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ABSTRACT: Dependent on the application or characterization
method catalysts are exposed to different gas pressures, which
results in different structures. The quantitative determination of
the structure and composition of a catalyst as a function of its gas
environment allows the establishment of structure−performance
relationships. Herein, we determine the structure of a platinum−
titania catalyst under hydrogen during temperature-programmed
reduction over 3 orders of magnitude in pressure, from 1 to 950
mbar. The pressure significantly influences the hydrogen uptake
kinetics and the consecutive structural transformations of the
platinum−titania catalyst. The reduction of the platinum precursor
becomes pressure-independent above 30 mbar. Yet, the related
spillover and stability of adsorbed hydrogen on the titania are a
function of pressure. Higher pressures promote higher hydrogen uptake and prevent desorption of hydrogen from the catalyst. The
hydrogen uptake triggers a phase transformation of anatase to rutile which is, as a result, pressure dependent. The presented
systematic approach establishes a pressure−structure relation which can be applied for the catalyst treatment and to frame existing
results on the catalytic system. Treating the same material at two different pressures will lead to different structures.

■ INTRODUCTION
The performance of a material depends on the structure it has
under the conditions of operation. For example, heterogeneous
catalysts are developed for a specific chemical transformation.
To relate their structure to their performance, an under-
standing of the structure under the process conditions is
required. Based on this structure−performance relation,1−3 the
catalyst and process can be improved by a rational
modification of the catalyst formulation, the pretreatment,
and the process conditions. In the past decades, in situ and
operando characterization methods emerged, which provide
detailed structural information about a catalyst while being
exposed to relevant conditions.4 Some of those techniques
especially those which rely on electron detection or use
electrons as a probesuffer limitation with respect to the
maximum applicable pressure. The routinely applicable
pressure of ambient pressure X-ray photoemission spectrosco-
py (XPS) is in the 1−50 mbar range,5 and in situ transmission
electron microscopy operates commonly at a pressure of 1
bar.6 Often, however, much lower pressures are employed.7,8

Because some of the most important industrial applications of
catalysts require pressures of well above 10 bar,9−11 a gap
between in situ characterization and real-life process conditions

exists.12 This pressure gap problem is well-known.13 The
prediction of the structure as a function of pressure is
nontrivial. Thermodynamics dictates what the possible
structures are; however, the thermodynamically most stable
structure may not evolve within a reasonable time scale
because transformation kinetics can be strongly pressure
related. Consequently, the pressure gap represents also a
materials gap. Yet, systematic studies on the effect of pressure
on real catalysts are rare.14 Recently, we performed such a
systematic study for the copper−zinc−alumina catalyst and
showed how seemingly contradicting theories on the catalyst’s
active state can be traced back to the pressure gap to a large
extent.15 Such investigations have to be expanded to other
catalytic systems.
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Platinum nanoparticles supported on metal oxides catalyze
essential catalytic hydrogenation and oxidation reactions.16,17

Reduction in a hydrogen atmosphere is in many such
applications a pretreatment to transform platinum into the
active metallic state. Especially when platinum is supported on
reducible metal oxides like titania (titanium(IV) dioxide), the
interaction between metal and support can result in a variety of
structural transformations. Potentially most prominent is the
encapsulation of platinum by a thin titania overlayer when a
platinum−titania catalyst is exposed to hydrogen at elevated
temperature,18,19 the so-called strong metal−support inter-
action (SMSI). Varying the reduction temperature alters the
structure of the catalyst to an extent that, for example, the
catalytic selectivity is affected.20,21 It is illusive to assume that
such transformations are independent from the applied partial
pressure of hydrogen given the kinetic and thermodynamic
dependence of any material transformation.
To understand to which degree the interaction of hydrogen

with a platinum−titania catalyst depends on the pressure, here,
we cross the hydrogen pressure range by 3 orders of magnitude
from 1 to 950 mbar by using temperature-programmed
experiments. Two platinum loadings (0.5 and 1.0 wt % Pt/
TiO2) were compared to evaluate the influence of the surface
density of platinum. At low temperatures (<523 K), the
behavior is independent of the hydrogen pressure; however,
beyond 573 K a different interaction behavior is found which
leads to differences in the resulting structure of both platinum
and titania.

