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Anelastic compression of nanometer-sized silica particles under high pressure:
A high-energy x-ray diffraction measurement
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We compressed nanometer-sized silica particles, fumed silica, using a cubic-anvil-type apparatus up to
pressures of 8 GPa at room temperature. The high-energy~61.7 keV! x-ray diffraction measurements of the
recovered samples were carried out to determine the x-ray structure factor and in the real space correlation
functions. These results indicate that anelastic compression occurs in silica nanoparticles in the pressure range
from 4 to 8 GPa, which is well below the pressure regime of the anelastic compression~;10 to ;20 GPa!
observed for bulk amorphous silica.
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Nanometer-sized silica particles ~diameter d
510– 100 nm) have attracted considerable interest bec
of their widespread applications, including heterogeneous
talysis, technical adsorbents, silicate sources of mesopo
materials, fillers, and carriers of drugs. One of the commo
used silica nanoparticles is fumed silica, which is a synth
amorphous silicon dioxide. Fumed silica is produced at h
temperatures of about 1200–1600 °C by the hydrolysis
silicon tetrachloride vapor in an oxygen-hydrogen flame. T
amorphous nature of fumed silica results from an extrem
rapid cooling of highly viscous droplets of silicon dioxid
forming so-called primary particles. The size of primary p
ticles ranges from 5–50 nm. The primary particles colli
and are fused together to form stable aggregates havi
mean size of about 200–500 nm. These aggregates then
together to form loosely bonded agglomerates, resulting
white fluffy powder with an extremely low bulk densit
down to 0.03 g/cm3. The true density of the primary particle
is 2.20 g/cm3,1 which is the same as that of the correspon
ing bulk material, namely, amorphous SiO2 (a-SiO2). This
indicates that each nanoparticle in the aggregate is a
porous material similar to bulka-SiO2 . However, because o
its extremely small particle sizes and high surface area~50–
400 m2/g!, it is expected that the structure and physic
chemical, and optical properties of fumed silica are differ
from those of the corresponding bulk materials. Thus fa
number of studies have been carried out to understand
nature and properties of fumed silica and its rela
nanoparticles.1–10 In particular, the surface properties and r
activity of fumed silica, which depend substantially on t
quantity and structural environments of its surface hydro
groups, have been extensively studied.1,11

In this paper, we concentrate our interest on the struct
characteristics of fumed silica after compression at high p
sure. Previously, intense experimental and theoretical e
has gone into understanding the effect of pressure on
structure and properties of bulka-SiO2 , revealing some in-
teresting and anomalous behaviors.12–22 It has been demon
strated that below;10 GPa at room temperature, the com
0163-1829/2003/67~9!/092202~4!/$20.00 67 0922
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pression of bulk a-SiO2 is elastic and reversible. An
irreversible densification is then observed in the range
tween ;10 and ;20 GPa. Beyond this anelastic regim
compression is again reversible and no further densifica
is observed. It is hence interesting to investigate whet
these compressional regimes of bulka-SiO2 can also be ap-
plied to nanometer-sized silica particles such as fumed sil
It will give a clue to understand how scales of distanc
namely, short, intermediate, and long-range scales of
tance, determine the high-pressure behavior ofa-SiO2 . In
the present study we, therefore, compressed fumed silica
tween 4 and 8 GPa, in which compression is complet
reversible for bulka-SiO2 , and the structure of the sample
recovered from high pressures was investigated by us
high-energy x rays from a synchrotron. Since the wavelen
of the photons used in the experiments is quite short,
resulting photo-electrical absorption is significant
decreased.23 High-energy x-ray diffraction has additional fur
ther advantages, e.g. the wide accessibleQ range, the small
scattering angles, and the diminishing correlation term23

These specific characteristics of high energy x-ray meas
ments enable us to obtain the sufficiently high resolution
the real-space correlation functions, which can be com
rable to those obtained from a typical neutron diffracti
experiment. Furthermore, the weighting factor of the Si
correlation is larger for x-rays than for neutrons, indicati
that the high-energy x-ray experiments are especially s
able for analyzing a possible change in the distribution
Si-O-Si bond angles. Neutron elastic and inelastic scatte
measurements on as-prepared fumed silica has been rep
previously,2,4,5 to our knowledge, however, the atomic stru
ture of the fumed silica samples compressed over 4 GPa
not been investigated by any diffraction experiments.

