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Abstract—In situ X-ray diffraction and spectroscopic methods for direct contactless measurement of the tem-
perature of nanoparticles of the active component in operating supported catalysts are considered. These meth-
ods have provided convincing evidence that the temperature of nanoparticles of the active component may dif-
fer significantly from the support temperature during a very exothermic reaction.

The temperature of the active component of a cata-
lyst is the most important parameter of any catalytic
process. It is usually supposed that the temperature of
the active component of a heterogeneous catalyst is
equal to the catalyst grain temperature measured by
standard methods, e.g., with a thermocouple placed
near or inserted into a catalyst grain. However, in exo-
thermic catalytic reactions, heat is released primarily
on the active component of the catalyst. Therefore, for
supported metal catalysts, which are characterized by a
significant difference in thermal conductivity between
the active component and the inert support, there can be
a considerable overheating not only of the entire cata-
lyst grain relative to the environment, but also of the
active component particles relative to the support and
other catalytically inactive components of the grain.

The possibility of overall overheating of catalyst
grains and the effect exerted on this overheating by the
gas flow temperature and other reaction conditions
have been the subject of numerous studies. For exam-
ple, Slin’ko et al. [1, 2] studied, in detail, the tempera-
ture conditions under which catalyst grains operate in
hydrocarbon hydrogenation on Pt/Al,O;. Catalyst grain
temperature was directly measured with a thermocou-
ple. However, this method provides only the average
temperature of the grain in contact with the thermocou-
ple. When the catalyst is fine metal particles on a sup-
port surface, standard contact methods cannot measure
the temperature of these particles independently of the
support.

Kellow and Wolf [3] performed direct in situ IR
thermography of the surface of a Pd/SiO, catalyst and
demonstrated the nonuniformity of the spatial tempera-
ture distribution on the surface of this catalyst in CO
oxidation. However, the low spatial resolution and spe-
cific features of optical thermography prevented them

from correlating the temperature measured with the
phase composition of components of the catalyst and,
accordingly, from making inferences as to the tempera-
tures of individual surface phases in the operating cata-
lyst.

Nonetheless, quantitative estimates of the expected
overheating of particles of the active component in a
operating catalyst showed [4] that the overheating of
active metal particles relative to the inert support in
highly exothermic catalytic reactions can be tens and
even hundreds of degrees. Therefore, this overheating
can significantly affect the observed properties of the
entire catalyst. For example, for supported metal cata-
lysts for deep hydrocarbon oxidation (e.g., Pt/y-Al,O4
with a Pt particle size of about 10 nm), calculations pre-
dicted that the overheating of particles of the active
component of the catalyst relative to the inert support
can be up to 200 K at a support temperature of ~900 K.
It was experimentally shown [5, 6] that CO oxidation
on a number of Cu-, Pt-, Pd-, and Ni-containing sup-
ported catalysts is characterized by an ignition—extinc-
tion temperature hysteresis. The amplitude of this hys-
teresis ranges from 20 to 100 K and is assumed to be
also related to the overheating of active component par-
ticles.

Obviously, knowledge of the true temperature of the
active component in an operating catalyst is fundamen-
tally important to understanding the behavior of any
catalytic reaction. In particular, this is necessary to cal-
culate the activation energy or the expected process
rate.

There has been little progress in the field of direct
contactless measurement of particle temperature for
fine-particle active components in operating catalysts.
Nevertheless, there are X-ray diffraction and IR-spec-
troscopic methods suitable for contactless temperature
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measurement. X-ray diffraction methods either study
the temperature dependence of unit cell parameters for
a chosen phase of the active component of a supported
catalyst or measure the amplitude of thermal vibrations
of atoms of the metal phase in the catalyst during the
reaction. IR spectroscopy is based on the fact that all
heated bodies emit IR radiation whose parameters
depend on temperature.

The purpose of the present work was to develop and
experimentally test high-temperature X-ray diffraction
and IR emission spectroscopy methods for directly
measuring the true temperature of nanoparticles of the
active component in supported catalysts.

EXPERIMENTAL

The X-ray diffraction method was tuned using a
15% Ni/SiO, catalyst, which is active in the exothermic
reaction of CO hydrogenation [7]. The catalyst was pre-
pared by precipitation from an aqueous solution of
nickel nitrate with subsequent thermolysis of the pre-
cipitate to nickel oxide in flowing argon at 500°C and
activation in flowing hydrogen at ~500°C. The active
component of the catalyst was nanocrystalline particles
of nickel metal with a mean size of (20 + 2) nm, which
were distributed over the surface of amorphous silica
gel with a specific surface area of ~100 m%/g.

