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Abstract. Poly(vinylpyrrolidone) (PVP)-coated platinum (Pt) nanoparticles were prepared in methanol-
water reduction method. In situ small-angle X-ray scattering (SAXS) and X-ray diffraction (XRD) tech-
niques were used to probe the size change of particles and crystallites with temperature. Tangent-by-tangent
(TBT) method of SAXS data analysis was improved and used to get the particle size distribution (PSD)
from SAXS intensity. Scherrer’s equation was used to derive the crystallite size from XRD pattern. Com-
bining SAXS and XRD results, a step-like characteristic of the Pt nanoparticle growth has been found.
Three stages (diffusion, aggregation, and agglomeration) can be used to describe the growth of the Pt
nanoparticles and nanocrystallites. Aggregation was found to be the main growth mode of the Pt nanopar-
ticles during heating. The maximum growth rates of Pt nanoparticles and Pt nanocrystallites, as well as
the maximum aggregation degree of Pt nanocrystallites were found, respectively, at 250 ◦C, 350 ◦C and
300 ◦C. These results are helpful to understanding the growth mode of nanoparticles, as well as controlling
the nanoparticle size.

PACS. 61.46.Df Structure of nanocrystals and nanoparticles – 65.80.+n Thermal properties of small
particles, nanocrystals, and nanotubes

1 Introduction

In recent decades, nanomaterials have attracted great in-
terests and are widely studied because of their novel prop-
erties different from bulks. The nanoparticle size is one of
the important factors to control the unique properties of
nanomaterials. Usually, the smaller the nanoparticle size
is, the more prominent the unique properties are. There-
fore, people attempt to control the size of nanoparticles
as small as possible in sample preparation. However, the
nanoparticle size depends not only on the sample prepa-
ration, but also on the applied environment of nanoma-
terials including temperature and even radiation [1]. It is
well known that the nanoparticle size will become larger
with temperature increasing for most free nanomaterials.
There have been some researches [2] on nanoparticles with
in situ transmission electron microscopy (TEM) observa-
tion and in situ X-ray diffraction (XRD) measurement
during heating. Several growth modes of nanoparticles, for
example, Ostwald ripening [3], fusion [4], coalescence [5],
condensation [6], coagulation [7] and so on, have been
found by TEM direct observation. Obviously, the struc-
tural and thermal stability of nanomaterials are very im-
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portant for their potential application. In order to utilize
well the unique properties of nanomaterials, it is necessary
to study the growth mode of nanoparticles.

Studying the size change of nanoparticle with tempera-
ture is helpful to understand the thermal stability of nano-
materials. In the past, TEM observation and XRD mea-
surement are often used to research the structural changes
of nanomaterials. With the development of X-ray technol-
ogy, especially the application of synchrotron radiation
source, small angle X-ray scattering (SAXS) technique is
widely used as an effective measure to probe the nanoscale
structures in materials [8]. In recent years, there is a bur-
geoning literature on the study of nanoparticle nucleation
and growth probed by SAXS [9–11]. Usually, SAXS tech-
nique can give the information of the particle size, shape,
size distribution and so on. In addition, SAXS technique
can also get more statistically average result than TEM
observation. In this paper, an in situ SAXS technique is
used to study the structural change of Pt nanoparticles
with temperature. First, the SAXS data analysis method
for inorganic samples is briefly discussed, and then the size
distribution of Pt nanoparticles is derived. The obtained
result is helpful to understand the growth mechanism of
nanoparticles.

http://dx.doi.org/10.1140/epjb/e2008-00322-7
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2 Experiment

PVP-coated Pt nanoparticles were synthesized in
methanol-water reduction method [12]. All the reagents
were in analytical grade and were purchased from Bei-
jing chemicals. All the water was deionized. The sample
preparation is described as follows. First, 0.085 g PVP and
0.052 g H2PtCl6.·6H2O (CPA) were added to the mixture
of 14 ml water and 126 ml methanol. After stirring for
0.5 h, the solution was refluxed for 3 h with an argon
flow sweeping over the liquid layer. Next, the PVP-coated
Pt colloid formed a transparent and homogeneous solu-
tion with dark-brown color. Finally, the PVP-coated Pt
nanoparticles were precipitated by adding 500 ml acetone
to the resulting solution. The precipitate was dried in air
and was mixed with the powder of boron nitride (BN).
This mixture was pressed into a pill as the as-prepared
sample, and the adding BN was used as the support frame.
Pure BN powder was also pressed into a pill and used to
subtract the background from the support frame.

