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Abstract

The CO content of hydrogen feed to proton-exchange membrane fuel cells (PEMFCs) must be kept under 1-100 ppm for their proper operat
This can be achieved by using catalysts able to selectively oxidize CO in the presence of excess hydrogen (PROX). The present study reports c
mechanism of the PROX reaction on Pt/Ge€talyst, using catalytic tests, in situ DRIFTS, high-pressure XPS, HRTEM, and TDS techniques.
Bulk metallic, pronounced adsorbate-induced surface Pt, and a small amount of oxidized Pt sites were detected by in situ high-pressure
under PROX conditions. The preoxidized ceria surface was strongly reduced in puret Kignificantly reoxidized under PROX conditions
(i.e., O + CO in excess hydrogen) @t = 358 K. The remaining small amount of &e decreased with increasing temperature. HRTEM found
well-crystallized Ce@ particles (8—10 nm) in the case of activated (pre-oxidized) sample that transformed in a large extent to an oxygen deficie
ceria supercell structure after PROX reaction. Metallic Pt particles (2—3 nm) and small (0.5-0.6 nm) Pt clusters were found by HRTEM. The
findings were in accordance with the variations in relative intensity of the corresponding Pt—-CO bands (DRIFTS). Different types of carbone
and formate species were detected (XPS and DRIFTS). Their possible role in the reaction mechanism is discussed. Resolved OH bands coul
be found by DRIFTS in the PROX reaction mixture indicating significant amount of adsorbed water in a hydrogen-bonded structure. Its presel
seems to suppress hydrogen oxidation while CO oxidation still takes place, as the metallic particles are covered by CO (DRIFTS). The dir
contribution of surface water in a low-temperature water—gas shift-type reaction in the PROX mixture is proposed.
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1. Introduction (ca. 5-15%) of CO are formed together with, >0, CO,, and
CHj. The concentration of carbon monoxide in the hydrogen
Increased attention now turned to development of fuel cellfeed must be kept below 1-100 ppm for the proper operation
powered systems, because of their expectedly low enviromf PEMFC[1]. A subsequent water—gas shift (WGS) reaction
mental impact1]. The proton-exchange membrane fuel cellreduces the amount of CO to 0.5-1%}. This amount of CO
(PEMFC) is fueled with clean, CO-free hydrogen, which canis still high, and it can be removed by preferential oxidation

be produced by steam reforming (STR), autothermal reform¢(pROX) and/or by methanation of CO using mainly Pt and Pt—
ing (ATR), or partial oxidation (POX) of natural gas, light-oil Ry himetallic catalystg,5].

fractions, and alcohofg,3]. Unfortunately, significantamounts  geveral catalytic formulations have been tentatively tested in

the PROX reaction so far. Supported noble metals, such as Au
* Corresponding author. Fax: +49 30 8413 4676. [6-9], Pt[6,9-13] Rh[10], Ru[10,14], and the bimetallic Pt—
E-mail addressteschner@fhi-berlin.mpg.d®. Teschner). Sn systen{12,15], were found applicable for the reaction. In
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general, the suitable catalyst must adsorb CO and provide acti- Various direct and indirect experimental evidence has been
vated oxygen, while hydrogen adsorption must be suppressepresented for the reaction mechanism in the PROX reaction
Carbon monoxide is thought to adsorb on the metal phase (Aan ceria-supported B13]; nevertheless, some controversy and
or Pt). CO adsorption on gold is much weaker than on Pt, howyet-unresolved questions remain. For example, what is the sur-
ever, manifesting itself in low steady-state CO coverage at opface state of the catalysts during the reaction? Is Pt reduced in
erational condition§7—9]. But oxygen does not adsorb on thesethe presence of the PROX mixture despite the oxidizing pre-
metals either, because the surface is fully covered by CO (on Ronditioning? Is the reduction degree of reducible oxides cru-
atT < 440 K[11,13) or because of the very low sticking coef- cial to supply activated oxygen to the reaction? Can the strong
ficient (on Au[16]). Therefore, oxygen should be activated ontemperature dependence of the selectivity on Pt/CalSo be
different sites, either on the reducible suppér9,13]Jor—in  explained simply by changes in the CO coverage, as has been
the case of modified Pt catalysts—on partially oxidized patchessuggested for alloy sampléi4, 1512 What are the possible sur-
such as Ru(ox)14], Sn(ox)[15], Ce(ox)[12], or Fe(ox)[17]. face species formed during the PROX reaction? Are they the
In this way, oxygen should diffuse to interface sites and subsesame species as formed during CO oxidation (without hydro-
quently react either at the perimeter or after a spillover procesgen)?
of one of the components on the adjacent metal/oxide site. To gain further insight into the reaction mechanism of the
The important role of a reducible support manifests itself inPROX reaction on Pt/CeQOcatalysts, we examined changes
the different behavior of Pt/AD3 and Pt on ceria containing in the oxidation state of ceria and Pt occurring under various
supports in the PROX reactidd3]. Supporting Pt on AlO3 reaction environments by high-pressure XPS, as well as the sur-
results in increasing £conversion and a maximum CO conver- face species formed after adsorption of CO alone, €0z,
sion as a function of temperature at around 440 K in the PROXF CO+ Hz + Oz (PROX mixture) onto oxidized catalysts by
reaction[10,11,13] whereas oxygen conversion on Pt/Ge®  in situ DRIFTS. In a companion paper (Part Il), we report on
very high even at low temperature, with a sharp “light off” Pd/CeQ catalysts using the same techniques; because the pal-
activity at around 363 K13]. The maximum selectivity as a ladium samples are far less active in the PROX reaction, we
function of temperature was observed at much lower temper£ompare the two systems to obtain a better understanding of
ture on Pt/Ce@than on P/A$Os, and, accordingly, the maxi- the reaction mechanism.
mum CO conversion appears at a temperature of around 370 K
on the former samplgL3]. The different behavior of the sam- 2. Experimental
ples is interpreted by different reaction mechaniga®. On
Pt/Al,O3, a competitive Langmuir—Hinshelwood kinetics can 2.1. Catalysts
be supposed, because Pt can adsorb all reactants involved. On
ceria-supported Pt, a honcompetitive Langmuir—Hinshelwood Two catalysts with nominally 1 and 5% metal loadings were
mechanism has been described, involving CO activation oprepared on ceria support (Rhodia Catalysts & Electronics,
Pt particles and their reaction with oxygen activated from theFrance; BET= 96 n? g~ [41]) by wet impregnation with an
support on the metal/oxide interface at low temperatlire=(  aqueous solution of Pt(NHL(OH), [13,42] The impregnated
363-423 K). Both competitive and noncompetitive reactionsamples were dried at 393 K overnight and calcined for 4 h at
pathways, as well as reaction on the ceria support, have beéi73 K in flowing air (30 mL/min), then reduced at 673 K for
proposed for higher temperatufds]. 4 hin flowing H, (30 mL/min). Dispersion was determined by
From a more general standpoint, cerium oxide is activdow-temperature (223 K) Hadsorption after reductigd-3,44]
in transient oxygen storage, and as a catalyst support, it cabhe obtained values wetre = 62% for 1% Pt/Ce@and 18%
promote oxidation even under oxygen-poor conditighg].  for 5% Pt/CeQ.
Ceria-supported platinurf9,20], rhodium[21,22], and pal-
ladium [23] catalysts are also remarkably active in the low-2.2. Catalysis
temperature oxidation of CO, and they are able to oxidize car-
bon monoxide even in the absence of oxygen, in the so-called Catalytic tests were carried out in an atmospheric continuous-
“oxygen storage capacity” (OSC) measurenf@at-26}] flow glass reactor system with stainless steel tubing and con-
A number of studies have been devoted to ceria-containingections. Analytical-grade hydrogen, oxygen, and CO were
catalysts, investigating chemisorptiy27,28], structural[29,  used as inlet gases and controlled by Brooks mass-flow con-
30], and catalytic propertie§l8,31] Adsorption of CO on trollers calibrated earlier. Product analysis was performed by
ceria-supported catalysts leads to the accumulation of various gas chromatograph (TCD) equipped with a polar column
carboxylate, carbonate, and formate species on the ceria syPoropak Q) to separate G@nd HO from the other effluent
face, as shown on infrared spectroscopic stufB@s37] The gases, as well as by a hydrogen compensated flue-gas ana-
oxidation state of ceria was also studied after different pretreatyzer (MRU DELTA 65-3) for CO and @ quantification. Only
ments by XPg38-40} it was found that hydrogen exposure CO, and HO were detected as products; methane did not ap-
leads to a high concentration of Eeat surface and subsur- pear in our experimental conditions. The total gas inlet was
face sites, and also that the surface layer of partly reduced ceri®0 N mL/min, containing 1% CO, 0.4-1% JQ(oxygen ex-
easily reoxidizes after exposure te & room temperature. cessp, 0.8-2), and the restH
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Catalysts were activated in situ in flowing air (30 fimhin) at ~ cal grade and controlled by mass flow controllers. The total gas
573 K before catalytic testing. A charge of 82 mg 1% Pt/geO inlet was 50 N ml/min, containing 1% CO in B (referred to
and 73 mg 5% Pt/Cefwas used in the catalytic reactor and as CO alone), 1% CO and 1% @ N, (CO+ O), or 1% CO
reactivated between different measurement series by the aforend 1% Q in H, (PROX).
mentioned treatmeiit3]. CO and Q conversion, as well as the All measurement series were carried out on ca. 100 mg

