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Abstract
Effect of fluorite-like or perovskite-like complex oxide promoters, Pd and Cu on the performance of Ni/8YSZ and Ni/ScCeSZ anode materials

in CH4 steam reforming (SR) or selective oxidation (SO) by O2 into syngas was studied. The spatial distribution of dopants in composites before

and after contact with the reaction feed, features of components mutual interaction and forms of deposited coke were controlled by TEM combined

with EDX analysis. The lattice oxygen mobility and reactivity were estimated by CH4 and H2 temperature-programmed reduction (TPR), and the

amount of deposited carbon after operation in the feed with stoichiometric H2O/CH4 ratio was estimated by the temperature-programmed

oxidation. Promoters decrease the amount of deposited coke, while doping by Pd or Cu ensures also a good and stable performance at moderate

(�550 8C) temperatures required for the intermediate-temperature solid oxide fuel cells (IT SOFC) operation.

# 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Design of anode materials for solid oxide fuel cells (SOFC)

operating at intermediate temperatures (IT) in methane/steam

feeds without coking represents important but demanding

problem [1]. State-of-the art Ni/Y2O3–ZrO2 (Ni/YSZ) cermet

anodes have excellent catalytic properties and stability for the

H2 oxidation at SOFC operation conditions [2,3]. However, the

lack of a hydrogen infrastructure and the unsolved hydrogen

storage problem have initiated the research aimed at direct

utilization of natural gas, which represents one of the key

aspects of SOFC technology. Internal steam reforming (SR) is
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the most promising concept in using the natural gas as a fuel

[3,4]. In this case, the reaction takes place directly in the anode

compartment, allowing a better management of heat within the

stack. Unfortunately, with the cermet Ni/YSZ anode, coking

occurs leading to the deterioration of anode performance [2,4].

Hence, development of robust anode materials with a high and

stable activity in the SR of hydrocarbon fuels is vital for the

natural gas fuel-based SOFC. Next approaches were suggested

up to date to solve this problem:
1. P
artial or complete replacement of doped zirconia with

doped ceria or ceria–zirconia possessing a higher lattice

oxygen mobility/reactivity [2–9]. This is combined with

partial or complete replacement of Ni by copper [2,3,10,11].

These anode materials are resistant to coking and possess a

high performance in SR at intermediate temperatures
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required for operation of SOFC with doped ceria or gallate-

type electrolytes.
2. R
eplacing doped zirconia by complex perovskites (mainly,

complex chromites) with their doping by metals active in SR

(Ni or precious metals, mainly, Ru) [12–16].
3. P
artial or complete replacement of Ni by precious metals in

cermets with complex perovskites [16] or doped zirconia

[17–19] as oxide phases. This allows to suppress coking and

enhance middle-temperature performance which is

explained by a much higher specific catalytic activity of

precious metals as compared with Ni in CH4 SR, Pt being the

most active metal [20].

Apart from a high and stable activity in SR in stoichiometric

methane/steam feeds, anode materials are to be inexpensive,

compatible with electrolytes by the thermal expansion

coefficients, possess a high electronic conductivity and

phase/mechanical stability to redox cycles [1,3]. For IT SOFC

with thin layers of anode-supported Y- or Sc-stabilized zirconia

electrolytes considered now as the most promising trend in

SOFC design for wide-scale application [21], these set of

requirements can be met by using as anode materials Ni/YSZ

(ScCeSZ) cermets doped by fluorite-like (ceria or ceria–

zirconia) or perovskite-like (complex chromates–manganites)

oxides promoted by precious metals or Cu. However,

systematic studies regarding effects of such systems composi-

tion and preparation routes on their performance in the SR of

methane in stoichiometric feeds are not reflected in literature,

which hampers optimization of their composition.

This paper presents the experimental results related to the

synthesis of these complex Ni-containing anode materials,

characterization of their microstructural features and catalytic

properties in methane SR in regard of the nature of electrolyte

(YSZ or ScCeSZ), type of complex oxide dopant (fluorite- or

perovskite-like complex oxide), nature of promoter able to

activate methane (Pd or Cu) and composites preparation route.

