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ABSTRACT: A series of y wt % Pt/Ce,Zr,_,O, catalysts (y = (a) (b) .

0.1, 0.5, and 1.0; x = 0.3, 0.5, and 0.7) were synthesized and 0 9 0@9 ¢ Co2r, 0, .
characterized to investigate the effect of CeO, doping with € . 'N% VO ¢
Zr™ and of Pt particle size (Pt/CeysZrys0O,) on important 9 “2‘? ? : ‘ C‘ 0 9@9 9
mechanistic and kinetic aspects of the water—gas shift (WGS) Ce0, DL F?E'?_Z@_E?] Ce2r,.0; |
reaction. These included the concentration (umol-g™' or 6 <N oomi o on g % &
(surface coverage based on Pt;)) and chemical structure of CONN G omo 0 &

active reaction intermediates present in the “carbon path” and

“hydrogen path” of the WGS reaction in the 200—300 °C

range and the prevailing mechanism among “redox” and “associative formate” largely considered in the literature. Toward this
goal, steady-state isotopic transient kinetic analysis coupled with in situ DRIFTS and mass spectrometry experiments were
performed for the first time using D,0 and "*CO isotopic gases. A novel transient isotopic experiment allowed quantification of
the initial transient rate of reaction of adsorbed formate (HCOO—) with water and that of adsorbed CO with water under
steady-state WGS reaction conditions. On the basis of these results, it was concluded that formate should not be considered as an
important intermediate. It was found that on Pt/Ce,Zr,_,O, catalysts, the WGS reaction mechanism switches from “redox” to a
combination of “redox” and “associative formate with —OH group regeneration” mechanisms by increasing the reaction
temperature from 200 to 300 °C. The superior WGS activity exhibited by Pt/Ce,Zr,_,O, (x = 0.3, 0.5, and 0.7) catalysts in
comparison with Pt/CeO, was explained by the fact that the site reactivity of Pt across the metal—support interface was increased
as a consequence of the introduction of Zr*" into the ceria lattice. The concentration of active reaction intermediates was found to
strongly depend on reaction temperature, support composition (Ce/Zr ratio), and Pt particle size, parameters that all determine
the shape of the light-off CO-conversion curve.

KEYWORDS: WGS reaction mechanism, ceria—zirconia, SSITKA—DRIFTS, SSITKA—MS, supported Pt,
transient isotopic techniques

1. INTRODUCTION various supports, including Ce0,,>°™Y 7r0,, "' 7131771 and
Ce,Zr,_,0,">""7** have been examined. However, the stability
of these catalysts under practical conditions is still problematic
and depends on the synthesis method employed.”® An

The concomitant development of a fuel processor in which
carbonaceous fuels are converted into hydrogen (H,) is in
increasing demand." The heterogeneously catalyzed water—gas : . i i .
shift (WGS) reaction (CO + H,0 < CO, + Hy, AH° = —41.2 important aspect in the design of such catalytic systems is the
. . 2 g iy development of a metal oxide support with small grain size,
kJ/mol) is a key step in a fuel processor and in a number of ) i ) :
chemical processes, including steam reforming of hydrocarbons, h.1gh s.urfalice area, controlled porosity, and tallor—.de51gr.1e.d pore
sugars, alcohols, and bio-oil, which can increase the H, size distribution in an effort to enhance catalytic activity and

concentration in the product gas and at the same time reduce stability with time on-strean.L )
the CO concentration. 2 Fundamental understanding of the WGS reaction at the

The low-temperature (180300 °C) operating industrial molecular level is certainly an important tool toward the design

Cu/ZnO/ALO; WGS reaction catalyst is pyrophoric and of suitably functional catalytic materials for activity, selectivity,
and stability optimization under industrial WGS reaction

conditions. To achieve this goal, mechanistic studies of the
WGS reaction employing in situ coupled spectroscopic and
kinetic measurements under reaction conditions (operando
studies) become important.**?’

deactivates if exposed to air and condensed water, and it is
characterized by low thermal stability.”® Attempts have recently
been focused toward the development of low-loading robust
noble metal-based catalysts with high activity at low temper-
atures and that are nonpyrophoric to reduce catalyst volume
and cost.” Pt metal supported on reducible metal oxide carriers

appears to be a promising candidate for replacing current Received: September 20, 2012
industrial low-temperature WGS catalysts.® To increase the Revised:  November 4, 2012
intrinsic catalytic activity of supported Pt at low temperatures, Published: November S, 2012
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It is generally accepted that the WGS reaction over metal
oxide-supported noble metals operates in a bifunctional manner
with the participation of both the dispersed metal and the
support phases. In this regard, two general mechanistic schemes
have been proposed: (i) The “redox” or “regenerative
mechanism”,"**873* according to which CO adsorbed on the
metal phase is oxidized toward CO, by labile oxygen of the
support, thus forming an oxygen vacant site. The latter is
reoxidized by water, leading to the formation of hydrogen. (ii)
The “adsorptive or associative mechanism”,"*'>**~3% according
to which the reaction proceeds via the interaction of adsorbed
CO with terminal hydroxyl groups (—OH) of the oxidic
support to form “carbon-containing” intermediates (e.g.,
formate, carbonate, or bicarbonate), which are further
decomposed toward the formation of gaseous CO, and H,.
However, several important kinetic and mechanistic issues of
the WGS reaction still remain controversial: (a) the dominant
mechanistic pathway, (b) the rate-determining step, and (c) the
chemical nature of the active “carbon-containing” and “hydro-
gen-containing” reaction intermediates and their true site
locations (e.g., support alone, metal—support interface, or metal
surface).1£’26$4o_4gp P

In the present work, the WGS reaction has been investigated
over a series of Pt/Ce/Zr,_,O, catalysts synthesized by a
modified sol—gel technique using surfactant molecules as
templates, with emphasis on the influence of Zr** dopant on
essential aspects of the mechanism of the reaction at hand.
Toward this goal, steady-state isotopic transient kinetic analysis
(SSITKA) coupled with DRIFTS and mass spectrometry
experiments have been designed and performed to probe the
chemical structure of active reaction intermediates and spectator
species and to estimate the surface concentration of active “H-
containing” and “C-containing” intermediates found in the
“hydrogen path” and “carbon path” of the reaction, respectively.
A novel transient isotopic experiment was also performed to
quantify the relative importance of the “redox” and “associative
formate” WGS reaction mechanisms over the present catalytic
systems.

2. EXPERIMENTAL SECTION

2.1. Catalysts Preparation. The Ce,Zr,_,O, supports
were prepared by a modified sol—gel method. The nonionic
long-chain surfactant Tween-20 (T20, polyethylene glycol
sorbitan monolaurate) was used as a pore-directing agent
dissolved in ethanol (EtOH, Fisher). Acetylacetone (Sigma-
Aldrich) was then added into the EtOH solution for the
esterification reaction, and subsequently, water was added
dropwise under vigorous stirring. An appropriate amount of
zirconium propoxide (Aldrich) was then added, and the
resulting solution was stirred at room temperature for 1 h
(zirconia sol). The molar ratio of T20/EtOH/acetylacetone/
zirconium propoxide was 1.5/45/6/1 (mol/mol). The
appropriate amount of zirconia sol was dissolved in ethanol
(Fisher), and the cerium precursor (cerium chloride heptahy-
drate, Aldrich) was then added under continuous stirring. The
molar ratios of Ce/Zr used were 0.3, 0.5, and 0.7. The final sol
was transparent and stable for several hours. All preparation
steps were conducted at room temperature, and the chemicals
were used as received without further purification. The final sol
was spread on a glass and dried at 100 °C for 1 h, and the
resulting solid product was then calcined in air using a
multisegment programmable furnace (Paragon HT-22-D,
Thermcraft) at 500 °C at a rate of 18 °C-min™" to remove
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all the organics. The latter step resulted in the formation of a
thick film. The final Ce,Z,_,0, (x = 0.3, 0.5, and 0.7) solid was
collected by scraping the thick film formed, which was then
ground for further characterization and use as a support of Pt.

The supported Pt catalysts were prepared by impregnating
the Ce,Z, O, with a given amount of aqueous solution of
Pt(NH;),(NO,), (3.4 wt % solution in NH,OH, Aldrich)
corresponding to the desired Pt loading (0.1, 0.5, and 1.0 wt
%). After gradual evaporation of water at 70 °C for 4 h, the
resulting slurry was dried at 120 °C overnight and placed in a
furnace (ELF 11/6, Carbolite) for calcination in static air at 500
°C for 2 h (heating rate of 50 °C-min~" from 25 to 500 °C).
Prior to any catalytic measurements, the fresh sample was
pretreated with 20 vol % O,/He (50 N mL-min~") at 500 °C
for 2 h, followed by reduction in H, (1 bar, S0 N mL-min~") at
300 °C for 2 h.