selectivity, were calculated as reported previo(i$Bj. of fresh sample previously pretreated in situ in flowing air
The total conversiorwas defined as the oxygen consump-(30 mL/min) at 573 K. The catalyst was purged i Mhile
tion, cooling to the desired reaction temperature of 383 or 523 K.
40 _ pout A spectrum of the activgted sample before adsorption was (;ol—
Xtotal = X0, = Oz — %2 100(%). (1) Ieg:ted in N at t_he reaction temperature, and then the reaction
no, mixture—premixed in a bypass—was introduced to the cata-

CO conversionconsidering no side-reactions, can be defineolySt In one step. Spe(_:tra were collected as a function of time
on stream for 90 min in all cases. Only spectra taken under the

as " )
) X out steady-state conditions are shown herein.
Yoy — néo— 1o % 100= nco, « 100 (%) 2) Gas composition was analyzed only in the case of PROX re-
co= ”igo N ”igo ' action by a Pfeiffer Thermostar mass spectrometer. Selectivity

- , . .. and activity values were calculated using the same formula as
Selectivityis defined as the ratio of the oxygen transformed into y 9

resented earlier.
CO, to the total oxygen consumed as P

n%z 2.5. High-pressure X-ray photoelectron spectroscopy
= m x 100 (%). (3)
02 702 The in situ XPS experiments were performed at beamline
The relation between conversion and selectivity is defined as U49/2-PGM2 at BESSY in Berlin. Details about the setup were
published[45-47] Briefly, the differentially pumped electro-
A (%), (4)  static lens system is the key feature of the system, allowing
investigation of the sample in the mbar pressure region.
The 5% Pt/Ce®@ sample was chosen for these measure-
270 2p0, 20" 2¢in ments to ensure a reliable signal-to-noise ratio in the Pt 4f re-
=2 2 == (5)  gion. A pressed pellet containing about 100 mg of 5% Pt/CeO
catalyst was placed on a temperature-controlled heater, and
was then activated in situ in oxygen (0.5 mbar, 573 K). Gas
flow (~20 NmL/min) into the reaction cell was controlled

Temperature-programmed desorption (TDS) measuremenﬂssmg calibrated mass flow controllers and leak valves. The

were performed in a standard UHV apparatus equipped withy ROX mixture contained 0.48 mbar,H0.032 mbar CO, and

an atmospheric chamber. The atmospheric part was used 01> mbar @ Gas-phase analysis was carried out using a

introduce the sample for pretreatments and adsorbing gasgyadrupole Balzers mass spectrometer connected through a
at non-UHV pressures. The 5% Pt/Ce®as investigated by leak valve to the experimental cell. Selectivity and activity val-
TDS. Different gases (gas mixtures) were adsorbed at roorJ€S Were calculated using the same formulas as presented ear-

temperature on the sample: CO alone@énbar for 30 min), lier. _
CO+ O, (1072 mbar @ + 2 x 10~2 mbar CO for 20 min), Ce 3d, O 1s, C 1s, and Pt 4f spectra were recorded with pho-

and H + CO + Oy (4.7 x 10! mbar kb + 2 x 10-2 mbar ton energies ohv = 1035, 650 (and 920), 670, and 460 eV,

CO-+ 102 mbar G for 20 min). After adsorption, the sample respgctively. The binding 'energies (BEs) were ca_Iibrqted, if
Wpossible, against the Fermi level of the sample or using internal

was evacuated and transferred to the UHV chamber to follo

the desorption pattern. The heating rate was/s.KA Balzers ~'eferences, such as the Ce 3d V (882.4 eV) aff{(8lL6.7 eV)

mass spectrometer was used to follow the evolution of desortlyPridization state8] or the Ce 4f state in the band gap. The

ing gases. energy calibration was necessary because surface charging oc-
curred due to the emission of photoelectrons. In the presence

2.4. In situ diffuse reflectance infrared spectroscopy of hydrogen (i.e., in most cases) this was only 1-3 eV, j O
however, charging up to 20 eV was observed. Decomposition of

A diffuse reflection attachment “Selector” from Graseby the Pt 4f and C 1s regions was performed using Gauss—Lorentz

Specac was placed in a Bruker FTIR spectrometer equippetlrves. The metallic Pt 4f component at 71 eV was fitted using

with a D315M MCT detector to collect diffuse reflectance in- Gauss—Lorentz profiles with an exponential tail.

frared (DRIFT) spectra. The spectrometer was purged with pu-

rified air. Reactions were conducted in a gold cup (2.5 mm high2.6. High-resolution transmission electron microscopy

8.5 mm o.d., 7.2 mm i.d.) placed in a Graseby Specac “envi-

ronmental chamber” with a ZnSe window. A spectrum of KBr  High-resolution transmission electron microscopy (HRTEM)

recorded in N served as background. Inlet gases were analytiinvestigations were performed in a Philips CM200 FEG elec-

SXo,
100
wherea is the oxygen excess factor, by definition,

Xco=

nls  pco  [COIM

2.3. Temperature-programmed desorption
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tron microscope operated at 200 keV. The microscope waBRIFTS results are shown mainly on the 1% Pt/GeBoth
equipped with a Gatan imaging filter (GIF 100), Gatan Slow-catalysts were tested in the catalytic reactor, and 1% Pt showed
Scan Camera, and EDX system. The sample was prepared frastightly better performance in the PROX reaction; however, this
a piece of the 5% Pt/Cef(pellet that was previously activated difference was negligibleTable J).

in Oz in the in situ XPS cell as was done for the in situ XPS  Activity patterns measured in different setups showed sim-
experiments. Another sample of 5% Pt/Gefias also investi- ilar trends, albeit with different actual valuegaple J). In all

gated after PROX reaction at 358 K (from the XPS cell). cases, increasing temperature decreased the selectivity toward
CO oxidation, and the lower £©conversion was, as a rule,

