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An experimental procedure is proposed to enable analysis of H, emission/consumption data
obtained during temperature-programmed reduction (TPR) of a metal-supported catalyst. Using the
methods described allows one to account for chemical processes other than reduction and thus
remove their contribution from the TPR profile. The resulting ‘‘real’’ TPR spectrum is a signature
that reflects only reduction processes that occur under nonisothermal conditions. To demonstrate
the methodology, Pt, Ir, and Pt/Ir supported on alumina have been characterized. The real TPR
profile of the bimetallic catalyst is not the simple superposition of the reduction spectra of the
monometallics. This observation has generally been considered indicative of some type of alloy-
phase formation. On the other hand, had the hydrogen emission/consumption data been used

directly, the same conclusion would be tenuous.

INTRODUCTION

Temperature-programmed reduction
(TPR) is a recently developed technique
used to chemically characterize supported
metal catalysts (/, 2). During TPR, a hydro-
gen-containing gas mixture continuously
perfuses the catalyst bed while the temper-
ature of the bed is raised linearly with time.
By measuring the consumption of hydrogen
as a function of temperature, a so-called
TPR profile is obtained. The use of such
profiles provides fingerprints of the chemi-
cal nature and environment of the catalytic
component. Furthermore, the area under
the TPR peak reflects the concentration of
that component present on the catalyst sur-
face. Due to its ease in use by providing
quick assessment of the differences be-
tween catalysts prepared via different con-
ditions, the practical applications of TPR
have increased dramatically.

TPR has been applied to the character-
ization of catalysts or catalytic precursors at
different stages of the catalyst preparation
sequence. The sample can be either passi-
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vated (3-5) or unpassivated (¢4, 5). The
sample can also be bulk (6-8), supported
monometallic (¢, 5, 8, 9), or supported bi-
metallic materials (10, 11). The TPR tech-
nique is extremely sensitive to the pre-
treatment of the catalyst prior to experi-
mentation. Different pretreatments result in
different catalytic precursors; the TPR pro-
file is a record of the reduction of these pre-
cursors. It is likely that the precursor pool
will contain a variety of species, each with
its own characteristic reduction profile. The
resulting TPR spectrum is a composite of
these processes with some contribution
likely from processes that do not involve
changes in the oxidation state of the metal.

During the TPR process, the oxidation
states of the supported metal cations de-
crease, resulting in a hydrogen consump-
tion. This reduction process ceases after all
the reducible metal cations are consumed.
The reduced metal, however, is capable of
adsorbing hydrogen from the gaseous envi-
ronment. At the same time, the adsorbed
hydrogen can desorb into the flowing hy-
drogen-containing carrier gas. In some
cases, the chemisorbed hydrogen may dif-
fuse along the surface of the catalyst. This
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spillover hydrogen can desorb from the
support at higher temperature (12). There-
fore, the apparent hydrogen consumption/
emission is composed of additional chemi-
cal processes that do not involve changes in
oxidation state.

The apparent hydrogen consumption/
emission, based on the mass balance of
these contributions, can be written as

apparent hydrogen consumption/emission
= reduction + adsorption + spillover
— desorption of chemisorbed hydrogen
— desorption of spillover hydrogen.

The adsorption/desorption process is an in-
herent property of the reduced metal and is
unavoidable. The contribution from hydro-
gen spillover may be significant on some
metals, such as platinum (/2). Further-
more, the rates for these processes are tem-
perature dependent and their contributions
may obscure the reduction profile during
the TPR process which is also a tem-
perature-dependent process. The first term
on the right-hand side of the above equa-
tion consists of two components: an isother-
mal contribution and a temperature-pro-
grammed component. The former occurs
when the sample is exposed to the reduc-
ing gas mixture at the initial temperature
of the experiment; the latter occurs during
the temperature ramp and is typically
designated the TPR profile.

In conjunction with the mass balance
equation and the recognition of a possible
isothermal reduction process, the ‘‘real”
TPR profile can be obtained. We define the
real TPR profile as that signature that re-
flects only reduction processes that occur
during temperature programming.

