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Abstract

Methane steam reforming and dry methane conversion over ceria, and ceria doped with 1.4 and 5% Nb cation has been
investigated at 900C (a typical solid oxide fuel cell temperature). The influence of the calcination atmosphere on the Nb-doped
ceria has also been studied. Use of reducing conditions leads to significantly lower crystallite size, higher specific surface
area and greater Nb solubility. Nb-doping lowers activity mainly as a consequence of strong segregation of Nb to the ceria
surface. Kinetics of steam reforming are interpreted in terms of a redox mechanism.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction [5,6], which would need to be highly resistant to de-
activation.

Cerium oxide is used as a catalyst in a wide va-  The gas—solid reaction between Gedhd CH; pro-
riety of reactions involving the oxidation, or partial duces[7] synthesis gas with a #ACO ratio of 2 and
oxidation, of hydrocarbons. It is well-known that ce- reduced ceria according to the following overall reac-
ria can act as a local source or sink for oxygen in- tion:
volved in reactions taking place on the ceria surface or
on other catalytic materi%lg supported on ceria. There €8 +7CHa = CeQr, +nCO+ 2nH, @)

s now increasing interest in using ceria in More re- oy 5 relatively low concentration of steam is re-
ducing conditiong1], such as in methane reforming quired to regenerate the cerfi@-10]. Ceria is also

at the anodes (direct reforming) of solid oxide fuel ey for ts ability to resist carbon deposition and to

cells (SOFCs)2]. An interesting application of 0X-  cataiyse the combustion of carbfirl], making it an
ides in SOFCs could be as catalysts for indirect (Or ayractive oxide catalyst for indirect internal reforming

integrated) internal steam reforming of methdag SOFC applications although the activity for methane
Conventional metal-based, reforming catalysts are t00 gt qm reforming is not known.

active[4] at typical SOFC operating temperatures of In this paper we report on the activity of Ce@r

abom_Jt 900C causing local cooling®,6]. This local _methane steam reforming at conditions appropriate to
cooling can be alleviated by the use of catalysts with gy operation, and on the influence of Nb cation
lower intrinsic activity for methane steam reforming dopant. We also report on the effect of Nb-doping
on direct conversion of methane to synthesis gas. Nb
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ceria, which can be expected to impact on the cata- O,/He, 10°C/min). After TPO, the reactor was cooled
lyst performance for methane conversion. Aspects of rapidly to room temperature, purged with Ar, then
dry methane reforming have been reported previously heated to 900C at 25°C/min in 5% CH/Ar and held
[12]. at 900°C for a period of 150 min. Steam reforming
was carried out at atmospheric pressure in a similar
quartz microflow reactor system fitted with a syringe
2. Experimental pump to introduce steam via an evaporator-mixer.
Feed gas composition ranges were 1-5%;,Gidd

Undoped ceria was prepared by precipitation 1-6% HO in He. Analysis was done by GC.
of cerium hydroxide from aqueous cerium nitrate
(Aldrich) solution using ammonium hydroxide to a fi-
nal pH in the range 7-8. The precipitate was washed, 3. Results
dried and then calcined for 1 h at 1080 in air to con-
vert to CeQ. The calcination temperature was chosen 3.1. Characterisation
to be slightly higher than the maximum temperature
in subsequent experiments and typical SOFC fuel in- XRD patterns for the Nb-doped cerias after calcina-
let temperatures. Nb-doped ceria was also synthesisedion for 1 h at 1000C in air are shown irFig. 1 The
using hydroxide co-precipitatiofi3,14] from aque- data confirm ceria as the major crystalline phase. The
ous cerium nitrate and niobium chloride (Aldrich). samples calcined in forming gas gave similar results
Nb content was 1.4 and 5% (expressed as cation frac-
tion). 1.4% Nb was estimated to be at the most likely
value of the solubility limit. These doping levels are " fergusonite
equivalent to 0.7 and 2.5% mole fraction of M.

