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Abstract

Implied in the proposed water—gas shift (WGS) mechanisms for Pt/ceria and Pt/thoria catalysts is the presumption that reduced defect
centers are formed on the surface. This X-ray absorption near-edge spectroscopy study provides direct results indicating that Pt facilitates
reduction in the surface shell of thoria. Mechanistic arguments from in situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) are provided suggesting that the active sites for WGS, water-assisted formic acid decomposition, and methanol steam reforming
are associated with oxygen-deficient centers. In all cases, a hiGfréhctant (i.e., carbon monoxide, formic acid, or methanol) ratio was
used. For WGS, CO reacted with type Il bridging OH groups at reduced centers to generate surface formate intermediates, the decomposition
of which is suggested to be the rate-limiting step by the observation of a normal kinetic isotope effect (NKIE) associated with the formate
coverage as monitored by DRIFTS under steady-state conditions usirgkz@ and CO+ DO feeds. The same NKIE was observed in
steady-state reaction tests. Formic acid dissociated on the surface of thoria to yield the same surface formate species as observed when C(
adsorbs. An identical NKIE associated with formate decomposition was observed when switching from a feed containing-HE&IDH
and DCOOH+ H»0, establishing two important commonalities: (1) similarity in the mechanistic pathway and (2) importance of the role of
type Il bridging OH groups at reduced centers in the catalysis. Methanol steam reforming likely proceeded through a mechanism involving
adsorption at reduced centers to generate type Il methoxy species, with subsequent conversion to formate, unidentate carbonate, and finally
CO». The higher NKIE when switching between H-labeled and D-labeled feeds suggests that conversion of methoxy species to formate may
be the rate-limiting step. The methanol steam reforming reaction was selectiveytat@@v conversion, but CO selectivity increased at
higher conversions, suggesting competition with the secondary reaction of reverse WGS at higher temperature. Pt/thoria was more selective
at higher conversion for COthan a similarly loaded Pt/ceria catalyst. These results suggest that from a mechanistic standpoint, the two
materials are virtually analogs of one another.

0 2005 Elsevier Inc. All rights reserved.
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1. Introduction Pt/cerig1]. For example, for both materials, OH groups with
band locations at lower wavenumbers associated with re-
Pt/thoria is an active catalyst for the water—gas shift duced surface centers (i.e., oxygen deficiencies or vacancies)

(WGS) reaction and exhibits some important similarities to Nave been reportd@-15] That is, the bands are positioned
at lower wavenumbers relative to those occurring on the fully

oxidized surfaces. They are often assigned to the category of
* Corresponding author. “bridging OH” or “type 11.” During reduction of the oxide
E-mail addressdavis@caer.uky.ed(B.H. Davis). surface shell in K [1-15], or after the dissociation of #D
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after reduction with CQ14], the OH groups form two dis-  bands have been observed on thitiad]. We promoted tho-
tinct bands in the infrared spectrum, recently termed types Il ria with Pt and found that the bridging OH group formation
A and Il B[7]. We and other§l,11-15]have found that the s facilitated by the presence of a noble metal promoter and
addition of a noble metal, such as Rh or Pt, promotes the for-that Pt/thoria displays high activity for WGS, comparable
mation of type Il OH groups at a low temperature relative to with Pt/ceria[l]. Intense surface formates were generated
the unpromoted oxide. on CO adsorption to the Htreated catalyst, and at high
Ceria has been well characterized, and it is well estab- H,O/CO feed ratios, the surface concentration of formates
lished that reduced centers at the surface are involved in thewas regulated by the WGS rate, suggesting that formates are
catalysis. Although some researchers favor a redox mech-likely intermediates for WGS over Pt/thoria as well.
anism to explain the catalysis of WG@$6—20] and others Implicit in both the redox and formate mechanistic
favor a formate-based mechanidi11-15] at this time schemes is the presumption that Pt promotes the reduction
there is a general consensus that reduced centers are involvedf surface defects on the oxide. In the redox mechanism,
in the catalysis of both schemes, which are delineated as fol-the implication is that O deficiencies are created during the

lows: reduction half-reaction. In the case of the formate mech-

@ H H anism, formation of bridging OH groups, the active sites
9c0:2%.0 cQceCce kel =5 gc'\oH of that proposed mechanism, are interpreted to be dissoci-

% %0 0% 0 o0 0O cSce tere’ ated BO at oxygen-deficient sites in the oxide surface shell.

‘.\ cooo The present study presents direct results in support of oxy-

quHQO c:ol..co2 co; H,0 deficiencies i thoria b 'd

QP A gen deficiencies in thoria by XANES spectroscopy, provides

8@ oo c H, evidence for the existence of type Il bridging OH groups
Ceceseseo CceCeCe e 20 (@d9) associated with those centers using infrared spectroscopy,

where Ce = Ce™* and Ce = Ce* here Cc’e ijﬁnfCQ o explores the role of these OH groups for a number of re-
Ceriamediated Redox Mechanism Formate mechanism actions, and establishes important links among the catalytic