3. Results accompanied by higher selectivity toward CO oxidation. The
differences in activity pattern can be attributed to the different

3.1. Catalytic reaction contact times due to the varying dead volume and volume flow

rates in the different experimental setups. In the flow reactor
Fig. 1 compares the CO oxidation activity on 1% Pt/GeO system, the s_ample covers the w_hole cross—section of the reac-
in the absence and presence of hydrogen. A sharp “light offior, whereas in the DRIFT$ experiments, the gas mixture passes
activity around 365 K was observed at high oxygen excess with?Ver the catalyst powder in a ca. 100<¢gell. In the case of
out hydrogen, which became less pronounced with decreasifdh-Pressure XPS, the 10-mm-diameter pellet was placed in a
oxygen excessFig. 1a), in accord with earlier observations €& 8-L chamber, and the total pressure was only 0.5 mbar, as
[19-21] In the presence of hydrogen, the oxygen conversiorPPPosed to the atmospheric pressure used in other setups.
(not shown) was very high (ca. 98—-100%), whereas CO conver-
sion decreased as a function of temperafa. The oxygen 3.2. Temperature-programmed desorption (TDS)
was consumed for the production of water. Nevertheless, the
natural selectivityof Pt toward CO oxidation as opposed te H Fig. 2 shows the desorption curves of g@nd water from
oxidation, manifested as lowervalues, resulted in higher se- the 5% loading catalyst after adsorbing different gases or gas
lectivity (Fig. 1c). mixtures. Formation of C@ after adsorption of CO alone
The catalytic data observed in different experimental setupslearly occurred, but its amount was an order of magnitude
are compared ifiable 1 Unfortunately, the 1% Pt/Ce3ample  lower than the amount desorbed after oxygen-containing mix-
could not be measured by XPS because of the low Pt content. Tares. Interestingly, more COwas produced in the presence
receive well-resolved Pt spectra in the high-pressure XPS appaf hydrogen, particularly around 358 K. Water desorption was
ratus, the 5% Pt/Cef3sample was prepared and measured herevery strongly enhanced after adsorption of PROX mixture espe-

CO conversion in CO+0, reaction CO conversion in PROX reaction Selectivity towards CO, in PROX
100 ~ 100 100
1 2=0.8
~ 801 __ 80 80
X X —_
& 60 = 2
? .% 60 - ? 60 -
o ) 2
> > -
S 401 § 401 3 40 1
© o )
8 S @
20 - © 50 20 -
c
0 0 0+
300 350 400 450 500 550 300 350 400 450 500 550 300 350 400 450 500 550
Temperature (K) Temperature (K) Temperature (K)

Fig. 1. CO oxidation activity in the absence (a) and presence of hydrogen, PROX (b) as well as selectivity towards CO oxidation in the PROX readtn (c) o
Pt/CeQ catalyst as a function of temperature at different oxygen exceEke oxygen conversion was almost total in the PROX reaction under all conditions.

Table 1

PROX reaction in different experimental setups and on different catalysts. Reaction mixtures contained 1% CO, 0.5 ¢D3%x€ess. = 1 or 2) in H,. Total
pressurep = 1 atm in catalytic reactor and DRIFTS cell apa= 0.5 mbar in high pressure XPS

Catalytic reactor DRIFTS XPS

1% Pt/CeQ 5% Pt/CeQ 1% Pt/CeQ 5% Pt/CeQ
O, excessX) 1 1 2 2 1 1 2 2 2 2 1 1
T (K) 383 523 383 523 383 523 383 523 383 523 358 523
Xco (%) 65 38 83 47 59 41 84 42 44 22 9 6
S (%) 66 38 42 24 60 41 43 21 30 14 83 18

Xo, (%) 99 100 99 100 98 100 99 100 73 81 12 38
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a) Desorption of CO, b) Desorption of water
1E-07 3 600 1E-06 7 600
3 PROX mixture [ 3 PROX mixture [
] ~ —_ ] [
1E-08 4 500 1E-07 3 500
> i co+0o, o 2 . >
e 1 — \ | _§ ¢ £
L 1E-09 7 ¥ L} 400 g 2 1E-08 400 @
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] W r ] [
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Fig. 2. Temperature-programmed desorption (TDS) curves of @Pand water (b) from the 5% loading catalyst after adsorbing different gas mixtures at room
temperature: CO alone corresponds tg4dbar CO for 30 min, C&- O to 102 mbar G + 2 x 102 mbar CO for 20 min, and PROX mixture?x 101 mbar
Hy 4+ 2 x 10~2 mbar CO+ 10~2 mbar Q for 20 min. (Intensities are shown as measured, without calibration.)

In N, at T=383 K In PROX at T=383 K
(e]e]e]
vibrations . CQ
1% Pt/CeO, CH vibrations
OH vibrations ¢ vibrations |<—>|
1% Pt/CeO, 0.2
14 o
: ) :
0.2 T
Gas phase
CO,
5% Pt/CeO, v
5% Pt/CeO,
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000
cm™ cm™

(a) (b)
Fig. 3. DRIFT spectra of 1 and 5% Pt/Cg@t T = 383 K (a) after activation in Bland (b) in the presence of PROX reaction mixture (1% CO, I94n0>).

cially up to 500 K. Its amount (after calibration) was an ordershown inFig. 4. The bands in this region are summarized in
of magnitude higher than expected considering the selectivitfable 2 Adsorption of CO on Pt/Cefat 383 K in the ab-
values given ifable 1 sence of both oxygen and hydrogen produced one main band
at 2063 cnt?, with significant broadening at the low-frequency
side, and shoulders at about 2095 and 2083%(fig. 4a). The
strong band at 2063 cm and the shoulder at about 2083 thn
could be attributed to linear CO species adsorbed on a step-

3.3. Insitu DRIFTS

DRIFT spectra of 1 and 5% Pt/Ce®amples recorded after

activation in oxygen as well as in different reaction environ-_. .
ments (CO alone, C® Op, and PROX mixture) exhibited simi- site and terrace Patoms, respectivelyTable 9 [15,32,34,35]

l .
lar features irrespective of the metal loadifig( 3). Therefore, Th_e .shoulderlatv-2095 cmis due to CO adsorbed on a partly
the discussion from now on is limited to the 1% Pt/Gesam- oxidized Pt site in the vicinity of reduced F32,34,35] The
ple. For clarity, the spectral features observed for four charad2/02d band at 0%1970_1960 chrecalls the feature observed
teristic vibrational regions are presented separafélys( 4-J, 2t 2000-1960 cm™ on PUALOs and PUCe@-SiC, catalysts
and the characteristic bands corresponding to different surfac¥'d is assigned to CO adsorption at the metal-support inter-

species are summarizedTables 2—4 face[49-52] Kappers et a[53] attributed this downshift of the
v(CO) band as an indicator of ion—dipole interaction between
3.3.1. DRIFT spectra in the region 2200-1700¢m O atom of the CO species with charged cations from the sup-

The DRIFT spectra of CO adsorbed on the 1% Pt/€e®  port. They showed that adsorbed water can preferentially shield
der different conditions in the region of 2200-1700¢nare this interaction. A weal(CO) band characteristic of bridge-
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CO alone CO+0, PROX

2068

2054 0.2

2075

T=383 K 1965

1970

1-R
1-R
1-R

1882

1916 1795,

70 T=523 K
1781
1880

T=523 K
1778

1970

2157
2112

1877

2165

2200 2100 2000 1900 1800 1700 2200 2100 2000 1900 1800 1700 2200 2100 2000 1900 1800 1700
cm’ cm™ cm™

(2) (b) (©

Fig. 4. DRIFT spectra in the 2200—1700 tregion (CO vibrations) of 1% Pt/CeQn the presence of (a) 1% CO alone in,Nb) in 1% CO and 1% @in No,
and (c) in 1% CO and 1% £in Hy (PROX) at 383 and 523 K, respectively.