2.2. Catalyst Characterization. 2.2.1. Textural and X-ray
Diffraction Studies. The Ce,Zr,_,O, supports were charac-
terized for their texture by the BET method (adsorption of N,
at 77 K) using a Micromeritics Gemini I1I surface area and pore
size analyzer. The specific surface area (m>g™') of the solid
supports was measured after in situ thermal treatment in N, gas
at 200 °C for 2 h. The primary mean crystallite size of the
Ce,Zr,_,0, solids was estimated on the basis of powder XRD
studies (Shimadzu 6000 diffractometer using Cu Ka radiation
(A = 1.5418 A) and after using the Scherrer formula. The
samples had a grain size lower than 200 mesh. X-ray
diffractograms were recorded in the 10—80° 20 range with a
step scan of 2°-min”". In situ XRD studies were performed over
the fresh catalyst samples after treatment with a 20 vol % O,/
He (50 N mL-min~', 2 h) gas mixture in the 200—600 °C
range, followed by 20 vol % H,/He (50 N mL-min~", 2 h) gas
treatment in the 200—600 °C range.

2.2.2. H, Temperature-Programmed Desorption (TPD)
Studies. The dispersion of Pt metal in the Pt/Ce,Zr;_,O, (x
=03, 0.5, and 0.7) catalysts was determined by selective H,
chemisorption at 25 °C, followed by temperature-programmed
desorption (TPD) in He flow (30 N mL-min"') using the
apparatus and procedures previously described.™*® A 0.5-g
fresh catalyst sample was first calcined in a 20 vol % O,/He gas
mixture (50 N mL-min™") at 500 °C for 2 h and then reduced
in pure H, (30 N mL-min~") at 300 °C for 2 h. Quantitative
analysis of the effluent gas stream from the microreactor was
performed using an on line quadrupole mass spectrometer
(Omnistar, Balzers) equipped with a fast response inlet
capillary/leak valve (SVIOSO, Balzers) and data acquisition
systems. A H/Pt, = 1 for hydrogen chemisorption stoichiom-
etry was considered. The accuracy of this procedure in
determining Pt dispersion for the present Pt/Ce,Zr, O,
catalysts was checked by HAADF/STEM measurements
described in what follows.

2.2.3. High-Angle Annular Dark Field Scanning Trans-
mission Electron Microscopy. The mean Pt particle size and
chemical composition of the 0.5 wt % Pt/Ce;sZr,sO, solid
were estimated using high-angle annular dark field (HAADF)
images (200 kV JEM-2100] Jeol Ltd.) obtained from a
transmission electron microscope equipped with an INCAx-
Sight (Oxford Inc.) energy-dispersive X-ray spectroscopy
(EDXS) for elemental chemical analysis. The wt % and atom
% compositions of the sample were determined by the provided
instrument’s software and appropriate calibration procedures.
HAADF images were recorded with the microscope in STEM
mode with a beam size of 1 nm and an inner collection angle of
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68.5 mrad. The contrast in HAADF images is mainly due to
differences in the atomic number (Z) of metal elements at
constant thickness. Given that Zp, = 78, Z. = S8, and Z,, = 40,
the brighter regions in the HAADF images correspond to Pt
particles.

2.2.4. H, Temperature-Programmed Reduction (H,-TPR)
Studies. H, temperature-programmed reduction (H,-TPR)
experiments were conducted in the gas flow system previously
described (section 2.2.2) according to the following procedure.
All fresh supported Pt solids were first pretreated in 20 vol %
0,/He gas mixture at 500 °C for 2 h, purged in He flow and
then cooled in He to room temperature. A 0.75 vol % H,/He
gas mixture was then passed over the catalyst (W = 0.1 g), and
the temperature of the solid was increased to 700 °C at a rate of
30 °C-min~". The mass numbers (m/z) 2, 18, and 32 were used
for H,, H,O, and O,, respectively. On the basis of the
appropriate material balance, the hydrogen consumption rate
(umol of Hy-g "min~") vs temperature was estimated.

2.2.5. In Situ DRIFTS-CO Chemisorption Studies. A Perkin-
Elmer Spectrum GX II FTIR spectrometer equipped with a
high-temperature/high-pressure temperature controllable
DRIFTS cell (Harrick, Praying Mantis) were used to in situ
record infrared spectra obtained under reaction conditions. The
spectrum of the solid was taken in Ar flow at the desired
reaction temperature, following catalyst pretreatment (20 vol %
O,/Ar at 500 °C for 2 h, followed by pure H, at 300 °C for 2
h), and this was subtracted from the spectrum of the solid
recorded under the reaction gas mixture at the same
temperature. Signal averaging was set to 50 scans per spectrum,
and DRIFTS spectra were collected in the 400—4000 cm™
range at a rate of 1 scan-s™' and at a 2 cm ™' resolution. DRIFTS
spectra when necessary were smoothed to remove high-
frequency noise and further analyzed using the software
Spectrum in accordance with guidelines reported.”” CO
chemisorption was performed from a 2.98 vol % CO/He gas
mixture at 25 °C for 30 min. The DRIFTS flow cell used in the
present work was operated in the differential mode (30—35 mg
of catalyst sample in fine powder form) without any channelling
effects, as previously reported.'*

2.3. Catalytic Activity Measurements. Steady-state
catalytic activity measurements were conducted in the
experimental setup previously described in detail.* The
reaction feed composition used consisted of 3 vol % CO/10
vol % H,0/87 vol % He, and the total volume flow rate was
200 NmL-min~", resulting in a GHSV of about 40000 h™" (L
L' h™"). The catalyst particle size was between 0.1 and 0.2
mm, and the amount of catalyst used was 0.5 g The
performance of Pt/Ce,Zr,_,O, (x = 0.3, 0.5, and 0.7) catalysts
in terms of CO conversion, Xco (%), vs the reaction
temperature (light-off curves), was evaluated in the 200—450
°C range over a prereduced catalyst (H,/Ar flow at 300 °C for
2 h). After 1 h on reaction stream, where pseudo-steady-state
reaction rate was achieved, the catalyst temperature was
stepwise increased to the next temperature to be investigated.
A stepwise decrease in reaction temperature showed no
deactivation of catalyst during the 8 h period of its performance
testing. The effluent gas stream from the microreactor after
removing the water (Peltier Gas Cooler, model ECP1000,
M&C TechGroup) was directed to a mass spectrometer
(Omnistar, Balzer) for on line monitoring of the H,, CO, and
CO, gases. The purity of all gases used (Linde Gas, Greece;
e.g, Hy, He, CO, Ar) was higher than 99.95%.
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2.4, Mechanistic Studies. 2.4.1. SSITKA—DRIFTS. SSIT-
KA—-DRIFTS experiments were performed in a specially
designed gas flow system, in which the response time of the
DRIFTS reactor cell (~35 mg catalyst) was ~S s at the flow
rate of 200 NmL-min~1.'*#3** Signal averaging was set to 50
scans per spectrum, and the spectra were collected in the
4000—500 cm™' range at the rate of 0.2 scanss™' (MCT
detector) and a resolution of 2 cm™". The background spectrum
of the solid was taken under 10 vol % H,O/Ar flow at the
desired reaction temperature. The DRIFTS data are reported as
log (1/R) (absorbance mode) using the relationship, R = I/,
Here, R is the catalyst sample reflectance, I; is the absorbance
intensity of the solid itself, and I is the absorbance intensity of
both the solid catalyst and the adsorbed species under reaction
conditions. The function log (1/R) was found to give a better
linear correlation of the integral band against surface coverage
than that given by the Kubelka—Munk function for strongly
absorbing media.’® SSITKA—DRIFTS experiments with 3CO
(99.9 atom % '*C, Spectra Gases) involved the switch 3 vol %
2C0/10 vol % H,0/Ar/He (T, 30 min) — 3 vol % 3CO/10
vol % H,0/Ar (T, t) at a total flow rate of 200 NmL-min™",
which potentially allows determination of the chemical
structure of the active intermediate and spectator species of
the WGS reaction.

