strongly affect the Sggr value
(i.e. particle sizes and, therefore, their electronic
structure and catalytic properties). The extremal
character of the curves for SiO,/TiO,/NiO
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(Figs. 4, a,b) is the key to explaining high
values of Sggr kept at Cyio = 1-5 wt. %.

3007
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E 2404 /
& 1
2204
200+— T T T : : :
0 5 10 15 20 25 30
Cgop: Wt %

Fig.2. Changes in the specific surface area of
composites vs the dopant content (CuO-/,
NiO-2)
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Fig. 3. Contribution of mesopores to total specific
surface area vs. concentration of dopants
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Fig. 4. Changes in S, (@) and Vaero (b) vs dopant

concentration
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It is obvious that total pore volume is due to
contributions of mesopores and macropores
since the Vieso and Voo values much stronger
contribute the V,, value than V,,,, does but the
absolute values differ form each other compared
two nanooxide systems (Table1, Fig.5).
Meanwhile V,, decreases with Sger augmentation
(Fig. 6,a) but  SiOy/TiO,/CuO  samples
demonstrate more intensive diminution and in
our opinion that is provoked by stronger particle
consolidation than in NiO-containing system.

0,06+
0,05+

S 0,04 1

0,06+
0,051
0,04
0,03

0,02+

IPSDy, a.u.

0,01

0,00~

100

Pore Radius, nm
b
IPSDy of nanocomposites: SiO»/TiO,/CuO
(a) and SiOy/Ti0Oy/NiO (b): 0.14 wt. % (1),
Iwt. % (2), Swt.% (3), 10wt.% (4),
30 wt. % (5)

Fig. 5.

We observe the same situation with R, vs
Sger (Fig. 6, b). That fact is corroborated with
results of AFM investigations since the images
of  Si0,/TiO,/CuO (Fig. 7, d-f) indicate
aggregates to be present having bigger sizes than
in Si0,/T10,/NiO except sample at
Cnio = 30 wt. % where particles begin to build a
compact structure (Fig. 7, ¢). As rule, hydrolytic
stability of M-O-Si bonds (M—Cu, Ni) causes
these sorts of structural effects [8].

This observation leads to conclusion that
increase in concentration of both dopants results in

390

intensification of M-O-Si-bond stability and Cu-O-
Si fragment is stronger than Ni-O-Si although both
Ni and Cu belong to the “borderline acids”
according to the HSAB concept [25], and their
electronegativity values differ slightly: 1.9 and
1.91 acc. to Pauling [26], 1.85 and 1.88 acc. to
Allen [27] for Cu and Ni, respectively.

1.2,

v Si0/Ti02/CuO
10/ v

\\ *
o 0.8+ x —
B \ Y
<;: 0.64 vSiOz/TiOZINiO
>
0.4+

0.2 . . . . . :
240 250 260 270 _280 290 300
SBET. m“/g

a

SiO/TiO2/CUO
v

*

104 SiOo/TIOZ/NIO

5 , —— — :
240 250 260 270_280 290 300
SBET.M“/g

b
Fig. 6. Relationship between total pore volume V,
(a), average pore radius R, (b) and specific
surface area Sggt

Fractal dimension Dg calculated with the FHH
method (Fig. 8, a, b) takes values from 2.56 to
2.59, i.e. these values are typical for nanooxides
[22] and there is no essential changes in the surface
roughness, aggregate/agglomerate organization and
mass fractality of the composites with increasing
CuO or NiO content. However, there are two
contrary trends with different types of present
dopants (Fig.9). Weak positive tendency is
stimulated by CuO opposite to the illustrated trend
line of NiO-composite. These phenomena tend one
to suggest that weak trends of the fractality with the
whole range of explicit morphological
transformations (IPSDy, V,, and R;) show that the
shapes of voids stay immutable.

Thus, dopant’s phase is deposited mostly in
bulk instead of forming on the surface -
otherwise fractalities of individual phases found
on external layers could make changes in
roughness in the larger scale.
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Fig. 7. AFM images of SiO,/TiO,/NiO (a — 0.14 wt. %, b — 10 wt. %, ¢ — 30 wt. %) and SiO,/TiO,/CuO (d —
0.14 wt. %, e — 5 wt. %, f— 30 wt. %)
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Fig. 8. Frenkel-Halsey-Hill plot for SiO,/TiO,/CuO (a) and SiO»/TiO,/NiO (b) composites
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Fig. 9. Fractal dimension trends vs dopant
concentrations in the composites
CONCLUSIONS

Low-temperature hydrolysis technique is
used to produce CuO- and NiO-doped titania
composites on the basis of nanosilica. Method of
N, adsorpiton-desorption used to calculate the
most important structural characteristics shows
that features of Sggr changes have the extremal
behavior within small amounts of introduced
doping oxides, e.g. NiO promotes slight Sggr rise
keeping its high value at 0.14-5 wt. % although
such oxide systems are inclined to form strong
aggregates and agglomerates very intensively.
But augmentation of dopants’ content stimulates
SBET fall.

Our results indicate that maximal
contribution to Sggr and total pore volume V,, is
made by meso- and macropores because
nanoparticles are nonporous but voids between
them correspond to meso- and macropores. Their
shares are changed depending in the course of
dopants concentration growing.

The main part of CuO and NiO is found in the
bulk of obtained systems since the fractal dimension
values are not subjected to significant change, i.e.
surface roughness stays nearly constant.