One set of the Nb-doped samples was calcined at
1000°C for 1 h in air. Another set of Nb-doped ceria,
denoted “FG” was obtained by calcination at 10Q0

in reducing conditions using forming gas (10% id

N>) followed by furnace cooling in air.

Samples were characterised by XRD, electron mi-
croscopy (SEM and TEM), XPS, and by BET nitro-
gen adsorption using a Micromeritics ASAP2000. The
XPS data were acquired on powder specimens using a
VG ESCALAB MKIl with Al K « radiation and a pass
energy of 50 eV. Binding energies were referenced to
C 1s at 284.8eV.

Dry methane conversion was studied in a tempera-
ture-programmable quartz tube microflow reactor sys- 1.4 % Nb-
tem operated at atmospheric pressure, which has been Doped CeO,
described in detail elsewhef&5]. The exhaust gases
were analysed using a quadrupole mass spectrometer
(QMS) or, for temperature-programmed reduction
(TPR), by using a thermal conductivity detector CeO,
(TCD). Samples were subjected to a consecutive
chemical reaction sequence: TPR was first carried out
(5% Hyp/Ar, 10°C/min) from ambient temperature to
1000°C; the reactor was then cooled, pur_ged with Ar Degrees 2-theta
and TPRx performed (5% C#Ar, 25°C/min); TPO
was then used to check for deposited carbon (10% Fig. 1. XRD of Nb-doped cerias calcined in air at 10@0

5 % Nb-
Doped CeO,

Intensity (a.u.)

25 27 29 31 33 35
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Table 1 centration of Nb decreases on exposure to methane at
BET surface areas and estimated relative activity with dry @H 900°C (Table ). The effect is dramatic for the 5%
9000(? _ _ Nb FG sample, when the Nb surface concentration
Material Surface  Relative Relative probably approaches the nominal bulk level. The 1.4%
area activity activity Nb FG sample has virtually no XPS visible Nb prior

m2g1 weight basis area basis
(o) (welg ) ( ) to methane exposure so that no change can be ob-
Ce® 2.6 1.0 1.0 X o
served. Under steam reforming conditions at 900
Cep.986Nb0.01402.007 3.7 0.26 0.18 .
Ceén.95Nbo 0502.025 11 0.23 0.55 Nb again segregates to the surface so that even the
Cen.ogeNbo 01402007 25 2.6 0.27 1.4% Nb sample has a significant enhancement of Nb
(FG) surface concentration over the nominal bulk concen-
CQ),gsNbo,ostozs 29 0.81 0.073 tration (‘l’ab|e a
(FG)
Nb2Os 1.4 0.12 0.2

3.2. Reaction with dry methane

Methane oxidation and carbon formation were
investigated during TPRXx followed by isothermal re-
action at 900C. CO production during isothermal
reaction with methane at 90C tends to show two
maxima, close together for ceria itself, but there are
considerable differences between the Nb-doped cerias
(Fig. 2). Niobia does oxidise methane, but at a lower
intrinsic rate than does ceria. Reaction is significantly
slower for the low surface area Nb-doped ceria con-
taining 1.4 and 5% Nb, and oxygen is still being
removed from these specimens even after 150 min
of exposure at 900C. The high surface area, FG
Nb-doped cerias reduce more readily. The estimated
peak relative reaction rates based on methane con-
version are given irifable 1 The intrinsic reaction
rate decreases with Nb-doping, although 1.4% Nb
FG shows a higher peak rate than ceria on a weight
basis.

