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The aim of this study was to develop a technique to analyze the crystalline and particulate morphology of highly
disperse complex metal and metalloid oxides, which include both crystalline and amorphous phases, using X-ray
diffraction (XRD) data to compute crystallite size distributions (CSD) compared to the particles size distribution
functions estimated from high-resolution transmission electron microscopy (TEM) images treated with specific
software. Two versions of the XRD treatment methods were used: (i) full profile analysis (FPA) of whole XRD patterns
with a self-consistent regularization (SCR) procedure using models for spherical and lamellar crystallites that allows
us to estimate relative contributions of crystallites of different shapes; and (ii) analysis of main pure XRD lines with
consideration of corrections on an instrumental line profile and background using a regularization procedure with
models of spherical or lamellar crystallites. The XRD and TEM based approaches were tested to analyze the crystalline
and particulate morphology of various disperse materials: complex (binary and ternary) fumed oxides with
silica/alumina, silica/titania, and alumina/silica/titania including crystalline alumina and titania and amorphous
silica; nanocomposites CeOr—ZrOy/SiO; (10 : 10 : 80 wt.%) and TiOr—ZrO»/SiO; (10 : 10 : 80 wt.%) including
crystalline and amorphous phases and synthesized using a liquid-phase method and fumed silica A-300 as a substrate;
and natural clays of complex composition including several crystalline phases. Obtained results show that the
developed approaches to analyze the XRD patterns could be effectively used to compute the CSD in parallel with TEM
image treatments, using specific software, for a deeper insight into crystalline and particulate morphology of various
disperse materials.
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INTRODUCTION indirect ones) should be used. The XRD data
could be used for simple estimation of average
sizes of crystallites (d.) using Scherrer or Debye—
Scherrer equations [12, 18]. Additionally, the
XRD data could be used to estimate the crystallite
size distribution (CSD) functions using full
profile analysis of selected lines or total XRD
patterns [19, 20]. To calculate the broadened line
(pure) profile related to the crystallite
size/faulting effects of materials studied, as well a
size distribution function, one could use two
integral equations[19, 20]:

The particulate morphology (PM) plays an
important role on applications of disperse
materials such as adsorbents, fillers, catalysts,
thickeners, carriers, efc. [1-5]. There are such
direct methods to analyze the PM as transmission
(TEM) and scanning (SEM) electron
microscopies and atom force microscopy [6, 7].
Accurate treatment of the corresponding images
with specific software gives the particle size
distribution (PaSD) functions. Additionally, there
are various methods giving indirect information

on the PM such as small angle X-ray (or neutron) _ Y , (1)
scattering (SAXS) [8-10], X-ray diffraction Tovons (6) = CI hi'p'(g t)l"’"‘"]“’e (t)dt

(XRD) [11-13], dynamic and static light P i (zsD)

scattering [14, 15], adsorption (for nonporous i(s)=| D -—g(D)dD, (2)
nanoparticles of fumed oxides) [16, 17] and other Do ( )

methods. Some of these methods give where Io.ops(€) is the experimentally observed
information on amorphous and crystalline X-ray diffraction profile, Cis a constant, A, is the
particles, but others describe only crystalline instrumental profile, i(s) is the pure crystallite
phases. In the case of complex particles including size/faulting profile, D is the crystallite size, g(D)
several crystalline and amorphous phases, to is the CSD function, 20 is the scattering angle,
obtain more accurate information, several 204 is the scattering angle corresponding to a
methods from two mentioned groups (direct vs. peak [19]
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The variable ¢ in eq. (1) corresponds to the
angular deviation of a point from the true Bragg
angle 20; and € and the auxiliary variable ¢ have
the dimension of 26.

The CSD function g(D) could be computed
by solving integral eq. (1) and then eq. (2) (note
that eq. (2) corresponds to spherical crystallites)
with a regularization procedure, e.g. CONTIN
[21]. This approach could be applied to a selected
line or to the full profile of total XRD patterns
analyzed after background subtraction and
normalization. The aim of this study is to analyze
the XRD data for various metal or metalloid
oxides (MO) such as fumed MO (FMO)
(Figs. 1-4, Table), oxides deposited onto fumed
silica (Figs. 5 and 6), and natural clays
(Figs. 7-9), to obtain the CSD functions
compared to the PaSD functions computed using
TEM images treated with ImageJ (granulometry
plugin) [22].