The sizes of SiO,/TiO,/NiO particles are
smaller than ones of SiO,/Ti0,/CuO composites
according to changes in the Sggr values and AFM
images.
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Bnume nonyBanns okcuaamu miai (II) ta nikens (I)
Ha MOP(OJIOTiYHI BJACTHBOCTI HAHOKOMIIO3UTIB KpeMHe3eM/THOKCU/] THTAHY

M.O. Ha3zapkoBcbkuii, O.B. 'onuapyk, €.M. Ilaxjos, E. Skwarek,
J. Skubiszewska-Zi¢ba, R. Leboda, W. Janusz, B.M. I'ynbko

Tuemumym ximii nogepxui im. O.0. Yyuxa Hayionanvnoi akademii nayk Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Yxpaina, nazarkovsky.michael@gmail.com
Yuisepcumem imeni Mapii Kropi-Cki0006cokoi, ximiunuii (haxyiomem
ni. Mapii Kiopi-Cxnoodoscwkoi, 3, Jloonin, 20031, Honvwa

3a donomoeorw amomHO-CUI0801 MIKPOCKORII ma 3a OGHUMU HU3bKOMeEMNEepamypHoi aocopoyii azomy
NPOAHANI308aHO MOPGoNo2iuHi eracmusocmi mumanoxkpemuezemie, odonogsanux CuO ma NiO. [lopu
pisnux munie (knacughikosani 3a po3mipamu AK HAHO-, Me30- MA MAKPONopu) po32aa0aomvcs sK
NYCMOMYU MIJC CHEPUUHUMU YACTHUHKAMU HAHOKOMNO3UMIB, chopmosanumu 6 azpecamu. Ilokasarno, wo
NUMOMA NOGEPXHs, 3a2anbHUll 00’em nop, ix cepedwill padiyc, IHKpeMeHmaibHuil po3nodil nop 3a
po3Mipamu ma 3MIiHU Y CRIBBIOHOWEHHSIX MIJNC YUMU BEIUUHAMU KOMNOZUMIE OeMOHCMPYIOMb HEAIHIUHY
no6ediHKy, wo € Qyukyicio npucymuocmi oonauma. Pesynremamu 00cniodcenusi mekcmypu ma Oawi
AMOMHO-CUNOB0T  MIKPOCKONIT Oaiomb NIOCMABU  88ANCAMU, WO NPOYeCcU acpezyBaHHsi HACMUHOK
PIBHAMBCA MidC cOD0I0 8 3aNeANCHOCMI IO Npupoou 00nyo4o2o okcudy. DpaxmanvHa posmipHicme,
obyucnena 3a pisnanuam @Ppenxens-Xeaci-Xinna, sapvrocmocs mioe 2.50 ma 2.60, wo maxodic cgiouumo
npo opmysanus azpezamis.

Bausinue nonupoBanus okcugamu Mmeau (I1) u auxens (II)
Ha MOpP(oJIOTHYeCKHEe CBOHCTBA HAHOKOMIIO3UTOB KPEeMHe3eM/IHOKCH/I TUTAHA

M.A. Hazapkosckuii, E.B. I'onuapyk, E.M. I1axiuoBs, E. Skwarek,
J. Skubiszewska-Zi¢ba, R. Leboda, W. Janusz, B.M. I'ynsko

Hucmumym xumuu nosepxuocmu um. A.A. Yyiixo Hayuonanvuoil axademuu nayx Yxpaunvi
ya. I'enepana Haymosa, 17, Kues, 03164, Yxpauna, nazarkovsky.michael@gmail.com
Ynusepcumem umenu Mapuu Kropu-Crrodosckotl, xumuyeckuil haxyibmem
ni. Mapuu Kiopu-Ckaoooeckoi, 3, Jloorun, 20031, Honvwa

Ilo OannbiM  AMOMHO-CUNOBOU MUKDOCKONUU U  HU3KOMEMHepamypHou aocopoyuu azoma
NPOAHATUUPOBAHBL MOpoNocULecKUe CBolicmea mumanokpemuesemos, donuposaunvix CuO u NiO.
THopvl paznuunvix pazmepos (HaHO-, Me30- U MAKPONOPbLL) PACCMAMPUBAIOMCA KAK NYCHOMbL MENHCOY
chepuyeckumMu yacmuyamu HAHOKOMRO3UMO8, opmupyrowumu azpeeamsl. Ilokasano, ymo yoeibHas
NOBEPXHOCMb, 00WUll 00beM Nop, UX CPeOHUll paouyc, UHKpeMeHmANbHoe pacnpedeieHue nop no
pasmepam, a MmMaxdce UBMEHEHUs 8 COOMHOWEHUAX OMUX GeIUYUH OeMOHCMPUPYIOM HeluHelHoe
nosedenue 8 3a8UCUMOCMU OM 0ORUpYIouje2o okcuoa. Pesyrbmamol uccie0osanus mekcmypol U OaHHble
AMOMHO-CUNOB0U MUKPOCKONUU Oal0om OCHO8AHUe NOJa2ams, 4mo Hpupood OOHAHMA Onpeodelsiem
pasuuusi 8 npoyeccax azpe2upoganus yacmuy. DPpakmanvbHas pasMepHOCMb, PACCHUMAHHASA 1O
ypasHenuio @Ppenxens-Xencu-Xunna, usmensemes om 2.50 oo 2.60, umo maxosce ceudemenbcmeyem o
gopmuposanuu azpecamos.
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