Selection of complex oxide promoters used in this work was

based on previous detailed studies of their oxygen mobility and

reactivity as related to catalysis of CH4 transformation into

syngas via selective oxidation, autothermal and steam

reforming [12,14,22–31]. Since the primary aim of this

research is to select the most promising compositions and

preparation procedures, at this stage, catalytic performance

stability was estimated for relatively short (tens of hours) time-

on-stream, since longer tests (including those with anodes in

real single-cell tests) are to be carried out later for optimized

systems.

2. Experimental

Three types of composite powders were used in this study.

The composite I was prepared from 60 wt.% NiO (Novamet,

US) and 40% Sc0.1Ce0.01Zr0.89O2�y (DKKK, Japan) powders.

Thoroughly mixed powders were pressed into pellets, sintered

at 1200 8C for 2 h, crushed and ball milled to micron-sized

powders as described earlier [22] resulting in the specific

surface area (Ssp) of �1 m2/g.
Composite II (Ssp, 5 m2/g) was comprised of the mixture of

NiO (60 wt.%) and Y0.08Zr0.92O2�y (8YSZ, Russian sources)

mixed and ball milled followed by the powders calcinations at

900 8C for 2 h [23].

Composites I and II were doped with fluorite

(Pr0.02Gd0.18Ce0.8O2�y, Gd0.2Ce0.8O2�y and Ce0.5Zr0.5O2�y)

or perovskite (La0.8Pr0.2Mn0.2Cr0.8O3) oxides (loading 3 wt.%

for composite I and 10 wt.% for composite II) by impregnation

with aqueous solutions of polyester citric acid–ethylene glycol

precursors prepared as described elsewhere [24] followed by

drying and calcinations at 700 8C for 4 h. Detailed character-

ization of the structural and surface characteristics of these

dopants as related to their surface/lattice oxygen mobility and

reactivity is given in previous publications [12,14,22–31].

Doped composite III (Ssp, 23 m2/g) was comprised of 55%

NiO, 35% of nanocrystalline Sc0.1Ce0.01Zr0.89O2�y electrolyte

prepared via coprecipitation route as described elsewhere [32]

and 10 wt.% of complex perovskite-like oxide La0.8Sr0.15Pr0.05

Mn0.2Cr0.8O3+x. This composite was prepared in one-pot

synthesis by dispersing electrolyte powder in the water solution

of Ni nitrate and polyester citric acid–ethylene glycol

polymeric precursor of a complex perovskite, evaporation of

this mixture, decomposition of formed solid residue under air

with final calcinations at 700 8C for 4 h. This preparation

procedure favors a high dispersion of components in the

composite along with their strong chemical interaction

apparently exceeding that in more traditional impregnation

route used for the preparation of composite I.

Pd (0.3 wt.%) or CuO (10 wt.%) were supported on complex

oxides doped composites by incipient wetness impregnation

with PdCl2 or Cu(NO3)2 solutions followed by drying and

calcinations at 700 8C for 2 h.

Samples were characterized by X-ray diffraction (XRD),

transmission electron microscopy (TEM) and BET surface area

analysis.

The XRD patterns were obtained with an URD-6 diffract-

ometer (Germany) using Cu Ka radiation in the 2u range 5–908.
The TEM micrographs were obtained with a JEM-2010

instrument (lattice resolution 1.4 Å) and acceleration voltage

200 kV. Local elemental analysis was performed with EDX

method (a Phoenix Spectrometer).

The BET specific surface area was determined from the Ar

thermal desorption data.

The temperature-programmed reactions of samples reduc-

tion (TPR) by H2 or CH4 (1% H2 in Ar or 1% CH4 in He),

deposited coke oxidation (TPO) by O2 (1% O2 in He), CH4

oxidation by O2 (1% CH4 + 0.5% O2 in He), CH4 SR (1%

CH4 + 1% H2O in He) were studied in flow installations

equipped with quartz reactors, GC and PEM-2 M gas analyzers

under the temperature ramp of 5 8C/min up to 880 8C as

described elsewhere [24,29]. The steady-state activity of

samples in CH4 SR was studied using more concentrated

(8% CH4 + 8–24% H2O in N2) feeds. For TPO experiments,

samples after standard pretreatment in oxygen were kept for 3 h

in the flow of stoichiometric reaction feed 8% CH4 + 8% H2O

in N2, steady-state performance being achieved within 1 h.