) o reactions of WGS, water-assisted formic acid decomposi-
The redox mechanism proposes that the oxidation statetion, and steam reforming of methanol. The study uses in
of Ce changes between €eand C&" during the course ity DRIFTS spectroscopy in conjunction with reaction tests

of the mechanism, with CO reducing ceria to generate CO sing isotope switching to probe the reaction mechanisms.
and HO reoxidizing ceriato liberate #But there is consid-

erable evidence suggesting that bridging OH groups on the

surface react with CO to generate surface formates, whichp  Eyperimental
decompose in the presence of®ito liberate H and pro-

duce unidentate carbonate, which decomposes ta 0O&- 2.1. Catalyst preparation
composition of formate in the formate mechanism promoted

by HyO; this is why O was included in the transition state High-surface-area (BET SA 165 n?/g) thoria was pre-
of the formate decomposition step of an early formate mech- pared by homogeneous precipitation of thorium nitrate using
anism[12]. urea to slowly release the precipitating agent, OHi]. De-
The formation of bridging OH groups can follow one of - tajis of the procedure have been reported elsewiie?a].
two routes on Pt/ceria:
Cgi@e 0. i nggcegceo o 2.2. X-ray absorption near-edge spectroscopy
00 O00o0 0O 0 0o :
X-ray absorption near-edge spectroscopy (XANES) spec-
H HO @H H tra gt the Th Iy, edge (.16300.3 eV) were recorded at the
2) National Synchrotron Light Source (NSLS) at Brookhaven
National Laboratory, Upton, New York at beamline X-18b.
During activation, a reducing gas can remove oxygen at the A crystal detuning procedure was used to prevent glitches
surface, accompanied by a change in the oxidation state ofarising from harmonics. The second crystal of the channel-
the Ce involved from C¥ to Ce+. H,O then dissociateson  cut monochromator is weakly linked to the crystal and
the surface to yield the bridging OH groups, but the oxida- slightly spring-loaded. The other side is a picomotor, a very-
tion state of the Ce involved remains e In the second  fine high-pitch screw that turns by piezo, which allows for
case, H dissociation on Pt and spillover to ceria can di- slight detuning of the crystal. The X-ray ring at the NSLS
rectly yield the bridging OH groups, again accompanied by has a flux of 1x 10'° photongs at 100 mA and 2.8 GeV,
a change in the oxidation state of the Ce involved froffifCe  and the energy range capability at X18b is 5.7—40 keV. The
to Cet. catalyst or standard was mixed with boron nitride (1:10) and
Identification of the type Il bridging OH groups on ce- gently pressed into a self-supporting disk and loaded into
ria was made by infrared spectroscopy; bands formed at lowan in situ XAS cell. The samples were treated with a hydro-
wavenumbers (ca. 3650 cth) and comparatively similar  gen/helium mixture (150 cAfmin H, and 500 crd/min He)

o O
CeCe Ce Ce wmmp Ce Ce Ce Ce w=mmp Ce Ce Ce Ce
O O 0O O O OO O O 0O
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while being heated at 1®/min in the temperature range mocouple. The sample amount was 33 mg of catalyst diluted
20-500°C. Scans were obtained at 100 intervals to ex- with 0.4 g of silica. The catalyst was supported on a bed of
plore the changes in the white line intensity and binding en- quartz glass wool. The vaporizer, gas delivery system, and
ergy during b treatment. The UHP $and He gases mixed ancillary equipment were as described in Secéah
in a manifold and passed through an oxygen/water trap be-
fore entering the cell. Raw data were processed to provide2.6. Selection of appropriate conditions
the normalized XANES spectra using WinXA&?].

2.6.1. Steady-state measurements
2.3. Temperature-programmed reduction and 2.6.1.1. Catalytic activity tests in the fixed-bed reactor
thermogravimetric analysis Measurements were conducted at comparable reactant feed

molar compositions to build mechanistic relationships

Temperature-programmed reduction (TPR) experimentsamong the different reactions investigated. HighQ#

on unpromoted and 1% Pt/thoria catalysts were conductedreactant feed ratios were used, because we are establishing
in previous work[1]. Temperature-programmed treatment low-temperature WGS as the basis for comparison among
was also carried out in this study using a Seiko Instrumentsthe different reactions. In all tests, 3.75 &fmin of car-
TG/DTA 320 simultaneous thermogravimetric/differential bon monoxide, formic acid, or methanol was used with
thermal analyzer coupled to a MICROMASS PC residual 125 cn¥/min of steam, 100 ciymin of hydrogen, and
gas analyzer. A known quantity of catalyst (ca. 100 mg) was 10 cn?/min of nitrogen.
placed in a Pt sample pan and heated &Q/nin to 750°C
in a reducing flow of 20% v/v BfHe after incorporating a  2.6.1.2. Kinetic isotope effect measurements in the fixed-bed
hold at 100°C for 30 min to dry the sample, while monitor- reactor Hydrogen was not included in the feed for experi-

ing the effluent gas over the mass range 10-100. ments for assessing the presence of a kinetic isotope effect.
Only steam (125 ciymin) and the reactant of interest (car-

2.4. Diffuse reflectance infrared Fourier transform bon monoxide, formic acid, or methanol, 3.75 %tmin)

spectroscopy were included. During WGS, 4D + CO was switched to

H,O + CO; during water-assisted formic acid decomposi-

Diffuse reflectance infrared Fourier transform spectros- tion, DCOOH+ H,O was switched to HCOOH- H»0O;
copy (DRIFTS) was performed with a Nicolet Nexus 870 and during methanol steam reforming, §0D + D,0 was
equipped with a DTGS-TEC detector. A high-pressure/high- switched to CHOH + H»0. In each case, the temperature
temperature chamber fitted with ZnSe windows was usedwas adjusted to ensure that the measurements were carried
as the WGS reactor for in situ reaction measurements. Theout in the kinetically limited regime.
gas lines leading to and from the reactor were heat traced,
insulated with ceramic fiber tape, and further covered with 2.6.1.3. In situ DRIFTS For each set of experiments, the
general purpose insulating wrap. Scans were taken at a reseatalyst was first treated in pure @00 cn?/min) at 400°C

olution of 4 to give a data spacing of 1.928 thn Typically, for 12 h. For WGS, surface coverage was monitored under
128 scans were taken to improve the signal to noise ratio. steady-state reaction conditions. In these tests, the catalyst
The sample amount used was 33 mg. was first treated with either 100 émin of Hy or D, at