■ METHODS AND MATERIALS
Sample Preparation. Titanium(IV) dioxide Aeroxide P25

(Acros Organics (ACR)) was used as support material. The
titanium dioxide was calcined in static air in a muffle furnace at
873 K for 12 h. After calcination, the support BET surface area,
determined via nitrogen physisorption, was 48 m2 g−1. Two
platinum-loaded materials were synthesized with a platinum
loading of 0.5 and 1.0 wt %. Electrostatic adsorption was used
to deposit the platinum precursor (tetraammineplatinum(II)
nitrate, 99.995%, Sigma-Aldrich) on the titanium dioxide
surface. The respective amount of precursor was dissolved in
ultrapure water, the amount of which was adjusted to the
support surface area (5000 m2 L−1). Then the pH value of the
solution was adjusted by using ammonia to an initial pH value
of 14. The titanium dioxide was added to the aqueous solution;
the flask was covered and stirred for 24 h. Then the cover was
removed to slowly evaporate water for 48 h. Finally, the
materials were calcined at 623 K in static air for 1 h (heating
ramp 5 K min−1).
Temperature-Programmed Reduction (TPR). The

application of a temperature−conductivity detector (TCD)
in combination with precondensation of water allows
quantification of the hydrogen uptake. Reduction experiments
in a hydrogen atmosphere were performed with a Micro-
meritics AutoChem HP analyzer equipped with a temper-
ature−conductivity detector (TCD). For each experiment, a
total flow of gas was kept at 10 mL min−1. During the analysis,
the gas flowed through a cold trap cooled with an ice−liquid
slurry of isopropanol (184 K) to condense water produced by
the reduction before the gas reaches the TCD detector. For
each experiment 100−160 mg of the material was loaded into a
U-shaped stainless-steel reactor tube. The sample was fixed
between two quartz wool plugs. Prior to each TPR experiment,
the sample was pretreated under a flow of He (50 mL min−1)

for 30 min at 373 K (ramp 20 K min−1) to desorb loosely
bound water from the sample surface. Subsequently, the
sample was cooled to 223 K and equilibrated for 30 min. Then,
the gas atmosphere was changed to 950 mbar of hydrogen, and
the sample was exposed to that mixture for 30 min at 223 K.
This low-temperature pretreatment was applied to perform the
TPR experiments from a common starting point. After this
treatment the gas atmosphere was switched to a gas mixture of
the desired partial hydrogen pressure. Consequently, the
sample environment was allowed to equilibrate for 20 min.
Then the TPR experiment was started, and the sample tube
was heated to 973 K with a heating ramp of 10 K min−1. The
different gas compositions were produced by using three
different hydrogen mixtures, i.e., 0.01% H2/He, 10% H2/Ar,
and 95% H2/Ar. These gas mixtures were used for a partial
hydrogen pressure of 1, 100, and 950 mbar. The partial
pressure of 30 mbar was produced by mixing the 10% H2/Ar
gas with Ar with a ratio of 3:7. The total flow was kept constant
at 10 mL min−1 for each experiment. The experiments were at
minimum performed twice to ensure reproducibility.

Transmission Electron Microscopy (TEM). TEM micro-
graphs were acquired by using a JEOL Grand ARM 300
aberration-corrected microscope operating at 300 kV. The
average size distribution was analyzed with the ferret diameter
of elliptical shapes (N = 200).

In Situ X-ray Photoemission Spectroscopy (XPS). In
situ XPS measurements were performed at the X07DB In Situ
Spectroscopy beamline (Swiss Light Source, Villigen, Switzer-
land). The powder samples were dispersed in ultrapure water
and drop-casted on a silver foil (Aldrich, 99.99% purity). The
samples were introduced into the solid−gas interface end
station, which allows dosing of gas under flow conditions.5,22

Ultrapure gases were dosed by means of mass flow controllers
and pumped away with a tunable diaphragm valve connected
to a root pump. This allows the dosing of gas flows and a
control of the pressure during the experiments. The pressure
was monitored by means of Baratron measurement heads. The
purity of the gases and the switches from oxygen to nitrogen to
hydrogen were controlled by a quadrupole mass spectrometer
(QMS), located in the second differential pumping stage of the
analyzer. The samples were heated by using a tunable infrared
laser (976 nm, maximum power 25 W), which hit the back of
the sample, and the temperature was monitored with a Pt100
sensor. Photoemission spectra were acquired with linearly
polarized light by using an excitation energy of 1000 eV at a
pass energy of 20 eV. The resulting spectra were fitted by using
a Shirley background and by using a Gaussian−Lorentzian
peak shape with an applied asymmetry for the metallic
platinum Pt 4f peak. The asymmetry parameters were
determined fitting a pure platinum foil measured in the same
instrument under vacuum conditions.