The fumed silica used in this work was SigmaS-5130
from Sigma Chemical Co.~nominal particle size: 7 nm; spe
cific surface area: 390640 m2/g). Adsorbed H2O and CO2
along with surface hydroxyl groups were removed by calc
ing at 1000 °C in air before compression. The sample fil
in a boron nitride cell was pressurized at room temperat
nearly isostatically at 4, 6, and 8 GPa for 30 min using
cubic-anvil-type apparatus. Dimensions of the compres
©2003 The American Physical Society02-1
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samples are 2–5 mm in diameter and 0.3–2 mm thick
pending on the applied pressure. The sample compressed
GPa is opaque, whereas the samples compressed at 6
GPa are almost transparent. This transformation from opa
to transparent samples probably results from the press
induced reaction of the fumed silica surface, suggesting
formation of the interparticle Si-O-Si linkages even at roo
temperature.

The x-ray diffraction experiments of the recovered d
compressed samples were performed in transmission ge
etry using an incident photon energy of 61.7 keV at the be
ing magnet beamline BL04B2~Ref. 24! of SPring-8, Hyogo,
Japan, with a horizontal two-axis diffractometer.25 In this
work, x-ray diffraction data were measured up toQmax
525 Å21 for all the noncompressed and compressed fum
silica samples as well as normal bulka-SiO2 .

The total Faber-Ziman structure factor,26 S(Q), for fumed
silica is shown in Fig. 1 for a series of pressures. We
from Fig. 1 thatS(Q) of noncompressed fumed silica
essentially identical with that of bulka-SiO2 at 1,Q
,25 Å21, in agreement with previous neutron scatteri
measurements on fumed silica.5 These results indicate tha
the microscopic structure inside the primary particles
fumed silica is very similar to that of bulka-SiO2 . We also
notice from Fig. 1 that noncompressed fumed silica shows
abrupt increase inS(Q) in the Q range below;0.5 Å21, in

FIG. 1. ~a! The x-ray structure factorsS(Q) of normal bulk
amorphous SiO2 and fumed silica retrieved from the indicated pre
sures. Successive curves are displaced upward by 1 for clarity~b!
The expand plot of the x-ray structure factorsS(Q).
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accord with previous small-angle neutron scatter
measurements.2,5 Such a peculiar x-ray scattering in th
low-Q region probably results from the structural fluctuati
or the aggregated structure formed from the nanometer-s
primary particles.5

Information in real space can be obtained by perform
the appropriate Fourier transform ofS(Q); one such func-
tion is the differential correlation functionD(r ), which is
defined as27

D~r !5
2

p E
Qmin

Qmax
M ~Q!Q@S~Q!21#sin~Qr !dQ,

where M (Q) is a Lorch modification function28 to reduce
termination effects resulting from the finite upper limit ofQ.
As shown in Fig. 2, there is no apparent difference inD(r )
between noncompressed fumed silica and normala-SiO2 as
in the case ofS(Q).29

As for the compressed fumed silica samples, howev
there are systematic changes in the positions and intens
of the peaks inS(Q) with increasing pressure. For exampl
the first sharp diffraction peak inS(Q) shifts fromQ;1.53
to 1.63 Å21 with increasing pressure up to 8 GPa, and a
cordingly the intensity of this peak decreases by;20% @see
Fig. 1~b!#. On the other hand, the peak at;5.2 Å21 shifts to
lower values ofQ ~;5.0 Å21! from ambient pressure to 8
GPa. These results strongly suggest that the intermed
range order beyond nearest-neighbor distances is not
served in fumed silica upon compression up to 8 GPa. T
is, the anelastic compression most likely occurs in
present fumed silica samples. We should also note that
strong scattering seen in theQ range below 0.5 Å21 de-
creases in intensity with increasing pressure@see Fig. 1~b!#,
suggesting that the aggregated structure consisting of
fumed silica primary particles tends to become homogene
on compression.

We next turn to changes in the real space correlati
D(r ) with pressure~see Fig. 2!. As for the Si-O~;1.6 Å!
and O-O~;2.6Å! correlations, we do not see any changes
the respective interatomic bond distances. As for the S

FIG. 2. Differential correlation functionsD(r ) of normal bulk
amorphous SiO2 and fumed silica retrieved from the indicated pre
sures. The data of bulk amorphous SiO2 are displaced downward by
1 for clarity.
2-2
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correlations at;3.1 Å, however, the shorter distance side
the correlations develops appreciably with increasing p
sure, and the Si-Si peak shifts slightly to lower values fro
;3.07 to;3.05 Å with compression from ambient pressu
to 8 GPa. Such a decrease in the Si-Si distance has also
reported for bulka-SiO2 in previous in situ high-pressure
diffraction experiments ona-SiO2 at 8 GPa.16 These ob-
served changes in the real space correlations imply that
present anelastic compression observed for fumed silica
sults from a shift in the Si-O-Si intertetrahedral bond an
distribution to smaller angles, with little change in the co
figurations of the constituent SiO4 tetrahedral units. A similar
model has also been proposed to explain the mechanis
the anelastic compression of bulka-SiO2 .20