The objective of this report is to demon-
strate the use of a sequence of experiments
to account for the isothermal reduction, the
adsorption/desorption, and the spillover
contributions during the TPR process and
provide a basis for interpreting TPR results.
The contributions from the aforementioned
processes need to be determined to obtain

the real TPR profile. This consideration be-
comes more important when TPR is used to
study bimetallic catalysts where the charac-
teristics of a TPR spectrum are used to ob-
tain evidence of the interaction between the
atoms of the two metallic components. We
applied these procedures to obtain evi-
dence for intimate contact between con-
stituent metals in the Pt/Ir/Al,O; system.

EXPERIMENTAL
Catalysts

Ir/ Al,O; (4.4%), Pt/ Al,O, (4.4%), and Pt/
Ir/ALLO; (4.5% Pt, 6.5% Ir) catalysts were
used in this study. All catalysts were pre-
pared by wet impregnation using H,PtClg
and H,IrClg as impregnation reagents. Two
grams of y-alumina was brought into con-
tact with 25 ml of the impregnation solution
at a concentration sufficient to mount 0.3%
by weight of metals on the support based
on pore filling. A particle size of 0.225 mm
was used to ensure a uniform metal distribu-
tion throughout the support particles. The
slurry was continuously agitated for 1 h, a
time sufficient for adsorption equilibrium
(13). The metal concentration in solution
before and after contact with the support
was determined with a Perkin-Elmer
Model 2380 atomic adsorption spectropho-
tometer. All catalyst precursors were dried
at room temperature, calcined at 120°C for
1 h, and finally calcined at 400°C for 4 h.

A large amount of adsorption of Ir and Pt
to the alumina support is observed when
the catalysts are prepared by wet impregna-
tion. The pH’s of the H,IrClg and H,PtClg
solution, with a concentration necessary to
mount 0.3% metal by weight, are 1.5 and
1.4, respectively. Dissociation of H,IrClg
and H,PtCls yields anions in the aqueous
phase. In this pH range, the y-alumina
(pHz,e = 7.8) (I4) possesses a positively
charged surface. Thus, the amount of ad-
sorption due to the attractive static force
between a positively charged surface and
the anions is expected to be strong, and re-
sults in a catalyst with high weight loading
(4.4%).
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Fi1c. 1. Schematic diagram of the TPR apparatus.
into the reactor via the four-way valve, 4.

Apparatus

The TPR apparatus used in this study
is schematically represented in Fig. 1. An
8.5% H, in Ar stream can be directed
through a microreactor. The flow rates of
gases are controlled with Tylan Controllers
(Model FC-260); the temperature of the re-
actor is controlled with an Omega micro-
processor temperature programmer. The
temperature of the reactor can be pro-
grammed to increase linearly from room
temperature to 500°C. The procedures de-
scribed below are general and choice of
starting temperature should be dictated by
available experimental facilities. H, con-
sumption is monitored continuously with
an IBM PC-XT interfaced to a Fisher
Model 1200 gas partitioner in which the
built-in thermal conductivity detector
(TCD) is used to monitor changes in H,
concentration in the carrier stream.

Procedures

It is necessary to allow the TCD detector
to stabilize in an 8.5% H,/Ar flow before
the temperature ramp is performed. Inev-
itably, some of the sample may be reduced
during the isothermal stabilization period.
This reduction behavior cannot be ne-

Note that the Ar on H,/Ar stream can be directed

glected and needs to be considered sepa-
rately. Although methods have been pro-
posed by Prins and co-workers (4), they are
qualitative. We suggest below simple pro-
cedures to assess the hydrogen consump-
tion during isothermal reduction. The ex-
perimental procedures are divided into two
parts: the amount of hydrogen consumed
during the isothermal reduction period (i.¢.,
the period for TCD stabilization before the
temperature is raised) is described in Part I
and the amount of metal reduced during the
temperature ramp period is described in
Part 1I.