S=80 "l =

MATERIALS

Several individual, binary, and ternary FMO
(Table) including crystalline phases of titania
(both anatase and rutile) and alumina (several
phases) and completely amorphous silica (Pilot
plant of Chuiko Institute of Surface Chemistry,
Kalush, Ukraine) were used here and described in
detail elsewhere [23-25]. Nanocomposites
Ce0,—Zr0,/Si0, (10 : 10 : 80 wt. %) and
Ti0>—Zr0,/Si0, (10 : 10 : 80 wt. %) were
synthesized using a liquid-phase method and
fumed silica A-300 as a substrate that results in
the formation of ZrCeO,/SiO, and ZrTiO«/SiO;
heated at 550 °C (XRD-amorphous phase, but
HRTEM images show the presence of
crystallites) and 1100 °C (including XRD-
crystalline phase) [26—-28]. Two natural materials:
“black clay” (Carpathian region including
crystalline a—quartz, CaCO;, smectite with
amorphous carbon (coal) and other components)
and kaolin clay (Azov region, mainly kaolinite
and small admixtures with a—quartz and clays,
e.g. muscovite/illite) were studied here (see some
details on these clays in [29]).

X-RAY POWDER ANALYSIS

X-ray diffraction patterns for some samples
were recorded at room temperature using a
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DRON-3M diffractometer (Burevestnik,
St.-Petersburg, Russia) with CuKy
(A = 0.15418 nm) radiation and a Ni filter in the 26

range from 10 to 70°.
XRD patterns of FMO and clay samples were
recorded over 20 = 4-80° range using a

DRON-4-07 (Burevestnik, St. Petersburg)
diffractometer with CukK, radiation and a Ni filter.
Analysis of the crystalline structures was carried
out using the JCPDS Database (International
Center for Diffraction Data, PA, 2001) [30]. To
estimate the instrumental line profile (kip. in
eq. (1)), XRD pattern of large -crystallites
(> 100 nm) of silicon was used.

HIGH-RESOLUTION TRANSMISSION
ELECTRON MICROSCOPY (HRTEM)

The particulate morphology of CeOx—

Zr0,/Si0; and  TiO>—Zr0O,/SiO,  samples
preheated at 550 °C was analyzed using
Transmission Electron Microscope (TEM)

employing a Tecnai G2 T20 X-TWIN
(FEI Co., USA) apparatus operating at voltage of
200 kV with LaBg electron source. The presence
of metals and their elemental composition were
recorded by using energy dispersive X-ray
(EDX). The samples were supported on holey
carbon copper grids by dropping ethanol
suspensions containing uniformly dispersed oxide
powders.

HRTEM (JEM-2100F, Japan) images of
FMO were recorded for powder samples added to
acetone (for chromatography) and sonicated.
Then a drop of the suspension was deposited onto
a copper grid with a thin carbon film. After
acetone evaporation, sample particles remained
on the film were studied with HRTEM.

RESULTS AND DISCUSSION

Complex binary (SA, ST) and ternary (AST)
fumed oxides (Table) include crystalline alumina
and titania, but silica is always amorphous (Fig. 1)
[23, 24, 31]. For ST samples, titania (both anatase
and rutile phases) crystallites are typically
embedded into silica shells (Fig. 2 b, ¢). For SA
(Fig. 2 a), both large polycrystalline and small
particles (crystallites) are observed as well for
AST [31]. During pyrogenic synthesis, AICl;
used as a precursor should be sublimated, and its
reactivity differs from that of SiCls and TiCl, that
results in enhanced nonuniformity of complex
binary and ternary FMO (Fig. 2) [24, 31]. In the
case of fumed ST20 and TiO, (20 wt. %)
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deposited onto A—300 as well AST1, amorphous
silica significantly contributes the XRD patterns
(Fig. 1). For other FMO samples, contribution of
amorphous phases is much smaller that allows us
to use egs. (1) and (2) to compute the CSD
functions with a regularization procedure for total
XRD patterns. In the case of full profile analysis
(FPA) of the total XRD patterns, the
regularization procedure was modified to self-
consistent regularization (SCR) previously used
to treat nitrogen adsorption (models of slitshaped
and cylindrical pores and voids between spherical
nanoparticles) and SAXS (models of spherical,
cylindrical and lamellar particles) data
[16, 17, 31, 32]. An additional advantage of the
SCR procedure is the possibility to estimate
weight contributions of pores or particles (or
crystallites) of different shapes.