A vaporizer was used, consisting of a downflow tube 300°C, followed by a N purge. The WGS reaction was run
packed with quartz beads and quartz wool heated by aat 250°C with CO+ H,O (or D,O) using 3.75 crfymin
ceramic fiber oven equipped with an internal thermocou- CO:125 cni/min H,O:10 cnf/min N, at steady state, and
ple. The lines after addition of liquid (e.g., water, formic the formate coverage was determined. After WGS, the sam-
acid/water mixture, or methanol/water mixture) were heat- ple was steamed and purged with.NCO adsorption was
traced to prevent condensation. Liquid was pumped into thethen performed to assess the formate coverage at the same
vaporizer by a precision ISCO Model 500D syringe pump partial pressure and space velocity as done during the steady-
through a thin needle welded to a 1.6-mm line. state reaction condition, with\(135 cn?/min) serving as

Feed gases (UHP) were controlled using Brooks 5850 se-the balancing gas. The dynamic response of the formate sur-
ries E mass flow controllers. Iron carbonyl traps consisting face coverage with temperature was assessed by running the
of lead oxide on alumina (Calsicat) were placed on the CO same test at 30TC.
gas line. All gas lines were filtered with Supelcg/@oisture

traps. 2.6.2. In situ DRIFTS adsorption and transient
decomposition measurements
2.5. Testing in a fixed-bed reactor 2.6.2.1. Catalyst activation Two routes of bridging OH

group activation were tested. First, as before, the catalyst
Steady-state conversion, selectivity, and product yield was treated using pure,@t 400°C. Then the catalyst was
measurements were conducted with a fixed-bed reactor conactivated using 100 cfimin H, at 300°C (or 100°C). In
sisting of a 0.5-inch stainless steel tube with an internal ther- a separate test, theo@alcined catalyst was activated with
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a mixture of 3.75 criymin CO and 135 ciymin N, at '8 ]
300°C, followed by steaming with 125 ciimin of H,O. 161 (@) [~ AE,(25-500°C) =0 ev
The formation and decomposition of adsorbed species were | RTo0 ]
followed by in situ DRIFTS, and the bridging OH band in- 14 ] =200 500°C
tensity was examined for each case. Scans were made after 2
cooling in N» to 100°C. 12|
o
2.6.2.2. Transient WGSAfter steady-state WGS, the sam- § 1.0 +--- .
ple was steamed and purged with &hd cooled to 160C. - T— ol
CO adsorption was carried out using 3.75¢min CO and Nos
135 cn?/min N,. The stabilized formate was then decom- g
posed by reaction with 0 (125 cn?/min), and the for- 5001
mate decomposition/CQOevolution followed. The sample Zz 04 |
was purged with I, and then CO was readsorbed. '
2.6.2.3. Formic acid adsorption After reduction in H at 02
300°C, the sample was purged withoNand cooled to 0.0 , ‘ ‘ .
160°C. Formic acid was adsorbed by bubbling tirough 1628 1629 1630  16.31 16.32
a saturator containing the pure liquid. Photon Energy (keV)
: . 1.8
2.6.2.4. Transient methanol steam reformingfter reduc- AE, (300°C) = -0.8 6V . _ AE, (200°C) = 0 eV
tion in Hy at 300°C, the sample was purged with,Nind 16 1 AEg (500°C) =-1.3 &V AEL(RT) =0 eV (ref)
cooled to 160C. Methanol was adsorbed by bubbling N ~H_
through a saturator containing the pure liquid held at room 14 1 7
temperature. The sample was purged with &hd then HO =
was flowed to evaporate at a temperature slightly higher than %_1_2 1
that of the infrared cell, and the decomposition of methanol o
followed. § 10
©
2.7. High-resolution transmission electron microscopy ﬁ 0.8
©
High-resolution transmission electron microscopy %0-6 ]
(HRTEM) measurements were carried out using a JEOL z
2010F FasTEM field emission electron microscope, e- 041
quipped with an energy dispersive X-ray detector and oper- 02
ated at an accelerating voltage of 200 kV. The electron beam
had a point-to-point resolution of 0.5 nm. Calcined, unpro- 0.0 . ‘ ‘ .
moted thoria powder was lightly dusted onto 200-mesh Cu 1628 1629 1630  16.31 16.32
grids coated with lacy carbon. Photon Energy (keV)

Fig. 1. Normalized XANES profiles of (a) unpromoted and (b) Pt-promoted
3. Reaults thoria catalysts as a function of temperature, underttgatment using
Hy:He (150 cn?/min:500 cn¥/min).
3.1. H treatment of Pt/thoria: TPR, thermogravimetric

analysis-mass spectroscopy, and XANES . . .
sity was seen at 200, but further increases in temperature

