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Abstract: The interaction between IrO2 and TiO2 (anatase) in non-isothermal reduction conditions
has been studied by the temperature programmed reduction technique. IrO2 clusters are of sizes
between 0.5 and 0.9 nm as determined from High Resolution Transmission Electron Microscopy
(HRTEM). Largely, two main regions for reduction were found and modeled at ca. 100 and 230 ◦C.
The first region is attributed to the partial reduction of IrO2 clusters, while the second one is due to
reduction of the formed crystalline (rutile IrO2), during TPR, to Ir metal. Two methods for calculating
kinetic parameters were tested. First, by applying different ramping rates on a 3.5 wt.% IrO2/TiO2

using Kissinger’s method. The apparent activation energy values for the first and second reduction
regions were found to be ca. 35 and 100 kJ/mol, respectively. The second method was based on fitting
different kinetic models for the experimental results in order to extract qualitative information on the
nature of interaction during the reduction process. It was found that the first reduction is largely due
to the amount of IrO2 (reactant concentration) while the second one involved phase boundary effect
as well as nucleation.

Keywords: IrO2/TiO2 (anatase); temperature programmed reduction (TPR); IrO2 cluster size; phase
boundary effect; nucleation; activation energy

1. Introduction

Studying the nature of interaction between noble metals and the support on which
they are dispersed is important for the design of catalytic materials [1]. Noble metals are
deposited from their precursors, usually a salt, transformed to metal oxide clusters upon
heating, then often reduced either prior or during a catalytic reaction. In order to obtain
optimal dispersion on the support, and in some cases specific shape or a metallic cluster
size [2], one needs to understand the interplay between the reduction process leading to
these metal particles and the sintering process during which oxide clusters (and newly
formed metal clusters) diffuse to larger ones. One of the kinetic methods that can shed light
on this, and has been studied extensively, is temperature programmed reduction (TPR) [3,4].
These types of studies provide insights into how to optimize the catalyst’s performance
by understanding the extent of dispersion and regions were metal support interaction [5]
occurs. In H2-TPR experiments the reduction of dispersed metal oxides is used to quantify
H2 consumption during a linearly increased temperature of the sample as a function of
time under constant gas flow. The general reduction reaction is described as follows:

MxOy + y H2 → x M + y H2O (1)

where MxOy is a metal oxide, and x and y are stoichiometric coefficients.
While TPR is a routine method for the characterization of dispersed metals, often

over oxide supports, they are merely used as a diagnostic tool [6,7] and, in some cases,
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to extract quantitative information (titration) needed to normalize reaction rates [8–10].
In catalytic studies, TPR is however seldomly used to model the kinetic of reduction of
these metal oxide clusters (nano particles) to extract information related to their possible
interaction with the surface of the support, during the reduction process. On the other hand,
in materials science related research TPR is often used to study phase changes, growth,
nucleation, diffusion, and related kinetics, all led to the development of different models
over the years [11–14]. In general, two temperature domains exist during TPR, one at a
low temperature (up to 250–300 ◦C) mostly due to the reduction of dispersed metal oxide
clusters/particles to metals [15] and the other above that, and can have a contribution from
the reduction of the support (in the case of reducible oxides) such as TiO2, CeO2, and Fe2O3,
among others [16–18]. The majority of TPR studies are conducted for more commonly
used noble metals such as Pt, Pd and Rh while Ir has received less attention. The fact that
Ir is the most resistant known metal to corrosion and insoluble in mineral acids, makes
it an important electrocatalyst that lies at the top of the volcano curve for oxygen anion
oxidation, and is therefore among the most suitable elements for water splitting [19,20]. Its
very high melting point [21] and its tendency of being well dispersed on supports, is also
behind its thermal catalytic activity such as selective oxidation reactions, ethanol steam
reforming to hydrogen and alkanes dehydrogenation [22–24]. Studying the properties of
IrO2 reduction to Ir would therefore provide further insights into its catalytic activity, in
particular when affected by the support, which in turn controls the particle’s size, shape,
and composition [25,26]. One of the often common questions regarding a TPR profile is
the origin of multiple peaks during ramping. Both their number which can be two, three
or even more and their shape have been found to be give indication on the reduction
mechanism. For example, when two peaks occur in the region where noble metals are
reduced one may invoke a step wise reduction (Mx+ to My+ to M0; where y < x) or a change
in the clusters’ configuration (such as during sintering).