X-ray Diffraction (XRD). Powder XRD was performed on
a lab-b d XRD X’P Pro device from Malvern Analytical
equipped with a copper X-ray source (Cu Kα = 1.54 Å).

■ RESULTS
Figure 1 shows the temperature-programmed reduction (TPR)
profiles of the two Pt/TiO2 catalysts and a titania P25
reference sample at four different hydrogen pressures.
Hydrogen uptake can occur either via adsorption and/or
incorporation of hydrogen into the catalyst structure or by the
formation of water following the removal of oxygen from the
catalyst. However, the TCD signal is always a superposition of
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hydrogen desorption and hydrogen uptake.23 Therefore,
negative hydrogen uptake can be detected and corresponds
to the release of hydrogen from the catalyst. An examination of
the TPR profile of pure titania (P25) under 950 mbar of
hydrogen shows no significant hydrogen uptake below 773 K
(Figure 1). Beyond this temperature, there is a low uptake,
which increases with temperature. The platinum−titania
catalysts show a very different behavior. Already at low

temperatures there is much higher hydrogen uptake observed
which continues over the full temperature range with
distinctive uptake features. Below 473 K, the TPR shows
similar peak shapes at pressures of 30 mbar and above. The
exceptional case of 1 mbar will be discussed at a later point.
Between 273 and 373 K, the first major hydrogen uptake
occurs for both platinum loadings. This uptake is composed of
two peaks: one sharp peak at 290−315 K and a second broader
one with the center at 330−380 K. The total uptake of this first
region is around 0.052 and 0.031 mmolH2 g

−1 for the 1.0 and
0.5 wt % Pt catalyst, respectively. This corresponds to a
hydrogen to platinum ratio of 1.1 and 1.2 for 1.0 and 0.5 wt %.
The hydrogen uptake is potentially not exclusively due to
platinum oxide reduction; hydrogen spillover to the support or
interfacial reduction of the titania can also contribute to this
hydrogen uptake.24,25

In between 393 and 493 K, the hydrogen uptake drops to
zero at all pressures. Beyond this temperature, hydrogen
uptake is increasing again. At 950 mbar of hydrogen, this
occurs at the lowest temperature and at increasingly higher
temperatures with lower pressure. The uptake can be
characterized by a broad peak spanning about 100 K.
Following this peak, the reduction pattern depends on the
applied hydrogen pressure. At 30 mbar, the initial uptake peak
is followed by a negative uptake signal which indicates that
hydrogen is released from the sample by desorption. At 100
mbar, the uptake signal is slowly decreasing over the
experiment, however always being positive. Only at 950
mbar is the uptake continuously increasing up to the maximum

Figure 1. Temperature-programmed reduction. Hydrogen uptake
profiles of 0.5 and 1.0 wt % Pt/TiO2 during heating at different
hydrogen partial pressures. As a reference TiO2 P25 sample at 950
mbar.

Figure 2. Catalyst structure. Representative TEM micrographs of the platinum−titania catalysts after the TPR experiment at the respective
pressure: (a) 0.5 wt % Pt/TiO2 after TPR to 700 °C at 1 mbar of hydrogen; (b)1.0 wt % Pt/TiO2 after TPR at 1 mbar of hydrogen; (c) 0.5 wt %
Pt/TiO2 after TPR at 700 mbar of hydrogen. (d) Platinum particle size distributions (N = 200) after the TPR. (e) Ex situ X-ray diffraction patterns
of the 0.5 wt % Pt/TiO2 catalyst after the H2-TPR to 973 K. (f) Phase transformation of anatase to rutile titania can be observed, which is depicted
as the fraction of rutile present in titania. As reference, bare titania is also displayed after calcination and after the H2-TPR at 950 mbar and 973 K.
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studied temperature of 973 K. While the amount of hydrogen
uptake below 373 K is almost linearly dependent on the
platinum content, the high-temperature features show only a
weak dependence of the platinum content.
At 1 mbar and temperatures below 473 K, the 1.0 wt % Pt

