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Transmission Electron Microscopy and High-Resolution Electron Microscopy were used to study 
Ni2(l+xbTil-x04 compounds. It is shown that the microstructure at high temperatures consists of NiO 
regions surrounded by thin lamellae of Ni2Ti04 spine1 (space group Fd3m), analogous to the micro- 
structure observed in the Fe3004-Fe2Ti04 system. The pseudobinary phase diagram proposed in litera- 
ture is shown to be incorrect. Q 1985 Academic press, Inc. 

1. Introduction 

The nonexistence of the pure spine1 
phase Ni2Ti04 has raised many questions 
during the last decade; X-ray powder dif- 
fraction data revealed that in part of the 
phase diagram of the NiO-TiOz system 
(i.e., for compositions between 63 and 97 
mole% NiO) a nonstoichiometric spine1 
phase occurs at temperatures above 1380°C 
(Fig. 1). For a review of the literature on 
this system we refer to the papers by 
Armbruster et al. (1-3). 

In (3) the spine1 with composition 
Ni2.44Ti0.6704 was studied by means of sin- 
gle-crystal X-ray diffraction techniques; the 
structure was found to be that of a cation- 
excess spinel, i.e., there are more than 24 
cations per unit cell. The normal spine1 
structure belongs to the space group Fd3m 
and consists of a cubic stacking of close- 
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packed oxygen layers with cations in the 
octahedrally and tetrahedrally coordinated 
interstices. Assuming Ti4+ to be on the tet- 
rahedral 8a positions, Ni*+ is found on the 
16d sites and all oxygen atoms occupy the 
32e positions (Fig. 2). 

The extra Ni atoms in the Ni2.44Ti0.6704 
compound were found on the second type 
of octahedral site 16c whereas only part of 
the 8a sites is randomly filled with Ti4+ cat- 
ions. Structure refinements based on this 
model, using 51 independent reflections, re- 
sulted in a weighted R-factor of 0.033 (3). 
Chemical homogeneity was confirmed by 
electron microprobe measurements. 

When this model was reinvestigated 
more closely some questions arose: 

(1) Since the extra Ni atoms are found on 
the second type of octahedral site, some of 
these octahedra must share a face with the 
tetrahedra containing Ti; this face-sharing 
of coordination polyhedra, which is ener- 
getically unfavorable according to Pauling’s 
third rule, should cause displacements of 
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FIG. 1. High-temperature region of the binary phase 
diagram of the NiO-Ti02 system (according to (11)). 

the cations involved from their ideal posi- 
tions. This is not observed experimentally 
(3). 

(2) The experimentally observed fact that 
both Ni*+ and Ti4+ have a high octahedral 
site preference was used in literature to ex- 
plain the nonexistence of the pure spine1 
phase Ni2Ti04 (Datta and Roy (4), Evans 
and Muan (5)); in other papers (Armbruster 
(3), Lager et al. (6)) Ti4+ is assumed to be 
on a tetrahedral site. If this assumption is 
correct, why then is it impossible to pro- 
duce a pure Ni2Ti04 spinel? 

(3) In literature several examples of non- 
stoichiometric phases, determined by X 
rays, can be found; more careful investi- 

gations sometimes revealed them to be 
mixtures of two different stoichiometric 
phases, frequently interwoven in a regular 
way (Bakker (7), De Graef et al. (8)). 
Therefore, we can ask the following ques- 
tion: was the structure determination in (3) 
performed on a real single crystal? 

2. Specimen Preparation 

Powders of Ni2u+xITir-x04 (0.16 < x < 1) 
were prepared from the pure oxides NiO 
and Ti02. Samples containing between 70 
and 95 mole% NiO were powdered and 
pressed into tablets. These were heated for 
24 hr at 1000°C crushed again, sealed into 
Pt tubes, and then heated for 60 hr at 
1450°C. Subsequently all samples were 
quenched in water. 

All samples were then investigated in a 
Philips X-ray powder diffractometer using 
CuKol radiation (A = 0.15418 nm). 

Small amounts of powder were dispersed 
in alcohol and mounted on a 400-mesh cop- 
per grid coated with a Formvar/carbon 
holey film for investigation in an electron 
microscope. Electron diffraction patterns 
and bright field/dark field (BF/DF) image 
pairs were taken in a Siemens Elmiskop 102 
equipped with a top-entry double tilting go- 
niometer stage (+45 deg) operated at 100 
kV. High-resolution experiments were per- 
formed on a JEM 200 CX, equipped with a 
top-entry high-resolution goniometer stage 
(+ 10 deg) operated at 200 kV; the spherical 
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FIG. 2. [OlO] and [110] projections of the perfect Ni2Ti04 spine1 structure. 
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FIG. 3. Reciprocal lattice sections of a Nil 4uTi0.3, ,04 crystal fragment tilted along the [OOI] (a) and 
[Ol I] (b) zone axis; (c) and (d) same sections for th le pure NiO compound. 

aberration constant for this instrument 
amounts to 1.2 mm. Image simulations for 
the high-resolution electron micrographs 
were carried out on the IBM Amdahl com- 
puter of the State University of Leiden us- 
ing a batch version of the Real Space 
method developed by Van Dyck and Coene 
(9, 10). 