2.4.2. SSITKA—Mass Spectrometry. The isotopes used in the
SSITKA—MS experiments were “CO (99.9 atom % '°C,
Spectra Gases) and D,0 (99.96 atom % D, Aldrich). SSITKA
experiments were performed using two HPLC pumps (Gilson
307) for the addition of H,0O and D,O to the reactor feed
stream in the apparatus described elsewhere.*® The SSITKA
experiments performed to follow the “hydrogen path” of the
WGS reaction involved the switch 3 vol % CO/10 vol % H,O/
Ar/Kr (T, 30 min) — 3 vol % CO/10 vol % D,0O/Ar (T, t),
and those to follow the “carbon path” involved the switch 3 vol
% '2C0/10 vol % H,0/Ar/He (T, 30 min) — 3 vol % *CO/
10 vol % H,O/Ar (T, t). The effluent wet gas stream from the
reactor was passed through a condenser (Peltier system of low
volume), the exit of which (dry gas) was directed to the mass
spectrometer for on line monitoring of the normal and isotope-
containing (D, *C) reactants and products (e.g, H,, HD, D,,
2co, Bco, 2C0, and 13COZ).45 More details on the
SSITKA—MS experiments and the microreactor used were
previously reported.'**”?***3b52 It was estimated that the
response time, 7 (s), of the system used in SSITKA—MS
studies (switching valve — microreactor — condenser — mass
spectrometer) was about S s on the basis of the transient
response curve of Ar to the switch He — 1 vol % Ar/He.””'
The mass of the catalyst was adjusted in every SSITKA—MS
experiment so as to keep the CO conversion below 15%. The
total mass of the catalyst bed was 0.5 g (catalyst diluted with
Si0,).

2.4.3. Steady State WGS Reaction Followed by '3CO
Isothermal Isotopic Exchange and Reaction with H,0. In a
recent work,'* we have presented a novel experiment that
allows the measurement of the initial rate of reaction of
adsorbed CO and formate species with water alone, in which
the surface concentrations of the former species were
established under steady-state WGS reaction conditions. The
experiment involved the following sequence of steps: 3 vol %
2C0/10 vol % H,0/Ar (T, 30 min) — 3 vol % *CO/Ar (T, 5
min) — 10 vol % H,0/Ar (T, t). The first step aims to replace
the adsorbed *CO with *CO and leave on the catalyst surface
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the nonexchangeable H'*COO— (formate) species, which were
formed under steady-state WGS ('*CO/H,O/Ar) reaction
conditions. The transient responses of *CO,, *CO,, and H,
were continuously monitored by an on line mass spectrometer
during the 10 vol % H,O/Ar step. The initial transient rates of
2C0O, and '3CO, formation are considered as characteristic
rates of the reaction of water with adsorbed H'?COO-s and
BCO,4 reaction intermediates and allow discriminating the
prevailing mechanism (e.g,, “redox” vs “associative formate”).
The shape of the '*CO, and '*CO, gas isotopic response curves
reflects the kinetics of reaction of adsorbed formate and CO
with water, respectively.

3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization. 3.1.1. Solid Support
Texture. The specific surface area, SSA (m*g™"), pores volume,
V, (em®g™"), and mean pore diameter, d, (nm) of the
Ce,Zr,_,O, solid supports are given in Table S1 of the
Supporting Information and discussed therein.

3.1.2. Bulk Structure and Composition. X-ray diffraction
patterns of fresh Cey3Zry,0,, CesZrysO, Cey,Zry30,, and

CeO, solids are presented in Figure 1a, based on which a single

(111) @)

Ce3Zry;,0,

/1 Ce,yZr, 0,

o

Cey,Zr, ;0,

L

(b)

Intensity (a.u.)

Figure 1. (a) Powder X-ray diffraction patterns of fresh Ce Zr,_,O,
solids (x = 03, 0.5 and 0.7). In situ powder XRD patterns of
Cey3Zr,;0, support after treatment with 20 vol % O,/Ar (b) and 20
vol % H,/Ar (c) gas mixtures in the 200—600 °C range.

crystalline phase, that of pseudo-cubic CeO,—ZrO, solid
solution, is revealed.”>™>” The diffraction peaks were shifted
to higher 20 values with respect to pure CeO, after increasing
the Zr content (from x = 0.3 to 0.7), which indicates the
shrinkage of the Ce—Zr—O crystal lattice as the result of the
introduction of Zr*" into the CeO, matrix. This is consistent
with the fact that the ionic radius of Zr*" (0.84 A) is smaller
compared with Ce*" (0.97 A), and as a result of this, the cell
parameter, a (A), of Ce—Zr—O is reduced.’”*® In fact, the cell
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parameters of Ce,,Zr30,, CejsZrysO,, and Cey;Zr,,0, solid
solutions following calcination at 600 °C were found to be
5.3314, 53279, and 5.2957 A, respectively. The introduction of
Zr** was reported to stabilize effectively the CeO, matrix
against thermal sintering.”® Figure 1b and c presents XRD
patterns of Cey3Zry,0, in the 26—32° 26 range after in situ
treatment of the solid with 20 vol % O,/He and 20 vol % H,/
He, respectively, in the 200—600 °C range (1 h stay at each
temperature). The stepwise increase of the temperature under
oxidative conditions (20 vol % O,/Ar) results in an increase in
the diffraction peak intensity (Figure 1b), suggesting the
formation of a solid with higher crystallinity. On the other
hand, under reducing conditions (20 vol % H,/He, 1 h) the
same diffraction peak shifted to lower 26 values with increasing
temperature (Figure 1c), suggesting the expansion of the Ce—
Zr—O lattice. This result could be explained by the reduction of
Ce*" to Ce’*; the latter ion has a larger ionic radius (1.034 A)
than the former one (0.97 A).°**” Similar XRD patterns were
obtained over the CeyZr; O, and Ce,,Zr, 30, solids. The cell
parameter @ (A) of all three solids in their reduced state was
increased when compared with that in the oxidized state. For
example, after reduction at 300 °C (1 h), the cell parameter of
Ce,Zry30, CeysZrys0, and Cey;3Zry,;,O, had values of
5.3786, 5.3713, and 5.3091 A, respectively. This result indicates
the expansion of the crystal lattice due to the fact that fraction
of Ce* was reduced to Ce**.

Raman studies were also performed on the same Ce,Zr, O,
(x =0.3, 0.5, 0.7) solids to investigate whether single phases of
ceria or zirconia were formed, but these could not be detected
by powder XRD (d, < 4.0 nm). The Raman spectra obtained
are reported in Figure S1 of the Supporting Information. It is
proved that in all three solids, the presence of single-phase
CeO, or ZrO, was absent.

The mean primary crystal size, d. (nm), of Ce,Zr,_,O, was
estimated after 20 vol % O,/Ar (500 °C, 2 h) and 20 vol % H,/
Ar (300 °C, 2 h) gas treatments, and the values obtained are
reported in Supporting Information Table S1. These pretreat-
ments were the same as those used in the WGS activity
measurements over the Pt/Ce Zr,_,O, solids. It is seen that d.
is in the 5.7—8.0 nm range, leading to the conclusion that all
Ce,Zr,_,0, solid supports were of nanocrystalline structure.

3.1.3. Platinum Particle Size and Support Chemical
Composition. The amount of H, desorbed, Ny (umol
H-g™'); the platinum dispersion, D (%); and the mean Pt
particle size (based on spherical geometrysg), dp, (nm), of Pt/
Ce,Zr;_,0, (x = 0.3, 0.5 and 0.7) solids were estimated
according to the H,-TPD procedure (Section 2.2.2). The
obtained results are reported in Table S2 of the Supporting
Information, and the values of dp, were compared with those
directly obtained from HAADF/STEM measurements (see
Supporting Information Figure S2). It is observed that the
increase in the Pt loading (from 0.1 to 1.0 wt %) led to a
decrease in the Pt dispersion and, thus, to a larger mean Pt
particle size. For example, 0.1, 0.5, and 1.0 wt % Pt supported
on Cey3Zry;0O, provided a dp, of 1.1, 2.1, and 3.3 nm,
respectively. HAADF/STEM images provided mean Pt particle
sizes within 15—20% accuracy of those reported in Supporting
Information Table S2, thus confirming the correctness of the
H, chemisorption/TPD methodology applied. The elemental
analysis of 0.5 wt % Pt/Ce(sZr, O, was found to result in 0.48
at. % Ce, 0.51 at. % Zr and 0.47 wt % Pt (EDXS studies), and
this catalyst composition was found to be homogeneous across
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the sample. More details can be found in the Supporting
Information.