In situ SAXS experiments during heating the samples
were carried out on the SAXS station at beamline 4B9A
of Beijing Synchrotron Radiation Facility (BSRF). The
storage ring was operated at 2.2 GeV with current about
80 mA. The incident x-ray wavelength was selected to be
0.154 nm by a double-crystal Si (111) monochromator.
The SAXS data were collected with Mar345 on-line image-
plate (IP) detector and the sample-to-detector distance
was fixed at 1.5 m. SAXS data of the as-prepared sample
and the BN background were, respectively, collected at
25 ◦C, 200 ◦C, 300 ◦C, 400 ◦C and 500 ◦C.

The XRD experiments were performed on the XRD
station at beamline 4B9A of BSRF with the same mea-
surement condition. In order to distinguish well the
diffraction peaks of Pt nanoparticles from the background
materials, LiF was chosen as the background materials to
mix with Pt nanoparticles. The diffraction patterns were
collected with a curved IP detector [13] with an angle ac-
curacy of 0.01 ◦. The diffraction rings were obtained and
were transformed into one-dimensional diffraction spec-
tra, which were normalized by the incident X-ray intensity
recorded with an ion chamber in front of the sample.

3 Data analysis

The original SAXS data were collected by Mar345 IP and
saved as ∗.mar3450 format. Firstly, these data files were
transferred into two-dimensional digital data by using the
software Fit2D [14]. The SAXS curves of intensity vs.
scattering-vector were obtained by arc-integral or linear
integral and the data analysis was performed by using
SAXS1.0 [15].

Generally speaking, for a monodisperse system, for ex-
ample, the biological macromolecule, the particle shape
can be well derived by using international software [16].
For layer samples with thick substrate, IsGISAXS2.6 soft-
ware [17] can be well used to simulate the structural in-
formation. However, for inorganic nanoparticles systems,
their particle-sizes are usually multi-dispersive. In this

case, the particle shape and particle size distribution
(PSD) can not often be obtained at the same time. But
there have been several methods [18–24] to derivate the
PSD, for example, Shull-Roess method, Lognormal distri-
bution fit, Regularization technique, Tangent-by-tangent
(TBT) method, Polydispersity index (PDI) method, etc.
Even so, only one or two methods can work well for a
special inorganic system because of the complexity of the
sample size and shape as well as the possible interference
effect among particles and the lower signal-to-noise ratio
(SNR) at larger scattering angle.

TBT method was described by Jellinek and Fankuchen
early in 1946, it was used to estimate the discrete PSD
of Al2O3 colloid with acceptable precision [20,25]. How-
ever, the X-ray scattering intensity often decays rapidly
with the scattering angle increasing, and the SNR is not
enough good at higher scattering angles. This limits the
use of the TBT method. In order to validate this method
in the whole data region, we introduce the cubic-spline-
function to fit the scattering curve. Then the TBT method
is improved to perform on the spline curve. For a polydis-
perse spherical system, the X-ray scattering intensity with
Guinier approximation can be described as:

I(q) = Ie

∞∫

0

N(RG)ρ2V 2(RG)e−q2R2
G/3dRG, (1)

where RG is the radius of gyration, and N is the number
of particles with RG. V is the volume of particle with RG.
ρ is the electron density in particle with RG. Ie is the
scattering intensity of one electron. Assuming the system
contains nanoparticles with several size levels, the above
formula can be simplified to a sum function:

I(q) = IeN1n
2
1e

−q2R2
1/3 + IeN2n

2
2e

−q2R2
2/3

+ · · · + IeNin
2
i e

−q2R2
i /3, (2)

where, i represents the ith size level. Ni and ni are, re-
spectively, the particle number and the electron number
of the particle with gyration radius Ri. If we define

Ki = IeNin
2
i . (3)

Then the X-ray scattering intensity at q = 0 is

I(0) = K1 + K2 + · · · + Ki. (4)

