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The structure relaxation in nanocrystalline NiO (nano-NiO, 13 nm crystallite size) has been studied by
X-ray absorption spectroscopy at the Ni K-edge at 300 K. Conventional single-scattering analysis of the
EXAFS signals from the first two coordination shells showed a lattice volume expansion by about 1% and
a contraction of the Ni-O bonds by about 0.5% in nano-NiO compared to microcrystalline NiO. A more
sophisticated approach, based on a combination of classical molecular dynamics and ab initio multiple-
scattering EXAFS theory, allowed us to interpret both static relaxation and lattice dynamics in nano-NiO.
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1. Introduction

The chemical and physical properties of nanoparticles are
determined by their shape and size. The difference between a
nanoparticle and its bulk counterpart is caused by the large fraction
of under-coordinated atoms at the surface and a consequent
modification of the interatomic interactions [1]. A reduction in
size of the nanoparticles is generally followed by an atomic
structure relaxation, leading to compression or expansion of the
nanoparticle volume. Volume compression is common for metal
nanoparticles, whereas expansion is observed in most nano-metal-
oxides [2-6]. In particular, lattice expansion has been observed
recently by X-ray diffraction [7,8] in nanocrystalline NiO with a size
below ~30 nm.

Among the different experimental methods, scattering tech-
niques (as diffraction and PDF analysis) and X-ray absorption spec-
troscopy are two probes which are widely used and yield direct
information on the atomic structure of nanomaterials [9]. X-ray
absorption spectroscopy (XAS), being sensitive to the local envi-
ronment around absorbing center, is complementary to scattering
techniques and has some advantages due to atom type and site se-
lectivity, sensitivity to high dilutions (low concentration) and to
many-atom distribution functions through the so-called multiple-
scattering (MS) contributions [10,11]. Besides, XAS gives not only
bulk averaged structural information but can provide spatially re-
solved data at the nano-scale when combined with scanning probe
microscopy (SPM) used as a local nano-probe [12-14].
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Although a reliable theory of X-ray absorption spectra (EXAFS,
extended X-ray absorption fine structure) is currently avail-
able [11,15] and allows relatively simple analysis of the first co-
ordination shell contribution [16,17], the extraction of structural
information from the outer coordination shells of absorbing atoms
remains a challenge.

In this work we report on the original study of the structure
relaxation and lattice dynamics in nanocrystalline NiO by Ni K-
edge X-ray absorption spectroscopy using the conventional single-
scattering approach [16,17] and a recently developed advanced
method [18], based on the combined use of classical molecular
dynamics and ab initio multiple-scattering EXAFS theory.

2. Experimental and data analysis

The black NiO nanoparticles (nano-NiO) were produced by
a precipitation method [19], based on a reaction of aqueous
solutions of Ni(NO3),-6H,0 and NaOH with subsequent annealing
in air at 250 °C. Their average size was 13 nm, according to
the BET specific surface area measurements. Commercial green
microcrystalline nickel oxide powder (c-NiO, Aldrich, 99%) was
used for comparison.

The Ni K-edge EXAFS signals were measured in transmission
mode at the HASYLAB DESY C1 bending-magnet beamline at 300 K.
The storage ring DORIS Il operated at E = 4.44 GeV and I.x =
140 mA. The X-rays were monochromatized by a 40% detuned
Si(111) double-crystal monochromator, and the beam intensity
was measured using two ionization chambers filled with argon and
krypton gases. The powder samples were deposited on Millipore
filters and fixed by Scotch tape.

The X-ray absorption spectra were analyzed using the “EDA”
software package [16]. The extended X-ray absorption fine struc-
ture (EXAFS) signals were extracted following the conventional
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Fig. 1. Experimental Ni K-edge EXAFS y (k)k? signals and their Fourier transforms
for c-NiO (solid lines) and nano-NiO (dashed lines) at 300 K.
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Fig. 2. Fourier transforms of the experimental (open circles) and calculated (solid
lines) Ni K-edge EXAFS y (k)k? signals for c-NiO and nano-NiO within the range of
the first two (04, Niy) coordination shells.

procedure [17] and are shown in Fig. 1. Note the high quality of
obtained EXAFS data in a wide k-space range up to 18 A=!, As a re-
sult, a set of structural peaks is clearly visible above the noise level
in the Fourier transforms (FTs) of the EXAFS signals up to ~9.5 A.
A comparison of the FT shapes for c-NiO and nano-NiO samples
indicates the typical behavior for nanosized compounds, i.e. a re-
duction of the peak amplitudes upon an increase of the distance,
with the peak position remaining nearly unchanged.