IR emission spectroscopy was carried out on the fol-
lowing catalysts: an Ni/SiO, catalyst similar to the cat-
alyst used in the X-ray diffraction study, Ni/MgO con-
taining 50% Ni, Co/Al,O; containing 20% Co, and a
Pt/glass cloth catalyst that contained 0.1 wt % Pt and
was obtained by impregnating preleached glass fibers
with an Na,[Pt(NH;),] solution at room temperature
[8]. A catalyst powder was compacted into pellets, and
then a catalyst pellet or a glass cloth disk was secured
in a cell.

X-ray Diffraction Study

The x-ray diffraction study was performed with a
Siemens D-500 X-ray diffractometer (Germany) using
Cu(Mo)K,, radiation and a graphite monochromator for
the diffracted beam. High-temperature experiments
were carried out in an X-ray reactor chamber [9], which
was mounted on the diffractometer and allowed one to
make measurements at temperatures up to 500°C in
flowing gas mixtures at controlled heating and gas flow
rates. Samples placed in the reactor chamber were pre-
heated in flowing hydrogen to 450°C to remove the
oxide film from the surface of metal particles and then
cooled to 200°C. Next, a reaction mixture containing
50 vol % CO and 50 vol % H, was admitted to the sam-
ple being heated in flowing hydrogen. The mean sam-
ple temperature was recorded with a Pt/PtRh thermo-
couple welded to the bottom of the metallic sample
holder. Special experiments showed that, for a 0.3-mm-
thick sample pressed into a stainless steel cell, the tem-
perature difference between the diffracting surface of
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the sample and the bottom of the sample holder was no
larger than 5 K.

X-ray diffraction patterns were recorded at 20 =
25°-105° by pointwise scans in 0.02° steps. Unit cell
parameters were determined from five reflections in the
scan range and were refined by least squares according
to a published procedure [10]. The accuracy of the
determination of the nickel unit cell parameter for the
sample studied was da = £0.0002-0.0005 A. Integral
reflection intensity was estimated with a relative accu-
racy of £5%. While the sample was heated in flowing
hydrogen or reaction mixture at a heating rate of
5 K/min, its temperature was measured with a thermo-
couple and X-ray diffraction was recorded at 25-K
intervals in the temperature range 200—450°C.

IR-Spectroscopic Study

For experiments using IR emission spectroscopy, a
special cell was made, which served as a plug-flow cat-
alytic reactor (Fig. 1). An internal KBr window was
necessary to prevent gas cooling on the external KBr
window. Two resistance heaters were used, one of
which was mounted directly on the cell and the other
served for preheating the incoming gas. The tempera-
tures of the incoming reaction mixture and of the sam-
ple, measured with thermocouples, were maintained
constant.

A flowing reaction mixture preheated to the sample
temperature was admitted to the sample. If CO hydro-
genation was studied, the reaction mixture consisted of
33 vol % CO and hydrogen, and if CO oxidation was
investigated, the reaction mixture consisted of 2 vol %
CO and air. The flow rate of the reaction mixture was 6
or 10 I/h. To measure CO conversion, the gas leaving
the cell was passed through a gas analyzer cell. The
products were analyzed by IR absorption spectroscopy
on a Shimadzu FTIR 8300 Fourier-transform IR spec-
trophotometer (Japan); all spectra were recorded by
making 50 scans at a resolution of 4 cm™.

The cell was put into the place of the radiation
source of a Spectrolab Interspec 2020 IR spectropho-
tometer, and the emission spectra of the sample were
recorded at different thermocouple-measured sample
temperatures. The reference spectra were the emission
spectra of the sample at the same thermocouple-mea-
sured temperatures in an inert atmosphere. The emis-
sion spectra of the catalyst were recorded by perform-
ing ten scans (at an acquisition time of 80 s) at a reso-
lution of 4 cm™.

The spectra were recorded at thermocouple-mea-
sured temperatures of 150-400°C at intervals of 20 or
50 K.
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Fig. 1. IR-spectroscopic temperature measurement cell.

RESULTS AND DISCUSSION

Separate Measurement of the True Temperature
of a Chosen Phase by in situ X-ray Diffraction

Temperature determination from the tempera-
ture dependence of unit cell parameters. Heating of
a substance is accompanied by its thermal expansion
and, as a consequence, a change in the unit cell param-
eters and size. Analysis of this change is widely used to
determine the thermal expansion coefficients of sub-
stances [11].

In temperature determination from the temperature
dependence of unit cell parameters, it is necessary to
find the positions of diffraction peaks in an X-ray dif-
fraction pattern and then calculate the interplanar spac-
ings d, which are related to unit cell parameters by
quadratic expressions. For example, for cubic symme-
try, 1/dy,, = (h* + k2 + P)/a?, where a is the unit cell
parameter and A, k, and [ are Miller indices [12]. The
temperature dependence of the parameter a for many
substances, including catalytically active metals, is
reported in some handbooks (see, e.g., [13]). Thus, a
comparison of the function a(7) determined in situ dur-
ing a reaction with the function a(7) found in an inert
medium or with reference a(T) data allows one to deter-
mine the change in a during the reaction and, accord-
ingly, the true temperature of the active component in
the operating catalyst.