In a previous work we have studied the catalytic activity of IrO2/TiO2 (anatase) for
water oxidation in the presence of Ce4+ cations (as electron scavengers) [27]. In this previous
work, the % of Ir was studied for a wide range, from 0.1 to 4 wt.%. X-ray photoelectron
spectroscopy (XPS) Ir4f showed that “as prepared” catalysts are exclusively composed of
Ir4+, while XRD showed that only above 400 ◦C where weak diffraction lines due to the
rutile IrO2 can be detected. High-Resolution Transmission Electron Spectroscopy (HRTEM)
and TEM images showed that the mean particle size changed from about 0.5 nm for 0.3 wt.%
IrO2 to about 0.9 nm for 4 wt.% IrO2 on TiO2 (anatase), and the dispersion changed from
ca. 100% for 0.1–0.3 wt.% Ir to ca. 50% for 3.5–4.0 wt.% Ir. The TPR shape was, however,
found to be complex. This complexity has motivated us further to study the dynamic of
its reduction to metal. In previous studies we have used model-free methods to analyze
desorption profiles of products during Temperature Programmed Desorption (TPD) [28–32]
and model-based methods [33] to study the mixed oxides reduction in isothermal condition.
In this work, the TPR patterns of 3.5 wt.% IrO2/TiO2 are presented, analyzed, and modeled.
To conduct this, we have opted to compare one model-free method to a few model-based
methods, as outlined in the experimental section. The choice of this catalyst is dictated
by its tested high performance while its relatively high metal content would decrease the
unavoidable analytical errors while conducting the study. The main objective of this present
study is to obtain the rates of reductions that best defines the chemical processes occurring
at the interface with TiO2 (anatase).

2. Results and Discussion

TPR experimental results of the complete series of IrO2/TiO2 catalysts from 0.1 to
4 wt.% were presented previously [27]. At high loading (at and above 1.5 wt.%), two regions
are seen, with maximum reduction temperatures at around 100 and 250 ◦C, in addition to a
third small peak at about 350 ◦C (ramping rates β = 10 ◦C/min). The first one is exclusively
due to IrO2 reduction, whereas the second and third regions might be influenced by the
support of TiO2 (in part due to the spillover effect [34]) and possible strong metal support
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interactions (SMSI) between the Ir clusters and the TiO2 support [35–38]. Furthermore,
TPR experiments conducted on two samples of a crystalline rutile and amorphous iridium
oxides found that the amorphous iridium oxide is reduced at about 80 ◦C, while the rutile-
phase iridium oxide is reduced at about 230 ◦C [39]. Therefore, it was concluded that
the reduction temperature at around 90–100 ◦C is due to amorphous IrO2 reduction, and
the reduction at ca. 230 ◦C is largely due to rutile IrO2 on TiO2 anatase formed during
the ramping.

Table 1 and Figure 1 present the reduction temperature, nominal amounts of iridium
used, total hydrogen consumption, and the H/Ir values of each IrO2/TiO2 catalyst. By only
accounting for the first and the second peaks at 90 and 230 ◦C in calculating the number
of moles of H and Ir (see Figure 2), the H/Ir stoichiometry was found to be close to 4.
Irrespective, there is a linear increase in the total hydrogen consumption with increasing
IrO2 loading from 0.1 to 3.5 wt.% as seen in Figure 1.

Table 1. Extracted quantitative data from TPR of the series of IrO2/TiO2 (anatase, BET surface
area = 55 m2/g) catalysts as a function of IrO2 content with a ramping rate β = 10 ◦C/min.

Ir wt.% Loading
±0.01

Temperature Range ◦C
±1

Integrated Peak
Area (cm3/g)
±0.1

IrO2 (µmol/g)
Total H2

Consumption (µmol/g)
±5%

H/Ir
±0.2

0.1 86–156 0.24 0.270 0.62 4.7

0.3 82–142 0.53 0.781 1.37 3.5

0.5 50–179 0.83 1.32 2.17 3.3

1.0 28–200 1.9 2.68 5.02 3.7

1.5 82–140 2.51 4.10 6.78 3.3

2.0 76–252 4.01 5.55 11.0 4.0

2.5 76–261 4.57 6.88 12.4 3.6

3.0 47–243 4.46 8.47 13.6 3.2

3.5 81–261 6.94 9.85 19.2 3.9
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for the IrO2/TiO2 (anatase, BET surface area = 55 m2/g) series; between 0.1 and 3.5 wt.% (the wt.% of 