Table 2

IR bands on ceria supported Pt in the 2200-1800 tnegion

Name Wavenumbers (cnt) In No CO alone CO+ 0o PROX
Literature values Ourvalues 383K 523K 383K 523K 383K 523K 383K 523K

CO adsorbed on C& 2177, 215€37], 2172-2154 — - + + + + low +
2170-212754]

CO adsorbed on G& 2120-212754] 2124 - — Always present, their distinction is difficult

CO adsorbed on Pt(ox) 2122-21[3b] 21212115 — —

CO adsorbed on metallic Pt with Pt(ox) neighbor 2091-2[39635] 2095 - — + low + low low low

CO linearly adsorbed on terraces 2080-2(1B515,34,35] 2083-2075 — - + + + + + +

CO linearly adsorbed on step sites 2072-2[18515,34,35] 2068-2041 — - + + + + + +

CO on metal/support interface site 1960-1938,49-52] 1960-1970 — — Always present, more at high

Bridged CO on Pt 185014,33] 1877-1882 — — Only small amount at low’

bonded CO species was resolved at 1880 trn additional In the presence of oxygen in the gas mixturég( 4b), only

weak v(CO) band observed at ca. 2124 thand a doublet moderate changes occurred compared with the CO alone case

encompassing broad bands at 2172 and 2157 dmave been (Fig. 4a); most of thev(CO) bands were slightly blue-shifted

ascribed to CO linearly adsorbed on reduced and unreduced ce~5 cmt), with the intensity of the shoulder at 2095 tin

ria sites, respectivelj37,54] However, in our case these bands relatively increased and that of the shoulder at 2083 %cde-

overlap withy(CO) of the gaseous carbon monoxide, and onlycreased. These changes can be explained by slight oxidation

at ca. 2124 cm! there is definitely a contribution from ad- (probably hindered reduction) of the Pt particles.

sorbed CO, because the P branch (of gas-phase CO) is weakerUnder PROX conditionsHig. 4c), a general shift to lower

than the R branch (above 2143 cth. wavenumbers was observed, with the main band shifted from
Increasing temperature led to the following: (i) a decrease i2063 to 2054 cm! and the shoulder positioned at 2075cm

intensity of the main band and of the shoulder at 2083tand  Increasing temperature in the presence of hydrogen resulted in

a relative increase in intensity of the component at ca. 19702 further shift of these/(CO) bands to 2041 and 2068 cry

1960 cnt?; (ii) a shift of the main band to lower wavenumbers respectively, and a relative increase in intensity of the broad

(from 2063 to 2051 cml); (iii) a relative increase in the inten- v(CO) band at 1965 cm compared with that &f = 383 K.

sity of thev(CO) band on C& sites compared to that one on

Cée*t sites; and (iv) a discernable feature at 2112 ¢niThe  3.3.2. DRIFT spectra in the 1800—1000 thregion

broad band at 2112 cm is due to CO linearly adsorbed both ~ The DRIFT spectra of the 1% Pt/Ce@ample under dif-

on Pt atoms interacting with oxygen (i.e., Pt atoms in a more unferent conditions in the 1800-1000 cfregion are shown in

saturated coordination state {P}[34,35) and on Cé" sites,  Fig. 5. In this region different carbonate, carboxylate and for-

respectively. mate species gave several bands; their assignments are summa-
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a) T=383 K b) T=523 K
1580 1372 4: PROX 4: PROX 13721335

1-R

1800 1600 1400 1200 1000 1800 1600 1400 1200 1000
cm” cm™
Fig. 5. DRIFT spectra in the 1800-1000 tﬂnregion (OCO vibrations) of 1% Pt/Cett (a)7T = 383 K and (b)T = 523 K after activation, in the presence of 1%
CO alonein ¥, in 1% CO and 1% @in Ny, and in 1% CO and 1% £in Hy (PROX), respectively.

Table 3
IR bands on ceria supported Pt for carbonate and carboxylate species. Bands in italic are OH vibrations
Name Formula Wavenumbers ((Tl;h) In N> CO alone CO+ Oy PROX
Literature values Our values 383 K 523 K 383 K 523 K 383 K 523 K 383 K 523 K
. / O\ /Q
Carbonate unidentatecg CT 1545, 1348, 106236] 1464, 1358, 1085 + + + + + + + +
NO
. RN
Carbonate bidentate Cg ,C=0 1562, 1286, 102836] 1565, 1298, 1014-1009 + + + + + + + +
NO
Carbonate polydentate Polymer 1462, 1353, 1336 1463, 1353, 1050-1040 + + + + + + + +
Ce—=0
Bridged carbonate C >C=O 1728, 1396, 1219, 11336] 1740, 1393, 1232, 1145 + - + - + - - -
e—0
H N /o
Bicarbonate /O---C < 3617 1613, 13911218 1045[33] 3619 1611, 13931217, 1043 — - + - + - - -
Ce o
/0
Carboxylate Ce —c{_ 1560, 1510, 131(B6] 1514, 1316 + +? 2 + ? + - -
L ,°
Carboxylic acid Ce —c/\ 1670-1695, 1338-13135,36] 359Q 1700-1600, 1335 — - + + + + + +
OH

rized inTables 3 and 4The identification of carboxylic acids, in N2 (Fig. 5a). Increasing temperature resulted in a decrease of
bicarbonates and formate species were also based on their otliee bicarbonate and slight increase of the bidentate carbonate
characteristic O—HFKig. 6) or C—H bandsKig. 7), respectively. species on the surface of the activated sanipig 6b).

Unidentate carbonate (strong bands at 1464 and 1358 cm  Exposure to 10 mbar of CO alone or in the presence of
and a weak band at 1080 cr), bidentate carbonate (features oxygen yielded bands that were grouped as follows: (i) strong
at ca. 1565, 1300, and 1013 cf), and traces of bicarbonate bands at 1393 and 1217 ctand weak ones at 1611 and 1043
(medium bands at 1393 and 1232, a weak band at ca. 1056m~; (ii) a strong broad band at 1298 ctand weak bands at
and a shoulder at ca. 1611 th) and carboxylate (feature at 1565 and~1010 cnt?; and (iii) a medium band at 1545 crh
ca. 1514 and a very weak band at 1316 énspecies were and weak bands at 1372 and 1360 ¢mThe first group of
present on the surface of the Pretreated sample @&t=383 K  bands was assigned to bicarbonate species, which correlates
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Table 4
IR bands on ceria supported Pt for formate and —OH species. Bands in italic are OH or CH vibrations
Name Formula Wavenumbers (crh) In Ny CO alone CG- 02 PROX
Literature values Our values 383K 523K 383K 523K 383K 523K 383K 523K
O
. /I 2945 2852 1558, 1369, 13287] 2936 2848 1545, B _ _
Bidentate formate Ce\(_)l,C—H 2845 1547, 135§55] 1372 1360 + + + + +
. Ce—O~ 2933 2852 1575, 135855], 295Q 2844 1582,
Bridged formate Ce—o"}C_H 2945 1587, 132937] 1372 1330 - - + + - + + +
Type | OH Ce-OH 3710[33,59] 3708-3700 + + + + + + ? +
A 3650[59]
Type II-A OH oL 9 o 3680-3660 [33, 3658-3667 + + + + + + ? +
N L sg)
Ce cCe
|