The EXAFS signals were analyzed using two methods: (i) a con-
ventional multi-component approach within the single-scattering
approximation [17], and (ii) a recently developed MD-EXAFS ap-
proach, described in the next section and based on the use of clas-
sical molecular dynamics (MD) and ab initio multiple-scattering
theory [18].

In the conventional analysis, the contributions from the first
two coordination shells (Ni-O; and Ni-Ni,) were isolated by the
Fourier filtering method in the R-space range of 0.7-3.2 A and best-
fitted in the k-space range of 2-15 A~! using the two-component
Gaussian model in the single-scattering approximation [16]. The
amplitude and phase shift functions for the Ni-O and Ni-Ni atom
pairs used in the fits were calculated by the FEFF8 code [20]. The

Table 1
Structural parameters for the first and second coordination shells in c-NiO and
nano-NiO obtained from the best-fit of the EXAFS signals.

1 shell (Ni-04) 2 shell (Ni-Niy)
c-NiO

N . 6+£0.2 12+04

R (A) 2.070 £ 0.003 2.949 + 0.003

o? (Az) 0.0057 + 0.0005 0.0067 + 0.0005
nano-NiO

N . 58+0.2 11.3+04

R (A) 2.061 + 0.003 2.961 + 0.003

o? (Az) 0.0077 +£ 0.0005 0.0082 + 0.0005

calculations were performed for a cluster of 8 A size centered at
the absorbing Ni atom and having the cubic NiO structure [21].
The inelastic losses were taken into account using the complex
exchange-correlation Hedin-Lundqvist potential [11]. The best-fit
results are shown in Fig. 2, and the values of the coordination
numbers (N), the interatomic distances (R) and the mean-squared
relative displacements (MSRDs) (o2) are given in Table 1.

3. MD-EXAFS simulations

To go beyond the limitations of the conventional EXAFS anal-
ysis, we employed a recently developed simulation method [18],
based on the use of classical molecular dynamics (MD), to calcu-
late configuration-averaged EXAFS signals for c-NiO and nano-NiO
atT = 300 K.

First, we performed NVT-type classical MD simulations using
the GULP 3.1 code [22], which is suitable for both crystalline
and nanosized materials. Crystalline c-NiO was modeled by
the supercell 6ay x 6ay x 6ag (ag = 4.1773 A [21] is the lattice
parameter) with 3D periodic boundary conditions. The nanosized
NiO was simulated by a cluster having the cubic shape and a size of
up to 6ay x 6ag X 6ag; no boundary conditions were employed in
this case. Here only results for the largest size (6ay x 6ay x 6ag) are
reported. Our estimate for the cubic shape particles indicates that
the difference between a crystal and nanoparticle can be detected
in the EXAFS signal for particle sizes smaller than about 400 A. For
larger particles, the contribution from atoms located close to the
surface and having reduced coordination becomes too small to be
detectable. Currently, a size of about 25 A is the largest technically
acceptable in our simulations and provides the EXAFS signal being
in the closest agreement with the experimental one.

The force-field (FF) potential model included two-body central
force interactions described by a sum of the Buckingham and
Coulomb potentials

2
Ui (ryj) = Ajjexp ( r”) — C—IGJ + zize
Pij T
The Buckingham potential parameters (A, p, and C in Table 2)
were taken from previous simulations of c-NiO in [23,24].
The formal ion charges Z (Z = +2 for Ni and Z = —2 for O) were
used in the Coulomb potential [23,24]. The integration of Newton'’s
equations was performed by the leapfrog Verlet method [22].
In each simulation, the structure was first equilibrated during
20 ps at 300 K, corresponding to the temperature of the EXAFS
experiments, and a set of instantaneous atomic configurations
was accumulated during the 20 ps production run with a time
step of 0.5 fs. The thus obtained sets of instantaneous atomic
configurations were used to calculate the total and pair radial
distribution functions (RDFs), which were then used to evaluate
the values of MSRDs for the first and second shells.
Next, the Ni K-edge EXAFS signals were calculated for each
instantaneous atomic configuration using the ab initio FEFF8

(1)

Tij
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Table 2

Parameters of the Buckingham potentials for c-NiO and nano-NiO.
Pair of atoms A(eV) o (A) C(eVA®)
¢-NiO [23]
Nit?-0~2 754.92 0.3277 0.0
072-072 22764.3 0.1490 27.89
c-NiO [24]
Nit2-0~2 775.0 0.3250 0.0
072-07? 22764.3 0.1490 20.37
nano-NiO
Nit2-0~2 754.92 0.3310 0.0
072-07? 22764.3 0.1505 27.89

code [20]. The scattering potentials and partial phase shifts were
evaluated only once for the average configuration, thus neglect-
ing a variation of the scattering potentials due to thermal vi-
brations [18]. Multiple-scattering effects were taken into account
up to the eighth order with the half path length up to 6.5 A.
The inelastic losses were taken into account using the complex
exchange-correlation Hedin-Lundqvist potential [11]. The clus-
ter potential was of the muffin-tin (MT) type, and the values
of the MT-radii were Ryr(Ni) = 1.319 A and Ryr(0) = 1.021 A.
The configuration-averaged EXAFS signal was obtained by averag-
ing over several thousand configurations, and its convergence was
controlled. All calculations were performed on the “LASC” cluster-
type computer at ISSP (Riga) [25].