3.1.4. H,-TPR (Redox) Studies. Figure 2 shows H,-TPR
traces obtained over the 0.5 and 1.0 wt % Pt/Ce;Zr, O, and

100

1.0 wt% Pt/Ce, (Zr, O,

0.5 wt% Pt/Ce, Zr, 0,
75 -

50

25

H, Consumption Rate (umol.g"'.mim™)

0 1 T 1
100 200 300 400 500 600 700 ——

Temperature ('C)
Figure 2. Hydrogen TPR traces obtained over 0.5 wt % Pt/

CeysZry 50, 1.0 wt % Pt/Cey5Zry5O,, and CeqsZr, O, solid support
alone. W= 0.1 g; Qy . = 30 mL-min~Y; # = 30 °C-min""%.

the Ce(sZrysO, support alone. It is clearly observed that the
presence of Pt on the support drastically shifts the H,-TPR
profile of support toward lower reduction temperatures (Ty =
330—360 °C vs 700 °C). In addition, the increase in the Pt
particle size shifts the H,-TPR profile of support further to
lower reduction temperatures (compare the H,-TPR trace of
the 1 wt % Pt with that of the 0.5 wt % Pt/CeyZr,O,). The
latter result provides a good explanation of the specific WGS
activity order observed on these supported-Pt solids, and the
followed redox WGS reaction mechanism as is discussed below.
Further discussion on the H,-TPR results of Figure 2 and those
obtained on the other Ce,Zr;_,O,- and CeO,-supported Pt
solids can be found in the Supporting Information.

3.1.5. In Situ DRIFTS—CO Chemisorption Studies. Figure 3
presents in situ DRIFTS spectra recorded in the 2150—1800
cm™ range after CO chemisorption at 25 °C for 30 min over

HF-Linear — 0.5 wt% Pt/CeO,
...... 0.5 wt% Pt/Ce,Zr, O,

®

51

=

5

2

s

-g Briidge

< —
. \ _E.v-";"-._

1900
Wavenumber (cm”)

1800

Figure 3. In situ DRIFTS spectra recorded in the 2150—1800 cm ™
range following CO chemisorption at 25 °C for 30 min on the 0.5 wt
% Pt/CeO, (solid line) and 0.5 wt % Pt/CeysZr, 5O, catalysts.
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the 0.5 wt % Pt/Ce5Zr,sO, catalyst and after deconvolution
and curve-fitting procedures (dashed line). The spectrum
obtained over the 0.5 wt % Pt/CeO, catalyst'* is also shown for
comparison (solid line). Spectra similar to those reported in
Figure 3 were also recorded on Pt/Cey3Zr,,0, and Pt/
Cey,Zry30, catalysts, for which no differences had been
observed with regard to the IR band locations.

In the case of Pt/Ce0O,, two well-defined infrared bands
centered at 2085 and 1838 cm™' were observed, which
correspond to high-frequency (HF) linear and bridged
adsorbed CO on the Pt surface, respectively."***~"° The IR
band of HF linear CO obtained on Pt/Ce,Zr, O, is shifted to
2070 cm™!, and a new, smaller in intensity infrared band
centered at 2022 cm™! is observed, which is assigned to a low-
frequency (LF) linear adsorbed CO on Pt atoms with increased
electron density.”®”" The substantial decrease in the v(CO)
frequency could be explained by the electron transfer from an
electron donor species to platinum, which then increases the
back-donation of metal electrons into the 27* antibonding
orbital of adsorbed CO.”* Another possible explanation is that
after the introduction of Zr*" into the ceria lattice, reduction of
the metal oxide (Ce*" — Ce") is facilitated, resulting in the
increase in the Ce" defect site concentration.'” The latter was
proved to be the case on the basis of the H,-TPR studies
presented in Section 3.1.4. According to the discussion above,
the LF linear adsorbed CO could be seen as a terminal CO
species adsorbed on metallic Pt in contact with reduced Ce**
along the metal—support interface (Pt—[J,—Ce**). The IR
band observed at 2120 cm™" corresponds to gas phase CO.”

3.2. Catalytic Activity Measurements. Figure 4 reports
WGS catalytic activity performance results in terms of CO
conversion, Xco(%) vs the reaction temperature (light-off
curves) obtained in the 200—375 °C range over the 0.1, 0.5,
and 1.0 wt % Pt supported on Cey3Zry-,0, (a), CeysZrysO,
(b), and Cey;Zry30, (c) solids. The Xco (%)-vs-T curve
corresponding to thermodynamic equilibrium, X,, (¥¢o = 0.03
and yiﬁzo =0.1) is also given.52 This curve shows that below 250

°C, full CO conversion can be achieved, and only a minor
decrease in X by less than 3% units is noticed at 375 °C.
The catalytic activity performance of 0.6 wt % Pt/CeO, solid
previously reported'* and that of an industrial LT-WGS catalyst
(Cu0/Zn0O/AL0;) measured under the same experimental
conditions (W, GHSV, feed composition, catalyst particle
size) are also depicted in Figure 4. All Pt/Ce,Zr,_,O, catalysts
show higher activity compared with Pt/CeO,, whereas their
activity above 300 °C is higher than that of the industrial LT-
WGS catalyst. The significantly higher CO conversions
observed on 0.5 wt % Pt/Ce,Zr,_,O, (x = 0.3, 0.5, and 0.7)
compared with 0.6 wt % Pt/CeO, in the 200—375 °C range,
where all catalysts have similar mean Pt particle size (~1.9—2.4
nm), is an important result, given the fact that Pt/CeO, is
considered to be one of the most effective catalysts for low-
temperature WGS.>*7>%7* Other important characteristics of
the catalysts' activity behavior shown in Figure 4 are the
following: (a) for a given reaction temperature, there is a
monotonic increase of Xco (%) with increasing Pt loading (wt
%), independent of support chemical composition (Ce/Zr
atom ratio); (b) for the same Pt loading (wt %), variations in
Xco (%) with support composition occur mainly at low-
temperatures; and (c) for the same support composition, larger
variations in Xco (%) with Pt loading occur at low
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Figure 4. CO conversion (X0, %) of WGS reaction over x wt % Pt/
Ce3Z1070, (a), x wt % Pt/CeysZrosO, (b), and x wt % Pt/
Ceg72Zr30, (c) catalysts (x = 0.1, 0.5, and 1.0). The X, (%)-vs-T
profile for equilibrium conditions (y¢o = 0.03 and yij,c = 0.1), and that
of Xco (%) vs T for the 0.6 wt % Pt/CeO, catalyst are also shown.
Experimental conditions: W, = 0.5 g; feed composition: 3 vol % CO,
10 vol % H,0O, He balance gas; total flow rate, Q = 200 NmL/min;
GHSV ~ 40000 h™".

temperatures. Table S4 (Supporting Information) provides all
catalytic activity results shown in Figure 4 for clear reference.

As described in the Introduction, two mechanistic paths have
been proposed for WGS reaction: (a) the “redox” and (b) the
“associative formate” mechanisms, the extent of each one to
depend on catalyst composition and reaction conditions. In the
case of the “associative formate” mechanism, key elementary
steps are the interaction of adsorbed CO on Pt with terminal
—OH groups of partially reduced ceria, forming brid%e
formates, and their decomposition to CO, and H,.'*'**
Thus, the superior WGS activity exhibited by Pt/Ce,Zr,_,O, in
comparison with Pt/CeO, could be explained at a first glance
by considering that a higher concentration of surface —OH
groups is formed on Ce®" defect sites present in Pt/
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Ce,Zr,_,0,. According to Ricote et al,"® addition of Zr*" at
the surface of Pt/ceria is expected to lead to the enhancement
of Ce**—[1,—Ce* defect sites that are offered for H,O
chemisorption toward —OH groups' generation and the
reoxidation of the partially reduced support surface. This, in
turn, can lead to the enhancement of formate formation and
decomposition rates. This is essentially a two-site model
involving both Ce®* and Zr*" surface catalytic sites.

H,-TPR results reported in Table S3 (Supporting
Information) and discussed therein indicate that the reduction
extent of Ce,Zr, O, in 0.5 wt % Pt/Ce,Zr,_,O, was larger
than that of CeO, in 0.6 wt % Pt/CeO,. In addition, DRIFTS—
CO chemisorption studies (Figure 3) strongly suggested the
presence of Ce®" sites at the metal—support interface (Pt—[]—
Ce®"). These results are consistent with theoretical calculations
showing that the introduction of zirconium into the ceria lattice
decreases the Ce*"/Ce*" reduction energy.75 In the case of the
“redox” mechanism, adsorbed CO on Pt reacts with the
partially reducible oxide component at the interface to form
CO, and at the same time to reduce Ce* to Ce’*. In this
mechanism, reoxidation of oxygen vacancies in ceria by H,O
occurs with H,(g) formation. It is conceivable, then, that
improved surface oxygen mobility could enhance the WGS
reaction rate. As will be presented in Section 3.3.4, the “redox”
mechanism predominates over that of “associative formate”.
Therefore, the high WGS activity observed in Pt supported on
Ce,Zr,_,O, could be explained by considering that the
introduction of more electronegative Zr than Ce atoms in the
ceria lattice induces significant lattice distortions, which
increase both the oxygen mobility and the concentration of
oxygen vacancies in the lattice,">'”*" as evidenced also by the
H,-TPR studies (Figure 2).