Type II-B OH ,02‘\ /QK [] 3651[33,58] 3619-3625 +? + +7? + - + ? +

e L

|
Type Il OH A“"(I)“”" 3500[59], 3600[33,58] 3517 + + + + + + + +

Ce Ce Ce
b) T=523 K
o @
- -
3696
3900 3700 3500 3300 3900 3700 3500 3300

A
cm em™

Fig. 6. DRIFT spectra in the 3900-3300 thregion (OH vibrations) of 1% Pt/Ceat (a) T = 383 K and (b)T = 523 K after activation, in the presence of 1%
CO alonein ¥, in 1% CO and 1% @in Ny, and in 1% CO and 1% £in Hy (PROX), respectively.

well with the appearance of strondOH) band at 3619 cmt  on partially reduced ceria through reaction between CO and sur-
and concomitant decrease of another OH bé&igl €) observed  face hydroxyl group$37].

on exposure of sample to CO or GdD, gas mixtures. The sec- Under PROX conditions, bicarbonate species observed in
ond group of bands belongs to bidentate carbonate species. THe-free gas mixtures did not forni{g. 5. Thev(OCO) bands
relative intensities of the bands of different carbonate speciesf bidentate formate species became poorly resolved, with over-
were not affected by the presence of oxygen in the gas mixall decreased intensities. At the same time, a strong broad fea-
ture, except for bands of bicarbonate, which were enhanced imire developed at ca. 1582 ¢ which may be attributed to the
CO+ Oy atmosphere. The third group of bands appearing only ,(OCO) band of bridged formate spec[&8]. The significant

in the presence of CO alone, complemented by the appearanbeoadening above 1611 crhcorresponds to surface water (see
of v(CH) bands Fig. 7), belongs to bidentate formates formed later). Thev(CQO3) bands of bidentate and unidentate carbon-
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a) T=383 K b) T=523 K
2844 2841

0.1 2716

: t «

- ! PROX -
| 284
2936 848

CO alone
R\—f—\
2950 2850 2750 2650 2950 2850 2750 2650
cm™ cm”

Fig. 7. DRIFT spectra in the 3000-2650 thregion (CH vibrations) of 1% Pt/Ceat (a)T = 383 K and (b)T" = 523 K after activation, in the presence of 1%
CO alonein ¥, in 1% CO and 1% @in Ny, and in 1% CO and 1% £in Hy (PROX), respectively.

ate species of similar intensities were present in the spectra iof mono-coordinated (OH-I) and doubly bridging (OH-II) hy-
Ha-rich atmosphere. droxyl groups on the ceria surface was obser¥ad.(@b).

At T =523 K, the presence of CO alone and @@, gas The presence of CO alone or,@Q CO at T = 383 K
mixtures gave a strong band at 1582 ¢dnand weak bands at (Fig. 6a) resulted in the appearance fOH) bands at 3619
1372, 1540, and 1360 cm (Fig. 5b), accompanied by the si- and 3590 cm?, along with a decreased intensity of thgOH-
multaneous appearance of a straf{@H) band at 2850 cmt  I) band at 3704 cm!. The development of a strong band at
(Fig. 7). These features indicate that bridged formate and prob3619 cntt and decaying of the band at 3704 chwere at-
ably traces of bidentate formate species are present on the siifbuted to the formation of HC®™ species through the re-
face. Under PROX conditions &t = 523 K, bands belonging action of CO with terminal (OH-I) hydroxyl groups. (Accord-
to bridged formate species (1582, 1372, and 1330%mwere  ingly, bicarbonate vibrations were foundFig. 5, as discussed
significantly higher than those @t= 383 K in the presence of €arlier.) The other developedOH) band at 3590 cm! may
H, or at7 = 523 K in the absence of H reflect the presence of carboxylic acid (~COOH) groups on the

lll-defined bands due to unidentate and/or polydeniagg  Surface of the ceria support, because it correlates with the weak
523 K. Under PROX conditions, the poorly resolved bands af510-1506, and 1330 cth (Fig. §). Decreasing/(OH) bands
1335, 1690, and 1510-1506 ch(Fig. 5) reflect the presence C€an be correlated with the development of formate species, as
of protonated carboxylate species, carboxylic acid (-cooH)described later.

on the surface, as also indicated by the correspondi@i) The presence of oxygen had little effect on the position and
3590 cnr! (Fig. 6). relative intensities of the(OH) bands, although the intensity of

the band at 3704 crt was enhanced in the presence of oxygen
compared with that in a CO-alone gas mixturéy( 6a). After
3.3.3. DRIFT spectra in the 39003300 chregion CO adsorption af’ = 523 K, no distinctv(OH) band of bicar-
Four OH groups were reproduced after oxidative activatiorhonate species was resolved, where@3H) stretching of all
on the 1% Pt/Ce@sample atl’ = 383 K (Fig. 6a). They are  surface hydroxyl groups were downshifted10 cni ) com-
denoted as type |, II, or Ill according to the number of ceriumpared with that a” = 383 K.
cations constituting the adsorption sjf]. The sharp peak at Under PROX conditions af = 383 K, isolated bands be-
3704 cnt! was assigned to mono-coordinated OH (type 1); thecome convoluted into intense and broad absorption features,
band at 3651 cm* with the shoulder at ca. 3625 cthwas as-  among which those centered at ca. 3689, 3658 (OH-IIA), and
signed to two types of bridging OH (types II-A and 1I-B); and a 3590 (carboxylic acid) could be somewhat resolved. Decreased
broad band centered at 3517 thwas assigned to triply bridg- resolution, a general broadening of stretchif@H), and a
ing OH (lll) species Table 4 [58,59] At T =523 K, a slight strong increase in absorption toward lower wavenumbers in-
downshift of all v(OH) bands and a decrease in the numbemicate considerable H-bonding. A band at ca. 1640 tand
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the observation of b as a product are further evidence of assigned to the(CH) band of formyl species or may originate
the presence of significant amounts of water on the surfacdrom other CH-containing species.

H bonding with the Ce—OH groups suggests that the water is

adsorbed predominantly on the support. Increasing temper&4. High-pressure XPS

ture under PROX conditions decreased the intensity of features

of adsorbed water and increased the intensity of the bands at The 5% Pt/Ce@ sample was investigated in different

3625 cnt! (OH-1IB) and 3590 crm?. gaseous environment using our novel high-pressure XPS setup
[46,47] The sample was first activated in 0.5 mbar & 573
3.3.4. DRIFT spectra in the 3000-2650 thregion K, then cooled in @. At ~340 K, oxygen was evacuated and

The main bands in this vibration region can be assignedeplaced by hydrogen (0.48 mbar). As the ambient temperature
to bridged and bidentate formate species as followig. (7):  was reached, first CO (0.032 mbar) and then(@015 mbar)
2848 cnr! as v(CH), 2936-2950 cm! as a combination of were added to the hydrogen. The surface state of the sample
vag(OCO) and the C-H in-plane vibration, and 2719¢nas  was investigated in these different environments. The catalytic
overtone 3(C—H), which at around(C-H) = 1360 cnt! is  activity observed during high-pressure XPS measurements is
indeed hardly visible because of the strong carbonate vibrasharacterized iffable 1
tions Fig. 5. The C-H vibrations of the two different for- Fig. 8 depicts a part of the Ce 3d region in oxygen at
mate species, bidentate and bridged, are quite similar; hows73 K, in hydrogen at 300 K, and in the PROX mixture at
ever, the difference ima(OCO)— ~1545 cn1! for bidentate 358 K. As expected, the surface of ceria was more or less
and~1582 cnt?! for bridged {Table 4 [37,55}—makes their completely oxidized in oxygen, whereas hydrogen induced the
distinction possible. Consequently, the combination mode oformation of C&* species. The peaks?\at~880.7 eV and V/
vagOCO) and the C-H in-plane vibration should also be higheat ~885.5 eV are characteristic for &le species, whereas V
for the bridged species than for the bidentate spd6igls (~882.4 eV) and V (~888.7 eV) correspond to oxidized ce-