Samples were then cooled in the same feed to room temperature



Fig. 2. X-ray diffraction patterns for composites I and III. (1) Composite I, (2)

composite III after methane steam reforming (3) composite III doped with

0.3 wt.% Pd and (4) composite III doped with 10 wt.% CuO.
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within �3 h, discharged from the reactor and transferred into

another one under contact with air for TPO run.

3. Results and discussion

3.1. Structural characteristics and microstructure of

composites

3.1.1. ‘‘Green’’ composites

Typical X-ray diffraction patterns for complex oxide

composites are shown in Figs. 1 and 2. Along with strong

reflections corresponding to doped zirconia and NiO phases

[32–34], weak broad reflections corresponding to doping

fluorite-like phase (PDF#02-1334) or complex perovskite

phase (PDF#89-8771) were observed. Smaller particle sizes

(a higher dispersion) of ScCeSZ and NiO in the composite III as

compared with composites I and II are reflected in broader

diffraction lines of these phases. While reflections correspond-

ing to supported Pd are not observed due to its low content

beyond sensitivity of XRD method, reflections corresponding

to CuO phase (PDF#801916) are well developed indicating its

rather good crystallinity.

Microstructural features of different composites studied by

TEM vary strongly. Particles of composite I are comprised of

sintered domains of NiO and ScCeSZ (Fig. 3). For doped

zirconia, a variation of the lattice spacing corresponding to the

(1 1 1) planes from 3.0 Å to 3.2 Å was observed suggesting

spatial variation of dopants content in the electrolyte particles

[32]. For NiO [R-3m space group, PDF#44-1159], the (1 0 1)

lattice spacing (2.4 Å) was mainly observed. A coherent stacking

of NiO and doped zirconia regions (Fig. 3) implies a strong

chemical interaction between these phases in sintered composite.

Composite II (Fig. 4) is comprised of separate bulky rounded

NiO particles and 8YSZ aggregates with a rather good

crystallinity, without any apparent interaction between these

oxide phases.
Fig. 1. X-ray diffraction patterns for composite II undoped (1) or doped with:

10 wt.% Ce0.5Zr0.5O2�y (2), 0.3 wt.% Pd + 10 wt.% Ce0.5Zr0.5O2�y (3) and

10 wt.% CuO + 10 wt.% Ce0.5Zr0.5O2�y (4).
Composite III (Fig. 5) is comprised of loose micron-size

aggregates of nanoparticles with pronounced spatial variation

of their composition as revealed by EDX. In this system,

particles of NiO and perovskite-like phase possessing rather

good crystallinity are stacked nearly coherently. Here, for NiO

(Fig. 6) distances of 2.1 Å and 2.4 Å corresponding to the

(2 0 0) and (1 1 1) planes of Fm3m (PDF#47-1049) space group

are revealed. Distances 3.8 Å, 1.9 Å and 2.8 Å found for

particles of LnCrMnO3 phase (Pbnm space group, PDF#89-

8771) correspond to (1 1 0), (2 2 0) and (2 0 0) planes. In Fig. 6,

the interphase boundary (a–c) corresponds to the ideally

matched (1 0 0) LnCrMnO3 and (1 1 1) NiO planes (zero angle

of distortion), while the boundary (b and c) corresponds to

stacking of (1 1 0) LnCrMnO3 and (0 0 2) NiO planes with the

angle of distortion equal to 5.38. A perovskite-like phase is also

present as rather disordered regions situated between the NiO

particles (Fig. 7).

For composites I and II, complex oxide dopants were mainly

present as the surface layers on NiO particles revealed by EDX

and typical moiré fringes caused by overlapping lattices of

fluorite-like/perovskite-like and NiO phases [23].