Therefore, the volume percentage can be yielded by

W1 : W2 : · · · : Wi =
K1

R3
1

:
K2

R3
2

: · · · :
Ki

R3
i

. (5)

The TBT method is illustrated in Figure 1. Firstly, the
first tangent (curve b) is performed from the last data
point of the logarithm plot (curve a), then the intercept
(K1) and the slope (−R2

1/3) can be obtained. After sub-
tracting curve b(q2) from curve a(q2) in linear intensity
scale, intensity difference c(q2) can be obtained. Repeat-
edly the above procedure, the second tangent is performed



W. Wang et al.: In situ SAXS study on size changes of platinum nanoparticles with temperature 59

0.0 0.5 1.0 1.5 2.0
0

5

10

15

K1

a(q2): Total intensity,ln[I(q)]~q2

b(q2): The first tangent             
c(q2): ln[exp(a)-exp(b)]             

c(q2)

b(q2)

a(q2)

ln
 [I

(q
)]

q2(nm-2)
Fig. 1. Tangent-by-tangent method. Curve a(q2) is the scat-
tering intensity plot in logarithmic scale, line b(q2) is the first
tangent. From the slope and intercept of line b(q2), the first
level particle’s radius (R1) and the volume content (K1) can
be obtained. Curve c(q2) is the intensity difference between
a(q2) and b(q2) in linear intensity scale. The data point to
perform other tangents is restricted by equation (6).

on curve c(q2). Finally, all the parameters (Ki, Ri) can be
obtained. It is noticeable that the ith tangent is performed
on the jth data point which should satisfy the following
restrictive condition:⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

d
[
ln(cj(q2))

]
d(q2)

≤ d
[
ln(cj+1(q2))

]
d(q2)

d2
[
ln(cj(q2))

]
[d(q2)] 2

= 0.

(6)

By using TBT method, the corresponding particle sizes
and contents can be estimated from the slopes and the
intercepts of the tangents. Usually, several discrete par-
ticle sizes can be obtained, which depends on particle-
size level inO the sample. Actually, each particle size is
only an average result, which can be described as a nar-
row PSD function. In addition, an approximately contin-
uous distribution is often expected for most application.
Therefore, those discrete particle sizes obtained with TBT
method can also be expanded with the lognormal distri-
bution functions [26]. Figure 2 describes schematically the
serialization of the discrete particle sizes. Here, a known
discrete system is given with 11 different particle sizes and
occupancies which could be the results of TBT. The ith
discrete particle size can be substituted by the following
formula:

Pi(R) =
Ai√
2πσi

exp
[
− (lnR − ln Ri)2

2σ2
i

]
, (7)

where, Ri, σi and Ai are, respectively, the position, width
and area of the ith PSD function. Ri can be taken as the
value of the ith particle size, and Ai as the occupancy of
the ith discrete particle. The HWHM ωi (i.e.,

√
ln 4σi) of

equation (7) is defined as:

ωi =
ln(Ri+1) − ln(Ri−1)

4
. (8)
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Fig. 2. Sketch map of distribution expansion for discrete par-
ticle sizes. Open circle (O) represents the known discrete parti-
cle sizes and occupancies; dot lines are the discrete particle-size
expansion. Solid line is the normalized total particle size distri-
bution. The expansion of one (9.7 nm) of the discrete particle
sizes is described in the inset.

For example, on the basis of equation (8), the FWHM of
the distribution given by equation (7) is from ln(Bi−1)
to ln(Bi+1) for the particle size of 9.7 nm as shown in
the inset of Figure 2. Because equation (7) is a symmetri-
cal function in ln(R) space, we have ln(Bi+1) − ln(Ri) =
ln(Ri)− ln(Bi−1). For the minimum discrete particle size
(for example, R1), its lower R value (R0) is taken as the
value of R0 = π/qmax. For the maximum discrete particle
size (for example, RN ), its upper R value (RN+1) is taken
as the value of RN+1 = π/qmin. Where, qmin and qmax

are the lower and upper limits of the scattering vector de-
tected by the experiment. Finally, a quasi-continuous PSD
function can be obtained by normalizing the summation
of all the single distribution functions.