Part I: Experimental Sequence for TPR

1. Dehydration. Sample (100 mg) is
flushed with Ar at a flow rate of 100 cm?®/
min. The temperature is raised to 500°C at a
heating rate of 5°C/min. The sample is held
at 500°C for 1 h and cooled to room temper-
ature in flowing Ar.

2. Reduction. The Ar stream is switched
to 8.5% H,/Ar at a flow rate of 40 cm®/min.
After the TCD is stabilized, a calibration
procedure is performed to account for the
difference in sensitivity from run to run.
Some of the sample may be reduced during
the TCD stabilization period. The amount
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of H, consumed during this period is deter-
mined in a separate experiment described
in Part II. To calibrate, 0.1, 0.3, and 0.5 ul
of Ar are injected into the TCD. After the
TCD has been calibrated, the temperature
of the reactor is raised to 500°C at a heating
rate of 20°C/min and held at 500°C for 20
min. The apparent hydrogen consumption/
emission data and the temperature of the
catalyst bed are continuously recorded on
the IBM PC-XT. The resulting spectrum is
designated as the first TPR spectrum. The
catalyst is flushed with an Ar gas flow at
500°C for 5 min and cooled to room temper-
ature at a cooling rate of about 20°C/min.

3. Adsorption/desorption. The Ar gas
flow is switched to the H,/Ar gas stream
and the procedures used in the reduction
step are repeated. The resulting spectrum is
designated the second TPR spectrum. After
the second TPR spectrum had been re-
corded, the catalyst is cooled to room tem-
perature in H,/Ar instead of Ar. The resulit-
ing hydrogen consumption spectrum during
cooling is designated as the adsorption
spectrum.

It is interesting to note that the second
TPR spectrum should be a mirror image of
the adsorption spectrum for a completely
reduced catalyst for which there is no con-
tribution from hydrogen spillover. If the ad-
sorption spectrum is not a mirror image of
the second TPR spectrum, an additional
TPR experiment is necessary to determine
whether the catalyst is completely reduced
or hydrogen spillover is dominating. Fol-
lowing the procedures described in Step 2,
the resulting TPR spectrum is designated
the third TPR spectrum. Similarity of the
spectra of the second and third TPRs
implies that the catalyst has been reduced
during the first TPR process and the second
TPR is obtained from a completely reduced
surface, i.e., a temperature-programmed
desorption (TPD) spectrum. Dissimilarity
suggests that the catalyst is not fully re-
duced. For a catalyst with incompletely
reduced metal, Steps 2 and 3 should
be repeated until the two spectra are the
same.

After the adsorption spectrum is re-
corded, a temperature-programmed de-
sorption (TPD) experiment is suggested
to obtain additional information regarding
the H, binding strength on the supported
metal(s). Although the results will not be
presented in this report, the suggested TPD
experiment is described as follows.

4. Temperature-programmed desorption.
After the adsorption spectrum has been re-
corded, the gas stream is switched to Ar.
The TCD is stabilized and calibrated and
the temperature is increased linearly with
time. The rate of hydrogen emission and
catalyst temperature are recorded contin-
uously to yield the TPD spectrum.

Part II: Experimental Sequence for
Isothermal Reduction

1. Dehydration. An aliquot of 100 mg of
the sample used in the previous TPR exper-
iments is dehydrated in flowing Ar by the
same procedure described in the Step 1 of
Part I. The dehydrated sample is cooled to
room temperature in flowing Ar.

2. Room-temperature reduction/adsorp-
tion. The Ar stream with a flow rate of 40
cm’/min is then directed to the TCD via a
four-way valve. After the TCD is stabi-
lized, several pulses of 8.5% H,/Ar are in-
jected into the reactor by a built-in internal
sampling loop with a volume of 0.25 cm’®
per pulse. The injection of H,/Ar is re-
peated until the breakthrough of pulses
occurs.

The reduced metal can adsorb hydrogen
during room-temperature reduction. The
amount of hydrogen adsorbed can be as-
sessed by the following procedures.