First, thoria was treated with hydrogen in an in situ flow did not affect the intensity; rather, a significant decrease in
cell from room temperature to 50C. Normalized XANES ~ the edge position to lower eV was observed. By 300the
spectra as a function of temperature for the unpromoted anddecrease in the onset of the edge jump shifted downward ap-
1% Pt-promoted thoria catalysts are reportedFigs. Ja proximately 0.8 eV, whereas by 40Q, the shift was more
and b, and the edge onset changes are provided for eactpronounced—about 1.3 eV relative to the unreduced spec-
XANES spectrum, referenced to the room temperature spec-trum. Increasing the temperature to 5@did not shift the
trum. For unpromoted thoria, the results indicate that little, spectrum further. The results show good agreement with our
if any, change occurred in the temperature range explored.previously reported TPR measurements for thétia Up-
However, when 1 wt% Pt was added to thoria, important take of hydrogen was observed in the 200-20@ange for
changes were noted in the low-range WGS temperature (bethe Pt-promoted thoria catalyst, with less hydrogen uptake
tween 200 and 30TC). A slight decrease in white line inten-  for unpromoted thoria at 400°C.
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1.2e-5 de-7 o0 H, treatment at 300°C
- 4 )
S 10e5 [ FA {3e7 O | 0 o 1240
> ‘A eco, % 1%PYThO, . 1525 | 1400
D goe6 /i * 12e-7 &
Q 3
T 6.0e-6 1e7 =
4.0e-6 Q §
2.0e-6 2
_ 3]
s 2
51506 ?
Q
8 < 5 min
~1.0e-6
T )
5.0e-7 { 15 min
30 min
200
60 min

2200 2000 1800 1600 1400 1200
Wavenumbers (cm™)

DTG (ug/min)
)
o

100 J— Temperature /// 800

Fig. 3. DRIFTS spectra as a function of time during Hreatment

99 — 1%PtThO - =
. y e 600 S (100 cn®/min) at 300°C. Spectra referenced to the spectra taken afer O
B3 treatment (100 cﬁ}/min) at 400°C, and cooled to 300C in N.
400 8
o
o )
200 Residual Carbonates
o Solid - 25°C N, fresh
0 Dashed - 400°C 0, 12 h
0 20 40 60 80 100 Dotted - 300°C CO
Time (min) 2 then H,0, purge N,
e Dash-Dot: 300°C H,
Fig. 2. (Bottom) mass loss profiles, (middle) differential thermal gravimet- b= s AR
ric scans, and (top two) mass spectrometer results, for unpromoted thoria c K
and Pt/thoria catalysts. 3
m
o
. . . D
Thermogravimetric analysis—mass spectroscopy (TGA- &
MS) results are displayed iRig. 2 Thermal treatment in
flowing hydrogen reveals a more rapid decrease in mass for
the Pt/thoria catalyst than for unpromoted thoria, evolving
H20 (m/e = 18) and CQ (m/e = 44) during the reduction
process. For Pt/thoria, GGevolved until a temperature be- 1800 1600 1400 1200 1000
tween 300 and 35TC was obtained, whereas much higher Wavenumbers (cm™)

temperatures (ca. 550-600) were needed to accomplish

this for the unpromoted catalyst For both unpromoted and Fig. 4. DRIFTS single beam intensity spectra displaying residual carbonate
) for (—) the fresh catalyst at room temperature; (- - -) afterd@lcination

Pt—poromote_d thoria, pO eVOlqtion included a peak below (100 cn/min) at 400°C for 12 h; (----) after Hy treatment (100 cRymin)
200°C attributed to desorption of the physisorbed(H at 300°C; and (- -) after CO:N, treatment (3.75 cRymin:135 cn¥/min)
from the surface. However, at higher temperatures, a broadat 300°C, followed by HO:N, treatment (125 cRymin:10 cn?/min), and

peak was observed for unpromoted thoria over the rangethen a final & purge (135 cri/min).

350-600C, whereas a sharp peak at a lower temperature

(ca. 300°C) was obtained for the Pt-promoted catalyst. The tra (Fig. 3) show the changes to the catalyst during activation
data suggest that Pt facilitates the decomposition of surfacejn hydrogen at 300C. As shown, bands in the region 1200—
carbonates as GQhrough decarboxlation occurring during 1600 cnt?, consistent with the asymmetric and symmetric

the catalyst surface shell reduction process. stretching OCO vibrations of carbonate, disappear while a
band at 2140 cm! develops and then disappears. The lat-
3.2. Isotopic studies using in situ DRIFTS and reaction ter band is likely associated with desorption of CO from the
tests catalyst surface. The single-beam intensity data reported in
Fig. 4 give a good indication of the extent of carbonate re-
3.2.1. Formation of the type Il bridging OH groups moval from the catalyst; the figure compares the Pt/thoria

3.2.1.1. Hydrogen activation The catalyst was first treated after the hydrogen treatment with that of the freshly loaded
in O2 at 400°C, as discussed previously. The DRIFTS spec- catalyst and the @calcined catalyst.
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Fig. 5. DRIFTS spectra of bridging OH group bands (a) aftgtttdatment
(100 cn®/min), (b) after Dy treatment (100 ciymin), and (c) a compar-
ison of the catalyst after (solid) Htreatment (100 cRymin) at 300°C CO at 300°C Solid - 5 min
or (- - -) after CO:N treatment (3.75 cRymin:135 cn?/min) at 300°C, . Dotted - 15 min
followed by HO treatment (125 cAymin:10 cn®/min), and then a fi- Dashed - 60 min
nal Np purge (135 crﬁ/min). All of the scans were taken after cooling
to 100°C in N and are referenced to the fresh catalyst aftget®atment
(100 cn?/min) at 400°C, and cooled to 100C in Ny. °
=
Fig. 5 indicates the development of bands at 3675 and g
3740 cn! associated with OH or OD groups on the surface 3
of thoria after treatment at either 100 or 3@ (cooled to <
100°C in N). Higher-temperature treatment in hydrogen (or
deuterium) increases the density of the OH (OD) groups on
the surface.
3.2.1.2. Carbon monoxide, followed by steaming activation
A fresh calcination was conducted (400 in Oy). Figs. 6a : : ; . . . .
and 6bshow the bands that disappear and evolve during acti- 30002950 2900 2850 2800 2Z50 2700
vation in CO at 300C. It is evident that bands near 1530 and Wavenumbers (cm™)