3. Results 

(a) X-Ray Diffraction Results 

All samples showed NiO as well as spine1 
reflections (in fact, the NiO reflections can 
be considered as a subset of the spine1 re- 

flections); with increasing Ti content the 
spine1 reflections became sharper. 

From 20 mole% TiOz on, ilmenite reflec- 
tions appeared, in agreement with the ob- 
servations of Armbruster (2) and Laqua et 
al. (II). For the quenching temperature 
used in this work (1450°C) all X-ray obser- 
vations seemed to be in complete accor- 
dance with the phase diagram of the NiO- 
Ti02 system, as proposed by Laqua et al. 
(10. 

(b) Electron Microscopic Observations 

Selected-area electron diffraction pat- 
terns were obtained from all spine1 samples 
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FIG. 4. Simulated electron diffraction patterns, using the kinematical diffraction theory, for the same 
sections as Fig. 3 (see text). 

for several different orientations. The most 
prominent reciprocal lattice sections are 
shown in Fig. 3; all indices in (a) and (b) 
refer to the spine1 reference system (a = 
0.8348 nm). For comparison the same sec- 
tions of the pure NiO compound (quenched 
from 1450°C) are also shown (c and d). 
Some reflections, such as the (222)sP-type 
reflections appear quite strong whereas 
they should be weak, according to the kine- 
matical diffraction theory; the simulated 
diffraction patterns are shown in Fig. 4. 
There are two possible explanations for this 
effect: dynamical diffraction effects such as 
double diffraction can cause the reflection 
to become strong (this also explains the 
presence of the (200),, reflection), or NiO 
domains are still present in the sample (the 
(11 l)Nio reflection is rather strong and coin- 
cides with the weak spine1 reflection). Since 
reflections of the type (llO)Nio = (220)~~ 
clearly are characteristic of the spine1 struc- 
ture and originate from regions which con- 

tain cations in tetrahedral positions (12) by 
taking a dark-field image using one of these 
reflections should reveal whether or not the 
crystal is chemically homogeneous. Figure 
5 shows a BF/DF image pair obtained from 
a sample with composition Ni3.40Ti0.3004 
oriented along the [OOl] direction; NiO do- 
mains surrounded by thin spine1 lamellae 
are clearly present. Note that most of the 
spine1 domains are more or less aligned 
along the cubic [ lOO]-type directions. 

The average domain size depends very 
sensitively on the amount of Ti4+ present, 
as shown in Fig. 6; the Ti content increases 
from (a) to (c) as indicated. Note the differ- 
ent scales. The domain shape also changes 
with increasing Ti content: from a fairly 
rectangular shape at low Ti content the 
NiO domains shrink to curved (sometimes 
elliptical) regions at high Ti content. This 
could indicate that part of the domain for- 
mation mechanism is dominated by a sur- 
face energy term. 
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FIG. 5. Bright-field (a) and dark-field (b) electron micrographs of a crystal fragment of composition 
Ni3.40Ti0.3004 using the (220)spi,,, reflection. 

The largest NiO domains were found in a 
sample containing 5 mole% Ti02 and had an 
average volume of approximately lo7 nm3, 
which is below the resolution limit of an 
electron microprobe instrument as illus- 
trated in Fig. 7; here a comparison is made 
between a SEM picture of a representative 
spine1 crystal (a) and a TEM picture of a 
small crystal fragment, close to the [lOO] 

orientation (b). Both samples have approxi- 
mately the same composition. 

In both pictures a terrace-like structure 
can be observed; as far as the distance be- 
tween succeeding steps is concerned, Fig. 
7b can be compared with the encircled re- 
gion in Fig. 7a. Taking into account the fact 
that the common resolution limit of an elec- 
tron microprobe instrument amounts to 

a 
FIG. 6. Dark-field images of samples containing 5 (a), 10 (b), and 20 (c) mole% TiOZ. The size of the 

NiO domains decreases with increasing Ti content. 
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FIG. 7. (a) SEM picture of a representative spine1 crystal, showing a terrace-like surface-structure. 
(b) TEM picture of a sample of approximately the same composition as (a) showing the relative size of 
the surface steps and the NiO domains. 

about lo9 nm3, which is still two orders of 
magnitude larger than the maximum do- 
main size observed by electron micros- 
copy, it is obvious that the electron mi- 
croprobe experiments carried out in (1) 
showed chemically homogeneous spine1 
crystals; domain formation of this size can- 
not be observed by scanning electron mi- 
croscopy. Therefore all single-crystal struc- 
ture determinations in (3) and (5) should be 
interpreted with great care in terms of the 
observed domain formation. 