The FPA applied with the SCR procedure
(using spherical and lamellar models of
crystallites)  without corrections on the
instrumental line profile due to equipment effects
provides appropriate fitting of total XRD pattern

(Fig. 3 a). However, in this approach, the CSD
could give smaller sizes of crystallites than those
observed in HRTEM images since the broader the
line, the smaller is the corresponding crystallite.
Therefore, the CSD functions (Fig. 4) were also
computed using the main lines of crystalline
titania: anatase (20 = 25.3°) and rutile (27.4°), and
crystalline alumina (67.1°) with consideration of
the instrumental line profile due to equipment
effects. An increase in titania amounts in ST and
AST results in an increase in sizes of titania
crystallites (Fig. 4) (the corresponding XRD lines
become narrower) because growing of titania
particles (cores in core-shell particles) is faster in
the flame than silica particles (shells). In the case
of fumed ST20 and titania (20 wt. %) deposited
onto A-300, the CSD functions are similar due to
the same amounts of titania and the same second
(silica) phase. Minimal sizes of crystallites are
observed for alumina alone or SA and AST
samples (Fig. 4) that is in agreement with TEM
images (Fig. 2 d, f).
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Fig. 1. XRD patterns for fumed oxides: (a) mixed 9J,y,0-alumina, silica/titania ST94 (94 wt. % TiO,), alumina/silica
titania AST88 (88 wt. % TiO»), and titania (20 wt. % TiO,) deposited onto fumed silica; (b)) FMO with
alumina/silica/titania with 1 (AST1) and 71 (AST71) wt. % TiO,, silica/alumina at 75 wt. % AlLOs, and
silica/titania with 20 (ST20) and 63 (ST63) wt. % TiO;
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Fig. 2. HRTEM images of FMO: (a) SA75, (b) ST20, (c) ST63, (d) AST1, (¢) AST50, (f) AST71

Table.  Composition, specific surface area (Sger) and pore volume (V}) of fumed oxides

Sample Csio, CTi02 Ciro, Sl;ET Vg
(Wt. %) (wt. %) (Wt. %) (m*/g) (cm”/g)
A-300 99.8 - - 294 0.524
ALO; 100 125 0.262
SAT75 25 - 75 118 0.320
ST20 80 20 - 84 0.174
ST63 33 63 - 84 0.215
ST94 6 94 - 30 0.100
ASTI 10 1 89 99 0.253
AST50 28 50 22 37 0.095
AST71 8 71 21 74 0.127
ASTSS 8 88 4 39 0.123
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(a) Normalized XRD pattern and FPA fitting for AST50, (b) XRD pattern and CSD for AST50
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Fig. 4. CSD for fumed oxides, calculated for main peaks using pure line profile with corrections on the equipment effects,
at Crioz of (a) 20 (deposited onto A-300), 88 and 94 wt.% and (b) 1, 20, 63 and 71 wt.% (contributions of anatase
and rutile are shown for AST88, ST94, and ST63) and crystalline alumina in some samples
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(a) TEM image (preheating at 550 °C), (b) CSD based on XRD (preheating at 1100 °C) (main peak of ZrCeOy

with correction) and TEM image for ZrCeO«/SiO2, (c) normalized XRD patterns of ZrCeO,/SiO, and

ZrTiO4/Si0; (preheated at 1100 °C)

Direct comparison of the CSD (XRD) and
PaSD (HRTEM) (Figs. 5 and 6) shows that the
latter can include both crystalline and amorphous
phases. This is well seen for ZrTiO,/SiO, sample
(Fig. 6). As a whole, the sizes of crystallites
estimated using corrected (pure) XRD lines
correspond to the crystallite sizes (preheating at
1100°C) observed in HRTEM images (preheating
at 550 °C, crystallites are observed in TEM
images, but XRD does not sense them in contrast
to samples preheated at 1100 °C [26-28]) with
maximal magnification for ZrTiO./SiO, and
ZrCe0y/Si0; (Figs. 5 and 6).