3. Temperature-programmed desorption.
The temperature is programmed to increase
linearly from ambient to 500°C in Ar at a
rate of 20°C/min. The flow rate of Ar is 40
cm’/min. The resulting spectrum of hydro-
gen emission as a function of temperature is
a TPD spectrum. After the TPD spectrum is
recorded, the sample is cooled to room
temperature in flowing Ar.

The amount of hydrogen adsorbed during
TPD can be calculated by integrating the
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area under the TPD spectrum. However,
the adsorbed hydrogen can react with the
unreduced part of the sample. To assess
this portion of the adsorbed hydrogen, an
additional TPR experiment is necessary.
4. Temperature-programmed reduction.
The Ar stream is switched to the 8.5%
H,/Ar stream. After the TCD is stabilized
and calibrated, a temperature-programmed
reduction experiment is performed on the
sample by the same procedures described
in Step 3 of Part 1. The difference between
the resulting TPR spectrum and the first
TPR spectrum obtained in Part I is the
amount of H, consumed during the previ-
ous TPD experiment. The sum of the H,
consumption in Steps 3 and 4 is the total
amount of H, adsorbed during room-tem-
perature reduction. Subtraction of the
amount of adsorbed H, (Steps 3 and 4) from
the amount of H, consumed during room-
temperature reduction (Step 2) yields the
amount of H; consumed due to the reduc-
tion of the sample at room temperature.
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RESULTS AND DISCUSSION

To demonstrate the procedures outlined
in Part I of the previous section we present
results of the temperature-programmed re-
duction of Ir, Pt, and Pt/Ir/Al,O; catalysts.

Ir/ALOs Catalyst

Figure 2a shows the first TPR spectrum.
It demonstrates that the apparent hydrogen
consumption occurs when the temperature
is lower than 200°C. However, an appar-
ent hydrogen emission is detected in the
temperature range 200 to 360°C. Figure 2a
shows the combined contributions from
reduction, adsorption, and desorption. It
clearly indicates that one cannot separate
the real reduction profile from the first TPR
spectrum alone.

Figure 2b shows the second TPR spec-
trum; hydrogen emission is observed dur-
ing the second TPR process. Figure 2c
shows the adsorption spectrum when the
catalyst is cooled in a Hy/Ar gas stream.
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FiG. 2. (a) The first TPR spectrum, (b) the second TPR spectrum, (c) the cooling curve, and (d) the

“‘real’”” TPR spectrum of a 4.4% Ir/Al,O; catalyst.
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TABLE 1

Hydrogen Consumption for Ir/Al,Os, Pt/AlOs,
and Pt/Ir/Al,O, Catalysts during TPR Process

Catalyst H, consumption
(umol/g catalyst)
4.4% Pt/Al, 05 110
4.5% Pt/6.5% Ir/ Al,O, 180

Figure 2c¢ is a mirror image of Fig. 2b. It
implies that the catalyst surface is free of
unreduced Ir before the second TPR is per-
formed. It further demonstrates that the hy-
drogen spillover process is not significant in
this case. In conjunction with the mass bal-
ance equation for the apparent hydrogen
consumption/emission, it is important to
note that the second TPR spectrum is the
combined contributions of adsorption and
desorption during the TPR process.

A real TPR profile can thus be obtained
by subtracting Fig. 2b from 2a and the re-
sulting TPR profile is Fig. 2d. It shows that
two peaks are observed at 100 and 200°C.
Table 1 tabulates the amount of H; con-
sumed for this catalyst during the TPR
process.

Pt/ALO; Catalyst

Figures 3a and b are the spectra of the
first TPR and second TPRs, respectively.
Hydrogen consumption is observed during
the first TPR process, but hydrogen emis-
sion is observed during the second TPR
process. An additional feature of the sec-
ond TPR spectrum is that a long tail for
hydrogen desorption is observed between
300 and 400°C. Figure 3c is the adsorption
spectrum during cooling. Figure 3c is
clearly not a mirror image of Fig. 3b. An
additional TPR process is performed, and
the resulting third TPR spectrum is Fig. 3d.
Figure 3d is identical to Fig. 3b, implying
that the catalyst surface is completely re-
duced during the first TPR experiment. The
long tail for hydrogen desorption observed