catalyst shows a similar behavior compared to the higher
pressures. However, the uptake is now characterized by three
peaks instead of two. This shows that there are certain
consecutive reduction processes which are better revealed or
present at 1 mbar. At higher temperature, the uptake level is
much lower compared to all other pressures and approaches
zero as the measurement reaches 973 K. The 0.5 wt % Pt
catalyst strongly deviates in its reduction behavior. There is
only a very small hydrogen uptake peak at 373 K, and the first
significant uptake is observed at the much higher temperature
of 673 K. Beyond this feature, the uptake behavior follows the
one of the 1.0 wt % Pt catalyst at 1 mbar.
To correlate these observations to structure, the catalyst was

examined by means of scanning transmission electron
microscopy (Figure 2a−d). Here, after the TPR experiments
of most extreme cases (1 and 950 mbar), the catalysts were
examined for their respective platinum nanoparticle sizes. The
micrographs revealed in all cases a homogeneous distribution
of small platinum nanoparticles. The particle size after
reduction of the 1.0 wt % Pt catalyst at 950 mbar was 0.1−
0.2 nm larger (1.7 ± 0.5 nm) compared to their 1 mbar
counterpart (1.5 ± 0.4 nm for 0.5 wt % Pt and 1.6 ± 0.4 nm
for 1 wt % Pt), hardly significant. This indicates that the
hydrogen pressure only has a minor influence on the degree of
sintering. To get a deeper understanding of the trans-
formations which may occur within the titania structure, ex

situ X-ray powder diffraction (XRD) patterns of the catalysts
after the TPR experiments were collected (Figure 2e).
The crystal structure of calcined titania P25 without

platinum was also studied after the reduction at 950 mbar.
After high-temperature reduction, the diffraction pattern of this
bare titania shows the characteristic anatase to rutile ratio for
P25 (Figure 2f). Among the samples with 0.5 and 1.0 wt % Pt
no differences in the diffraction pattern were observed; for
simplicity reasons only the 0.5 wt % Pt samples are shown. The
diffraction patterns show a decrease of the anatase reflections
between 37° and 39° and a rise of the reflections related to the
rutile crystal structure at 36.2°, 39.5°, and 41.5°. The
transformation of the anatase structure into rutile is
thermodynamically favored,26 and throughout the experiment
an increasing fraction of rutile is observed with increased
pressure (Figure 2f). Using 950 mbar of hydrogen, the
transformation of anatase is almost completed. The titania
structure consequently depends on the applied reductive
conditions.
To identify the chemical state of the initial platinum particles

and to capture potential surface reduction of the titania
support, in situ XPS was performed on the 1.0 wt % catalyst at
1 mbar of hydrogen, close to the maximum pressure which can
be routinely achieved at soft X-ray synchrotron beamlines. The
respective Pt 4f, Ti 2p, and O 1s spectra acquired at 1000 eV
photon energy and the evolution of the platinum speciation
achieved by spectra fitting are depicted in Figure 3. The initial
Pt 4f spectrum can be deconvoluted by three species, namely,
Pt0 at 71.1 eV, Pt2+ at 72.4 eV, and Pt4+ at 74.4 eV. Already the
initial spectrum shows a significant contribution of metallic
platinum (30%), while contributions from Pt2+ (42%) and Pt4+

(28%) can be found. This results in an averaged oxidation state

Figure 3. In situ X-ray photoemission spectroscopy of the 1.0 wt % Pt/TiO2 catalyst: Pt 4f (a), Ti 2p (d), and O 1s (e) spectra acquired in 1 mbar
of hydrogen while stepwise increasing the temperature. The spectra were collected at a photon energy of 1000 eV. (b) Fractions of Pt0, Pt2+, and
Pt4+ determined by peak fitting of the Pt 4f spectra. (c) Average oxidation state of platinum during the temperature-programmed reduction.
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of 2 (Figure 3c). That is well in line with the estimated
presence of PtO1.2 quantified by the TPR measurements. As
the temperature is increased, the resonances of Pt4+ almost
fully disappear when heated to 373 K, while those of Pt2+

undergo minor reduction. Further increase in temperature
leads to their consumption, and above 473 K only
contributions of metallic platinum are observed. This is in
good agreement with the observations made by the TPR
measurements. Consequently, hydrogen uptake beyond 473 K
can be attributed to interaction with the titania substrate.
However, the Ti 2p spectra do not show any sign of Ti3+ at any
temperature up to 873 K (Figure 3d), which would represent a
low-energy feature at around 457 eV.27 Also, the O 1s spectra
(Figure 3e), which is sensitive to the presence of hydroxyls,
showed the initial presence of a small low-energy peak which
can be associated with the formation of hydroxyls; however, at
373 K this peak decreased in intensity, and the spectra
remained unchanged throughout all studied temperatures.