1240 cmr! associated with carbonatg§OCO) asymmet-
ric and symmetric vibrations essentially disappear, whereas
those at 1585 and 1370 crh associated with asymmet-
ric and symmetrico(OCO) vibrations of formates evolve.
The latter are accompanied by the formation of bands in
the C—H stretching region associated with surface formates
(main band at 2860 cnt, with minor bands at 2950 and
2725 cntl). Although there is no question that the band at
2860 is assigned to(C—H), the precise assignment of the
minor bands remains unclear. Binet et[8l. assigned anal-
ogous bands on ceria to the combinat¢@—H) + vs(OCO)
and the overtone 84C—H), respectively. Others have as- (©) 2060

. ) X ; 2860
signed the minor bands to differently coordinated (e.g., 1585
bridged) formates. There are also bands that form and de- 3500 3000 2000 1500
crease at 2180 and 2125 th respectively. Again, as with Wavenumbers (cm™)
ceria, these are likely assigneditCO) stretching for CO
adsorbed on thoria. In the case of unreduced ceria, on COFig. 6. DRIFTS spectra taken during CQiNreatment (3.75 cry
adsorption, a band positioned at 2168 dnwas reported min:135 cn¥/min) at 300°C (a) in the region between 1000 and

- - 2500 cntL; (b) in the region between 2700 and 3100¢hand (c) after
that was very similar to the high-wavenumber band observed switching to HO:Ny (125 cid/min-10 i /min) at 306°C. Spectra ref-

with thoria and was ascribed t((CO_) StretChing_ forCOad-  grenced to the spectra taken after @atment (100 cRymin) at 400°C,
sorbed on C& cations[22,23] This explanation appears and cooled to 308C in No.

3740 Formate Bands
‘ Pt-CO ‘

Bridging
OH

Absorbance

1370

2950




G. Jacobs et al. / Journal of Catalysis 235 (2005) 79-91 85

suitable for the Pt/thoria catalyst as well. Interestingly, for Transient WGS OCO-formates
partially reduced ceria, a band was reported at 2126cm 160°C 2 1570 1360
possibly due ta/(CO) stretching for CO adsorbed onte CHHformates | pyco

cationg22] occurring at reduced centers (i.e., oxygen vacan- Bridging OH 2845
cies). The development of the 2125 thband observed for
thoria likewise suggests(CO) stretching for CO adsorbed
on thoria at oxygen-deficient sites. Bands between 1900 and Readsorb CO
2060 cnt! are also associated witf{CO) stretching, but in

this case for CO adsorbed on the Pt surface.

As shown inFig. 6c, after partial reduction with CO, addi- H.0. 10 min
tion of H>O led to the removal of bands assigned to formate, = ,W_J\hﬁ\_,/_\.
Th—CO, and Pt—CO. Subsequently, strong bands developed
at 3675 and 3740 cn, attributed to the OH groups on tho-
ria observed previously with fHtreatmentFig. 4 shows that H,0, 4 min
the intensity of residual carbonate species after activation by
the CO, followed by HO, procedure, was somewhat higher
in concentration than was observed by theddtivation pro-
cedure.

Interestingly, however, as demonstrated-ig. 5c, both ( . ‘ ‘ ,
activation procedures yield the same OH bands with almost 3500 3000 2500 2000 1500
identical intensities. Spectra were measured after cooling to Wavenumbers (cm'1)
100°C in nitrogen flow. Therefore, the results indicate that
in a fuel processor for low-temperature WGS, where flows Fig.- 7. DRIFTS spectra taken after CO adsorption with CHO:N
of hydrogen and water are considerably higher than the flow (3:75 c1f/min:135 cnf/min) at 160°C and after switching to yD:N,

. - . (125 cm°’/m|n:10 crr?/mln) at 160°C. Readsorption of CO was conducted
of carbon monoxide, bridging OH groups are an important .. - purging the steam with (135 cné/min).
potential active site. The bridging OH groups are associated
with reduced centers on the surface of thoria, just as in the

2055

|

N2 purge,

Absorbance

Adsorb CO

(e}
case of Pt/ceria. s00°c c0,
Solid - CO
. . . . . adsorption OCO-formate
3.2.2. WGS and relationship to water-assisted formic acid Dotted - Steady 1575

decomposition State WGS
Fig. 7 shows that the type Il bridging OH groups react

with CO to generate surface formate bands that are virtually

identical to those reported in our work with Pt/ceii@—15]

and reported by Shido and Iwasayl2]. The formates are

quite stable at 160C but decompose readily whernp@ is

introduced. We have recently commented on the importance

of the reactant-promoted (i.e., water-promoted) formate de-

composition in isotope-switching studies usiig-labeled

CO for forward shift and3C-labeled CG for the RWGS.