Figure 2 presents until cell parameter data for metal-
lic Ni in the catalyst Ni/SiO, as a function of the aver-
age catalyst temperature between 200 and 450°C in a
nonreactive medium of pure hydrogen (curve /) and in
a reactive mixture of CO and H, (curve 2). Figure 2
shows that, upon heating in the hydrogen medium to
450°C, the lattice parameter a of metallic Ni increases
linearly with temperature. At a thermocouple-measured
grain temperature of 200°C, the unit cell parameter a of
Ni in the reaction mixture of CO and H, almost coin-
cides with that in hydrogen at the same temperature.
However, as the mean catalyst temperature increases to

450°C, there is a gradually increasing excess of the Ni
unit cell parameter a over its value in hydrogen. This
excess is significantly larger than the measurement
error. Under our experimental conditions, the error 6a
of determination of a was (2-5) x 10~ A, which is sev-
eral times smaller than the total observed excess of the
parameter a ((12-27) x 10# A). It is reasonable to
assume that the excess of the Ni unit cell parameter a in
the CO + H, medium over its value in pure hydrogen is
a consequence of the overheating of the active compo-
nent because of the heat release in the exothermic CO
hydrogenation reaction

CO +3H, —~ CH,

€9)
+H,0 — 210 kJ/mol (A,Hjg).

Below, one can find the excess Aa of the unit cell
parameter a of metallic nickel in the Ni/SiO, catalyst
upon heating in the CO-H, medium over its value upon
heating in pure hydrogen and the corresponding over-
heating AT relative to the thermocouple-measured cat-
alyst grain temperature 7.

T,°C 250 300 350 400
Aa, A 0.0009 0.0013 0.0022 0.0029
AT, °C 28 44 58 77

Note that the accuracy of determination of the unit
cell parameter a, da = (2-5) x 10 A, corresponds to
the accuracy of determination of catalyst overheating,
0T =8-10 K.

The temperatures of the active component (metallic
nickel) directly measured in the CO + H, medium are
indicative of its overheating, which gradually increases
with an increase in the catalyst grain temperature and
reaches ~80°C at a catalyst grain temperature of
400°C.

Previously [14], using a similar method, we separately
measured the temperatures of the active component and
the support for Ni/MgO catalyst in reaction (I). Since
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both components of this catalyst were in the crystalline
state, it was possible to separately measure the true
temperature of not only the active component but also
the support. However, the accuracy of determination of
the unit cell parameters and temperature for the
Ni/MgO catalyst turned out to be much lower than that
for the above Ni/SiO, catalyst. This was because of
smaller nickel particle size (6—8 nm) and lower nickel
content (<10 at. %) of the Ni/MgO catalyst, which led
to lower accuracy of determination of both the unit cell
parameter (0a = 30 x 10* A) and temperature
(8T = 25°C).

Obviously, to use the method proposed for direct
separate measurement of the temperatures of the active
component and the support, it is necessary that both
components be crystalline. Unfortunately, the supports
in most catalysts are amorphous to X-rays. In this case,
one can measure only the temperature of the active
component, which is crystalline. The sensitivity and
accuracy of the method proposed for direct contactless
temperature measurement depend on the accuracy of
measurement of unit cell parameters. In turn, this is
determined by the concentration of the active compo-
nent, the size of its particles, the diffraction power of its
atoms, and lattice symmetry. For catalysts with devel-
oped surface, small particle sizes of the active compo-
nent, and low concentrations of the finely dispersed
active component, accurate measurement of the param-
eter a may be impossible. Therefore, the most suitable
objects to be studied by the method proposed are sup-
ported metal catalysts containing metals with high dif-
fraction power, e.g., platinum group metals crystalliz-
ing in highly symmetric structures with the closest
packing of atoms (it is desirable that the metal concen-
tration exceed 10 at. %).

Temperature determination from the tempera-
ture dependence of the amplitude of thermal vibra-
tions of atoms under real conditions. Another X-ray
diffraction method for direct temperature measurement
is based on studying the temperature dependence of the
amplitude of thermal vibrations of atoms in the crystal
lattice.

