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Temperature Programmed Reduction (TPR) is a versatile technique to study the redox property of
metal oxides relevant to catalytic reactions and many other applications related to oxide materials
in general'?. The technique is deceptively simple, imposing a linear temperature ramping on a
reducible material inside a reactor and compute for the consumption of hydrogen used during this
temperature ramping.

MxOy+yHs — xM+yH0 Equation 1

where MO is a metal oxide, M is the reduced metal, x and y are stoichiometric coefficients

Since the amount of molecular hydrogen consumed is equal to the amount of atomic oxygen
removed from the solid then one gets the stoichiometry of the reduction knowing the number of
moles of a material inside the reactor. Ironically the interpretation of the results is one of the most
complex in catalytic systems. It relies on transient kinetics theories and is solved in most of the
cases only analytically. Briefly it is as follows.

The gas-solid reaction rate under differential condition is described as follows:
dla] .
rate =—— = k(T)f(a) Equation 2

Where a is the degree of conversion of a solid reactant, t is the time, f () is a function of reduction
models, and k(T) is the rate constant of the Arrhenius equation:

k(T) = Aexp (%) Equation 3

where A4 is the pre-exponential factor, £, is the activation energy, R is the gas constant, and 7'is the

: : . . . . d
temperature in Kelvin. In a TPR experiment, the heating rate or ramping rate £ is equal to d—: ;

therefore, by substituting the ramp rate into equation (2) and combining it with equation (3) the
gas-solid reaction rate equation is easier re- written as follows:
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By plotting the calculated % and fitting it to experimental % one can then analytically obtain

the variables (E., 4, and f(a)) in equation (4). The extent of reduction (a) is produced
experimentally for each peak in TPR patterns.

Table 1 shows some of the functions used to treat the data.

Table 1. Reduction functions reported in the literatures>.
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Information such as activation energy for reduction*, phase composition®, and differentiation
between surface and bulk contribution’ can be obtained. The technique becomes more powerful
for metal deposited on metal oxides as it can also probe into the metal/oxide interface and metal
sintering during the reduction process®.

In a recent work from my previous group, TPR was used to estimate the activation energy of
reduction of surface of CeO; and its bulk’ (figure 1). The work gave preliminary information that
needs to be revisited. Equally important its application to understand the degree or reduction of
CeO> in different shapes (nano rods versus nano cubes in particular) is poised to provide
quantitative information related to the extent of reduction of surfaces depending on their
crystallographic termination ((111) for nano-crystals, (110) for nano rods and reconstructed (100)
for nano-cubes)’.



TPR of CeO, calcined at 500 °C at different ramping rates

76 |a 79fe.
T 1 1stpeak e e 2nd peak
&2 “e
a1 . Foal S
S Y
L R?*=0.9663 . R2=0.9752 ..
-8.6 + - + -8.9 o + -
0.001255 0.001275 0.001295 0.000898 0.000918 0.000938
2 1T(K)
1T(K) .

. A

—25°C/min
; —20°C/min
: 15°C/min
—_— i T~ _10°C/min

200 350 500 650 800 950
Temperature (°C)

TCD signal (arbitrary units)

Figure 1. TPR of polycrystalline CeO> calcined at 500°C at ramping temperatures, £, equal to 10,
15, 20, and 25°C/min. The insets show the plot of Ln B/Tm? as a function of 1/T where Tn, is the
maximum peak temperature using the Kissinger equation”.

At the IFG we have a acquired a TPR technique and at present are in need for a student who can
conduct research on the reduction of CeO, alone in different shapes and crystallite sizes. The
student will be asked to prepare the different CeO,, analyze them by XRD and conduct detailed
TPR experiments. The student will also be required to find the most suitable analytical function
describing the TPR profile. The project is well suited to a senior level undergraduate student with
sound knowledge in chemistry or chemical engineering. Typically, a run takes about three to four
hours. Therefore, it is expected that student can do two to three runs per week. Assuming a six
months period for the research a good number of studies can be conducted which can be followed
by a report. Depending on the quality of the data a manuscript at the end of the training period is
expected. The student will be directly supervised by me and will be assisted by a PhD student.
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