The importance of including $O in the formate decompo- N —

sition was noted by Shido and Iwasayi2], who included 3500 3000 2500 2000 1500

. . L Wavenumbers (cm™)

water in the transient state of the formate decomposition ele-

mentary step. The Pt—-CO band also decreased, although notig. 8. DRIFTS spectra taken at 380 (. --) during steady state WGS test-

as extensively as that of the formate. The catalyst was purgedng using a mixture of CO, b0, and N (3.75 cn¥/min, 125 cn¥/min,

after the water-assisted formate decomposition step with ni-and 10 cni/min) and (solid) after purging with (135 cn?/min), and

trogen, then CO was reintroduced. Again, the formates Werethen conducted CO adsorption using CQ(8.75 crﬁ”/mln:135 cn?/mln).

produced.Fig. 8 indicates that during steady-state WGS, Spectra referenced to theyftreated sample at 30C.

the formate bands become limited on the surface, suggest-

ing that they are controlled by the WGS reaction rate. In ratios, typical of a fuel processor for low-temperature WGS,

contrast, the band intensity of Pt—CO did not change con- the rate of the reaction exhibits a first-order dependency with

siderably. Both findings are in agreement with our past respect to CO and a zero-order dependency with respect to

studies with Pt/cerifiLl3]. We have concluded that a formate H»O [18], and vice versa for high COA® ratios. These re-

mechanism is likely operating for WGS, due to kinetic con- sults imply the existence of an adsorbeglHspecies at high

siderations, for both materials. That is, kinetic studies with H>O/CO ratios that is close to saturation during WGS, and

metal/ceria catalysts have revealed that with higioCO that the concentration of the adsorbed CO intermediate is

1360
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controlled by the WGS rate. We thus can conclude that in
both cases, the adsorbed®ispecies are the type Il bridging
OH groups, and the appropriate adsorbed CO intermediate is
a formate species.

There is additional evidence indicating that this is the
case.Fig. 9 shows that the formate bands corresponding
to v(CH) become more reaction rate-limited during WGS
than those associated with(CD) when DO is used. In
both cases, the total number of adsorption sites available is
simply measured by stopping WGS, purging the water out
with N2, and then adsorbing CO. The ratio of the coverages
0p,0/0H,0 during WGS with either HO or DO reveals
a normal kinetic isotope effect (NKIE) of 1.3. This is the
same NKIE observed in the CO conversion when switching
from H,O to Dy0O in fixed-bed reactor testing, as shown in

Fig. 9. DRIFTS spectra revealing the normal kinetic isotope effect Fig. 10a. Results are analogous to those reported for studies
associated with surface formate coverage. Dotted line displays the with Pt/ceria[24]

C-H (or C-D) formate bands during steady state WGS at °250

with a mixture of CO, steam (i.e., 40 or D>O), and N (3.75 cn?/

min:125 cn?/min:10 cr?/min). Solid line displays the formate band af-
ter switching off steam, purging with N(135 cn?/min), and conducting

CO adsorption with CO:N(3.75 cn¥/min:135 cnt/min).
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Fig. 11shows that formic acid dissociates on the surface
of partially reduced thoria to generate bands for the same
formate species as is produced from the adsorption of CO to
the type Il bridging OH groups. Relevant to the previous dis-
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Fig. 10. Results of reaction tests in a fixed bed reactor. Normal kinetic isotope effect for (a) water—gas shifg@mp®iswitching; (b and c) water-assisted
formic acid decomposition switching between HCO@HH,O and DCOOH+ H,O; and (d) methanol steam reforming switching betwees@D + D,O
and CHOH + H50.
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Fig. 11. DRIFTS spectra comparison of bands evolved after CO adsorption i { i
using CO:N (3.75 cn?/min:135 cn?/min), and after formic acid adsorp- D ngﬁgd -Fl\cjlrglféiy (Type I) i

tion using N bubbled through a saturator containing HCOOH. Spectra
referenced to the catalyst after, @alcination (100 crﬁ/min) at 400°C
and H, treatment (100 cRymin) at 300°C, cooled to 160C in Ny

Adsorption Methanol

(135 cn®/min). W
. . . . 3800 3600 3000 2500 2000 1500 1000
cussion on the WGS mechanism is the hypothesis that C—H Wavenumbers (cm™)
bond scission of formate is the rate-limiting step of the reac-
tion mechanism. as proposed by Shido and |Wasma Fig. 12. DRIFTS spectra for the adsorption of methanol usingbib-

. . . . . . bled through a saturator containing gBH, and after switching to $D
We examined the impact on formic acid conversion in a using HO:Ny (125 crr?/min:lo crr?/min) and following the evolution

highly H,O-concentrated feed by switching from H-labeled of adsorbed species with time. Spectra referenced to the catalyst after O
to D-labeled formic acid (i.e., switching from HCOOH to  calcination (100 cr/min) at 400°C and H treatment (100 cymin) at
DCOOH). As shown irFigs. 10b and 1Qchere again is a  300°C, cooled to 160C in Ny (135 cn?/min).

NKIE of about 1.35 for the conversion of formic acid. These

results indicate a strong link between the mechanisms ofsigned to a type Il methoxy species. It is evident that with
water-assisted formic acid decomposition and that of WGS the Pt/thoria catalyst, adsorption after therdduction treat-
and demonstrate the importance of both type Il OH groups ment generated two bands, one at 1050 tiand another at

and formates in these mechanisms. ca. 1110 cm?, and we tentatively assign these to adsorption
on the surface of thoria, with different degrees of coordina-
3.2.3. Steam reforming of methanol tive unsaturation of cationic sites. That is, we suggest that the