X-ray diffraction theory says that the thermal vibra-
tions of atoms in crystals decrease the intensity of dif-
fraction peaks according to the law exp(—2Bsin?6/A?),
where B = 8/31%(u?), 0 is the reflection angle, A is the

radiation wavelength, and «/ (u”) is the amplitude of
thermal vibrations of atoms (the root-mean-square dis-
placement of atoms from equilibrium because of ther-
mal vibrations, a function of temperature) [15]. The
temperature of a scattering object can be found by com-
paring the measured root-mean-square displacements
with the displacement predicted by the Debye formula
[16]

() = ORPT/ATmk@ [ D(x) + x/4], (1)

where x = ©/T; O is the characteristic temperature of
the crystal, which is determined by the interatomic
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Fig. 2. Unit cell parameter a of metallic nickel nanoparticles
in the catalyst Ni/SiO, in (/) a nonreactive medium of pure
hydrogen and (2) a reactive mixture of CO + H, vs. average
thermocouple-measured temperature upon heating of the
sample.

forces in the crystal [16]; T is the absolute temperature
of the scattering object; & is Planck’s constant; m is the
weight of a scattering atom; & is the Boltzmann con-
stant; and @(x) is the Debye function (see [16]).

The characteristic temperature © of crystals is well
known for many pure and well-crystallized metals (see,
e.g., [16, 17]).

Curve ] in Fig. 3 presents the +/{u’) versus T plot

calculated for large-crystal Ni° for which ® = 375 K
[17].

To determine the amplitude »/ (u®) of root-mean-
square displacements or the characteristic temperature
O, one can use a published procedure [18] based on
measuring the integral intensity of diffraction lines over
a wide angle range. The integral intensity / of a diffrac-
tion line is expressed as

I(hkl) = [,CHLPGF ﬁk, exp(—2Bsin’6/\?), 2)
where [, is the intensity of the primary X-ray beam,
LPG is the angular factor, H is the multiplicity factor, C

is the absorption factor, F’ ik ; 1s the structure factor, and
exp(—2Bsin®0/\?) is the temperature factor [12, 18].

If the structure of the object is known, all terms in
expression (2), except I, and exp(-2Bsin?0/A?), can be
calculated.

Denoting K = CHLPGF Zk,, we obtain

I(hkD)/K = Iyexp(—2Bsin?0/\2), A3)
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Fig. 3. Calculated amplitude »/ (uz) of thermal vibrations
of nickel atoms at ® = (/) 375 and (2) 280 K vs. T. The plus

(+) and cross (x) signs denote the experimental «/ (uz)
value at a thermocouple-measured temperature of 400°C in
an unreactive medium of pure hydrogen and a reactive mix-
ture of CO and H,, respectively.

whence In{I(hkl)/K} = Inl, — 2Bsin’0/A%.

Thus, the experimental function /(2kl) should be lin-
earized in the anamorphoses In{I(hkl)/K } ~— {sin’0/A?}.
From the slope of the straight line, one can find B and,

(u”) and then calculate © from Eq. (1).

As an example, Fig. 4 presents the I versus sin’6/A?
plot linearized on these coordinates, which was used to
determine the parameter © for a hydrogen-prereduced
Ni/SiO, sample with a coherently scattering region of
~20 nm for Ni in air at room temperature. The © value
determined from Fig. 4 for this sample is 280 + 5 K,
which differs significantly from the reference data [17]
according to which © for bulk nickel is 375 K.

The observed discrepancy in © is probably related
to the particle size of nickel. Indeed, it is well known
that crystallite size has an effect on many physicochem-
ical properties of solids, including interatomic forces
[19, 20]. For example, it is reported that ® for nano-
sized nickel is 293 £ 7 K [20], while ® = 375 K for
coarse nickel crystals.

For metals in supported catalysts, the metal particle
size is small and the coherently scattering domains are
much narrower than 100 nm; for the sample studied, the
coherently scattering domain is ~20 nm. Therefore, the
application of the method proposed is complicated by
the necessity of additionally determining the character-
istic temperature © of a substance under investigation
at a particle size of interest. Figure 5 shows how the
characteristic temperature ® depends on the Ni particle

hence,
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Fig. 4. Experimental In/(kkl)/K vs. sinze/k2 data for nickel
metal nanoparticles in the catalyst Ni/SiO, in air at room
temperature (MoK, radiation).

size in the range from 5 to 30 nm [21]. It is seen that, in
this range, the characteristic temperature indeed
depends on the Ni particle size. According to these data,
for Ni particles with the coherently scattering domain
~20 nm, O is also close to 280 K. This tendency for ©
to decrease with decreasing the particle size is also
characteristic of other nanocrystalline materials
[19, 20].

After finding ©, in order to determine the tempera-

ture dependence of A/ (u”) for nickel particles of this
catalyst with a coherently scattering domain of ~20 nm,
one can use the measured © value in formula (1)
(Fig. 3, curve 2) and, comparing the temperature

dependence of (u”) in the reactive and inert media,
find the true temperature of the phase observed during
the reaction.