After oxidative treatment of the Pt/Ce@ample, no bands ria. (The same notation is used as established by Burroughs et
were observed in the 3000-2600 cthregion, whereas in CO al. [48] and popularly applied in other papers as \j&8,39])
stream, strong bands at 2936 and 2848 tand weak features The use of 1035 eV synchrotron radiation ensures—due to the
at ca. 2910, 2719, and ca. 2699 chappearedRig. 7a). The low KE electrons {140 eV in this part of the spectrum)—that
main bands were assigned to surface formate spg8ig61, mainly the topmost few (two or three) Ce layers were probed.
62], mainly to bidentate formate (see above). It was proposedhe reduction degree of ceria in hydrogen was estimated to be
that surface formate species on ceria were formed through the
reaction of CO with terminal (OH-[)55] and/or bridging (OH-

II) [37,63]hydroxyl groups; these OH bands decreased accord-
ingly, as discussed in the preceding section. The spectra under
conditions of COt+ O, exhibited no distinct bands in the 3000—
2600 cnT? region. In the PROX gas mixture, &t = 383 K,
because of the strong “hydrogen-bonded OH-water structure,”
the background increased as a function of wavenumbers, and
thus the bands were poorly resolved. Nevertheless(CGH)

band at 2844 cm! was observed, accompanied by weak broad
features at ca. 2716 and 2952 th These bands might re-
flect the presence of both bidentate and bridged formate species
on the surface [the latter probably being in excess, see corre-
spondingvad(OCO) (Fig. 6)] or imply that the broad band at
2844 cnt! probably involves some contribution from(CH)
vibrations, which are not associated with the formate species
(hydrocarbonaceous residue).

At T =523 K, under conditions of CO alone and GO
O», the position of the main(CH) band at 2848 cm! was
hardly affected. However, the ratio of bridged and bidentate
formate species seemed to change; more bridged formate and
less bidentate formate could be estimated than at low tempera- o |

2:10% |

Intensity (a.u.)

—y
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iy

(=}
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2
573 K
ture, because of the relative increase in intensity of the band at 895 890 885 880

2950 cnt! and significant decrease in intensity of the band at Binding Energy (eV)

2936 cnT?, in accordance with the position of the correspond-_. _ _ .
.Fig. 8. Part of the Ce 3d region of the 5% Pt/Ge& different conditions1,

ing 1a(OCO) bands (see earlier). The presence of hydrogen iy &' par 6 at 573 k:2, in 0.48 mbar B at RT: 3, in ~0.5 mbar PROX

increase in intensity of the bands belonging to bridged formate.032 mbar CO and 0.015 mbap @as hydrogen was switched off aft The
species and the appearance of several weak bands that mayrgasurements were carried out in sequence as indicated by the numbers.
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Fig. 9. (a) Pt 4f region of 5% Pt/Cefat different conditionsi, in 0.48 mbar H at RT (after Q activation at 573 K)2, in ~0.5 mbar PROX mixture at 358 K;
3, in ~0.5 mbar PROX mixture at 523 K; () in 0.48 mbar H at 573 K;2, in ~0.5 mbar PROX mixture at 358 K3, in ~0.5 mbar PROX mixture at 523 K. The
measurements were carried out in sequence as indicated by the numbers.

roughly 50%. Assuming that the reduction at low temperaturdraction of this Pt species is too high to be explainable solely by
affects just the top layer, this layer should be fully reduced tcsurface Pt, because the spectra were taken with 460-eV photons,
Ce*t. Inthe PROX mixture, the surface was clearly reoxidized which are insufficiently surface-sensitive to account for such an
however. (Note that the gas mixture contained just 3% oxygenntense component. Possible explanations could be that some
whereas the other 97% had a reducing character.) This reoxépecial CO-induced compound-like platinum atoms give rise to
dation was slightly more pronounced at 523 K, indicating thathis Pt 4f peak, or that the particles are extremely small and ad-
oxygen has a very strong sticking probability on ceria surfaceslitional surface reconstruction occurs. Bridged CO cannot be
even at highefT. The ratio of the V to the ¥ hybridization  resolved from our spectrum. On further heating of the sample to
states changed in the PROX reaction mixture, although the sub23 K, the new peaks disappeared, and the spectrum closely re-
face was oxidized more or less similarly as in pute O sembled that measured after activation. The Pt-oxidized1 state
Fig. 9a shows the platinum 4f core level in hydrogen anddecreased slightly in the reaction mixture.
in the reaction mixture at two different temperatures. In oxy- In the second experiment, the sample after activation was
gen, charging of about 17 eV made the platinum peak (noteduced in hydrogen at 573 K and tested in the PROX reac-
shown) too broad to allow evaluation of its form. But introduc- tion. The sample’s catalytic behavior was comparable to that of
ing hydrogen at close to room temperature may induce hardlponreduced sample, showing similar activity at l&wand se-
any changes in the valence state of platinum; thus we considégctivity decay at 523 K. The corresponding spectra are shown
this spectrum representative for the oxygen-activated samplé Fig. 9. During the 573 K hydrogen treatment, platinum was
The spectrum indicates two distinct components, one in théotally reduced and could be fitted with the typical asymmet-
zero-valent state and the other with a BE shiftdf.6 eV. Iden-  ric function. In the PROX reaction mixture at lo®, all the
tification of this second component is controversial according t@forementioned components appeared, albeit at smaller relative
the literature. Several studies found &Pstate (e.g., PtO) in intensities. This indicates that the Pt-oxidized1 species can be
a+1-1.8 eV distance relative to metallic |B4,65} however, formed in the reaction mixture already at 358 K (or lower).
other studie$66,67]reported PtO in a-2.4—-3 eV distance and Considering the high excess of reducing gases drd CO),
PtO, at+3.6-4.5 eV[66,68] Different surface—core level shift the identification of this component as “bulk” PtO is not likely.
(SCLS) values were observed for adsorbed®@Pt single crys- It is more probable that, under less severe reducing conditions,
tals[67,69] At this point, without arguing in favor of any of the interface atoms are polarized by the negatively charged an-
these possibilities, we call this component “Pt-oxidized1.” Ations of the supporting ceria. If so, then the Pt particles should
358 K under PROX conditions, the spectrum changed apprede very small (a few nm or even smaller).
ciably; this component was no longer resolved, and a shoulder Carbon 1s spectra of the activated sample in the reaction
at 72.0 eV appeared. TheZ-to-5/2 splitting is still not well  mixture at low and high temperatures are showrFig. 10
separated (intensity at73.5 eV); therefore, the Pt-oxidizedl Because of variations in the form of the spectra, we used sev-
component should not disappear completely. Moreover, a taégral components (actually, seven are shown) to adequately fit
at around 77.2 eV is now clear, indicating a nonresolvab® 7 the measured curves. But unambiguous assignment is hardly
component at-73.9 eV. We call this “Pt-oxidized2.” According possible, because many different species can have very simi-
to the literaturg69], SCLS of adsorbed CO gives BE shifts of lar BEs[70]. As a first approximation, we consider the lowest
~+41.0 and+0.4 eV, identified as on-top and bridged bondedBE peak (284.2 eV) as graphene or graphite, the peaks around
CO, respectively. Therefore, we may identify the 72.0 eV com286 eV as adsorbed CO in bridged (285.6 eV) and in linear
ponent as Pt with linearly bonded CO. On the other hand, thé286.3 eV) coordination to Pt, and the other high-BE peaks
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characterize the microstructure of the sample and to try to iden-
tify oxidized Pt (see above). The ceria particles (8—10 nm) were
strongly stacked together despite the careful sample prepara-
tion, allowing no phase identification in most of the area of
the specimen. Furthermore, depicting platinum particles was
widely hindered by the strong contrast of the ceria lattice.
Therefore, very few Pt particles could be found. A selected
image is shown irFig. 11a, in which accidentally two Pt par-
ticles can be seen. The particle about 2 nm in size is [110]
oriented, as can be deduced from its power spectrum (see the
inset). [The power spectrum is the square of the modulus of the
Fourier transform of the two-dimensional image (or a chosen
part of the image) and represents the (computer-generated) dif-
504 202 200 283 266 o84 282 fr{;\ction pattern of the _ima.ge.] The contrast qf the partic_le was
Binding Energy (eV) slightly enhanced by filtering the corresponding spots (inverse
lattice fringes) of the power spectrum, back-transforming, and
Fig. 10. C 1s region of 5% Pt/CeCat different conditions1, in ~0.5 mbar  adding it to the original image=ig. 11b shows another part of
PROX mixture at 358 K2, in ~0.5 mbar PROX mixture at 523 K. the sample with unidentified dark spots on the surface of ce-
ria. These spots did not behave like the dark and light spots in
(except that of 290.6 eV, which is gas-phase CO) as differenthe carbon foil flickering), and thus they do not belong to the
oxidized carbon on Pt, but mainly on the ceria surface. Befgil, put may be very small (5-6 A) Pt clusters. If so, then they
cause only a negligible amount of bridged CO (i.e., bondedhould be partially oxidized through the relatively strong inter-
between two Pt atoms) was detected by DRIFTS, the species aktion with ceria. Oxidized “bulk” platinum could not be found
285.6 may belong to CO bonded to the Pt—ceria interface (CG any form on the images, however. Therefore, we identify the
band at~1960 cnt?). But this interface CO can be considered 72 6 eV Pt 4f component as small Pt clusters (or interface Pt
bridged adsorbed CO as well, considering that C is coordinatatoms) strongly interacting with ceria. Most of the ceria parti-
ing to Pt and O is interacting with a coordinatively unsaturatett|es were in the form of CeO(fluorite structure) with [110],