4 Results and discussion

The above SAXS data analysis method was firstly checked
for a given discrete model system. This model system con-
sists of seven discrete particle sizes and the correspond-
ing occupancies as depicted in Figure 3a. The theoretical
SAXS intensity for the given model system has been cal-
culated as shown in Figure 3b. By using the above TBT
method, seven discrete particle sizes can be well repro-
duced from the calculated SAXS intensity. Figure 3a com-
pares the particle sizes and their occupancies between the
given model system and the result reproduced by TBT
method. It can be seen that the profile of the reproduced
seven particle sizes is excellently agreement with the pro-
file of the given seven particle sizes, i.e. the particle size
distribution (PSD) can be excellently reproduced. But the
reproduced particle sizes deviate gradually from the given
ones with the particle-size increasing. This is because that
the SAXS intensity decreases more fast for larger parti-
cles than smaller ones with scattering vector q increasing,
therefore, the contribution of larger particle to high-q end
of SAXS intensity is less than the contribution of smaller
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particle to low-q end. Moreover, the TBT method is al-
ways starting from the high-q or small-particle-size end.
Consequentially, the errors caused by the previous tan-
gents will add up to the later tangents. Therefore, larger
particle size has larger error than smaller particle size.
Even so, the largest deviation of particle size is not larger
than 10%.

The TBT data analysis method was checked again for
a given continuous model system. This model system has a
lognormal distribution P (R)/R of particle sizes, in which
P (R) is given by equation (7) with the following param-
eters: R0 = 10.0, A = 1.0, ω = 0.3 and P0 = 0.0 as
shown in Figure 4a. On the basis of this model system,
the SAXS intensity was calculated as shown in Figure 4b.
From the calculated SAXS intensity, a PSD function was
reproduced by using the TBT method and compared in
Figure 4a. The corresponding SAXS intensity was also re-
calculated and compared in Figure 4b. It can be seen from
Figure 4a that the PSD functions have almost the same
position and width except a slight difference in profile.
This profile difference can be described with a deviation
factor as follows:

Q =

√√√√√
∑
i

[Pi(actual) − Pi(TBT )]2

∑
i

P 2
i (actual)

× 100%, (9)

here, Pi is the occupancy of the ith particle size. The devi-
ation of the above PSD function is about 12%. Figure 4b
illustrates also that the recalculated SAXS intensity is in
good agreement with the given model.

From the above discussion, we believe that the TBT
method can be well used to extract the particle sizes and
the corresponding PSD function from SAXS intensity. In
order to further validate the dependability of this TBT
method, an effective approach to analyze the nanoparticle
size distribution [27–29] is used for crosscheck, which is the
Polydispersity index (PDI) method. These two methods
(i.e., TBT and PDI) are all used to extract the particle size
distribution from the in situ SAXS data of PVP-coated Pt
nanoparticles at 500 ◦C. Figure 5 compares the PSD func-
tions and the SAXS fitting curves obtained, respectively,
from TBT and PDI methods. Although the profiles of PSD
are not exactly the same, the position and width of the
two PSD functions are almost the same. Especially, the
SAXS fitting curves are all excellently in agreement with
the experimental one. Evidently, TBT and PDI methods
can give the similar average results for nanoparticle sizes.

Hereafter, the in situ SAXS data of PVP-coated Pt
nanoparticles with different temperatures are analyzed by
TBT method. The resulting PSD functions at different
temperatures are shown in Figure 6a. Obviously, the par-
ticle size increases with the temperature increasing, and
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nanoparticles at 500 ◦C.

the width of PSD become wider as the temperature is
higher than 200 ◦C. Figure 6b illustrates that the SAXS
intensity decays faster with scattering vector, q, when the
particle size increases. Except the as-prepared sample at
25 ◦C, the calculated SAXS intensities are consistent with
the experimental ones. The larger derivation at lower-q be-
tween the calculated intensity and the experimental one
for sample at 25 ◦C is because of the existence of PVP
coating, and its effect on SAXS intensity is not well re-
moved. With increasing temperature, the PVP coating
was burnt off and its effect on SAXS intensity is negli-
gible. More important reason of the large deviation for
sample at 25 ◦C is the larger separation of the discrete
particle sizes. In this case, the serialization of the discrete
particle sizes will cause larger deviation between the calcu-
lated SAXS intensity and the experimental one. Figure 6c
compares the experimental SAXS intensity and those re-
calculated, respectively, from the continual PSD and the
discrete PSD. It can be seen that the discrete particle sizes
obtained from the TBT method can be well used to recal-
culate the SAXS intensity. As far as we know, heating will
cause the growth of nanoparticles. There have been several
growth modes for nanoparticles with increasing tempera-
ture [6–10]. What has happened to these Pt nanoparticles
during heating process?