However, it is obvious that this way of directly mea-
suring the temperature of nanoparticles requires the
intensity of diffraction peaks to be very accurately
determined over a wide range of angles. Unfortunately,
this is not always possible for catalysts with low active-
component content and takes much time.

To reliably measure the temperature by the method

proposed, it is necessary that the increment A/ (u2 in
the amplitude of thermal vibrations exceed the mea-

surement error 8/ {u”) . According to works carried out
at a modern level (see, e.g., [20]), it is actually impos-

sible to reduce the relative measurement error 8/ (u°)

below 5% of the determined /(u°) value. Thus, for

KINETICS AND CATALYSIS Vol. 46 No.2 2005
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Fig. 5. (1) Amplitude (uz) of thermal vibrations and (2)
characteristic temperature © vs. coherently scattering
region size D for metallic nickel nanoparticles (according to
[20]).

J{u®y values of about 0.2-0.25 A, the error is 0.01—
0.015 A, which in temperature measurement corre-
sponds to an error of 50-75 K. Note that the accuracy
of the determination of temperature from the unit cell
parameter a in our experiments was much better and
was 8-10 K. Below, we present the accuracy 07 of the
measurement of the temperature of the active compo-
nent in the Ni/SiO, catalyst, the accuracy da of the mea-
surement of the unit cell parameter, and the amplitude

A (uz) of the root-mean-square displacements of atoms
in metallic nickel nanoparticles.

da, A S <u2> A oT, °C
(2-5)x 107 - 8-10
- 0.01-0.015 50-75

For the Ni/SiO, catalyst, we failed to reveal a reli-
able dependence of the amplitude of thermal vibrations
of atoms on the composition of the gas phase and tem-
perature. Only for a sample studied at a thermocouple-
measured grain temperature of 400°C in hydrogen and
the 1 : 1 H,—CO mixture did these measurements show

that +/(u°) in the hydrogen medium is close to the cal-
culated value (0.26 A) for the given particle size and

J{u®) in the 1:1 H~CO mixture is increased to
0.273 A. The latter value corresponds to an overheating
of active component particles of ~80-90 K (Fig. 3).
This is consistent with the result obtained from the
Vol. 46  No. 2
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Fig. 6. (1) Experimental emission spectrum of the standard
radiation source of a IR spectrophotometer with a tempera-
ture of 1470 K and (2) theoretical curve constructed accord-
ing to Planck’s radiation law for the same temperature.

measured unit cell parameters but is at the limit of the
measurement accuracy. One can suppose that the pro-
posed method for direct temperature measurement is
more efficient at an overheating of nanoparticles above
100 K throughout the range of average grain tempera-
tures.

Thus, the measurement of the overheating of the
active component by measuring the unit cell parameters
is more sensitive and more accurate than the measure-
ment based on determining the integral intensities of
diffraction lines and, correspondingly, the amplitudes
of thermal vibrations.

Note that the overheating of the active component
during a reaction can be detected from a change in the
intensity of diffraction peaks without preliminarily
determining its characteristic temperature. For this pur-
pose, it is sufficient to measure the ratio of the integral
intensities of the two lines that are farthest from each
other but intense enough in X-ray diffraction patterns
recorded at the same catalyst grain temperature in dif-
ferent media (e.g., for the given catalyst, in pure hydro-
gen and the CO-H, medium). The determination of the
intensity ratio enables one to eliminate the effect of the
geometric recording conditions. Let o; and «, be the
ratios of the intensities of the corresponding lines under
given recording conditions:

oy = Ihkl/Imnp and O, = Izkl/llnnp ’ (4)
where I, and I, are the integral intensities of the dif-

fraction lines (hkl) and (mnp), respectively, and the
primes denote other recording conditions.
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Fig. 7. Calibration function ®(v) for the spectrophotometer
detector.

According to Eq. (3), the ratio o,/0, depends only
on the ratio of the thermal factors. Taking the logarithm
of the ratio a,/a,, yields

In(o, /o) = 16m2/302(sin26,,, — sin®0,, YA,  (5)

where 0, and ©,,, are the reflection angles for the
reflections (hkl) and (mnp), respectively, and Au? =

mnp.

(uty—(u3) is the change in the squared amplitude of

root-mean-square displacements with a change in the
environment of a nanoparticle.

An analysis of the experimental value of In(o/0L,)
qualitatively determines whether or not there is over-
heating without preliminarily calculating the character-

istic temperature. And from the plot of A/ (u2 versus
the average grain temperature (Fig. 3), one can find the
overheating AT corresponding to the increment in the
amplitude of root-mean-square displacements during
the exothermic reaction.