C1s

1:10% |

5000 -

Intensity (a.u.)

(cus) C&* site. [111], and [001] orientation. In some cases a small lattice ex-
pansion and a stronger angular distortion could be calculated
3.5. High-resolution transmission electron microscopy mainly because of some defective structure. In addition, EDX

measurements were carried out to roughly characterize the bulk
High-resolution transmission electron microscopy (HRTEM)Pt content of the sample. Using an area of 300 nm in diame-
measurements were performed on the activated 5% Py@eO ter, the calculated Pt content wagl wt%. Using several small
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Fig. 11. (a) High-resolution TEM image of 5% Pt/Cg@fter activation in oxygen at 573 K. The inset shows the power spectrum of the platinum particle situated in
the middle of the TEM image. (b) Other section of the sample showing very small dark spots (indicated by circles) that might correspond to Pttbkisiees in
of 5-6 A.
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(13 nm) regions, calculations give a minimum value of 4 wt% The first observation indicates that the reaction mechanism
and a maximum value of 5.3 wt%; thus, platinum should be(surface species) must have been the same in the experiments
distributed quite homogeneously in the sample. with CO alone and with C@- O,. The role of oxygen was lim-
HRTEM after PROX reaction found a markedly higher num-ited to reoxidation of support sites, because the Pt particles were
ber of reduced ceria particles with a more pronounced reducaimost totally covered with CO, as postulated earie3,24—
tion degree. Careful analysis of the ceria particles revealed apg). It correlates well with the observed strong affinity of partly
oxygen-deficient structure (Ce@os in which the vacancies reduced ceria surface toward gas-phase oxygen; it can be reox-
ordered and formed a supercell with a lattice constant more thagized even at low temperatureg & 358 K) in the presence of

twice that of Ce@. For further details, see Part II. the PROX mixture, 3% @(seeFig. 8). Accordingly, the partic-
ipation of oxygen from the ceria support in CO oxidation was
4. Discussion proved earlier both from the observation of zero-order oxygen

pressure dependence and from oxygen-exchange measurements

60)- 180y.
Interaction ofCO alonewith the preoxidized catalyst can be between €°0- and'®0-predosed catalys[21].

seen in DRIFT spectra mainly as CO bonded to the metallic D|si3r:oport|ontat(|jon oftparbor;hmon?X|d§SZé:© C+CO, t
particles Fig. 4). This adsorbed CO can then react with spiIIed—'S another reported reaction pathway for measurement on

over oxygen to form gas-phase g(observed at those times Pt/CeQ at high temperatureigl4]. The spillover and interac-

in the gas-phase spectra during DRIFTS experiments, but n6iPn of this_ carbon spegies with QH groups can ‘T’“SO result in
shown here]24-26,44] The TDS measurement of adsorbed the formation of bands in the region of CH vibrations. Never-

CO (Fig. 2 confirms this model. CO adsorbed on ceria sitestheless' the reaction mechanism of CO disproportionation is not

and/or spilled over from the metal to the support was preserFE'a”ﬁed- In fact, thi; process can take place via'dissociation of
only in a low proportion Eig. 4), whereas a pronounced in- CO and then reaction of the left-over oxygen with another ad-
crease in the carboxyl region at 18001000 ¢was observed ~S0rbed CO molecule.
(Fig. 5). Thus, CO on support sites must have oxidized rapidly ~1he suppression of C-H bond formation results from ex-
to form different types of carbonate speci@g]. The pro-  C€SS oxygen present in the gas phase reoxidizing these species
nounced C@ desorption on CO adsorption in the TDS spectral® carbonates or to COHowever, at high temperature, con-
(Fig. 2) also supports this idea. At the same time, the interaccomitantly with the evolution of these bands, the formation of
tion of CO species with the support OH groups (3704 &n 9as-phase Cis suppressedy(g. 12). The additional increase
results in the formation of formate and bicarbonate species, d8 the C—H region is attributed not to formates, but rather to
clearly shown irFigs. 5-7 methylidyne or partly hydrogenated graphitic specleig.(10

In the case of CO oxidation with oxygen, mainly the sameformed after CO dissociation.
changes were observed in the DRIFT spectra as in experiments In the presence of the PROX reaction mixture, a completely
with CO alone. The only difference was that thgCO) bands different picture is observed in the OH region of DRIFT spec-
at 2060-2100 cm! were slightly blue-shifted and the bands tra (Fig. 6). Poorly resolved overlapping curves were observed
in the C—H region were less pronounced when oxygen wast7 = 383 K, indicating a strong hydrogen-bonded system on
present; they even disappearedliat 383 K. Thus, the pres- the surface. Accordingly, XPS of the O 1s region also indicated
ence of oxygen hardly affected CO adsorption and suppressedpronounced amount of adsorbed water on the ceria surface at