In order to clarify the growth mode of Pt nanopar-
ticles, TEM observation and in situ XRD experiments
during heating were performed. Figure 7 shows the micro-
graph of TEM for the as-prepared sample at room tem-
perature, its average particle size has been estimated to
be about 4 nm. In situ XRD spectra with different sam-
ple temperatures are also shown in Figure 8. Two sets of
diffraction peaks can be obviously observed. One is from
the crystalline lithium fluoride (LiF) which was used as the
support materials. Another is from the Pt nanoparticles.
The two sets of independent diffraction peaks demonstrate
that the Pt nanoparticles have not reacted with the sup-
port materials LiF. However, the diffraction peaks from
Pt crystallites become sharper with temperature increase,

which tell us that the Pt crystallite size increases with the
temperature increasing. The crystallite sizes of Pt can be
evaluated from the width of the diffraction peaks by using
Scherrer’s equation. In fact, the width of the diffraction
peak is not only caused by the fine crystallite size, but
also have the contribution of the instrumental resolution.
Fortunately, the influence of the instrumental resolution
can be evaluated from the corresponding diffraction peaks
of the supporting material LiF. From Figure 8, it can be
seen that the widths of the diffraction peaks of LiF are
quite narrow compared with those of Pt nanoparticles and
almost do not change with temperature increases, which
is because the contribution of strain relief and thermal
disorder increasing to the width of diffraction peak are
almost the same level with temperature change for the
LiF crystalline grains. Evidently, the instrumental reso-
lution (Δ2θ0) is not worse than the width (∼0.15◦) of
peak (111) of LiF, i.e., Δ2θ0 < 0.15◦. Here, we take the
instrumental resolution (Δ2θ0) to be 0.12◦, which is cor-
responding to three pixel-sizes of the image plate detec-
tor. The experimental width (Δ2θE) of Pt (111) reflection
is always larger than 0.31◦ even at 500 ◦C. Approxi-
mately, the diffraction peaks are the convolution of instru-
ment broadening function and the particle-size broaden-
ing function. Therefore, the instrumental broadening for
the diffraction peaks can be removed by using formula as
Δ2θT = ((Δ2θE)2 − (Δ2θ0)2)1/2. The width β(=Δ2θT in
radian) caused by the smaller particle size can be used to
estimate the particle size according to the Scherrer’s for-
mula D = Kλ/(β cos θ). Here, K = 0.89, λ = 1.54 Å, θ is
the diffraction angle of Pt (111). The influence of instru-
mental resolution on the particle sizes is quite small. Es-
pecially for the smaller particles (T < 300 ◦C), the broad-
ening of instrumental resolution to the diffraction peaks
of Pt nanoparticles is negligible. The crystallite sizes of
Pt nanoparticles and the error bars have been evaluated
from the width of diffraction peaks of Pt nanoparticles
with Scherrer’s equation as shown in Figure 9. The aver-
age particle sizes of Pt nanoparticles obtained from SAXS
data analysis and the error bars are also shown in Figure 9.
By comparing Figure 9, we can find that the crystallite
sizes obtained from XRD are evidently different from the
particle sizes obtained from SAXS, especially for samples
at 200 ◦C and 300 ◦C. This difference shows us the differ-
ent structural sensitivity between SAXS and XRD tech-
niques. SAXS is sensitive to the size of fluctuation region
of electronic density, but XRD is sensitive to the size of the
long-range order region. Therefore, SAXS gives the parti-
cle size and XRD presents the crystallite size. The more
important is that the difference between SAXS and XRD
results reflects the growth mode of nanoparticles during
heating process.