Another possible explanation of the high WGS activity of Pt/
Ce,Zr,_,0O, solids could be their resistance to the negative
effect of CO, readsorption, which leads to the formation of
various kinds of carbonate species. The sensitivity of noble
metals deposited on partially reducible oxides toward CO,
chemisorption was reported.”**’® As pointed out by Balakos et
al,”” excellent WGS catalysts in a feed stream that contains no
carbon dioxide can exhibit poor activity when appropriate levels
of CO, are added in the feed stream. Ricote et al,'* after a
number of gas-switching steps in the feed composition, showed
that Pt/ceria—zirconia catalysts are less sensitive to an
irreversible deactivation by CO, compared with Pt/ceria and
Pt/zirconia.

Figure S presents the dependence of the intrinsic kinetic rate
of WGS at 200 and 300 °C on the mean Pt particle size when
the kinetic rate (umol CO-cm™"s™") is based on the length of
the perimeter (I, cm-g™") of the Pt—Ce, sZr, 5O, interface. For
each catalyst, I, was estimated considering that for each Pt
nanoparticle (hemispherical geometry), a circular geometry for
the interface applies.14 For the three catalysts having 0.1, 0.5,
and 1.0 wt % Pt loading, the corresponding Pt mean particle
size is 1.7, 2.6, and 8.5 nm (HAADF/STEM studies), which
results in I, equal to 2 X 10" 4.1 x 10%, and 0.78 x 10'°
cm-g~!, respectively. Comparing the specific rates of CO
conversion at 300 °C for the two catalysts having 1.7 and 8.5
nm mean Pt particle size (3.0 X 107'° and 3.23 X 10~ ymol
CO-em™"s7!, respectively), their ratio is equal to 0.092,
whereas the corresponding ratio of their I, values is 2.56.
Thus, it is rather clear that the large difference in the specific
rates of the two catalysts is not due to the different I, values.
Considering the fact that the number density (atoms/cm) of Pt
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Figure S. Effect of Pt mean particle size, dp,, on the specific rate of CO
conversion based on the perimeter of the Pt—support interface (4mol
CO-cm™!s7!) for the WGS reaction at 200 and 300 °C performed on
the Pt/CesZr, O, catalyst.

along the interface should be considered rather constant with
Pt particle size, then the specific rate of CO conversion
expressed per Pt atom present along the metal—support
interface should also follow the same linear relationship
shown in Figure 5. This important result suggests that the
intrinsic site reactivity of Pt atoms along the metal—support
interface is different, depending on the Pt particle size, as first
reported in the case of the Pt/CeO, catalyst.'* As will be shown
in Section 3.3, the “redox” mechanism applies to the present
catalytic system in the 200—300 °C range, where Pt and oxygen
atoms at the metal—support interface are considered as active
catalytic sites. Therefore, the above offered kinetic analysis
should be considered as more appropriate than that based on
TOF (s7'), the latter taking into account active catalytic sites
present only on the Pt surface. The H,-TPR results of Figure 2
support the specific kinetic rate results of WGS presented in
Figure 5. As the Pt particle size increases, lattice oxygen
mobility in the vicinity of Pt nanoparticles increases; thus, the
shift of reduction rate-vs-T profile toward lower temperatures
seen in Figure 2.

3.3. Mechanistic Studies. 3.3.7. SSITKA—DRIFTS. In situ
DRIFTS spectra recorded in the 3050—1200 cm ™' range on the
0.5 wt % Pt/CeysZry50O, catalyst during SSITKA—DRIFTS
experiments (Section 2.4.1) at 200 °C are presented in Figure
6a—c. The 2250—1850 cm™ range (Figure 6a) corresponds to
linear adsorbed CO on Pt;!#13203%7L78=81 that of 1700—1200
cm™" (Figure 6b), to the O—C—O stretching vibrational modes
of formate, carbonate, and carboxylate species;11’13’36’74’79’82_84
and that of 3050—2650 cm™' (Figure 6c), to formate
(HCOO-) species (vCH, 6CH + vOCO,, and SCH +
vOCO, vibrational modes).'137193436798388 Nyeconvoluted
and curve-fitted spectra obtained under both *CO/H,0O and
BCO/H,0 reaction feed streams are also shown (Figure 6a, b).
All spectra recorded under '*CO/H,O steady-state reaction
conditions (30 min on-stream) are presented by a solid line,
whereas the deconvoluted and curve-fitted ones corresponding
to the *CO/H,0 steady state are presented by a dashed line
(bottom graph).

The intense IR band centered at 2037 cm™" (Figure 6a, band
3) is due to a HF linear adsorbed CO on Pt. The broad IR band
(2090—1890 cm™") located at 2000 cm™" (band 4) is assigned
to a LF linear adsorbed CO on Pt atoms along the metal—

2735

(a) (?) 0.5 wt% Pt/Ce, Zr, 0,
' T=200"C
0.05 »

— “com,0
O e J AN\ - “CO/M,0

3%

o

:l ‘-“ (4*)
1* H S\
2200 2100 2000 1900 1800

Absorbance

\_‘/’i’\._.___“
3000 2900 2800 2700

Wavenumber (cm™)

Figure 6. In situ DRIFTS spectra recorded in the range of (a) 2250—
1800, (b) 1700—1200, and (c) 3050—2650 cm™ over 0.5 wt % Pt/
CeysZry 5O, during SSITKA—WGS reaction at 200 °C in 3 vol %
2C0/10 vol % H,0/Ar (solid spectra), and 3 vol % "*CO/10 vol %
H,0/Ar (dashed spectra) feed gas mixtures. Deconvolution and curve-
fitting of recorded IR spectra are also shown.

support interface, as discussed in Section 3.1.5. The IR bands
centered at 2179 and 2117 cm™}, labeled as 1 and 2,
respectively, are due to gas phase '>CO.”> As depicted in
Figure 6a (bottom graphs), all the IR bands described above
show the red isotopic shift upon the switch *CO/H,0 —
13CO/H,0, and these are labeled with an asterisk (*). On the
basis of only the observed red isotopic shift, it is not safe to
conclude that all these species are necessarily active reaction
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intermediates, since reversible adsorption of CO on Pt
(exchange process), 2CO,, + 13C0gas o BCOo,y + 12COgaS,
can give rise to the red isotopic shift. On the other hand, in
agreement with our previous studies,'*'>***" at least one kind
of adsorbed CO on Pt must be considered as an active
intermediate of the “carbon path” of the WGS reaction, since
CO is the only “C-containing” reactant species.

The IR bands recorded at 1576 (Figure 6b, band 1) and 1362
cm™" (Figure 6b, band 4) under the *CO/H,0 gas mixture are
due to the OCO,, and OCO, vibrational modes of formate
(HCOO-), whereas those centered at 1515 (Figure 6b, band
2) and 1468 cm™" (Figure 6b, band 3) are due to carboxylates
and unidentate carbonates, respectively. The IR bands centered
at 2931, 2852, and 2721 cm™" (Figure 6c, solid line spectrum)
are due to the vCH, 6CH + vOCO,, and 6CH + vOCO,
vibrational modes of adsorbed HCOO-— on the sup-

ort,! V1371367479828 Afer the new steady state under the
isotopic *CO/H,0 gas mixture was reached, it was seen that
only the IR band labeled as 3* due to carbonate species showed
the red isotopic shift (Figure 6b). This result is related either to
CO, readsorption effects, in which part of the carbonate species
formed under WGS is reversibly chemisorbed, or to carbonates
that could be considered as true active reaction intermediates
based on a “redox” mechanism, as will be discussed below. On
the other hand, it is clear that formate and carboxylate species
formed on the Ce,Zr, O, support surface at 200 °C must be
considered as inactive species, since their characteristic IR bands
(vCH and OCO vibrational modes) did not give the red
isotopic shift (Figure 6b—c).