4. Results and discussion

The Ni K-edge EXAFS signals for c-NiO and nano-NiO are rather
similar except for the amplitude damping and a slight difference
in the frequency of oscillations, both are better observed at high
k-values (Fig. 1). The Fourier transforms (FTs) of the EXAFS signals
demonstrate the progressive lowering of the peak amplitudes at
longer R-values. Such behavior is typical for the manifestation of
the nanosized effect in NiO [26]. However, the positions of the
peaks in the FTs are close, suggesting a similarity in the local
environment in the nanocrystals to that in c-NiO. In fact, the
average lattice of nano-NiO is close to that in ¢-NiO [7,8].

Conventional analysis of the EXAFS signal from the first two
peaks in the FTs (Fig. 1) has been performed within the single-
scattering approximation taking into account contributions from
the first and second coordination shells, composed of oxygen (01)
and nickel (Ni,) atoms, respectively. The very good agreement
obtained between the calculated and experimental EXAFS signals
(Fig. 2) gives us confidence in the values of the structural
parameters (N, R, o?) reported in Table 1. The coordination
numbers and interatomic distances for c-NiO agree well with
crystallographic values (Nxgp (01) = 6, Rxrp (Ni-O7) = 2.089 A,
and Nxgp (Niy) = 12, Rxgp (Ni-Niy) = 2.954 A [21]). As one can
see, a decrease of the crystallite size in nano-NiO results in
a detectable local structure variation. The average coordination
numbers decrease due to the under-coordinated atoms located
at the nanoparticle surface. In fact, it is expected [26] that the
effect should be stronger for more distant coordination shells, as
is observed in Fig. 1. The interatomic distances behave differently
in the first and second shells: upon a decrease of crystallite size
from c-NiO to nano-NiO, the Ni-0; distance decreases by 0.01 A,
whereas the Ni-Ni, increases by about the same amount. Besides,
the MSRD values in both shells are larger in nano-NiO. These facts
indicate that a relaxation of the local structure occurs in nano-NiO
and is accompanied by an increase of disorder.

Comparing the total EXAFS signals in Fig. 1, one can observe that
the phase difference of oscillations increases progressively from
low to high wavenumber values in nano-NiO in comparison with c-
NiO. This indicates that the average lattice parameter (dp) in nano-
NiO is slightly larger than in c-NiO. Their values can be estimated
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Fig. 3. Comparison of calculated (solid line — Fisher’s potential [23], dashed
line — Oliver’s potential [24]) and experimental (open circles) Ni K-edge EXAFS
x (k)k? signals and their Fourier transforms for c-NiO.

from Ni-Ni, distances and are equal to ay = 4.188 A for nano-NiO
and ag = 4.171 A for c-NiO (ag = 4.1773 A for c-NiO from X-ray
diffraction [21]). Assuming the cubic shape for nanoparticles, one
can estimate the change in the lattice volume to be V/Vy >~ 1%

(Vo = 72.54 A’ for c-NiO and V = 73.43 A for nano-NiO). A lattice
expansion is typical for nanocrystaline oxides and has been
observed recently by X-ray diffraction for NiO with crystallite sizes
below 30 nm [7,8]. Note that our results agree well with those in
[7,8].

To interpret the outer shell (beyond the second one) contribu-
tions to the total EXAFS signal, one must correctly take into account
the multiple-scattering (MS) effects. This is especially important
for NiO, where the highly symmetric cubic lattice gives rise to many
linear MS paths with large relative amplitudes. The accurate solu-
tion of this problem is a challenge for current EXAFS data analysis.
Here we address it through the calculation of the configuration-
averaged EXAFS signal.

As a starting point, we performed simulations for crystalline
nickel oxide (c-NiO) using two simple FF potential models,
developed by Fisher [23] and Oliver [24] (Table 2), which reproduce
rather well a number of NiO properties such as lattice constant,
bulk modulus, elastic constants, and dielectric constants [23,24].
General agreement between configuration-averaged EXAFS signals
calculated with the two potential models and experiment for c-NiO
is good (Fig. 3), especially taking into account the simplicity of the
models and the absence of any fitting parameter. However, Fisher's
model [23] provides slightly better agreement in the region of the
second peak at 2.6 A in the FT; therefore it was used further for the
simulation of nanoparticle.