In principle, the direct measurement of temperature
in catalysts with a low concentration of fine metal par-
ticles can also be performed by the radial atomic distri-
bution method by finding the root-mean-square dis-

placements of atoms from the half-widths (AR} ) of the
peaks in the radial atomic distribution curve [22]

(AR;)=0.18Lip, ©)
where R, is the radius of the kth coordination sphere
and L, is the half-width of the peak of the radial
atomic density distribution function.

Note, however, the high laboriousness of the radial
atomic distribution method, because of which we have
not hitherto tested it.
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Fig. 8. IR emission spectrum of the Ni/SiO, catalyst at
400°C in flowing inert gas (nitrogen).

Determination of the Temperature
of the Active Component in Operating Catalysts
by IR Emission Spectroscopy

The determination of temperature by analyzing the
emission spectra of real bodies is a complex problem
because of the large difference in spectral characteris-
tics between ideal objects, for which thermal radiation
laws are formulated, and real systems, for which emis-
sion spectra are recorded and temperature is measured.
Nonetheless, in some cases, one can achieve quite an
acceptable measurement accuracy.

In the literature, several approaches to measuring
temperature using emission spectra have been
described. For example, temperature can be calculated
if the total emission of an object is known according to
the Stefan—Boltzmann law

W=oaoT?, @)
where W is the power emitted by a unit area of a radia-
tor into a hemisphere, ¢ is the Stefan—-Boltzmann con-
stant, 7 is the absolute temperature of the radiator, and
. is the emissivity factor.

Temperature measurement by this method is com-
plicated by the necessity of recording all of the energy
emitted, taking into account both lost and additional
radiation emitted by the cell, the holder, etc. This
method is also rather difficult to use because of the fact
that not ideal blackbodies, but real objects, are usually
studied. For example, for objects of nanometer size, it
is impossible to use published data on the emissivity
factors measured for bulk samples.

KINETICS AND CATALYSIS Vol. 46 No.2 2005
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The measurement of the temperature of an object by
studying its absorption spectra can be performed by
analyzing the position v,,,, of the maximum of the ther-
mal radiation line using Wien’s displacement law,

Vi = 2.822kT)h, 8)

where k is the Boltzmann constant and #/ is Planck’s
constant. This temperature measurement method
requires one to sufficiently accurately determine the
position of the maximum of the thermal radiation line.
This is a complex problem that imposes special require-
ments on emission spectra.

In our opinion, the temperature of a heated body can
be most accurately determined using the variational
method by approximating the form of the emission
spectra of heated bodies by Planck’s radiation function,

2mhy’
¢ (exp(hv/kT) - 1)

where v is the frequency and c is the speed of light.

In recording thermal emission spectra, first of all, it
is necessary to take into account the spectral character-
istics of an IR spectrometer, since the response of the
detector to the radiation intensity is a function of the
radiation frequency. Therefore, a calibration function
should initially be constructed. As a standard—a black-
body (graybody)—we chose the standard radiation
source of a Spectrolab Interspec 2020 IR spectrometer
with a known fixed temperature of 1200°C.

Figure 6 presents the recorded emission spectrum of
the standard radiation source of the IR spectrometer
and the theoretical curve constructed according to
Planck’s radiation law for a temperature of 1473 K. The
absorption band at 2350 cm™! corresponds to carbon
dioxide, and the band at 1250 cm™ corresponds to the
absorption by the IR detector.

The calibration function ®(v) is constructed by
dividing the calculated radiation intensity W(v) by the
measured value F(v). To obtain the real emission spec-
trum from the spectral curve recorded with the instru-
ment, it is necessary to multiply the spectral curve by
the calibration function ®(v). Figure 7 shows the form
of the calibration function ®(v) = W(v)/F(v) for the
spectrometer used. Further calculations were per-
formed under the assumption that the form of the cali-
bration function is independent of the temperature of
the emitting sample.

Figure 8 presents the IR emission spectrum of the
Ni/SiO, catalyst at 400°C in a nitrogen flow. It is seen
that the radiation intensity abruptly decreases at fre-
quencies above 3300 cm™. This is likely to be caused
by two factors, one of which is the radiation scattering
by the sample, which increases with radiation fre-
quency, and the other is the absorption by OH groups of
the support. Because of these factors, the maximum
possible temperature that can be determined from the
emission of the objects examined is restricted to 550-
600°C. Extending the spectral curve to frequencies

W(v,T) =

)
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Fig. 9. (1) IR emission spectrum of the Ni/SiO, catalyst at
400°C, (2) extended spectral curve, and (3) curve 2 approx-
imated by Planck’s radiation function.

above 3300 cm™, one can satisfactorily describe the
obtained spectrum by the blackbody radiation function
(Fig. 9). The curve is extended under the assumption
that the emission spectra of the sample that are recorded
at different temperatures have similar forms. However,
as Fig. 10 shows, because of the above reasons, the
emission spectrum of the sample at 400°C has a steeper
slope of the high-frequency branch. It was determined
that the spectral curve should be extended for the IR
emission spectra of samples at temperatures above
350°C. As is seen from Fig. 10, at lower temperatures,
the high-frequency tail of the spectral curve lies within
3300 cm™.