Figure 1. Normalized molecular hydrogen consumption per g of catalyst as a function of IrO2 content
for the IrO2/TiO2 (anatase, BET surface area = 55 m2/g) series; between 0.1 and 3.5 wt.% (the wt.% of
IrO2 is converted to micromoles per g of catalyst in the x-axis). The slope of the linear regression of
1.81 is close to the theoretically expected one (2H2 + IrO2 → 2H2O + Ir). Error bars are 15%.
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Figure 2. TPR patterns of 3.5 wt.% IrO2-TiO2 (anatase, BET surface area = 55 m2/g) sample at
different ramping rates from 10 to 40 ◦C/min (a fresh catalyst was put in each run with weight
ranging from 58.4 to 61.3 mg). The errors associated with the ramping rates are about 5%.

It was opted to focus on a sample containing a high loading of Ir to minimize errors
due to signal to noise ratios. Therefore, the kinetic study of the 3.5 wt.% IrO2/TiO2 TPR
pattern was conducted. Figure 2 illustrates the different ramping rates (β = 10, 15, 20, 25,
30, 35, 40 ◦C/min) in H2-TPR experiments. TPR data analysis is presented in Table 2. The
TPR integrated peak areas are around 6–7 cm3/g, and the area increases as the ramp rate
increases (see Supporting Information Figure S1 and Figure 2). Note the expected shift
to higher temperatures with increasing ramping rates; ∆Tm was found to be ca. 40 ◦C
between the slowest and fastest ramping rates used for the first peak and about 25 ◦C for
the second one.

Table 2. TPR data analysis of 3.5 wt.% IrO2-TiO2 (anatase, BET = 55 m2/g) with variable ramping
rates β.

β (K/min) Integrated Peak Area (cm3/g)
±0.1

Trapezoid Area (Using end
Points as Baseline) ± 0.05

H2 (mL/g)
± 0.01

H/Ir
±0.2

Tm (◦C)

1st Peak
±1

2nd Peak
±1

3rd Peak
±1

10 6.83 0.72 0.43 4.23 94 220 309
15 6.82 0.90 0.41 4.23 105 231 330
20 6.50 1.08 0.40 4.02 110 235 335
25 6.31 1.52 0.39 3.91 104 239 331
30 6.48 1.73 0.39 4.01 117 243 333
35 6.28 2.07 0.39 3.89 132 245 343
40 6.00 2.20 0.37 3.71 138 249 348

Two methods were used to model the reduction behavior. First, Kissinger’s method
was used to calculate the apparent activation energy (Ea). Given the corresponding β and
Tm values obtained from TPR, the Kissinger’s method was applied to plot ln(β/T2

m) against
1/Tm for each set of peaks (Figure 3). The slope equals the apparent activation energy (Ea)
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over the gas constant (R). Ea values for the reduction of first set of peaks (Tm = 94–138 ◦C)
and the reduction of second set of peaks (Tm = 220–249 ◦C) were measured to be 35 and
100 kJ/mol, respectively (Figure 3). These Ea values imply that the reduction of amorphous
iridium oxide (first peak) requires less energy than that of the rutile (crystalline) form
(second peak).
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Figure 3. Plots of ln(β/Tm
2) vs. 1/Tm TPR data points collected from TPR of 3.5 wt.% IrO2/TiO2

(anatase, BET = 55 m2/g). The linear regression is (a) y = −4028.9x + 1.5466, R2 = 0.96 for the first set
peaks, and (b) y = −11976x + 14.123, R2 = 0.99 for the second set peaks.