in the second TPR spectrum is tentatively
assigned to the desorption of spillover hy-
drogen from the support. The temperature
range observed for the desorption of spill-
over hydrogen is consistant with other in-
vestigators’ results (/2). The high hydrogen
consumption observed in the adsorption
spectrum is tentatively assigned to the com-
bined processes of hydrogen chemisorption
on the metal function and the repopulation
of spillover hydrogen previously desorbed
during Step 3. Therefore, the second TPR
spectrum can be used to account for the
hydrogen adsorption, desorption, and spill-
over during the first TPR experiment. Sub-
traction of Fig. 3b from 3a vyields Fig. 3e,
the real TPR spectrum. It has a singular
peak at 210°C. The H; consumption of this
catalyst during the TPR process is tabu-
lated in Table 1.

Pt/Ir/Al,O4 Catalyst

Figure 4a is the first TPR spectrum for
the Pt/Ir/Al,O; bimetallic catalyst. It shows
that an apparent hydrogen consumption oc-
curs between 80 and 220°C. However, hy-
drogen emission is observed between 220
and 300°C. Figure 4b is the second TPR
spectrum. It shows that an apparent H,
emission is observed. Figure 4c is the ad-
sorption spectrum of the catalyst cooled in
H,/Ar. The observation that Fig. 4c is a
mirror image of Fig. 4b implies that Fig. 4b
is obtained from a reduced surface. The
subtraction of Fig. 4b from Fig. 4a yields
the real TPR profile and the resulting spec-
trum is Fig. 4d. It shows a singular peak at
170°C. The H, consumption during the TPR
process is tabulated in Table 1.

The peak temperature of the reduction of
the Pt/Ir bimetallic catalyst (170°C) is nei-
ther the reduction peak temperature(s) of
the individual monometallic catalysts (Ir:
100 and 200°C; Pt: 210°C) nor the peak tem-
perature at the sum of the TPR spectra of
the individual monometallic catalysts. Al-
though the result of the summation of the
TPR spectra (i.e., Figs. 2d and 3e) is not
shown in this report, the TPR spectrum
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F1G. 3. (a) The first TPR spectrum, (b) the second TPR spectrum, (c) the cooling curve, (d) the third
TPR spectrum, and (e) the “‘real’” TPR spectrum of a 4.5% Pt/Al,O; catalyst.

would show two peaks at about 100 and
200°C. Had only the hydrogen consumption
portions of the first TPR for Ir (Fig. 2a) and
Pt (Fig. 3a) been considered, their summa-
tion would be very similar to the hydrogen
consumption of the bimetallic catalyst (Fig.
4a). Furthermore, the area under this por-
tion of the curve is such that the total con-
sumption of the monometallics is approxi-
mately the same as that of the bimetallic.

Any conclusions concerning alloy/new
phase formation in these catalysts would be
tenuous had the first TPR spectra been
analyzed.

On the other hand, the result shown in
Fig. 4d, the real TPR spectrum, demon-
strates that the presence of both Pt and Ir
affects the reduction behavior of each con-
sidered separately. The results obtained
using the TPR procedures outlined in this
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F1G. 4. (a) The first TPR spectrum, (b) the second TPR spectrum, (c) the cooling curve, and (d) the
“real’”” TPR spectrum of a 4.5% Pt/6.5% Ir/Al,O, catalyst.

study strongly suggest that a single-phase
bimetallic cluster, rather than two separate
monometallic phases, exists on the catalyst
surface. Results obtained by other investi-
gators using other techniques, such as
EXAFS (15), XRD (16), and Mossbauer
effect spectroscopy studies (I7), have con-
firmed the hypothesis that an alloy-type bi-
metallic cluster does exist on the surface
after the bimetallic catalyst has been re-
duced. The TPR technique, taking into ac-
count the contributions of adsorption and
desorption via the procedures suggested
above, can be used confidently to character-
ize the catalyst by probing its temperature-
dependent reduction properties.
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