More complex XRD patterns are observed for
natural oxides, e.g. clays (Fig. 7) due to presence

of several oxide phases of various shapes
including nearly spherical (quartz) and larger
lamellar (kaolinite and other clays) structures
(Fig. 8) [29]. Therefore, the SCR/FPA procedure
was used with two models for spherical and
lamellar crystallites. Note that the SCR procedure
gives a strongly major contribution of lamellar
crystallites for clays studied. In the case of
corrected XRD data on the instrumental line
profile, the analysis was carried out for the main
lines in the XRD patterns. The SCR/FPA without
any experimental correction gives smaller
crystallite sizes similar to those observed for other
materials studied (Fig. 9).
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Fig. 6. (a) HRTEM image (preheating at 550 °C) and (b) CSD based on XRD (preheating at 1100 °C) pattern (main
peak of ZrTiOxwith correction) and TEM image for ZrTiOx/SiO;
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Fig. 7. XRD patterns for kaolin clay (two main peaks at 12.4° (001) and 25° (002) correspond to kaolinite at average
crystallite sizes de: = 18 nm (hkl — 111) and 28 nm (hkl — 002) (estimated with Scherrer eq.), there are some
other clays, such as muscovite/illite/halloysite and a—quartz as admixtures) and black clay (main peak (101)
at 26.7° corresponds to a-quartz at der & 52 nm, 20.8° — a—quartz, 19.8° — smectite, and some other clays
(kaolinite, muscovite) as admixtures, as well an amorphous part, e.g., a certain halo at 15°< 26 < 35° and an
increase in intensity at 20 < 15°, related to coal and other components) (see details in [29])
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Fig. 8. Representative particle size distributions (PaSD) for black clay alone and blue-white clay/A—-300 calculated
using TEM images treated with ImageJ/granulometry (see details in [29])
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Comparison of the CSD (Fig. 9) and PaSD
(Fig. 8) shows that relatively large lamellar clay
particles have much smaller thickness because the
CSD function for the lamellar model corresponds
to the lamellar thickness.

CONCLUSION

In this work, a method based on X-ray
diffraction data and TEM images was developed
to analyze the particulate and crystalline
morphology of various metal and metalloid
oxides comparing the CSD (XRD) and PaSD
(TEM) functions. Two versions of the XRD
treatment method were used: (i) full profile
analysis of whole XRD patterns with a self-
consistent regularization procedure using models
of spherical and lamellar crystallites; and
(ii) analysis of main XRD lines with consideration
of corrections on the instrumental line profile
caused by the equipment effects. These
approaches were used for the characterization of

Ce0,—Zr0,/Si0, (10 : 10 : 80 wt. %) and
Ti02—Zr0,/Si0; (10 : 10 : 80 wt. %) synthesized
using a liquid-phase method and fumed silica
A-300 as a substrate; and natural clays of
complex composition. Obtained results show that
the developed XRD approaches could be
effectively used in parallel with TEM images
treatment for detailed descriptions of the
particulate and crystalline morphology of various
complex materials. The regularization procedures
(including SCR) could be used to treat various
indirect (with respect to the particulate and
crystalline morphology) experimental data, such
as XRD, SAXS, adsorption, etc., for detailed
characterization of complex materials and hybrid
composites including several crystalline and
amorphous phases, porous or highly disperse
particles. The most appropriate results could be
obtained using the approaches with the XRD line
corrections on the instrumental line profile and
TEM images treatment.

the particulate (TEM) and crystalline (XRD)
morphology of various materials: complex fumed
oxides with silica/alumina, silica/titania and
alumina/silica/titania; nanocomposites
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MopdoJioriss YaCTHHOK HAHOCTPYKTYPOBAHMX MaTepiaJiB
B.M. I'ynubko, O.1. Opancbka, B.B. Ilaentko, I.51. Cyium