The second method consisted of applying the different models in Table 2 and testing
how they fit with the experimental results. The ramping rate of 10 ◦C/min (β = 10) was
selected to extract the kinetic parameters using the reduction models; we did not find a
noticeable change when the ramping rate was changed (see results of the ramping rate,
β was equal to 40 ◦C/min in the Supporting Material, Figure S2). Figure 4a,b presents the
TCD signal against temperature plots in Kelvin for the first and second reduction steps,
respectively. The signal was then normalized and plotted as α (extent of reduction) in
which a zero to one scale is for the metal formation with one indicating the total reduction
of metal oxides to metal.
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Before presenting the fitted results, and because these models may shed light onto the
reduction mechanism it is worth discussing the dispersion and crystallite sizes of IrO2 on
the support. We have opted to focus the TEM study on the first peak because its reduction
shape (during TPR) is simpler than the second one and because of the low temperature
(common to other noble metals) would have marginal contribution from the support. The
results are displayed in Figures 5 and 6. As can be seen, there are only negligible differences
between the images of the “as prepared” and when reduced up to 120 ◦C. The mean
particles size in both cases is the same (ca. 0.85 nm). However, in general, the particles are
brighter after reduction. This is related to their partial transformation into a more metallic
state (higher contrast with the support, TiO2). The particles are also rounder in shape (less
interaction with the support) and have a narrower distribution with a median size slightly
larger for the reduced one (0.7 nm for the as-prepared and 0.8–0.9 for the 120 ◦C reduced
ones). Since a non-negligible amount of H2 is consumed during the first peak (about third
of the total amount), the image of Figure 6 contains a non-negligible amount of Ir. Because
of the still unchanged particle size, this hydrogen consumption would be related to the
removal of oxygen atoms from these clusters making Ir metal.
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Figure 5. TEM images and extracted mean particle size of as-prepared 3.5 wt.% IrO2/TiO2 (anatase,
BET surface area = 55 m2/g) at different magnifications. Standard errors (0.03 nm).

These changes are not accompanied by changes in the TiO2 (anatase) phase, as seen
before on the same oxide [40], nor with a noticeable change in the weak diffraction of the
rutile phase of IrO2 on top of TiO2 for the annealed sample and the weak diffraction for the
Ir metal for the H2-reduced sample (see XRD patterns in Figures S3 and S4, respectively).

Experimental and calculated dα/dT for the first reduction step is shown in Figure 7. The
best fit was exhibited by using n-order reaction and Sestak-Berggren models (Figure 7a,b). It is
important to indicate that the n-order model mostly considers the reactant concentration [41]
without invoking other factors such as diffusion, while the Sestak-Berggren model is largely
analytical [42] (for example, it can be reduced to the n-order model with m and p = 0). It
is clear from the shape of the curves that the n-order model fits the data very well. On
the other hand, the deviation of the nucleation and phase boundary models from the data
is in line with TEM images and may point out that this region is largely affected by the
removal of oxygen atoms and less by atomic re-arrangement. Table 3 presents the kinetic
parameters estimated using both models. The calculated dα/dT n-dimensional nucleation
model and phase-boundary controlled models do not appear to be good fitting models
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(Figure 7c,d). From the best-fit models, the Ea is equal to 150 kJ/mol for n-order reaction
and 102 kJ/mol for Sestak-Berggren. While these values are remarkably different from the
ones reported using Kissinger’s method, they are to be taken together with the prefactor
because of the known compensation effect [43] in which a decrease in the activation energy
is statistically coupled with a decrease in the prefactor (see the last raw in Table 3 as an
example). In other words, it is not possible to consider the activation energy alone without
considering the prefactor while applying these models.
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errors (0.02 nm).

The best-fitted dα/dT models for the second reduction step at 230 ◦C seem to be the
phase boundary-controlled and n-dimensional nucleation models. A closer inspection
indicates that the rise of the peak is best fitted by the phase boundary model, while its fall
is best fitted by the n-dimensional nucleation model. This might have a simple explanation;
initially, these small clusters are spread on the support (phase boundary), then during the
temperature rise, they are reduced and then nucleate. Shown in Supporting Information,
Figure S5 shows the two fitted components of this second region. The first component
would be related to the phase boundary effect and the second to nucleation (compare
Supporting Information Figure S5 with Figure 8b,c). The qualitative partial agreement
of the phase boundary and n-dimensional nucleation is in line with the expected phase
and chemical transformation of IrO2 to Ir metal. In the modeling, the deviation of n for
the n-boundary controlled phase to 2.7 (Table 4) is in line with the expected 3D model
(theoretically, n = 3 for a contracting sphere model) [44].