■ DISCUSSION

The comparison of titania P25 with Pt/TiO2 (Figures 1 and
2e) shows that the platinum−titania interface has to be present
to trigger pronounced titania reduction by hydrogen. The
gained understanding on the structural transformations which
occur during reduction within Pt/TiO2 can be discussed in a
quantitative manner. The integration of the TPR profiles yields

the cumulated hydrogen uptake of the various experiments
(Figure 4). This allows direct comparison of the experiments
performed at different pressures. As the average initial
oxidation state was determined to be 2, the ratio of hydrogen
to platinum necessary to fully reduce platinum is 1:1;
consequently, the gray dashed line in Figure 4 shows this
nominal ratio. As already seen, qualitatively in Figure 1, the
initial reduction of platinum in between 273 and 423 K is
virtually the same for all pressures. This can be explained by
the high adsorption energy of hydrogen on platinum and
platinum oxide, making the initial reduction process close to
zero order in the studied pressure range. The two peaks
contributing to the reduction may be related to the reduction
of Pt4+ species and consequently the reduction of Pt2+ species
as seen by XPS.
Beyond the platinum reduction, the hydrogen pressure has a

strong influence on the further uptake of hydrogen. At 30 mbar
and above, the hydrogen uptake slightly exceeds the amount
necessary for platinum reduction. This uptake can be assigned
to interfacial reduction and hydrogen spillover. As the
temperature is increased, the samples treated at 30 and 100
mbar show desorption of hydrogen from the sample. This was
previously observed in similar experiments.23 With rising
temperature, hydrogen adsorption is becoming less favorable
due to the increase of entropy in the gas phase. Therefore,
hydrogen can desorb in temperature-programmed experi-

Figure 4. Hydrogen uptake. Total hydrogen uptake for the 1.0 wt % (a) and 0.5 wt % (b). The dashed line indicates the amount of platinum per
mass of catalyst for the two different weight loadings. (c) Schematic of the hydrogen-induced structural transformations ranked by their
dependence on the hydrogen pressure.
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ments. At 1 mbar, the 1.0 wt % Pt catalyst shows a similar
hydrogen uptake; however, the total uptake of hydrogen does
not exceed the nominal uptake necessary for platinum
reduction. This is in line with the absence of any Ti3+ in the
XPS signal.
As the temperature is further increased, the ion mobility in

the titania increases. It was reported that there is a strong
increase in ion mobility above 700 K.28 In this regime reduced
Ti3+ interstitials start to exchange with Ti4+ cations from the
bulk.28 In our experiments, we observe that the second strong
uptake of hydrogen starts to occur at 673 K for pressures of 30
mbar and above. Given that this is the onset temperature of
surface-bulk ion exchange, it seems that this mobility is
required to induce a further reduction of the titania. Only at
950 mbar is greater reduction already observed at lower
temperatures. For 30 mbar and at temperatures beyond 773 K,
a release of hydrogen was observed. Because of this release, the
total uptake in the 30 mbar case decreases, by 973 K, to the
level of the 1 mbar TPR. As described earlier, thermodynamic
stable hydrogen coverage is continuously decreasing when the
temperature is raised; however, a certain fraction of hydroxyls
remain stable up to the studied temperatures.29 Higher
hydrogen pressure stabilizes these hydroxyls, so at lower
pressure some of the hydroxyls decompose and desorb in the
form of hydrogen, while at higher pressures no desorption is
distinguished.
Based on the hydrogen uptake beyond a hydrogen to