Tuemumym ximii nogepxui in. O.0. Yyiixa Hayionanvhoi akademii Hayxk Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaina, viad gunko@ukr.net

Memorw yvozo docniddicentns Oyna po3pobra memoody anarizy MOP@ONOii YACMUHOK MaA KPUCMALIMIE PIZHUX
BUCOKOOUCNEPCHUX, CKIAOHUX OKCUOI8 MEMAi6 Ma HeMemaie, o BKII0HarmMy K KpUCMAIYHI, mak i amop@Hi ghasu,
3 BUKOPUCMAHHAM OaHUX permeenoazo6020 ananizy (P@A) ons pospaxyukie po3noodiny Kpucmanimie 3a po3mipom
(PKP) y nopisnanni 3 po3nooiiamu 4YacmuHoK ma KpUcmanimis 3a po3mipom, wo po3paxosani Ha OCHOSI 300padiceHs
MPAHCMICIUHOT eleKMPOHHOI cheKmpocKonii 8ucokoi po3odinvroi 30amuocmi (TEM), ananizosanux 3 6UuKOpucmaHHsIm
cneyughiuno2o npoepamuozo 3abesneuents. byno euxopucmaro 08i eepcii memooy po3paxyukie Ha ocHogi danux PDA:
(i) nognonpogineHull ananiz 8cie€i penmeeHoZPAMU 3 BUKOPUCIIAHHAM CAMOY3200CceHOl pe2ynsapusayii ma mooeneu
chepuuHux Ma WaApysamux 4ACmuHOK, Wo 00360514 GUSHAUUMU GHECKU Kpucmanimie piznoeo muny, (ii) amaniz
minbku ocHosHux PDA ninitl 3 ypaxyeaHuam nonpagox Ha npo@ine cmye npunady ma 6a308y JHiHit0 3 6UKOPUCIAHHAM
pezyisipuzayii i modenei chepuunux abo wapysamux kpucmanimie. Habnuocennsn na ocnogi P@A ma TEM oanux
6y10 mecmosano Onsl PO3PAXYHKIE MOPQON02ii YACMUHOK Ma KpUCManimieé pi3HUX cucmem: CKIaoHux (bi- ma
mpugaznux) nipocennux okcudie Si0»/A103, SiOx/TiOs, ALO3/SiOx/TiO:, wo exnouanu kpucmaniuni gpazu A0z ma
TiO, ma amopgnuy ¢hazy SiOz; nanoxomnosumie CeOrZrO»/SiO; (10 : 10 : 80 mac. %) ma TiOr—ZrO,/SiO;
(10 : 10 : 80 mac. %), wo manu kpucmaniyni ma amopgyri ghazu ma sKi OYI0 CUHMEI08AHO PIOKODAZHUM MEMOOOM 3
BUKOPUCMAHHAM Nipo2enH020 kpemuesemy A-300 ax Hocia; ma npupooHux 2aun 3i CKIaoHo0 0Y008010, WO GKIIOUANU
KinbKa kpucmaniynux ¢as. Ompumani pe3yrsmamu c8iouams npo me, wo po3poonenuil nioxio na ocHosi ananizy POA
Oanux 0na pospaxyHkie PKP mooice 6ymu egpexmusHo suxopucmano napanenvro 3 auanizom TEM 306padsicens 3
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BUKOPUCIMAHHAM CHeYUDIUHO20 NPOSPAMHO20 3a0e3nedents 018 O0emanbHo20 Onucy Mopgonozii 4acmuHox ma
Kpucmanimis pizHux OucnepcHux mamepiaiis.