Figure 7a—c shows similar SSITKA—DRIFTS spectra
recorded on the 0.5 wt % Pt/CejsZrysO, catalyst at 300 °C.
It is observed that the IR band 4 (Figure 7a, 1996 cm™") related
to the LF linear adsorbed CO on Pt in contact with Ce®* defect
sites presents an increased integral absorbance compared with

that obtained at 200 °C (I{g) OC/I%E? C = 1.62). The opposite
was found with the HF linear adsorbed CO (band 3, Figure 7a,

2050 cm™; I /I "¢ = 0.50). All IR bands related to
adsorbed CO on Pt gave the red isotopic shift (Figure 7a) as
has also been observed at 200 °C (Figure 6a). The
characteristic IR bands of formate and carbonate species on
the support were also observed at 300 °C (Figure 7b—c).
Nevertheless, the deconvolution and curve-fitting procedures of
the spectra recorded under the CO/H,O gas treatment
(Figure 7b—c, dashed line) provided the red isotopic shift for
all bands, a result opposite of that obtained at 200 °C. The
latter suggests that in the case of Pt/Ce(sZr,sO,, the formate
species formed on the support surface appears to switch from
being an active intermediate at 300 °C to an inactive species at
200 °C. It is apparent that the chemical composition of the
active reaction intermediates found in the “carbon path” of
WGS depends on reaction temperature. This behavior is in
harmony with our previous studies'> on Pt/CeQ, and those
reported by Meunier et al.*>*° In the latter work, formates were
considered as inactive species at T < 160 °C but active reaction
intermediates at T > 220 °C. As previously mentioned, the
existence of a red isotopic shift cannot be considered by itself as
a safe criterion to judge whether the related adsorbed species
can be considered as active reaction intermediates. Thus, even
though formates (Figure 7b—c) on the support had given the
red isotopic shift at 300 °C, these species may not be important
active reaction intermediates, according to what is presented
next.
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Figure 7. In situ DRIFTS spectra recorded in the range of (a) 2250—
1800, (b) 1700—1200, and (c) 3050—2650 cm™ over 0.5 wt % Pt/
CeysZry 5O, during the SSITKA—WGS reaction at 300 °C in 3 vol %
2C0/10 vol % H,0/Ar (solid spectra) and 3 vol % *CO/10 vol %
H,0/Ar (dashed spectra) feed gas mixtures. Deconvolution and curve-
fitting of recorded IR spectra are also shown.

3.3.2. SSITKA—Mass Spectrometry. SSITKA—mass spec-
trometry (MS) experiments were used to quantify the
“hydrogen path” and “carbon path” of the WGS reaction
mechanism(s) from H,O and CO reactants to H, and CO, gas
products at 200 and 300 °C under a kinetic regime (Xco <
20%). Figure 8a presents transient concentration response
curves of H,, HD, D,, and Kr obtained after the isotopic switch
CO/H,0/Ar/Kr - CO/D,0O/Ar was made over the 0.5 wt %
Pt/CeysZrysO, catalyst at 300 °C. The concentration
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Figure 8. SSITKA—mass spectrometry experiments performed to
estimate the active “hydrogen-containing” (H-pool) (a) and the active
“carbon-containing” (C-pool) (b) reaction intermediates found in the
WGS reaction paths on 0.5 wt % Pt/Ce(sZr, 5O, catalyst at 300 °C.
Gas delivery sequence: (a) 3 vol % CO/10 vol % H,0O/Ar/Kr (30
min) — 3 vol % CO/10 vol % D,0/Ar (t); (b) 3 vol % 2CO/10 vol
9% H,0/Ar/He (30 min) — 3 vol % *C0O/10 vol % H,0/Ar (t).

(umol-g™") of active “H-containing” intermediates, named “H-
pool”, is estimated on the basis of the transient response curves
of H,, HD, and Kr as described elsewhere,"******* and the
obtained results are given in Table 1 for the x wt % Pt/
CeysZrysO, (x = 0.1, 0.5, and 1.0) catalysts. For critical
comparison, corresponding results for the Pt/CeO, catalytic
system'*'* are also given in Table 1. The equivalent amount of
“H-pool” in terms of surface Pt monolayers (0) is also provided
in Table 1 (numbers in parentheses).

The formation of HD(g) might be the result of the
recombination of adsorbed H and D on the Pt surface and
the exchange of the H of the —OH group of the support with
the D from the D,(g) and/or D,0(g) under the *CO/D,0/Ar
gas switch, leading to an overestimation of the “H-pool”. This
was carefully checked according to our previous works,">** and
it was found to be insignificant. On the other hand, it should be
pointed out that the reversibly adsorbed H or D on the Pt
surface is included in the estimation of “H-pool” because H,(g)
on Pt is expected to be formed by the recombination of two
adjacent adsorbed H species; the adsorbed H on Pt is
considered as a true active reaction intermediate.

It is seen from Table 1 that the surface coverage of the active
“H-pool” is in the range of 2.0 < f < 5.8 and 68.5 < 6y < 125.3
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Table 1. Concentration (gmol-g™"') and Surface Coverage
(6)* of Active “Hydrogen-Containing” (H-pool) and
“Carbon-Containing” (C-pool)” Species Found in the
Mechanism of the WGS Reaction at 200 and 300 °C over x
wt % Pt/CeysZr, 0, Catalysts (x = 0.1, 0.5 and 1.0)
Measured by SSITKA—MS Experiments

C-pool” (ymol-g, ™)

or 6 H-pool (umol-g.,™") or Oy
catalyst 200 °C 300 °C 200 °C 300 °C

0.1 wt % 11 (32)% 46 (13.6)* 7 (2.0)* 232 (68.5)¢
Pt/Cey5Zry 50,

0.5 wt % 25 (2.4) 109 (103) 31 (29) 719 (67.9)
Pt/Cey5Zry 50,

1.0 wt % 32 (47) 149 (224) 39 (58) 835 (125.3)
Pt/CeysZry 50,

0.6 wt % 1.9 (0.17) 8.6 (0.75)
Pt/CeO,°

0.5 wt % 12.9 (0.9) 617 (45) 77 (5.6) 2816 (204)
Pt/Ce0,?

“In terms of surface monolayers of platinum (based on HAADF/
STEM studies). “Corrected values from CO, readsorption effects (see
Figure 9 and Section 3.3.3). “Adopted from ref 14. 9Adopted from ref
1S.

when the WGS reaction is performed at 200 and 300 °C,
respectively, on x wt % Pt/CeysZrysO, solids. This result
strongly suggests that these “H-containing” species largely
reside on the surface of CeysZrysO, support. The chemical
nature of these active intermediates is considered to be labile
hydroxyls (—OH) and atomic hydrogen (H), both produced
via water dissociation. Atomic hydrogen species should be
regarded as attached on a surface oxygen anion, O"" of the
CegsZry 5O, support. It has been suggestedu'u’%91 that oxygen
vacancies (Ce**—[],—Ce™) in partially reducible metal oxides
(e.g, CeO,, TiO,) can act as specific sites for H, activation.
Evidence for the presence of such sites at the metal—support
interface ([Pt—[],—Ce*"] site) is provided by the appearance
of the LF linear adsorbed CO band (2022 cm™!, Figure 3), as
previously discussed. Formate species (HCOO—) could also be
considered as active “H-containing” intermediates; However,
on the basis of the SSITKA—DRIFTS studies (Section 3.3.1)
and other transient isotopic experiments performed at 200 °C,
which are presented below, formate species residing on the
support should be considered as inactive (spectator) species. In
the case of 0.5 wt % Pt/CeO, catalyst,'® the H-pool at 200 °C
is about twice as large as that of 0.5 wt % Pt/CeqsZr,O,.
Given the fact that the two catalytic systems have similar mean
Pt particle sizes, it is implied that the size of the reactive zone
around each Pt nanoparticle in Pt/CeO, must be twice as large
as in the Pt/CeysZrysO, catalyst. By determining the total
specific perimeter (cm-g., ') of supported Pt particles
(assuming hemispherical geometry), as previously discussed
(Figure 5) and reported,"* and considering a distance between
two adjacent —OH groups of about 2 A, the concentration of
—OH groups present along the periphery of the metal—support
interface can be estimated. The latter was found to be in the
range of 0.6—3.3 umol-g., ' for the present x wt % Pt/
CeysZry 5O, catalysts. These values are smaller than the ones
reported for the size of the active “H-pool” (Table 1), clearly
suggesting that there is a reactive zone around each Pt
nanoparticle within which active OH/H species are formed
and participate in the “H path” of WGS reaction. The results
shown in Table 1 find su;)port from previous studies on Pt/y-
ALO3,*% Au/Ce0,*”* Pt/TiO,,"*?* and Pt/Ce0,'*"
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catalysts, in which the presence of a reactive zone around the
metal nanoparticles under steady-state WGS reaction con-
ditions is established.

The effect of support chemical composition (Ce/Zr atom
ratio) on the kinetic rate of WGS and, in turn, on the activity
results shown in Figure 4 can be understood on the basis of a
kinetic analysis similar to that previously discussed for the effect
of Pt particle size (Figure S). At 300 °C, the specific kinetic rate
rco/I, (umol-cm™s7') of WGS for the present 0.5 wt % Pt/
CeysZry50, 0.5 wt % Pt/CeO,", and 0.6 wt % Pt/CeO,"
catalysts (all having a similar Pt mean particle size, dp, ~ 2.0
nm) is 4.95 X 107'% 2.3 x 107', and 0.75 x 107'°
umol-cm™"s™. These results clearly illustrate that the Pt site
reactivity (k, s™') along the Pt—support interface is different for
the three catalysts. It is suggested that when Pt nanoparticles
are deposited on the CejsZr, O, support, active sites of larger
reactivity than when Pt is deposited on CeO, along the Pt—
support interface and around each Pt nanoparticle are formed
for CO chemisorption, water dissociation (OH formation), and
activation of lattice oxygen. A significant result is the fact that
among the two ceria supports investigated, the specific kinetic
rate, rco/I, (pmol-cm™s™?), differs by a factor of 3. This result
largely supports the findings of Panagiotopoulou et al.”’
regarding the effect of the particle size of the support (d,
nm) on the specific kinetic rate of WGS for the Pt/TiO,
catalytic system.