It is common for reducible non-noble metal oxides such as Fe2O3 that multiple reduc-
tion regions occur [45,46], the first to Fe3O4 (that contains Fe2+ and Fe3+) and FeO (Fe2+)
while the second to Fe0. It is, therefore, possible that after the first reduction peak, the
partial reduction of Ir results in a stoichiometrically Ir2O3 (which can be Ir metal on top of
IrO2) while the second reduces it completely to Ir metal. In this case, the second reduction
region would be affected by phase boundary and nucleation together with lattice oxygen
removal. However, monitoring subtle changes in the oxidation states of noble metals such
as Ir and Pt is not straight forward because of final state effects and the narrow window for
the multiple chemical states (for example, the separation between the XPS Ir 4f of Ir metal
and that of Ir4+ is only 1.5 eV which makes is difficult to discern the difference between
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multiple oxidation states, final state and ligand effect) [47,48]. Combining the results used
by both methods indicates that for quantitative information related to the apparent activa-
tion energy, Kissinger’s models might be adequate. However, the Kissinger model does
not indicate the possible reasons for the reduction of an oxide to a metal. Fitting the data
seems to provide further information related to the effect of the support (phase boundary)
and the intrinsic properties of IrO2 to Ir metal (nucleation). It is therefore concluded that
both approaches are needed to monitor the reduction of IrO2 on TiO2 (anatase) as they
are complementary.
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Table 3. Estimated values of the kinetic parameter for the first reduction step during TPR of 3.5% wt.%
IrO2/TiO2 (anatase, BET = 55 m2/g) with β = 10 ◦C/min. Errors on the activation energy and prefactor
taken individually are large, up to 25%. However, taken together, the numbers are exact (as seen in
the last row of the table). Errors on n, m, and p are about 20%.

Kinetic Parameters n-Order Reaction Sestak-Berggren

apparent activation energy (kJ/mol) 150 102

pre-exponential factor (s−1) 6.5 × 1019 1013

n 3.2 2.56

m - 0.21

p - 0.06
d(α)
dT

1
f (α) T=TM

= A
β exp

(
−Ea
RTM

)
TM = 373 K

0.384 0.384



Inorganics 2023, 11, 66 9 of 14

Inorganics 2023, 11, x FOR PEER REVIEW 10 of 15 
 

 

Table 4. Estimated values of the kinetic parameters using different models for the second reduction 
reaction during TPR of 3.5% wt.% IrO2/TiO2 (anatase, BET = 55 m2/g) with β = 10 °C/min. Errors on 
the activation energy and prefactor taken individually are large, up to 25%. However, taken to-
gether, the numbers are exact (as seen in the last row of the table). Errors on n are about 20%. 

Kinetic Parameters n-Order 
Reaction 

n-Dimensional 
Nucleation 

Phase Boundary 
Controlled 

apparent activation energy 
(kJ/mol) 

78 75 36 

pre-exponential factor (s−1) 2 × 106 7 × 105 10 
n 1.4 0.7 2.7 ቜ𝑑(𝛼)𝑑𝑇 1𝑓(𝛼)ቝ்ୀ்ಾ= 𝐴𝛽 exp ൬−𝐸௔𝑅𝑇ெ൰ 

TM = 503 K 

0.0952 0.0952 0.0952 

 
Figure 8. Fitted experimental data and calculated (dα/dT) using different reduction models ((a) n-
order reaction, (b) Phase boundary-controlled, (c) n-dimensional nucleation, (d) 3-D diffusion) for 
the second reduction step during TPR of 3.5% wt.% IrO2/TiO2 (anatase, BET = 55 m2/g) with β = 10 
°C/min. 

It is common for reducible non-noble metal oxides such as Fe2O3 that multiple reduc-
tion regions occur [45,46], the first to Fe3O4 (that contains Fe2+ and Fe3+) and FeO (Fe2+) 

Figure 8. Fitted experimental data and calculated (dα/dT) using different reduction models
(a) n-order reaction, (b) Phase boundary-controlled, (c) n-dimensional nucleation, (d) 3-D diffusion)
for the second reduction step during TPR of 3.5% wt.% IrO2/TiO2 (anatase, BET = 55 m2/g) with
β = 10 ◦C/min.

Table 4. Estimated values of the kinetic parameters using different models for the second reduction
reaction during TPR of 3.5% wt.% IrO2/TiO2 (anatase, BET = 55 m2/g) with β = 10 ◦C/min. Errors on
the activation energy and prefactor taken individually are large, up to 25%. However, taken together,
the numbers are exact (as seen in the last row of the table). Errors on n are about 20%.