the formation of C—H bands. low temperatures (see Part Il, in comparison with Pd/geft
2.5 18
CO+0,, T=523 K 16 - In PROX mixture
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Fig. 12. Correlation of integrated intensities of surface C—H bands and gas-phasm@®d Both of them originate from in situ DRIFTS data and are expressed in
Kubelka—Munk (KM) units.
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the same time, ceria was reduced only slightly at low tempera- The interaction of CO at the metal-support interface with
tures Fig. 8). the Ce cation gives rise to a strong enhancement of the band
Before the reaction mechanism for the PROX reaction is deat ~1965 cnT! as most of the water desorbs from ceria, in
scribed, it must be emphasized that Pt itself is active both igood agreement with the findings of Kappers efs8]. This
hydrogen and CO oxidation, and an obvious reaction route i%ridged-like” interface species correlates with the enhanced
that products of these reactions, £@nd HO, desorb from intensity in the C 1s region identified as bridged CO. Its pro-
Pt. The selectivity is determined only by the competitive ad-nounced appearance is accompanied by increased C-H vibra-
sorption of CO, H, and Q, as has been clearly shown for the tion in DRIFT spectra and, accordingly, in the XPS C 1s region.
Pt/Al,O3 system[11,13] In this case, hydrogen adsorption on We suggest that this band at 1960-1970 ¢iis a possible pre-
Pt (and hence the possibility toward nonselective oxidation), i€ursor for CO dissociation on the boundary site, and thus the
strongly suppressed by the high (but not total) CO coveragegyrecursor for methylidyne or hydrogenated graphitic species.
even in excess H Nevertheless, Pt/Celbehaves differently At the same time, formate species became more pronounced.
than Pt/AbO3 in the PROX reactionfl3], as emphasized ear- If CO does not dissociate at the interface but rather hops to
lier. the ceria, then surface formates can be formed in the reaction
Our results show that accumulation of both £@ the form  with OH groups. But in the absence of surface water, they ac-
of carbonates and formates) and® (in “hydrogen-bonded cumulate near the Pt particles and represent a “dead end” for
OH-water structure”) is possible on the ceria support, espahe reaction. The formation of all of the aforementioned (C—H)
cially at lower temperatures. These structures can be formespecies shows an apparent negative correlation with @3¢
either by spillover of reaction products (G@nd HO) or, more  duction Fig. 12); thus the catalyst is deactivating.
likely, by spillover of hydrogen or CO to the support. The pos- To sum up, the most feasible mechanism for CO oxidation
sibility of direct adsorption (e.g., #[71]) on the support also in PROX mixture is as follows. At the beginning, a significant
cannot be neglected. Among all of these possibilities, hydroamount of water accumulates on the ceria via spillover of ad-
gen spillover is the most likely. The hydrogen on the supporsorbed hydrogen atoms from the platinum. This water reacts
reacts rapidly with oxidized ceria to form OH groups on thein a LTWGS reaction witHinearly bonded CO at the Pt—ceria
surface, whereas ceria is reduced t&Cand adsorbed water interface, forming C@and hydrogen. Hydrogen instead of des-
accumulates on the ceria surface. This water then reacts withrption regenerates surface water by reacting with oxygen. At
carbonate and carboxylate groups, resulting in hydroxylatiomigh 7', the hydrogen-bonded structure decomposes and water
of the surface (see the relatively high amount of carboxylic acidlesorbs. As a result, CO can binddridged-likemanner at the
in the PROX reaction, as revealed by DRIFTS). The reducedhterface, giving rise to dissociation and/or formate formation.
Ce*+ centers on the surface seem to be reoxidized; howeveT,hereafter, the empty interface site can be quickly refilled by a
HRTEM indicates that these reduced defect sites formally moveew CO molecule, continuing this side reaction. Although sur-
into the bulk of ceria, forming an oxygen-deficient supercellface formates as intermediates in PROX cannot be completely
during the reaction. The presence of adsorbed water seems éacluded, they seem to represent a rather dead end for the reac-
suppress hydrogen oxidation while CO oxidation still occurstion. The key feature appears to be tmearly bonded CO at
as the metallic particles are covered by CO, and most probablyhe Pt—ceria interface in a close interaction with surface water.
because oxygen spillover to the metallic site is not hindered by
this hydrogen-bonded structure. The promoting effect of surb. Conclusionsand summary
face water on CO oxidation over Pt catalysts was postulated
recently on microkinetic modelin§72]. The possibility of a The preferential oxidation of CO in the presence of excess
direct contribution of water in a low-temperature water—gashydrogen (PROX) on Pt/Ce(atalysts was examined by dif-
shift (LTWGS)-type reaction has also been propog&t]. In  ferent spectroscopic techniques (DRIFTS and XPS) in combi-
this way, surface water (and/or OH groups) would react at th@ation with catalytic measurements in desired in situ appara-
perimeter of Pt particles with linearly bonded CO moleculestuses. Characterization of the sample by TDS and TEM gave
[72] or with surface format§63,73] or carboxyl specief’2], corresponding results. The first major conclusion of this paper
which are thought to be intermediates in a LTWGS reactioris that the results of these techniques, especially in situ DRIFTS
producing CQ and H. Each of these possibilities would result (surface species) and high-pressure XPS (oxidation states under
in relatively high selectivity toward CO oxidation in the PROX reaction conditions), complement one another perfectly. The
reaction at low temperature. catalytic data of the PROX reaction measured in the two in situ
Increasing the temperature in the PROX reaction leads tepectroscopic systems showed trends identical to those deter-
the following: (i) decreased selectivity toward CO oxidation mined in the atmospheric catalytic reactor.
(Figs. 1 and 1p (ii) further oxidation of the ceria surface The surface species determined by DRIFTS in the presence
(Fig. 8); (iii) decreased linearly adsorbed CO species seen bothf CO alone and a C@ O; mixture were very similar. Thus
in XPS (Fig. 10 and DRIFTS Fig. 4); (iv) increase of the band CO oxidation would occur similarly in the presence and the ab-
around 1965 cm! (Fig. 4); (v) increased intensity of C—H vi- sence of oxygen, supporting the mechanism of CO oxidation
brations in the DRIFT spectr&ig. 7); (vi) increased amount of proposed earlier for ceria-supported noble metal catalysts. The
graphite-like species in the C 1s XP speckay(10; and (vii)  role of gas-phase oxygen is limited to the regeneration of re-
decreased surface OH-water H-bonded structeige 6). duced ceria sites; however, in the presence of hydrogen, the
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carbonate and formate species found by DRIFTS during thet7] X. Liu, O. Korotkikh, R. Farrauto, Appl. Catal. A 226 (2002) 293.
PROX reaction strongly indicate that this reaction differs from[18] A. Trovarelli, Catal. Rev. Sci. Eng. 38 (1996) 439.
CO oxidation. [19] Y.Y. Yung-Fang, J. Catal. 87 (1984) 162.

. . [20] S. Johansson, L. Osterlund, B. Kasemo, J. Catal. 201 (2001) 275.

'DRIFTS found no resolved OH bands in the PROX reactlor{n} R. Taha, D. Martin, S. Kacimi, D. Duprez, Catal. Today(29 (1)996) 89.
mixture, indicating a significant amount of adsorbed water OM22] T. Bunluesin, H. Cordatos, R.J. Gorte, J. Catal. 157 (1995) 222.
the ceria surface in a hydrogen-bonded structure. Its presengs] E. Bekyarova, P. Fornasiero, J. Kaspar, M. Graziani, Catal. Today 45
seems to suppress hydrogen oxidation while CO oxidation still ~ (1998) 179.
occurs, as the metallic particles are covered by CO (DRIFTS)24] H.C. Yao, Y.F. Yu-Yao, J. Catal. 86 (1984) 254.
On the other hand, no direct correlation between CO cover2>l S-Bedrane, C. Descorme, D. Duprez, Catal. Today 73 (2002) 233.

! . L [26] S. Bedrane, C. Descorme, D. Duprez, Catal. Today 75 (2002) 401.
age and C@formation was found. The direct contribution of [27] S. Bernal, J.J. Calvino, G.A. Cifredo, J.M. Rodriguez-Izquierdo, V. Perri-
surface water in a LTWGS reaction, causing apparently high  chon, A. Laachir, J. Catal. 137 (1992) 1.
selectivity toward CO oxidation, was established. Increasing28] S. Salasc, V. Perrichon, M. Primet, M. Chevrier, N. Mouaddib-Moral,
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