On the basis of the SSITKA results reported in Figure 8a, the
rate of H, formation under *CO/H,0/Ar is lower by a factor
of 1.8 compared with the rate of D, formation under the '>CO/
D,O/Ar feed gas stream. The latter result implies the existence
of a normal kinetic isotopic effect (NKIE). The NKIE is related
to the strength of the chemical bond(s) involved in the rate-
determining step (RDS) of the reaction. For the present WGS
reaction, one of the following steps could be considered as the
RDS: (i) water dissociation on the support (“redox”
mechanism), (ii) formate (HCOO—) decomposition (“asso-
ciative” mechanism), (iii) surface diffusion of H/OH species
(breaking of O—H bonds), and (iv) recombination of two
adjacent adsorbed H species on Pt to form H,(g). A normal
kinetic isotopic effect was also reported for other supported Pt
catalysts," 339529495 Ricote et al."® proposed that the rate-
determining step could be that of formate decomposition on Pt.
On the basis of the present SSITKA—DRIFTS studies (Section
3.3.1), formates cannot be considered as true active reaction
intermediates at 200 °C. It was reported that water promotes
the rate of WGS on Pt/CeQ,”” by the formation of —OH
groups adjacent to the formate active intermediate; thus, a
reactant-promoted mechanism was proposed. Water dissocia-
tion on oxygen vacant sites or abstraction of surface lattice
oxygen related to the “redox” mechanism might be considered
as a likely RDS in the case of WGS at 200 °C on the present x
wt % Pt/CeqZr, 5O, catalysts (x = 0.1, 0.5, and 1.0).

Figure 8b shows normalized dynamic response curves (Z) of
12C0,, *CO,, and He obtained after the isotopic switch '2CO/
H,0/Ar/He — 3CO/H,O/Ar at 300 °C was made over the
0.5 wt % Pt/CeysZr, O, catalyst. An exponential-like decay of
the '*CO, dimensionless concentration response curve
accompanied by a mirrorlike growth of the corresponding
13CO, one was observed, in which both curves cross each other
at Z = 0.51S instead of 0.5 (~3% experimental error) according
to the SSITKA theory.”****”** The concentration and surface
coverage (0) of active “carbon-containing” intermediates,
named “C-pool”, which are found in the “carbon path” of the
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WGS reaction, were estimated on the basis of the'*CO, and He
response curves and a material balance equation described
elsewhere.'****>*> The obtained results are given in Table 1.
No *C-isotopic kinetic effect was observed because the steady-
state rates of '*CO, and "*CO, under the nonisotopic and
isotopic CO/H,0O gas mixtures were the same.

The concentration (umol-g™') and surface coverage (0)
reported in Table 1 refer to all “C-containing” active reaction
intermediates formed during steady-state WGS and which led
to CO,(g) formation; namely, adsorbed CO (CO,q4) on Pt,
carbonates CO5*", and/or formates (HCOO—) on the support.
It is important to point out that the >CO,(g) and *CO,(g)
response curves are influenced by CO, readsorption effects on
both active and nonactive catalytic sites.””** This effect was
carefully considered, as will be discussed in the following
section. Thus, the values of the concentration of the “C-pool”
reported in Table 1 are true values free of CO, readsorption
effects. On the basis of the “C-pool”, in terms of 6, which are
in the 2.4—22.4 range for all three Pt/Ce,sZr, O, catalysts at
200 and 300 °C, it is shown that a large part of the active “C-
containing” intermediates are formed along the Pt—support
interface and within a reactive zone around each Pt
nanoparticle, a result that is also supported by the analysis of
kinetic rate data as a function of Pt particle size, previously
presented (Figure S) and discussed. It is important to note that
the surface coverage of “C-containing” intermediates formed on
Pt/Cey3Zry 5O, at 300 °C (10.3 < O < 22.4) is found to be
significantly larger compared with that found in our previous
work on a series of Pt/CeO, catalysts (0.03 < . < 0.17, Table
1). This result illustrates that the addition of Zr*" into the ceria
lattice leads to significant enhancement of the surface
concentration of active intermediates within the reactive zone
and which are involved in the “carbon path” of WGS. This, in
turn, provides a good explanation for the observed enhanced
activity exhibited by the present Pt/Ce,Zr,_,O, solids
compared with Pt/CeO,, in addition to the site reactivity (k,
s7!), as discussed above.

The catalytic activity behavior shown in Figure 4 is well
connected with the intrinsic kinetic rate applied for each
catalytic system. As previously discussed to a great extent, the
support chemical composition and the Pt particle size strongly
influence the specific reaction rate expressed per length of the
perimeter of Pt—support interface (umol CO-cm™'s™"). The
latter kinetic parameter is the most appropriate to understand
the results of Figure 4 after having proved the participation of
support in the “redox” mechanism of WGS applied here.
According to the results of Table 1, the surface concentration of
active species leading to H, and CO, depends strongly on the
support chemical composition, the Pt particle size, and the
reaction temperature. These kinetic parameters are established
under steady-state reaction conditions as the result of the
influence of the site reactivity (k, s™) of the species involved in
the rate-determining step. The latter is influenced, in turn, by
the reaction temperature through the Arrhenius relationship (k
= koexp(—E/RT). The S-shape-like curve of the Xco (%)-vs-T
profile is basically the result of the effect of k and the surface
concentration of the active species (Table 1) within the reactive
zone on the rate of the reaction. As the reaction temperature
increases, it was shown (see also Section 3.3.4) that the
“associative formate” mechanism starts to operate in parallel to
“redox” but to a small extent up to 300 °C. Thus, it would be
reasonable to suggest that the extent of participation of each
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mechanism in the WGS also determines the quality of the S-
shape curve of the Xc (%)-vs-T profile shown in Figure 4.

According to the proposed mechanistic paths of the WGS
reaction,' V1 #1929349:528393 it s possible for adsorbed CO on
Pt (Pt—CO,) to follow two routes: (i) reversible interaction
with —OH groups on the support to form formate (HCOO—-)
species, which in turn decompose to CO,(g) and atomic
hydrogen (H-s), and (ii) direct reaction with the support
surface lattice oxygen to form carbonate species, CO5>", the
latter decomposing into gaseous CO, according to the
following elementary reaction steps:

CO, + OH —, < HCOO—| + s

— CO,(g) + H—s+ [ (1)
CO, +2[0 — ]'" = [CO " — +5 ()
[CO,]"™ — < CO,(g) + (O — + [O)" 3)

where, [ is a surface oxygen vacant site in the support, s is a
Pt surface site, and L is a support surface site.

According to Figure 6b, where only carbonate species
provided the red isotopic shift, reaction steps 2 and 3 comprise
part of the sequence of steps found in the “C path” of WGS at
200 °C. In contrast, Pt/Ce,Zr,_,O, catalysts at 300 °C must be
considered to promote reaction steps 1—3 based on the
SSITKA—DRIFTS studies, which indicated that formates and
carbonates provided the red isotopic shift (Figure 7b—c).
According to reaction steps 2 and 3, carbonates contribute to
the reduction of the support. It was reported* that reaction
step 3 is favored in the presence of Pt, which participates in a
charge transfer between Pt and O at the Pt—support interface,
thus reducing the bonding strength in Ce—O—Ce. It is
therefore suggested that addition of Zr*' in the ceria lattice
promotes reaction step 3 according to the “redox” route.

3.3.3. CO, Readsorption Effects. To check the reversibility
of reaction step 3 on Pt/Ce(sZr; O, at 200 and 300 °C and to
explain correctly the observed red isotopic shift associated with
carbonate species, SSITKA—MS experiments similar to those
presented in Figure 8b have been performed but using different
amounts of catalyst sample (10—30 mg diluted in SiO,) so as to
keep the same GHSV (h™) as that used in the experiment
reported in Figure 8b. Linear extrapolation of the concentration
(umol-g., ") of “C-pool” to W, = 0.0 leads to the estimation
of “C-pool” free of CO, readsorption on nonactive catalytic
sites, thus avoiding overestimation of the “C-pool”.'**” These
results are presented in Figure 9, and the corrected values of
“C-pool” are those reported in Table 1.