Kinetic Parameters n-Order Reaction n-Dimensional
Nucleation

Phase Boundary
Controlled

apparent activation
energy (kJ/mol) 78 75 36

pre-exponential factor
(s−1) 2 × 106 7 × 105 10

n 1.4 0.7 2.7
d(α)
dT

1
f (α) T=TM

=

A
β exp

(
−Ea
RTM

)
TM = 503 K

0.0952 0.0952 0.0952
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3. Experimental
3.1. Catalyst Preparation

Different wt.% IrO2 supported on TiO2 (anatase; BET surface area = 55 m2/g) samples
were prepared using the wet impregnation method. An Ir3+ (0.5 mg/mL) stock solution
was prepared as follow. The Ir cations were dissolved from dried IrCl3 (Sigma Aldrich)
in deionized water (18.2 MΩ). The solution was stirred overnight until all iridium salt
dissolved in water. In parallel, the support TiO2 (2 g, anatase) was heated at 100 ◦C for
10 min. Then, the needed amount of Ir3+ from the stock solution was mixed with TiO2 and
sonicated for 5 min. After that, the mixture was stirred while heated on a hot plate covered
with Al foil at 110 ◦C for about 8 h until the solution has evaporated. The formed paste was
spread on a ceramic crucible and calcined at 400 ◦C (at a ramping rate of 2 ◦C min−1) in
a muffle furnace for 5 h under static air. During this process Ir3+ cations are oxidized to
Ir4+ cations [49].

Ir2O3 +
1
2

O2 → 2IrO2 (2)

3.2. Temperature Programmed Reduction (TPR)

H2-TPR experiments were conducted in a quartz tube reactor coupled to a thermal
conductivity detector (TCD) (AutoChem 2920, Micrometrics). TPR was calibrated using
four samples of Ag2O (26, 32, 59, and 90 mg). The peak area (y-axis) under the TPR curve
was linearly proportional to the calculated hydrogen volume (mL) (x-axis), resulting in the
equation y = 2.50x− 4.10. For each calibration sample, TPR pattern shows one distinct peak
and the stoichiometric ratio between molecular hydrogen and silver metal was found to be
equal one. From this calibration we estimated the errors in extracting the quantity needed
to reduce the oxide from one run to the other to be about 5%. Catalytic samples of 0.1, 0.3,
0.5, 1.0, 2.0, 2.5, 3.0, and 3.5 wt.% IrO2-TiO2 (~60 mg) were placed on a fritted glass-bed
inside the reactor. The samples were then purged with Ar for at least 5 min (50 mL/min),
and 10% H2-Ar (50 mL/min) was used as the reducing gas. The temperature range of TPR
experiments was from room temperature to 400 ◦C. The percentage concentration of H2
was obtained from the calibrated TCD signal. The TCD signal against temperature plot
(TPR pattern) is generated by AutoChem program during the reduction reaction. The area
under the curve corresponds to the amount of hydrogen consumed (cm3/g). The total
consumption of H2 was calculated by solving for number of moles in the ideal gas law
using the volume of H2 consumption obtained from AutoChem program integration and
under standard pressure and temperature conditions. Trapezoid area calculations using
OriginLab were performed.

3.3. Kinetic Study

A method for calculating the apparent activation energy of a solid-state reaction by
using differential thermal analysis was early on proposed by Kissinger [12]. This method
has been used in the literature to investigate the kinetics of solid-state reactions, including
the reduction of metal oxides [13].

The gas-solid reaction rate under differential conditions is described as follows:

rate =
d[α]
dt

= k(T) f (α) (3)

where α is the degree of conversion of a solid reactant (α = nt
ntotal

) where nt is moles of hydro-
gen consumed at time t (min) and ntotal is represents the total moles of hydrogen consumed.

For the complete reduction of the oxide, f (α) is a function of reduction models and
k(T) is the rate constant (in reciprocal time) of the Arrhenius equation:

k(T) = A exp(
−Ea

RT
) (4)
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where A is the pre-exponential factor (reciprocal time), Ea is the activation energy (joules/mole),
R is the gas constant, and T is the temperature in Kelvin.

In TPR experiments, the heating rate (K/min) or ramping rate β is equal to dT
dt ; there-

fore, by substituting the ramp rate into Equation (1) and combining it with Equation (2),
the gas-solid reaction rate equation is written as follows:

d(α)
dT

=
A
β

exp(
−Ea

RT
) f (α) (5)

In this work, two approaches were applied to investigate the kinetics of the 3.5 wt.%
IrO2/TiO2 (anatase) catalyst. First, Kissinger’s derived equation was used to determine
the apparent activation energy from TPR patterns obtained at different ramp rates. The
equation is derived as follows:

d
dT

(
dα

dT

)
T=Tm

=
d

dT

(
A
β

exp
(
− Ea

RT

)
f (α)