By comparing the sizes obtained from SAXS and XRD
measurements, it can be found that the starting parti-
cle size and crystallite size are nearly the same at room
temperature, which has been confirmed by TEM obser-
vation as shown in Figure 7. However, the particle sizes
obtained from SAXS are, respectively, 6 nm and 28 nm
for Pt nanoparticles at 200 ◦C and 300 ◦C, but they are



62 The European Physical Journal B

0.1 1 10 100
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6
(a)

N
or

m
al

iz
ed

 V
ol

um
e 

Fr
ac

tio
n

Radius (nm)

 25oC
 200oC
 300oC
 400oC
 500oC

0.1 1

101

102

(b)Symbol:   experimental values
     Line:   calculated values

500oC

400oC

300oC
200oC
25oC

SA
XS

 in
te

ns
ity

 (a
.u

.)

q (nm-1)
0.1 1

102

(c)Temperature: 25oC

q (nm-1)

In
te

ns
ity

 (a
.u

.)

 Experimental SAXS intensity
 Calculated with continual PSD
 Calculated with discrete PSD

Fig. 6. Particle size distribution (a) and the in situ SAXS intensity comparison (b) of the PVP-coating Pt nanoparticles during
heating. (a) Shows that the average particle size increases with temperatures. In (b), the symbols represent the experimental
SAXS intensities, the solid lines are the calculated ones based on the PSD in (a). (c) Compares the calculated SAXS intensities
by using the discrete and the continual PSDs for sample at 25 ◦C.

10nm10nm

Fig. 7. TEM micrograph of the as-prepared PVP-coated Pt
nano-particles at 25 ◦C. The average particle size is roughly
3–5 nm.

3 0 4 0 5 0 6 0 7 0 8 0 9 0 1 0 01 0 0

1 0 1

1 0 2

1 0 3

1 0 4

1 0 5

1 0 6

1 0 7

1 0 8

1 0 9

1 0 1 0

Pt
 (2

20
)

Pt
 (2

00
)

Pt
 (1

11
)

5 0 0 o C

4 0 0 o C

3 0 0 o C

2 0 0 o C

2 5 o C

Li
F(

22
2)

Li
F(

31
1)

Li
F(

22
0)

Li
F(

20
0)

Li
F(

11
1)

In
te

ns
ity

 (a
.u

.)

2 θ   (d e g r e e )

Fig. 8. In situ XRD pattern of PVP-coated Pt nanoparticles
during heating. Two sets of diffraction peaks can be, respec-
tively, attributed to the supporting material LiF and the Pt
crystallites as indexed in this figure.

only 3 nm and 5 nm obtained from XRD. The particles
size is about two times larger than the crystallites size at
200 ◦C, or about six times larger at 300 ◦C. This implies
that crystallite aggregation is the main growth mode of
PVP-coated Pt nanoparticles at the heating process. At
400 ◦C and 500 ◦C, SAXS gave an average particle-size of
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Fig. 9. In situ size change with temperature of the PVP-coated
Pt nanoparticles. The open circles are the crystallite sizes de-
duced from XRD using Scherrer equation; the open squares are
the particle sizes calculated from SAXS with TBT method. The
solid lines are the guided lines showing a step-like characteristic
in both growth of nanocrystallites and nanoparticles.

29 nm. These values are almost the same with the crystal-
lite sizes (28 nm at 400 ◦C and 29 nm at 500 ◦C) obtained
from XRD. The slight difference is possibly because there
is an amorphous layer [30] coated on the surface of the
nanoparticle or crystallite. However, even considering the
error of 10% in particle sizes as discussed above, one par-
ticle still contains only one crystallite.

The aggregation process of Pt crystallites to one par-
ticle can be described as follows. For the as-prepared
Pt nanoparticles at initial state at 25 ◦C, one parti-
cle contains one crystallite. With increasing temperature,
there are about two crystallites with different orientations
aggregating into one particle at 200 ◦C. With the tem-
perature increasing up to 300 ◦C, there are about six Pt
crystallites aggregating into one particle in which the crys-
tallites have different orientations. Evidently, there is not
enough drive force to make the crystalline aggregates hav-
ing the same orientation below 300 ◦C. When the sample
temperature is higher than 300 ◦C, although the size in-
creases still with temperature, averagely, one particle con-
sists of one crystallite. That is to say, multiple crystallites,
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which were contained in one particle at lower temperature,
have been driven to take the same orientation at higher
temperature. This conduces that the Pt crystallites within
a nanoparticle have matched the crystal lattice with each
other and behave as one crystallite.