The corrections made to the concentration of “C-pool” due
to CO, readsorption effects for the Pt/Ce,Zr,_,O, catalysts
were in the range of 3—20%. In contrast, CO, readsorption did
occur to a greater extent (~70% correction) on Pt/CeOZ.15
The latter result implies that Pt/Ce,Zr,_,O, is less prone to an
irreversible deactivation by CO, compared with Pt/CeO,, and
this important finding offers another explanation for the larger
WGS activity observed on Pt/Ce,Zr,_,O, compared with Pt/
CeO, (Section 3.2).

The proposed “redox” mechanism over the present WGS
catalytic system involves the formation of a “carbonate-type”
intermediate on the support, which eventually leads to CO,(g)
and an oxygen vacant site. This intermediate must be
considered as the most populated active reaction intermediate
in the “carbon path” of WGS, according to the results reported
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Figure 9. Dependence of the concentration (umol-g.~') of active
“carbon-containing” (“C-pool”) reaction intermediates found in the
carbon path of the WGS on x wt % Pt/Ce(sZrysO, (x = 0.1, 0.5 and
1.0) catalysts on the amount of catalyst used (W, g) in the SSITKA—
MS studies at 200 °C (a) and 300 °C (b). Extrapolation of the straight
line to W, = 0 provides the concentration of active “C-pool” free of
CO, readsorption effects.

in Table 1. The reversible chemisorption step of CO,(g) on an
oxygen vacant site according to reaction step 4 cannot be
excluded.”

Coz(g) + (DL)n_ « [Coz]n_ L (4)

The significance of this step was checked by an isothermal
transient “redox” experiment, in which a fresh 1 wt % Pt/
CeysZrysO, catalyst sample after standard pretreatment was
exposed to a 2 vol %H,/He gas mixture at 300 °C. The amount
of H, consumed or, equivalently, the lattice oxygen removed
and, thus, of oxygen vacant sites formed was 25 ;,tmol-g_l. This
value is significantly lower than that corresponding to the “C-
pool” reported in Table 1 (149 umol-g™!, reaction step 3).
Thus, it is rather clear and convincing that the red isotopic shift
observed due to adsorbed carbonates is largely due to reaction
step 3 and not to reaction step 4.

3.3.4. “Redox” vs “Associative Formate” WGS Reaction
Mechanism. The aim of the transient isotopic experiment
described in Section 2.4.3 was to conclude whether the formate
species is a major reaction intermediate found in the WGS
reaction path on the present 0.5 wt % Pt/Ce(Zr, O, catalyst.
Figure 10 shows transient response curves of H,, '*CO,, and
BCO, obtained under the 10 vol % H,0/Ar (300 °C, t) gas
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Figure 10. Transient response curves of H, '?CO, and *CO,
obtained on the 0.5 wt % Pt/CeqsZr 5O, catalyst at 300 °C according
to the following gas delivery sequence: 3 vol % '2CO/10 vol % H,0/
Ar (300 °C, 30 min) — 3 vol % *CO/Ar (300 °C, 5§ min) — 10 vol %
H,0/Ar (300 °C, ¢).

treatment of the catalyst according to the gas delivery sequence
described in Section 2.4.3. The evolution of *CO,(g)
corresponds to the reaction of adsorbed *CO-s with water
via the elementary reaction steps 2—3 and the following one,
reaction S, which is responsible for the formation of
dihydrogen:

(O —, + 0" +H,0(g) « (0=, +0.)" + Hy(g)

()

On the other hand, the evolution of the 2CO,(g) transient
response curve corresponds to the reaction of adsorbed
H'"COO- species with water. The former was formed under
the WGS, but its carbonyl could not be exchanged with
BCO(g) during the *CO/Ar gas treatment. It is important to
note here that in our previous studies,"* (i) the extent of
decomposition of H*COO— under the *CO/Ar gas treatment
was very small, and (ii) the '*CO,(g) response was not the
result of any reaction of irreversibly adsorbed nonactive
carbonate species with water upon the H,O/Ar gas treatment.
Integration of the transient response curves of “CO, and
2CO, provides the concentration of CO,q, and HCOO—
species, respectively, which were formed under steady-state
WGS. These quantities were found to be 33.6 and 10.9
umol-g™" for the *CO,(g) and *CO,(g) transient responses,
respectively. The amount of H, produced was 55.4 ymol-g”’,
which is ~20% higher than the sum of the quantities of CO,’s
according to the stoichiometry of the WGS reaction. The small
difference in the material balance that appeared can be justified
as due to some readsorption of produced CO,’s on the catalyst
surface at 300 °C, as previously discussed.

It is clearly seen in Figure 10 that the initial transient
formation rate of *CO, (f = 40 s at peak maximum) is larger
by a factor of 3.7 compared with the maximum rate of ?CO,
formation. Considering that the surface concentration of
adsorbed CO and formate at ty; differ only by a factor of
2.5, it is reasonable to conclude that the rate of CO,
formation via the “redox” mechanism largely controls the
overall WGS reaction rate. This “redox” mechanism is depicted
in Scheme 1b. In the case of CeO, (Scheme 1la), the “redox”
mechanism involves an active adsorbed CO on Pt sites at the
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Scheme 1. Proposed “Redox” Mechanism of the Water—Gas
Shift Reaction on Pt/CeO, (a) and Pt/Ce Zr,_,0, (b)
Catalysts
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metal—support interface, and an adjacent lattice support oxygen
to form CO,(g). Thus, the introduction of Zr*" into the ceria
lattice has changed the chemical structure of the active “C-
containing” intermediate of the WGS reaction on Pt/
Ce,Zr,_,0, compared wtih Pt/CeO,.

Although the analysis of data presented in Figure 10 does not
estimate individual steady-state rates of the two parallel reaction
paths, namely, “redox” and “associative formate”, this should be
considered as an alternative powerful tool to those proposed
earlier,"”**”~* which allows investigation of the contribution of
formate species to the overall WGS reaction rate in a
quantitative manner.

B CONCLUSIONS

The following conclusions based on the results of the present
work can be considered:

(a) The presence of Ce’* sites at the metal—support
interface (Pt—[],—Ce*") was probed by DRIFTS—CO
chemisorption studies. Introduction of Zr*" into the ceria
lattice decreases the Ce** — Ce®* reduction energy, thus
increasing the concentration of defect Ce®* sites. The
latter is associated with the superior WGS catalytic
activity exhibited by Pt/Ce,Zr,_,O, compared with Pt/
CeO,.

The mechanism of the WGS over Pt supported on
Ce,Zr;_,0, (x = 0.3, 0.5, and 0.7) in the 200—300 °C
range using 10 vol % H,0 and a H,0/CO ratio of ~3.3
was found to depend on reaction temperature. At 200
°C, the “redox” mechanism involves the formation of
adsorbed CO and a “carbonate-type” reaction inter-
mediate that leads to CO,(g) and an oxygen vacant site.
The latter intermediate must be considered as the most
populated active intermediate in the “carbon path” of the
WGS reaction. It was proved that only a small part of the

(b)
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CO,(g) product is reversibly chemisorbed on oxygen
vacant sites present in the “carbon path” of the WGS. At
300 °C, the WGS reaction was found to proceed mainly
through a “redox” bifunctional mechanism and, to a
lesser extent, through a parallel “associative formate with
—OH group regeneration” mechanism.'* The latter
mechanism implies the presence of an active formate
intermediate according to the SSITKA—DRIFTS studies
performed.

The introduction of Zr*" into the ceria lattice has
changed the structure of the main active “C-containing”
intermediate of the WGS for the Pt/Ce, Zr,_,O, catalytic
system compared with Pt/CeO,.

The concentration (umol-g™" or @ (based on Pt,)) of
active “C-containing” (mainly adsorbed CO on Pt and
carbonates on the support) and “H-containing” inter-
mediates (mainly OH/H species on the support) formed
during the WGS on Pt/CeysZry5O, was found to
strongly depend on the reaction temperature, support
chemical composition (Ce/Zr atom ratio), and Pt
particle size (or Pt loading). These important kinetic
parameters influence the shape of the X.o (%) versus T
profile observed.

There is a linear correlation of the specific kinetic rate of
WGS (umol CO.cm™.s7!) with Pt particle size. This
result explains the observed progressive shift of the Xcq
(%)-vs-T profile toward lower temperatures with
increasing Pt loading (or Pt mean particle size) in the
0.1-1.0 wt % range. This result strongly suggests that
there is a structure-sensitive nature for the WGS over the
present Pt/Ce, Zr,_,O, catalysts.

(c)

(d)

(e)
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