The corrected emission spectra W(w, 7) were
approximated with Planck’s radiation function by vary-

Table 1. Comparison of the temperatures that are calculated
from IR emission spectra and measured with a thermocouple for
the catalysts Ni/MgO and NiSiO, in flowing inert gas (nitrogen)

Thermocouple- f;f)?nmgririztslil(r)i (;alculategi
measured pectra, °C

temperature, °C Ni/MgO —
200 200 200
250 240 245
300 295 295
350 345 355
400 390 400
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Fig. 10. IR emission spectra of the Ni/SiO, catalyst in flowing inert gas (nitrogen) at thermocouple-measured temperatures of (/)

200, (2) 250, (3) 300, (4) 350, and (5) 400.

ing two parameters and minimizing the variance test >
on the coordinates W(w):

W, T) = . (10)

Here, ® is the wavenumber, cm™' and P, and P, are
parameters being varied: P; takes into account the
emissivity factor under the assumption that this factor
is independent of the wavelength, and P, is the sought
temperature.

As reference spectra for testing the method, we
recorded the emission spectra of samples in an inert
atmosphere at different average thermocouple-mea-
sured sample temperatures. From the emission spectra,
the true temperatures of samples were found. Table 1
compares the sample temperatures that were measured
with the thermocouple and calculated from the emis-
sion spectra. The data presented show that the actual
error of temperature determination from the emission
spectra does not exceed 10 K, which is quite acceptable
for further experiments.

To take into account the emission from the cell
walls, the emission spectra of the cell without a sample

at different temperatures were recorded. In Fig. 11,
each of the curves is the difference of the IR emission
spectrum of the Ni/MgO catalyst in an inert gas (nitro-
gen) flow and the IR emission spectrum of the empty
cell, approximated by Planck’s radiation function.
Thereby, we desired to obtain the emission spectra of
the “pure” sample. Below, we present the results of
comparing the temperature calculated from these
curves with the temperature measured with the thermo-
couple during recording the spectra.

Thermocouple-measured 200 250 300 350 400
temperature, °C

Temperature calculated 225 270 320 370 415

from spectrum, °C

The data presented show that the temperature calcu-
lated from the difference spectra is 20-25 K higher than
the thermocouple-measured temperature. This is most
likely to be related, first, to a particular design of the
cell, because of which the recorded spectrum of the
empty cell exhibits an additional radiation source with
a somewhat lower temperature, and, second, to the
impossibility of reproducing the exact position of the
cell with respect to the detector. Therefore, the subtrac-
tion of the IR emission spectra of the empty cell is not
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Fig. 11. Difference between the IR emission spectrum of the Ni/MgO catalyst in flowing inert gas (nitrogen) and the IR emission
spectrum of the empty cell, approximated by Planck’s radiation function, at different temperatures.

quite correct and the spectral curves obtained cannot be
assigned to the emission spectra of the pure sample. In
further studies, this procedure was not used.

To analyze the emission spectra of the Pt/glass cloth
catalyst for obtaining the emission spectra of the pure
active component, we initially recorded the emission
spectra of glass cloth without platinum in an inert gas
(nitrogen) flow. In Fig. 12, each of the curves is the dif-
ference of the IR emission spectrum of platinum on
glass cloth when there is a reaction or there is no reac-
tion and the IR emission spectrum of glass cloth with-
out platinum at different temperatures. Analysis of the
spectral curves demonstrated that the temperature of
platinum in an inert gas atmosphere, as well as during
the catalytic reaction of CO oxidation by oxygen, is the
same and is equal to the thermocouple-measured tem-
perature of the support.

The intensity of the radiation emitted by a heated
body is related to its temperature by Stefan—Boltzmann
law (7). Based on this law under the assumption that the
emissivity factor is the same for both a sample and indi-
vidual active particles, we calculated the fraction of the
overheated surface area. If A; and A, are the areas under
the emission spectra of the sample and overheated par-
ticles, respectively, then the fraction o of the over-

KINETICS AND CATALYSIS  Vol. 46
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heated surface area is found from the expression o =
AT,
AT
ature of the sample and 7, is the temperature of active

component particles that is determined from Wien’s
displacement law.