Steam reforming of methanol was also examined by surface is partially reduced, in agreement with the XANES
DRIFTS. Methanol was adsorbed on the partially reduced data. The relative ratio of the type Il to type | bands indicates
form of Pt/thoria, accompanied by a decrease in the type Il that the unsaturated cationic sites predominate after the re-
bridging OH group bands and the evolution of major bands duction procedure, which is catalyzed by the presence of Pt.
for methoxy speciesy(OC) at 1050 cm' and v(CH) at With water addition, bands responsible for the methoxy
2700-3000 cm?, including identifying bands at 2800 and  species (i.e., 1050, 1110, 2800, and 2920 &wlecreased,
2920 cntl. Surface formates were also present, including whereas those of the surface formates (1580, 1360, 2845,
v(OCO) at 1580 and 1360 cmhand v(CH) at 2845 and  and 2950 cm?) increased significantly, suggesting a con-
2950 cnt?, although these bands were much weaker in in- version processig. 12). Only when the formates reached
tensity than those observed for CO adsorption and formic a maximum was gas phase €6bserved. The band for gas
acid dissociation. phase CQ reached a maximum during formate decompo-

Returning to the methoxy species, Binet et[].identi- sition and diminished considerably when the formate band
fied two distinguishing types on ceria depending on whether had nearly disappeared. As in the case of transient WGS,
or not the surface was reduced. Type | species, occurring ona considerable band for Pt—-CO remained, suggesting that
unreduced ceria, are distinguished by a band in the rangeformates likely act as intermediates in the methanol steam
1106-1112 cm?, whereas an entirely different band posi- reforming reaction. Interestingly, as shownfig. 13 the
tion was reported when methanol was adsorbed after surfaceesidual carbonate bands, after purging out th® Hvith
shell reduction. In keeping with the nomenclature, the band N, were virtually identical to those after the transient WGS
for the latter species was reported at ca. 1060+tand as- experiment. The DRIFTS experiment again highlights the
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Fig. 13. Residual carbonate species after purgingOHwith No Fig. 14. CQ yield versus temperature curves over Pt/thoria #) formic

(135 cn®/min) following the transient DRIFTS experiments at P&D of acid decomposition;l) low-temperature water—-gas shift; anal)(meth-
(---) formate decomposition from water—gas shfftg. 8 and (—) meth- anol steam reforming. Conditions: 3.75 &fmin of either CO, HCOOH,

oxy and formate species decomposition from methanol steam reforming ©7 CHsOH, 125 cn?/min Hy0, 100 cn¥/min Hy, and 10 cm/min Ny,
(Fig. 12). 33 mg catalyst.

importance of the adsorbed bridging (i.e., type Il) species, as4. Discussion
well as the role of formates, in catalysis. A potential kinetic

isotope effect was probed in switching betweensOD + The XANES, DRIFTS, and kinetic isotope effect experi-
D20 and CHOH + H20; the result was approximately 1.55  mants provide insight into the nature of the active sites op-
(Fig. 10d), higher than that detected by either WGS orwater- gating for Pt/thoria, and mechanisms can be postulated for
assisted formic acid decomposition but measurably lOWer he three reactions of interest. On the basis of the XANES
than the value of 1.75 that we reportgb] for methanol  ingings, Pt promotes partial reduction of thoria in a man-
steam reforming over Pt/ceria. _ _ ner analogous to that of ceria, thereby generating type II
Activity data for the three reactions over Ptthoria are jqging OH groups on the surface that are associated with
reported inFig. 14 In agreement with the literature, the .45 ginatively unsaturated Th cations. The TGA-MS results

rates, as measured by €gield, follow in this order: water- 504 pRIFTS measurements support the conclusion that OH
assisted formic acid decomposition WGS > methanol ., formation occurs in conjunction with the removal of

steam reforming. Of greater interest from the standpoint of a0 carbonates, and thus Pt plays an important role in
Hz production is a comparison on the basis of selectivity t5ijitating decarboxylation during activation.

between Pt/thoria and Pticeria, reportedgs. 15a-15¢ It is important to consider that for ceria, when oxygen
Not only was Ptthoria more active than Pt/ceria on the ba- yeficiencies are formed, or the bridging OH groups associ-
sis of methanol conversion, but also the catalyst was more ;a4 with the dissociation of 4D at those vacancies, two
selective for CQ relative to CO at higher conversion. GO phenomena are observed by XANES at the Bdge. As
selectivity is plotted versus both temperature and conversion.discussed in previous wollR5], when ceria is treated with

H», the white line shape changes remarkably during reduc-
3.3. Nanoarchitecture of thoria tion. For Cé*, there are two major peaks, C and.Bn
terms of the final state configuration, peak C corresponds
HRTEM images of the thoria nanostructure are presentedto Ce[2p4f°5d!]O[2pf], whereas peak Bis usually written
in Fig. 16 The thoria domains display a high degree of as Ce[2p4f'5d']O[2p°]. Peak B, in contrast, is indicative
nanocrystallinity and have an average size of approximately of Ce*t, and its final state configuration is normally writ-
3-5 nm. The growth of the crystallite array appears to follow ten as Ce[2pAfi5dtO[2p®]. It is clear from our previous
a rod-like mechanism, with subsequent three-dimensionalwork [15] that for the Pt/ceria catalyst, only a partial reduc-
growth resulting in a weblike macrostructure and a corru- tion occurs, because the spectrum is clearly a combination
gated surface with repeating ridges. of the two states (i.e., two different white line shapes). Peak
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C was observed to decrease, whereas peak B shifted to lowe (@ o CO+H,

» ) o) 0
energy at the Bposition. Because @was situated at lower Th' Th Th Th  => ThOThOTh oTho
0O 0 0O

energy, reduction caused the general lowering of the edge l Ho

position (related to the binding energy) commonly observed ’

during reduction. The bridging OH groups associated with o oo M ? 8 S o) 3)
the surface C¥ atoms were clearly observed to form using Th Th Th Th gL AL AL

infrared spectroscopy.