The growth tendency of Pt nanoparticles appears a
step-like characteristic as shown in Figure 9. Similar char-
acteristic was also presented by high-temperature TEM
observation [5]. The largest growth rate are, respectively,
350 ◦C and 250 ◦C for crystallites and nanoparticles,
which can be estimated by taking the maximum of the
first order derivative of size vs. temperature, respectively,
from XRD and SAXS results. The largest aggregation de-
gree of multiple crystallites to one nanoparticle occurs at
300 ◦C. These are consistent with the thermal decompo-
sition temperature of PVP [31].

At the initial temperature, the particle growth is quite
slow. With temperature increasing, the particle growth is
accelerated. At higher temperature, the particle growth
is almost stopped. This change of particle size with tem-
perature is tightly connected with the growth mechanism.
Generally speaking, there are several growth modes coex-
isting in the heating process. Oswald ripening, aggrega-
tion and agglomeration are the main manners. According
to our SAXS and XRD results, the growth of Pt nanopar-
ticles can be divided into three stages. At the initial stage
of heating, PVP is coated on the surface of Pt nanopar-
ticles to form a barrier of nanoparticle growth. Oswald
ripening is the main manner of nanoparticle growth. The
atoms are transported from the particles smaller than the
critical size to the particles larger than the critical size,
which makes the smaller particles disappear and the larger
ones grow up. The critical size is dependent on the tem-
perature, surface energy and volume energy of a particle.
The smaller particles under critical size are not stable.
Therefore, this Oswald ripening is quite slow. When the
temperature increases further, the nanoparticle growth
goes into the second stage. PVP is gradually burnt off,
and aggregation becomes the principal growth manner.
In this moment, the temperature is high enough to drive
the crystallites aggregating together, which accelerates
the growth of nanoparticles. At the same time, the num-
ber of nanoparticles decreases and the spacing between
nanoparticles increases. At higher temperature, evapora-
tion [32] and agglomeration become the main growth man-
ner, and nanoparticle growth goes into the third stage.
Because of the long distance between particles and the
steric hindrance from the support materials, the nanopar-
ticles’ aggregation is difficult. Although the high tempera-
ture promotes the atomic evaporation and agglomeration,
the larger spacing between particles makes the growth of
particle slow or almost stopped.

The particle size obtained from SAXS is a little larger
than that obtained from TEM for Pt nanoparticles at
room temperature. The reason is that the Pt nanopar-
ticles are coated by PVP at temperature below 200 ◦C,
the scattering intensity came from PVP coating can not
be reasonably removed. As the temperature is higher than
200 ◦C, the PVP coating layers around Pt nanoparticles

are partially broken or completely burned off, which makes
the Pt nanoparticles naked to each other. This is consis-
tent with the aggregative temperature of Pt nanoparticles
starting at 200 ◦C.

5 Conclusion

In this paper, the TBT method of SAXS data analysis
has been discussed and improved, which can be used to
deduce the sample’s PSD. In situ SAXS and XRD tech-
niques have been used to probe the size change of PVP-
coated Pt nanoparticles with temperature. The conclusion
can be summarized as follows:

1) The improved TBT method of SAXS data analysis can
be effectively used to extract the discrete or continuous
PSD from SAXS intensity. The error of this method is
about 10%.

2) PVP-coated Pt nanoparticles have been well prepared.
In situ SAXS and XRD experiments during heating
identify that these nanoparticles’ growth experience
three stages, i.e., the initial Oswald ripening stage, the
middle aggregation growth stage, and the final evapo-
ration and agglomeration growth stage.

3) Combining in situ SAXS and XRD experiments dur-
ing heating, the growth modes of nanoparticles can
be effectively judged according to the change of parti-
cle size and crystallite size with temperature. During
heating, aggregation is the main growth mode of the
PVP-coated Pt nanoparticles.

4) The size change of nanoparticles and nanocrystallites
with temperature presents a step-like characteristic.
The largest growth rates for Pt nanoparticles and crys-
tallites are, respectively, 250 ◦C and 350 ◦C. Moreover,
the largest aggregation degree for PVP-coated Pt crys-
tallites occurs at 300 ◦C.
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Program (kjcx3.syw.n8) of Chinese Academy of Sciences.
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