, where T is the thermocouple-measured temper-

For the curves in Fig. 12, the fraction o of the over-
heated surface area was estimated. The value obtained
turned out to be close to 30% of the total catalyst sur-
face area, although the actual platinum content of the
sample was 0.1 wt %. Most probably, the difference
between the emission spectra of pure glass cloth and the
emission spectra of glass cloth to which platinum was
applied are related to the impossibility of exactly repro-
ducing the geometry of the test sample and the refer-
ence sample in the cell. Thus, these spectra cannot be
assigned to the radiation emitted by the active compo-
nent. Hence, it follows that only the spectra recorded at
fixed positions of the cell and the sample can be cor-
rectly compared. This somewhat limits the potential of
the method, since, when a sample is reloaded, the cell
should be removed. Therefore, the intensities can be
compared only for the IR spectra of a once mounted
sample.
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Fig. 12. Difference between the IR emission spectrum of the Pt/glass cloth catalyst and the IR emission spectrum of glass cloth

without platinum at different temperatures.

In Fig. 13, each of the curves is the difference of the
IR emission spectrum of the operating Pt/glass cloth
catalyst during CO oxidation by oxygen and the IR
emission spectrum of the same catalyst in an inert gas
(nitrogen) flow at different temperatures and flow rates

of the reaction mixture, with the spectra being approx-
imated by Planck’s radiation function. The positions of
the maxima on these curves correspond to the radiation
of the overheated surface area. Table 2 summarizes the
results of analyzing the emission spectra of the glass

Table 2. Characteristics of the catalytic reaction of CO oxidation by atmospheric oxygen on the catalyst Pt/glass cloth

Thermocouple-measured sample temperature, °C
CO conversion, %
Reaction mixture flow rate, 1/h

Position of maximum of emission spectrum
of platinum particles, cm™!

Platinum temperature, °C
Heat release, W per gram catalyst
Heat release, W per gram Pt

Relative fraction of overheated surface area, %

180 200 200 220 220
57 74 35 71 77
6 6 10 6 10
1800 1920 1980 1890 1960
250 280 300 270 295
4.87 5.27 4.98 5.48 10.1
4.43 4.79 4.53 4.98 9.20
6 5 5 4.4 52

KINETICS AND CATALYSIS Vol. 46 No.2 2005
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Fig. 13. (/) Typical IR emission spectra of the overheated part of the surface of the Pt/glass cloth catalyst and (2) curves / approx-
imated by Planck’s radiation function at different temperatures and flow rates of the reaction mixture: (a) 180; (b) 220; (c) 200°C,

10 I/h; and (d) 200°C.

cloth catalyst. Table 2 shows that the temperature of
platinum in the operating catalysts exceeds the support
temperature by 50-100 K. In the experiment, the heat
release on the active component of the catalyst was cal-
culated to be up to 9-10 kW per gram Pt.

It is significant that platinum nanoparticles are not
ideal blackbodies and their emissivity factor depends
on the wavelength [23]. Moreover, the maximum of the
radiation intensity can be shifted toward either smaller
or larger wavenumbers. Therefore, the calculated tem-
perature of platinum particles may differ somewhat
from their true temperature. Later, we intend to study
the emission spectra of dispersed platinum at different
temperatures for using them as reference spectra in
determining the temperature of fine platinum particles.

CONCLUSIONS

Several methods for directly measuring the temper-
ature of the active component in operating supported
metal catalysts were experimentally tested. For exam-
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ple, by in situ X-ray diffraction, we tested the method
based on studying the temperature dependence of the
unit cell parameters for a chosen individual phase (e.g.,
the active component of a supported catalyst) and the
method based on measuring the amplitude of thermal
vibrations of atoms of the active phase in a catalyst dur-
ing a reaction.

Both methods are applicable to the crystalline states
of the active component of a catalyst. The accuracy of
the determination of overheating depends on the con-
centration and particle size of the active component.
Other things being equal, the determination of over-
heating by measuring the unit cell parameters is much
more sensitive and much more accurate than the mea-
surement based on recording the amplitudes of thermal
vibrations. The measurement of the unit cell parameters
enables one to determine the temperature of nanoparti-
cles of the active component of operating catalysts with
an accuracy of 5-10 K. The relative temperature mea-
surements in this case turned out to be much more accu-
rate and sufficient for solving many problems involving
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the determination of the temperature of the active com-
ponent.

We also developed a method for the direct contact-
less measurement of the temperature of overheated sur-
face regions from IR emission spectra, which allows
one to determine the temperature of these regions with
an accuracy of 10-15 K.

Both X-ray diffraction and IR spectroscopic meth-
ods for directly measuring the temperature of nanopar-
ticles of the active component in supported metal cata-
lysts proved the possibility of significant (to 100 K)
overheating of these nanoparticles with respect to the
inert part of the grain in a catalyst operating in a highly
exothermic reaction.
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