platinum ratio of 1, the theoretical titania reduction can be
calculated. The Ti3+/Ti4+ ratio (Table 1) beyond 773 K shows
very similar values for both catalysts at each respective
pressure. This shows that the degree of reduction is
independent of the surface platinum concentration. However,
a platinum−titania interface is required since no comparable
reduction was observed in the absence of platinum. The Ti3+/
Ti4+ ratio is increasing with the pressure; this increase in
reduction is correlated to the observed anatase-to-rutile
transition, which also increases with hydrogen pressure.
However, the Ti3+/Ti4+ ratio does not exceed 1% (950 mbar,
973 K). Consequently, the detection of titania reduction in
powder catalysts is extremely challenging. In close agreement
with our data, electron paramagnetic resonance measurements,
which are sensitive to such low concentrations, quantified the
Ti3+/Ti4+ ratio to be 3.5 × 10−3 for similar catalyst and
reduction conditions.30,31 Surface-sensitive techniques like
XPS, however, currently suffer from the pressure limitations
to follow this process in situ as it becomes apparent when
comparing the present XPS data and the TPR data. Below 773
K negligible titania reduction occurs. Titania reduction at 1
mbar is observed beyond 773 K, a temperature where fast
surface-bulk exchange occurs and the majority of Ti3+ cations
will reside in the bulk, thus invisible for XPS.
Applying different pressures will lead to different structures,

and the pressure gap results in a materials gap. Yet, titania is
one of the classical systems studied by XPS in the past, and

numerous reports exist that report titania reduction seen by
XPS.32,33 However, in these studies, the reduction of titania is
usually not induced by molecular hydrogen but either by ion
bombardment or high-temperature annealing under ultrahigh-
vacuum conditions. Both procedures may have a much
stronger reductive influence on titania. In addition, very
often single crystals of titania surfaces were studied which
potentially results in a different interaction with hydrogen
compared to the complex structure of powder titania.
At 1 mbar, the behaviors of the two catalysts are

fundamentally different. At this pressure, distinctive differences
between the two weight loadings appear. At lower weight
loadings, platinum atoms occupy stronger adsorption sites.34,35

At 1 mbar, their difference in reducibility results in
substantially higher temperatures (ΔT = 300 K) for the 0.5
wt % catalyst compared to the 1.0 wt % catalyst. In opposition,
at hydrogen pressures 1 order of magnitude higher, those
differences vanish.
It has to be noted that the formation of an SMSI overlayer

around the platinum nanoparticles due to high-temperature
reduction is very likely to occur.19,20,36 Such an overlayer will
influence the behavior of hydrogen adsorption and spillover.
The degree of overlayer formation and its structure are a
complex function of temperature and hydrogen pressure. A
detailed investigation of this phenomenon exceeds the frame of
this work and has to be addressed in the future to unify specific
findings in the field of overlayer formation.

■ CONCLUSION

In summary, there is an omnipresent effect of hydrogen
pressure on the hydrogen uptake kinetics and the consecutive
structural transformations of platinum−titania catalysts (Figure
4c). The reduction of the platinum oxide phase becomes
pressure-independent at pressures above 30 mbar. Yet, the
related spillover of hydrogen and its stability on the titania are
a function of pressure. Higher pressures promote higher
hydrogen uptake and prevent desorption of hydrogen from the
catalyst. At around 673 K, the major hydrogen uptake due to
titania reduction occurs at all pressures; this temperature
correlates to the onset of high ion mobility in titania. The
degree to which this proceeds is dependent on the pressure.
Finally, the transformation of the anatase phase into the rutile
phase of the titania support strongly depends on pressure; the
higher the hydrogen pressure, the larger the extent of
transformation. Comparing the same material studied at two
different pressures will lead to different structures and
consequently may produce seemingly contradicting results.
As shown here, methods that can bridge such pressures help to
align and harmonize such findings. In addition, such findings
allow the adjustment of treatment and/or reaction conditions
to a desired material state.

Table 1. Ti3+/Ti4+ Based on the Hydrogen Uptake beyond 473 K

Ti3+/Ti4+ ratio at 773 K Ti3+/Ti4+ ratio at 873 K Ti3+/Ti4+ ratio at 973 K

hydrogen partial pressure (mbar) 0.5 wt % 1.0 wt % 0.5 wt % 1.0 wt % 0.5 wt % 1.0 wt %

1 1.0 × 10−3 8.2 × 10−4 2.3 × 10−3 1.6 × 10−3 2.4 × 10−3 2.1 × 10−3

30 2.4 × 10−3 2.3 × 10−3 2.7 × 10−3 2.3 × 10−3 2.4 × 10−3 1.2 × 10−3

100 5.9 × 10−3 6.1 × 10−3 7.7 × 10−3 8.4 × 10−3 9.4 × 10−3 9.0 × 10−3

950 5.9 × 10−3 6.1 × 10−3 8.4 × 10−3 9.8 × 10−3 1.2 × 10−2 1.5 × 10−2
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