The configuration-averaged EXAFS signals for a nanoparticle
having the 6ay x 6ag x 6aq size are shown in Fig. 4. The EXAFS
signal, calculated using the original Fisher’'s FF model [23],
reproduces the amplitude of the experimental signal but fails to
reproduce its frequency. Our conclusion is that it is not possible
to transfer a phenomenological interaction potential from bulk
material to nanosolid since, in addition to size reduction, a change
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Table 3

Structural parameters (N is the coordination number, R is the interatomic distance,
and o2 is the MSRD) for the first six coordination shells in c-NiO and nano-NiO
obtained by decomposition of the Ni-O and Ni-Ni RDFs into Gaussian components.

0 Nij 03 Nig 05 Nig
c-NiO

N . 6 12 8 6 24 24

R (A) 2.083 2.949 3.610 4.167 4.661 5.106

o? (Az) 0.0055 0.0042 0.0059 0.0056 0.0062 0.0057
nano-NiO

N 5.4 10.0 6.1 5.0 18.3 16.8

R(A) 2.092 2.970 3.647 4185 4688 5.147
o2 (A) 00071 00063 00075 00104 00101  0.097

of interatomic bonding occurs that requires some modification of
the FF model.

We found that the original Fisher’s FF model can be improved
for nano-NiO by adjusting the p parameters of the Ni-O and 0-0
Buckingham potentials (Table 2), thus making both interactions
more repulsive. The optimized FF model allowed us to achieve
good agreement with the experimental EXAFS signal (Fig. 4)
and reproduce a expansion of the nano-NiO lattice (Table 3) in
agreement with the results obtained from conventional EXAFS
signal analysis (Table 1).

Finally, the RDFs obtained for c-NiO and nano-NiO were
analyzed by decomposition into a set of Gaussian functions. In this
way, the values of structural parameters such as the coordination
numbers, interatomic distances and MSRDs were obtained for the
first six coordination shells (Table 3). The size effect is responsible
for the variation of the coordination number with the interatomic
distance: it is observed as a decrease of the ratio Npano/Neryst in the
outer coordination shells.

Another prominent result is a change in the MSRDs. In c-
NiO, the MSRD contains only a thermal disorder contribution
and approaches, at large distances, a sum of the mean-squared
displacements (MSD) of two atoms. The MSD values can be

experimentally determined from the diffraction experiment. For
¢-NiO at 300 K, they are MSD(0) = 0.0032 A® and MSD(Ni) =

0.0028 A’ [27]. This means that values of the MSRDs equal
to 0.0060 A% and 0.0056 A? are expected for Ni-O and Ni-Ni
atom pairs, respectively, at large distances. These numbers are in
perfect agreement with our simulation results for the fifth and
sixth coordination shells (Table 3). In nano-NiO, the softening
of the interaction potentials leads to a lattice expansion and
to an increase of the amplitude of thermal vibrations. Besides,
the distribution of structural sites contributes additionally to
an increase of the MSRDs since atoms located closer to the
nanoparticle surface have vibration amplitudes larger than those
closer to the nanoparticle center. As a result, the average MSRDs in
the nearest shells increase in nano-NiO by about 0.002-0.004 A?
compared to c-NiO (Table 3).

Finally, one should point out that our simple FF model is not
able to reproduce the relaxation of the first coordination shell in
nano-NiO found by the conventional analysis (Table 2).

5. Conclusions

The local relaxation phenomenon was studied in nano-
sized (13 nm) nickel oxide (nano-NiO) by Ni K-edge X-ray
absorption spectroscopy. Compared with microcrystalline nickel
oxide (c-NiO), the lattice expansion in nano-NiO was observed,
in agreement with other studies by EXAFS [26] and XRD [7,8].
The estimate, based on EXAFS signal analysis from the first two-
coordination shells (Table 1), suggests a volume expansion in nano-
NiO by about 1%. At the same time, a contraction of the Ni-O bond
by about 0.5% was observed in the first coordination shell. Note that
a similar effect has been detected previously in NiO thin films [26].

The analysis of the full EXAFS signals in both c-NiO and nano-
NiO was performed by a more sophisticated approach, based
on a combination of classical molecular dynamics (MD) and ab
initio multiple-scattering EXAFS theory [18]. We showed that the
MD-EXAFS simulations of the Ni K-edge EXAFS signals in c-NiO and
nano-NiO, based on a simple rigid-ion force-field model, provide
good agreement with experiment (Figs. 3 and 4). Such an approach
requires fewer parameters than conventional EXAFS analysis and
allows one to account explicitly for thermal effects and many-atom
distribution functions. The agreement between the experimental
and calculated EXAFS signals can be used as a criterion to optimize
the parameters of the force-field model.
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