We next compare the x-ray diffraction data of the pres
fumed silica samples with those of compressed bulka-SiO2
samples retrieved from high pressures30 ~see Fig. 3!. As
shown in Fig. 3, the first sharp diffraction peak shifts
higherQ with increasing pressure for both fumed silica a
bulk a-SiO2 ; however, fumed silica shows such a shift we
below the lower limit ~;10 GPa! of the anelastic regime
observed for bulka-SiO2 . The observed shift in the firs
sharp diffraction peak of fumed silica retrieved from 8 G
is comparable to that of bulka-SiO2 retrieved from;15
GPa. These results clearly indicate that the pressure onse
anelastic compression of fumed silica is much lower th
that of bulk a-SiO2 , although the resultant structura
changes are expected to be very similar to each other.31

According toin situ high-pressure x-ray diffraction16 and
in situ Raman scattering15 measurements, bulka-SiO2 shows
appreciable elastic deformation during compression e
when the samples are compressed at pressures below;10

FIG. 3. Pressure dependence of the positions of the first s
diffraction peak inS(Q) measured for fumed silica~filled circle!
and bulk amorphous SiO2 ~open circle, Ref. 30! retrieved from the
indicated pressures. The position of the first sharp diffraction p
in S(Q) of bulk amorphous SiO2 measuredin situ at 8 GPa~open
triangle, Ref. 15! is also shown.
09220
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GPa~also see Fig. 3!. It is believed that the structural mod
fication in bulka-SiO2 under pressure in the elastic regim
results not from reconstruction of the Si-O bonds but from
elastic collapse of open-ring configurations to decrease
Si-O-Si intertetrahedral angles,15,16 namely, a mechanism by
which the angle distribution is altered without bond brea
ing. At higher pressures over;10 GPa, however, reconstruc
tive changes begin to occur to show anelas
compression,12–14,20accompanied by a shift in ring statistic
toward smaller rings such as three-membered and fo
membered rings of tetrahedra in the structure.20 Considering
that the pressure-induced changes observed in fumed s
are irreversible and anelastic as in the case of bulka-SiO2

after compression over;10 GPa, we suggest that reco
structive changes take place in the network of fumed si
particles, accompanied by void compaction of the samp
The compressional anomalies observed in fumed silica m
hence be interpreted in terms of changes in compressib
of amorphous silica with particle size. Thus far, the effect
particle size on the pressure-induced structural transiti
has been investigated for several nanocrystall
materials,32–35 showing that physical and electronic prope
ties of crystals depend strongly on particle size. Some c
talline nanoparticles, e.g., CeO2,33 show that compressibility
decreases with decreasing particle size, whereas others,
PbS,32 exhibit the opposite tendency depending on the fac
governing the compressibility of the materials. It is hen
quite likely that compressibility of fumed silica also can b
dependent on the particle size. We suggest that the in
atomic interactions in the long-range~.;10 nm! length
scale, which may inhibit the reconstructive changes in
total SiO2 network, will play a role in showing the elasti
response in bulka-SiO2 ; however, nanometer-sized silic
particles are lacking, although in part, in such long-ran
interactions, explaining a decreased compressibility of
present fumed silica samples.

In conclusion, we have shown that nanometer-siz
fumed silica particles exhibit anelastic compression betw
4 and 8 GPa, in which bulka-SiO2 still shows an elastic
behavior upon compression. From the high-energy x-ray
fraction measurements of the retrieved fumed silica samp
it has been found that~1! the first sharp diffraction peak
undergoes substantial changes in both position and inten
~2! the nearest Si-O and O-O bond distances do not cha
appreciably, and~3! the Si-Si correlation at;3.1 Å shifts to
lower distances. Since these changes are very similar to t
observed for bulka-SiO2 in the anelastic regime, we sugge
that the anomalous compressive behavior of fumed silica
sults from a decreased compressibility of the nanome
sized particles as compared with bulka-SiO2 .

The synchrotron radiation experiments were performed
the SPring-8 with the approval of the Japan Synchrotron
diation Research Institute~Proposal No. 2002A0351-ND1
np!.
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