)
T=Tm

= 0

(
A
β

Ea

RT2 exp
(
− Ea

RT

)
f (α) +

A
β

exp
(
− Ea

RT

)
d f (α)

dα

dα

dT

)
T=Tm

= 0

(
dα

dT

(
Ea

RT2 +
A
β

exp
(
− Ea

RT

)
d f (α)

dα

))
T=Tm

= 0

(
Ea

RT2 +
A
β

exp
(
− Ea

RT

)
d f (α)

dα

)
= 0

Ea

RT2
m

=
A
β

exp
(
− Ea

RTm

)(
−d f (α)

dα

)
T=Tm

ln
(

β

T2
m

)
+ ln

(
Ea

RA

)
= − Ea

RTm
+ ln

(
−d f (α)

dα

)
T=Tm

(6)

Tm is the maximum temperature in a TPR pattern, which is commonly taken as the
summit point of a peak. Therefore plotting ln

(
β

T2
m

)
versus 1

Tm
gives a straight line in which

the slope is equal to −Ea
R .

The second method consisted of extracting the kinetics parameters (apparent activation
energy, pre-exponential factor, by a reduction model). These were determined by plotting
the calculated d(α)

dT and fitting it into experimental d(α)
dT using solver in Microsoft Excel. The

best model fit is achieved by varying those three variables (Ea, A, and f (α)) in Equation (3).
The extent of reduction (α) was produced for each peak in TPR patterns. Table 5 contains
typical reduction models used in solid-gas reactions.

Table 5. Common reduction functions reported in the literature.

Reaction Model f(α)

n-dimensional nucleation-Avrami-Erofeev n(1− α)[− ln(1− α)]
(n−1)

n

n-order reaction (1− α)n

Phase boundary-controlled n(1− α)
n−1

n

1-D diffusion 1
2 α−1

2-D diffusion −1
ln(1−α)

3-D diffusion 3
2 (1−α)

2
3

1−(1−α)
1
3

Sestak–Berggren αm(1− α)n(− ln(1− α))p

4. Conclusions

H2-TPR experiments of IrO2/TiO2 (anatase) were conducted with a focus on two
regions were IrO2 is reduced (in part) to Ir metal at ca. 100 and totally at 230 ◦C. Based on
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TPR and TEM results, the first peak is due to the partial reduction of small clusters (less
than 1 nm in size) of IrO2 to Ir metal, and the second one is due to the reduction of the
formed crystalline phase (rutile), during TPR, to the metal. Two methods for calculating
kinetic parameters were considered. First, using TPR patterns, different applied ramp
rates (β changed from 10 to 40 K/min) of a 3.5 wt.% IrO2/TiO2 were conducted for the
use of Kissinger’s method. The apparent activation energy values for the first and second
reduction reactions were found to be ca. 35 and 100 kJ/mol, respectively. The second
method involved separating TPR patterns of the 3.5 wt.% IrO2/TiO2 sample at a constant
ramping rate (β = 10 and 40 K/min) modeled using different gas-solid reduction functions.
The best model-fit between experimental and calculated dα/dT for the first reduction step
is an n-order reaction, while no complete agreement with any model was found for the
second peak. However, it seems that the reduction in the second region is best explained by
a combination of two models (phase boundary and nucleation). It is clear from this work
that the nature of the interaction of IrO2 with the support dictates its reduction kinetics.
Results indicate that multiple peaks for reduction found for noble metals dispersed on
an oxide originate from reconstructions of the clusters in addition to successive reduction
steps. Further refinement of the models with a focus on the n-boundary and nucleation
ones may provide a more complete picture. This is particularly important because of the
possible coupling with the reduction of the support, TiO2, at temperatures above 300 ◦C,
which is neglected for the sake of simplicity in this study.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/inorganics11020066/s1, Figure S1: Raw data for the TPR of 3.5% wt. %
IrO2/TiO2; Figure S2: Fitted experimental data and calculated (dα/dT) using different reduction
models; Figure S3: XRD of 3.5 wt.% IrO2/TiO2 annealed at 400 ◦C and 600 ◦C; Figure S4: XRD of
3.5 wt.% IrO2/TiO2 (anatase, BET = 55 m2/g) reduced at 400 ◦C (black dots) and 500 ◦C (red dots);
Figure S5: Deconvoluted experimental data for the second reduction step during TPR.
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