(c) High-Resolution Electron Microscopy 

1. Observations. Looking at the projec- 
tions of the spine1 structure in Fig. 2 it is 
obvious that both viewing directions are 
very well suited for high-resolution obser- 
vations; first of all, it should be noted that 
the spine1 structure can be considered as a 
column structure when viewed along a 
[ 1 IO]-type direction, i.e., only atoms of the 
same type superpose along this direction. 
Taking into account the point resolution of 
the electron microscope (which is about 
0.26 nm for the JEM 200 CX) it should be 

possible to observe individual Ti and Ni 
columns. Furthermore, the [ 1 lo] section 
contains information about the close- 
packed oxygen planes and therefore one 
should be able to observe any misfit be- 
tween rock salt and spine1 regions in this 
orientation. 

In the [OOI] projection, on the other 
hand, the distance between different Ti 
columns is large enough to be resolved. 
Through-focus series were obtained for 
both beam directions. Figure 8 shows a 
high-resolution electron micrograph of a 
sample containing 10 mole% TiOz, oriented 
along a [ 1 lo]-type direction. Looking at this 
picture under a low angle reveals that there 
is no misfit at all between rock salt and 
spine1 regions; all lattice planes cross the 
boundaries continuously. Optical diffrac- 
tion patterns taken across the region indi- 
cated are shown in insets 1 (NiO) and 2 
(Ni2Ti04). 

In the area indicated by an arrow a rather 
smooth transition from rock salt to spine1 
structure can be observed whereas in other 
regions the boundary plane is confined to a 
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much I smaller area. This can be interpreted structures can change continuously fr 
in tw o ways: either the boundary plane is one into the other. 
inclin led to the electron beam, thereby giv- From our results, it seems that both 
ing n ise to a broad region of overlap, or terpretations are valid, depending on the 
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FIG. 8. High-resolution electron micrograph of a region oriented along a (110) type zone axis; insets 
I) and (2) show optical diffraction patterns of NiO and Ni2Ti04, respectively. Note that lattice rows 
ross the domain boundaries continuously (without any misfit). 
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FIG. 9. High-resolution electron micrograph of a region oriented along a (001) direction (composition 
20 mole% TiOz); NiO and Ni2Ti04 regions are clearly visible. Insets show simulated images (see text). 

large NiO domains) the domain walls are 
planar and well localized. With increasing 
Ti content (i.e., decreasing NiO-domain 
size) it becomes more difficult to define a 
boundary plane. For compositions close to 
the curved solid line in the phase diagram of 
Fig. 1 spine1 and rock salt regions can no 
longer be completely separated, as illus- 
trated in Fig. 9; here a region is shown of a 
sample with composition 20 mole% TiOz in 
a [OOl] orientation. The transition from 
rock salt to spine1 is clearly spread out over 
several unit cells of NiO. 

2. Image simulations. The Real Space 
method used for all image simulations in 
this work is an improved version of the 
more familiar multislice techniques (13); 

the propagation of electrons between sub- 
sequent slices is described in real space in- 
stead of reciprocal space, thereby decreas- 
ing the computation time. All simulations 
were performed for the perfect NiO and 
Ni2Ti04 structures and for perfectly axial 
illumination. Beams up to 0.7 nm-r were 
included in the objective aperture. 

Due to the fact that all samples appeared 
as nearly perfect NiO regions surrounded 
by very small fragments of spinel, it was 
very difficult to find Ni2Ti04 regions that 
were large enough to obtain a good match 
with the simulated images. Especially the 
[l IO] type of section proved to be rather 
difficult in this regard. The projected space 
group symmetry of the spine1 structure 
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FIG. 10. Simulated images of (1 lO)-Ni2Ti04 using the Real Space method; image contrast varies very 
strongly with defocus E and crystal thickness d. 

model, however, fits very nicely with the 
observed symmetry for both (110) and (001) 
viewing directions. 

Figure 10 shows a matrix of image simu- 
lations of Ni2Ti04 spine1 in the [ 1 lo] orien- 
tation for crystal thicknesses of 8 to 16 nm 
and microscope defocus values ranging 
from -40 to -90 nm. Clearly the image 
contrast is very sensitive to variations both 
in microscope defocus and crystal thick- 
ness. This is not the case, however, for 
the (001) orientation: image contrast in 
(001)Nio proved to be very insensitive to 
both defocus and thickness. The inset on 
the left-hand side of Fig. 9 shows a simula- 
tion for a thickness of 14 nm and defocus 
value of -70 nm (close to the Scherzer de- 
focus). Apart from a possible shift along a 
(110) type of direction, which cannot be 
measured experimentally, all images of 
NiO look exactly alike; therefore it was not 
possible to obtain information about defo- 

cus and crystal thickness from the NiO re- 
gions in Fig. 9. 