In contrast, TAT is quite difficult to reduce, and Ph
has not been reported in the temperature range of interestBoth CO adsorption and formic acid dissociation generate
Interestingly, however, Thlhas been synthesized, but it is surface formates, with the latter process involving liberation
generally interpreted to be [fh, 31—, 7] [26]. To maintain ~ of H20, as follows:
charge balance associated with reduced centers (i.e., vacanr-

where Th = Th** and Th = Th** + e-

H

cies) in the surface of thoria, a formal charge ofTtcan Hon A,Q\ ’
be assigned. However, vacancies can be generated withou 3~ 9 o o €O 0.2°0 o (4)
a real change in oxidation state of thoria from 40 3+. [RLRLRLS > ThThThThs
When doing this, one must consider the aforementioned
delocalized electron model, which may result in increased g\
electron density associated with the surface O atoms in- H H @& HH

: . : ® HCOOH oL
volved in the bridging OH groups. Certainly, the OH groups ThOThOThOThO — ThOTh ThOThO +H,0 (5)
are considered highly basic. Considering the foregoing fac- © 0000
tors, we would not expect to observe large changes in the where Th =Th* and Th = Th* + e-

white line shape for thoria during reduction, because it iS gaged on the DRIFTS results and the NKIE associated with
not truly Th**. Rather, we would expect a decrease in the the c—H bond breaking of formate (i.e., rate-limiting step),
tron, as a result of enhanced core-hole shielding. A shift in \what has been reported for Pt/cefdi

binding energyEq to lower energy is suggested by a de-

crease in the edge energy position observed at the;h L H g o CO /E\

edge. Clearly, thoria may become nonstoichiometric for O ThoThoThoTho — o’\/‘oOH o

at the surface during reduction. Yet it is also important to Ty

note that, based on the activation experiments, in the pres-COQ"\ H,0 ©6)
ence of K or after CO reduction and steaming, bridging OH ‘%6,}) AH

groups are formed that are associated with the reduced cen 0. O +H,0 (ads) 2

ters, in a manner similar to ceria, as follows for one possible ThoThoThoTho

scheme: where Th =Th* and Th = Th* + e-
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Fig. 16. HR-TEM images of nano-crystalline thoria.

Similarly, formates are proposed to be involved in the cal carrier of H that can be produced from a wide variety
methanol steam reforming mechanism, postulated as fol-of fossil fuel and renewable resources. An examination of

lows, based on the DRIFTS results: the CQ selectivity versus conversion curvésd. 15) indi-
cates that C@is a primary product and CO is a secondar
®ron o cwon DY R ' ’

0 RO + H,0 (ads) product. This is an important finding, in that Ielectiv-
TrE)ThoTh Th — f6) 0

oo o O ity thus will be favored at low conversions. Interestingly,
co, ,4 H,0 —>i»2H2 the selectivity of CQ is higher than that of Pt/ceria even
o0 H @) at higher temperatures (and, thus, conversion). These re-
Y c/{%oH sults suggest that methanol steam reforming is in competi-
Orp 110y © * H:O (ad) ThTh Thorne * H20 (ads) tion with the reverse WGS reaction, as has been postulated
0000 H, 00

for metal/ceria and catalysts containing metal and zirconia
where Th = Th* and Th =Th*" + e- promoters[27—29} that is, CO is generated from the O

Methanol steam reforming is currently receiving interest produced by catalytic steam reforming. Therefore, one may

as a means of converting methanol, an important chemi- consider the relative rates of methanol steam reforming and
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WGS in terms of the kinetic isotope effect. Although the in competition with RWGS, and CfOselectivity is favored
NKIE associated with formate C—H (C-D) bond cleavage is at low temperature. Pt/thoria was found to be more selec-
close to 1.3 for Pt/thoria and close to 1.4 for Pt/ceria, mak- tive for methanol steam reforming than a similarly promoted
ing them essentially equivalent, there is a greater difference Pt/ceria catalyst. The catalysis of the three reactions investi-

in the NKIE associated with steam reforming, which we ten- gated appears to be directly analogous to that of Pt/ceria.

tatively conclude is associated with methoxy species decom-
position (i.e., also involving C-H bond scission). The NKIE
is approximately 1.75 for Pt/ceria and 1.55 for Pt/thoria;
therefore, it is not surprising that GGelectivity would be
higher during steam reforming for Pt/thoria than for Pt/ceria.
It appears that the activation energy barriers associated with
methoxy group decomposition and formate decomposition
are relatively closer for Pt/thoria than for Pt/ceria. That is,
relatively speaking, for Pt/ceria, the methoxy group decom-
position is relatively slower, such that G@enerated is more
rapidly converted to CO through RWGS.

Of course, thoria is a mildly radioactive element, and
there are regulatory restrictions associated with its use. How-
ever, from the standpoint of abundance, thorium is not at all
rare; it comprises 8.1 ppm of the earth’s crust. Thus, from
the standpoint of hydrogen production at a stationary facil-
ity, Pt/thoria is a promising catalyst for use in the production
and purification of hydrogen.

5. Conclusions

Previous results suggested that type Il bridging OH
groups were formed at low temperature for a Pt-promoted

thoria catalyst. Because these OH groups are associate(fllS]

with reduced defect centers on the surface of the oxide, di-
rect confirmation of this surface shell reduction process was
needed. By comparing XANES spectra for 1% Pt/thoria and
unpromoted thoria samples treated in situ inds a function

of temperature, we found that although little reduction oc-
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