For ceria, the H/CO ratio was 2.13. The #CO
ratio also tends to be slightly greater than 2 for the
Nb-doped cerias, although these are subject to greater
error [12]. The products of reaction with methane
mainly follow the stoichiometry oEq. (1) until the
ceria is exhausted of reducible oxygen. Carbon depo-

[12], but with broader peaks indicating a smaller
particle size, confirmed by TEM and consistent with
the larger specific surface area (see below). There
is evidence from XRD that fergusonite (CeNHO
was present as a minor second phggein the 5%
Nb-doped specimens. However, selected area diffrac-
tion of a 5% Nb-doped ceria FG specimen in TEM
showed only ceria and no crystallites of fergusonite.
Specific surface areas are givenTiable 1 The ma-
terials prepared by calcination in forming gas were
found to have much higher surface areas than for
air calcination. The surface areas of the FG sam-
ples were found to decrease strongly for Nb cation
concentrations greater than 5%.

Nb/Ce atomic ratios determined by XPS are given
in Table 2 XPS spectra of the as prepared materials
are given in Ref[12]. In general, Nb is segregated
to the surface of the ceria in the as prepared samples.
The exception is the 1.4% Nb FG specimen, which
shows no evidence of Nb segregation, and could in-
dicate a higher solubility limit in reducing conditions.
All the Nb-doped cerias show that the surface con-

Table 2 o sition by methane cracking on the reduced ceria oc-
XPS Nb/Ce atomic ratios curs only very slowly since hydrogen production was
Material As prepared  After dry After steam not detected after oxygen exhaustion. The temperature
CHa, reforming, at which deposited carbon is combusted during TPO
900°C 900°C ; ) .
. for the Nb-doped specimens is lower than for ceria
CosaebooaOa007  0.41 021 - 12], although it is higher for NgOs. This probabl
y
C5N00sOz 025 054 024 N reflects the greater electronic carrier concentration in
Cen.gssND0,01402007  ~0 ~0 0.15 9 ) . g .
(FG) the Nb-doped cerias under oxidising conditions, which
Cen.95Nb0.0502.025 0.48 ~0 0.20 are available for ionising adsorbed oxygen species that

(FG) subsequently react with the carbon.
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Fig. 2. CO production from reaction of dry methane with ceria

and Nb-doped ceria.

3.3. Steam reforming of methane

The high surface area, Nb-doped cerias and ceria
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Table 3
CH, steam reforming at 90CC with 4% CH,;, 5% HO

Material Initial rate Steady-state rate
(molkg™*h=1)  (molkgth=1)
CeQ 30 22
Cen.986Nb0.01402007 (FG) 39 16
CenosNboosO2025 (FG) 22 14

900°C. Catalysts were brought slowly to the reac-
tion temperature in pHD/CHs/He and the product gas
composition followed as a function of time at isother-
mal conditions. The main products of the initial re-
action from methane steam reforming over the cerias
were H, CO with a small amount of C&indicating
a small contribution from the shift reaction. The con-
version of methane in steam reforming at 9@over
ceria and the FG, high surface area, Nb-doped cerias
is shown inFig. 3. The activities for the Nb-doped
cerias decline with time reaching significantly lower
steady-state rates. The effect is most dramatic for the
1.4% Nb—-Ce®, which has an initial activity greater
than ceria itself, as expected based on the perfor-
mance in dry methane reforming, but has a steady-state
rate lower than ceria. The measured rates for°@0
H,O/CHy = 1.2 (4% CH;y, 5% HO in He) are given
in Table 3where it is seen that Nb-doping lowers
the steady-state rate. Similar results were obtained for
other steam/methane ratios up to 2.5. No significant
carbon deposition is detected by TPO following steam
reforming on any of the catalysts.