Knrouosi cnoea: cxnaowui nipocenHi okcuou, HAWAPOBAHI OKCUOU, 2MUHU, MOPQON02is YACMUHOK, PO3NOOLL
Kpucmanimie 3a posmipom

Mop¢oJiorus 4acTHIl HAHOCTPYKTYPOBAHHBIX MAaTEPHAJIOB
B.M. I'yubko, E.. Opanckas, B.B. Ilaentko, U.5. Cynium

Hnemumym xumuu nogepxnocmu um. A.A. Yyiiko Hayuonanwnoi axademuu Hayx Yrpaumvl
ya. Fenepana Haymosa, 17, Kues, 03164, Yxpauna, viad gunko@ukr.net

Lenvio 0annoeo uccnedosanus 6viia pazpabomxa Memood AHAIU3a MOpP@OaOSUU Hacmuy U KPUCHALIUMOS
PDA3TUYHBIX  8bICOKOOUCHEPCHBIX, CILOJNCHBIX OKCUOO08 MEMANI08 U HEMEeMAallo8 ¢ UCHONb308AHUEM OAHHbIX
pernmeenoghazosoeo ananuza (P@A) ona pacuemos pacnpedenenuii Kpucmaniumos no pasmepam (PKP) é cpasnenuu
¢ pacnpedeienusmMu 4acmuy U KpUCMALIUMO8 NO pPA3Mepam, KOmMopvle PACCHUmanbl HA OCHO8e U300paAdiCeHuUll
MPAHCMUCCUOHHOU DJIEKMPOHHOT MUKPOCKONUU blcoko2o paspewenusi (TOM). Bvino ucnoavsosano Ose eepcuu
Memooa pacuemos Ha 0cHoge OanHvlx PDA: (i) noinonpoghunbhulil anaius éceli peHmeeHoSPAMMbL C UCNOb308aHUEM
CaMOCo2NACOBANHON pe2yapu3ayu U Mooerell chepudeckux u CIOUCMbIX Yacmuy, KOmopas No360Jsid OYeHUMb
BKIIAObI KPUCMALIUNOB PA3HBIX MUNOG, (ii) aHanu3 moabko ocHo8HbIX POA nunuil ¢ yuemom nonpaeox na npubophovie
ahpexmuvl u 6a306y10 TUHUIO C UCHONBLIOGAHUEM MEMOOAd pe2yisApuzayuu u mooenel chepuyeckux u cioucmoix
Kkpucmannumos. Ipubnuoicenue, ocnosantoe Ha dannvix POA u TOM memooos, ObL10 npomecmuposano 6 pamkax
pacuemosg Mop@oaocuu 4acmuy u KpUCMALIUmMo8 PA3HbIX CUCIEM: CIONCHBIX (08YX(DasHbIX U mpexdasHbvix)
nupoeenuvix okcudos Si0x/Al,0s, SiOx/TiO:, AL,O3/SiOy/TiO;, komopbie exnrouanu kpucmannudeckue gasvr ALO3 u
TiO; u amopnyio ¢hazy SiOz; nanoxomnosumos CeO~ZrOx/SiO; (10 : 10 : 80 macc. %) u TiOr—ZrO/SiO;
(10 : 10 : 80 mac. %), xomopvle 6KmOUAMU KpUCmaiIudeckue u amoppuvie aszvl u OblIU CUHMEIUPOBAHDBI
AHCUOKOPAZHBIM MEMOOOM C UCNOTb30BAHUEM NUPO2eHH020 Kpemhesema A-300 6 kauecmee Hocumenst, u NPUPOOHbIX
2NIUH CO CILOACHOU CIMPYKMYPOU, KOMopble GKIIOUALU HECKOIbKO Kpucmaniiudeckux ¢az. Tonyuennvie pezynvmamoi
C8UOEeMenbCMEYIOm 0 MOM, YUMo paspabomanHulii no0xo0 Ha ochose POA oannvix ons pacuemos PKP mooicem 6vimb
ahpexmusHo UCNONL306aH NAPATIENLHO € YUCTeHHbIM anamuzom TOM  uzobpadicenuti ¢ ucnoavb3osanuem
cneyupuueckoeo npoepamMmHo2o obecnevenus Oasi 0emanibHO20 ONUCAHUS MOPQONOSUU Yacmuy U KPUCMATLIUMOS
PA3TUYHBIX OUCHEPCHBIX MAMEPUATOS.

Knrwouesvle cnoea: crodicnvle nupozenHvle OKCUObL, HACIOEHHBlE OKCUObL, 2IUHbI, MOpQOIo2Us Hacmuy,
pacnpeoenenue KpUCMaiiumos no pasmepam
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