Both insets serve as an example of the 
general image characteristics and should 
not be regarded as a quantitatively good 
match. To summarize our results, we can 
say that the symmetry of all high-resolution 
micrographs corresponds to that of the 
structure models; a detailed image simula- 
tion, however, was proved to be very diffi- 
cult. 

Discussion and Conclusion 

The existence of microdomains, as re- 
ported in the previous sections, was al- 
ready suggested by Laqua et al. (11); how- 
ever, they did not perform any experiments 
with a resolution sufficient to observe 
them. For the same reason Armbruster and 
Lager could not have observed them either, 
their structure refinements are based on the 
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fact that a unit cell can be found which is 
repeated through the whole crystal volume. 
It is, however, inherent on the X-ray dif- 
fraction techniques that they give a statisti- 
cal picture of the crystal, which is necessar- 
ily an average over several billions of unit 
cells. Structural features, such as large- 
scale intergrowth of different structural 
slabs (7) or domain formation cannot easily 
be recognized in this way. From our obser- 
vations it follows that the structure deter- 
minations by Armbruster and Lager (3) are 
incorrect and have only a statistical value. 
It can in fact be shown that their results are 
compatible with our own observations: a 
weighted average of the NiO and Ni2Ti04 
lattice occupation parameters (with weight 
factors proportional to the average domain 
sizes) results in a structure model which is 
comparable to the single-crystal model of 
(3), but this averaging is clearly not al- 
lowed. 

The same type of domain formation was 
also observed in another system: electron 
microscopic investigations on natural crys- 
tals belonging to the system Fe304-Fe2Ti04 
(Frost and Gai (24)) revealed that the min- 
eral consisted of cubes of magnetite sur- 
rounded by thin lamellae of Ulvospinel. 
(Ulvospinel is an inverted spine1 with Ti 
partially occupying the octahedral 16d sites 
whereas magnetite is an inverted spine1 
with respect to the ferrous and ferric cat- 
ions). 

The fact that (1) this type of domain for- 
mation occurs also in other (natural) sys- 
tems (e.g., (13, 27)), and (2) that samples, 
used by Armbrnster (15) for electron micro- 
probe experiments, showed the same fea- 
tures as our own samples, when studied by 
transmission electron microscopy, leads to 
the conclusion that the assumed single- 
phase spine1 region in the phase diagram of 
Fig. 1 is in fact a two-phase region. This 
conclusion has important consequences on 
the actual phase diagram: the two-phase 
“spinel” region is in contact with a two- 

phase “spine1-ilmenite” region. It is not 
yet clear whether or not the spine1 in the 
“spine1-ilmenite” region is in itself a real 
“single-phase” spinel; preliminary experi- 
ments seem to indicate the coexistence of 
three different phases in this area: spinel, 
ilmenite, and rock salt. In order to get a 
clearer picture of the actual phases present 
in this system, a thorough investigation of 
the ternary Ni-Ti-0 phase diagram will be 
performed, the results of which will be pre- 
sented in a forthcoming paper (16). 

From our results it is not possible to ob- 
tain detailed information about the actual 
lattice sites occupied by the Ti4+ cations; 
the high-resolution simulations based on 
the normal spine1 structure model showed a 
good qualitative agreement with the experi- 
mental micrographs, but this does not 
prove that all Ti4+ is on tetrahedral sites, 
neither does it prove that there are no va- 
cant oxygen polyhedra present. As far as 
the results from high-resolution electron 
microscopy are concerned the spine1 re- 
gions are stoichiometric and nearly free of 
defects. Other techniques, such as EXAFS, 
could be useful to determine the coordina- 
tion of the Ni2+ and Ti4+ cations. 

The origin of the domain formation can 
perhaps be found by comparison with other 
systems, such as Fe304-Fe2Ti04, CoO- 
Co2Ti04, and Co304-Co2Ti04; the results of 
these investigations will also be presented 
in (16). 

Two major conclusions can be drawn 
from the experimental results presented in 
this paper: the Ni-rich side of the NiO-Ti02 
phase diagram should be reconsidered as 
part of the ternary Ni-Ti-0 phase diagram. 
The second conclusion is of a more general 
kind: whenever nonstoichiometry is in- 
volved (or suspected) X-ray diffraction 
techniques offer severe limitations as to the 
interpretation of the experimental results. 
Electron microscopy (or some other tech- 
nique with the same spatial resolution) 
should be incorporated as a standard tool of 
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any structural investigation of nonstoi- 
chiometric compounds. 
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