It is tempting to assign the lower steady-state steam

were studied in the steam reforming of methane at reforming activity of the Nb-cerias to the influence
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Fig. 3. Steam reforming of methane at 9@with 4% CH,;, 5% HO in He over: (J) CeQ; (®) 1.4% Nb-CeQ FG; (A) 5% Nb-CeQ

FG.
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Table 4 The measured value of the oxygen ion diffusion co-
Kinetics of CH, steam reforming at 900C efficient in ceria[19] is sufficiently high that in the
Material Order Order Order powder catalysts used here, the overall reaction rate
related related related will be controlled by the surface reaction and not by
oCHy toHO0 toH diffusion of oxygen from the bulk of the solid par-
CeQy 0.53 ~0 —0.46 ticles to their surfaces. The measured values of iso-
Ce.986Nbo,01402.007 (FG) 0.49 ~0 -0.35

topic surface exchange rate constardt 900°C are
[20] 3 x 10-5cms™? for reduced ceria in CO/CO
and 1x 10°cms! for CeygYo2019 in Oxygen.

. ) _ The corresponding turnover frequencies are 840 and
of bulk doping. However, post-reaction XP.S analysis 280 atoms of oxygen sité s~1. These are several or-
(Table 2 shows strong surface segregation of Nb. gers of magnitude greater than the activities for di-
Sintering of these high surface area_materlals__may rect methane conversida2] or the steam reforming
also take place under steam reforming conditions, rates given inTable 3 which indicates that reaction
yvhereas no sintering was observed (by TEM) follow- \ith methane is much slower than with oxygen, CO
ing exposure to dry methane at thg same temper'ature.or CO,. We assume that the reaction with methane
However, the extent of COproduction via the shift  proceeds by successive loss of hydrogen followed by
reaction increases with time for the Nb-cerias but not oyiqation of surface carbon, or a carbon containing
for ceria itself. These results suggest that Nb segre- jytermediate, with lattice oxygen, thus giving rise to

gation is likely to be the main cause of the observed the independence of steam pressure and inhibition by
decline in steam reforming activity. hydrogen.

The kinetics of steam reforming over the cerias has " The slower reaction rate on the surfaces of the
been investigated by varying the methane and steamnp_goped catalysts is therefore due to their differ-
partial pressures, and by adding hydrogen to the feedent composition. Based on the XPS evidence, it is
gas (Table 4. The reaction order in methane was ob-  ¢oncluded that the segregation of Nb to the ceria sur-
served to be less than one for all the cerias, while the t5ce is inhibiting reaction with methane for the dry
rate was found to be essentially independent of the -gnversion to synthesis gas and for steam reform-
steam partial pressure for the range of conditions stud- ing. For dry methane conversion over the Nb-doped
ied. The reaction order in hydrogen was observed to g materials, which show no detectable Nb seg-
be negative. regation, the lower rate would appear at first sight

to be mainly due to the effect of bulk doping (e.g.

by reducing the concentration of oxygen vacancies).
4. Discussion Unfortunately, this simple picture is complicated by

the apparent surface segregation of Cl, which takes

The results for the kinetics of steam reforming are place when Nb is fully dissolved in the ceria. Work
in sharp contrast to metal-based catalysts such as Niis in progress to resolve the influence of the ClI, but
zirconia cermet SOFC anod§ks], where steam in- it should be stressed that it is not detected under
hibits the reaction and hydrogen promotes the steam steam reforming conditions. The initial activities for
reforming of methane. Reaction order in methane is steam reforming and the conversion of dry methane
usually close to 1 for metals, and the kinetics are ex- show that the effect of 1.4% Nb FG on the sur-
plained by a Langmuir-Hinshelwood type, multi-step face area compensates for the decrease in intrinsic
mechanism17,18] The present results suggest that activity.
methane steam reforming over the cerias occurs by The cerias show a useful activity in relation to ap-
a redox mechanism. The estimated value of the acti- plication as steam reforming catalysts in indirect in-
vation energy for methane steam reforming over the ternal reforming SOFCs. The rates givenTable 3
cerias is about 155 kJ nmot, which is similar to the ~ would correspond to an estimated relative activity of
160 kJ mot! determined by Otsuka et 410] for the about 0.01% of a conventional Ni catalyst at 900
conversion of methane to synthesis gas over ceria.  [6].

Cen.95Nbp,0502.025 (FG) 0.59 ~0 -0.34
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