For Pd-doped sample of composite II containing the

perovskite oxide promoter, separate Pd nanoparticles were

observed on the surface of NiO particles [23]. In these particles,

a thick PdO shell (lattice spacings 3.1 Å) covers the Pd0 core

(lattice spacings 2.2 Å).

For composites co-doped with fluorite-like oxides and Pd,

separate Pd particles were not revealed implying a stronger

interaction of Pd oxidic species with these dopants as compared

with the perovskite-like oxide.

Hence, microstructural studies revealed pronounced che-

mical interaction between components in doped composite

anode materials, the most pronounced effects being observed

for composite III.



Fig. 3. TEM micrograph of composite I particle with a high resolution image of the intergrown NiO and ZrO2 lattices and digital diffraction pattern (DDP) from this

region.

Fig. 4. (a) Typical image of composite II particles and (b) high resolution image of Y-doped zirconia particle lattice with d(1 0 1) = 3.0 Å (PCPDF#371307).

Fig. 5. Typical TEM image of composite III particles aggregates with EDX data for regions 1 and 2.
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Fig. 6. High resolution image of stacked NiO and perovskite particles in composite III with EDX data for respective regions and DDP from the stacking range. In

EDX spectra, CeL subscription refers to the overlapping lines of Ce and Pr.
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3.1.2. Cermets after testing in SR reaction

As follows from the XRD data, in reaction conditions NiO is

completely reduced into Ni0 phase (Fig. 2). In addition, a

reflection corresponding to the graphitic carbon appears for

composite III, though it was not revealed for doped composites

I and II tested under similar conditions (not shown for brevity).

TEM data for the discharged sample of composite III

revealed carbon deposits in the form of graphitized layers as

well as nanofibers (filaments) (Fig. 8). Similar forms of carbon

were described by Sfeir et al. [13] for Ni/Fe substituted

lanthanum chromites after studies of CH4 reforming. The main
part of Ni is separated from the oxide components present in the

‘‘green’’ composite (vide supra) and is sintered into particles

with typical sizes 100–200 nm covered by rather thick (up to

50 nm) graphite layers (Fig. 9). A part of Ni is present as

nanoparticles catalyzing the growth of nanofibers. Perovskite

nanoparticles are fixed on the surface of big Ni particles being

free from carbon layers but contacting them. Particles of

ScCeSZ with typical sizes of 20 nm are also free from carbon

layers and contact with the surface of Ni particles not covered

by carbon (Fig. 10). This suggests that both perovskite and

electrolyte nanoparticles take part in gasification of carbon



Fig. 7. TEM image of composite III particles and EDX data demonstrating complex perovskite-like phase between NiO nanodomains. In EDX spectra, Fe is present

due to admixture in Cr nitrate salt, while Co is an admixture in Ni nitrate salt.

V.A. Sadykov et al. / Catalysis Today 131 (2008) 226–237 231
species and/or transformation of their precursors-activated CHx

fragments into syngas. This agrees with EDX data (Fig. 11)

revealing that Ni particles completely covered by graphitic

layers are separated from the particles of oxidic promoters. At

the same time, some Ni is present in oxidic particles of both

electrolyte and complex perovskite (Fig. 11), being, perhaps,

stabilized by the incorporation into their surface layers, where it

could play some role in methane activation as well.
Fig. 8. Forms of carbon observed in composite III discharged from the reactor.

(A) Carbon filaments and (B) graphitized layers.
Hence, pronounced variation of composites microstructure

occurs under stoichiometric reaction mixture effect, which

certainly makes quite difficult any direct comparison between

the structural/surface characteristics of ‘‘green’’ composites

and their catalytic properties.
Fig. 9. Nanoparticles of Ln–Pr–Mn–Cr-perovskite (A) surrounding sintered Ni

particle, (B) covered by the layer of graphitic carbon (C) in composite III

discharged from the reactor.



Fig. 10. Particles of ScCeSZ free from carbon deposits (A) and a part of the

surface of Ni particle covered by graphitized carbon layer (B) in composite III

discharged from the reactor.

Fig. 12. Typical H2 TPR data for ‘‘green’’ composite anode materials. (1)

Composite II, (2) 10% Ce0.5Zr0.5O2/composite II, (3) 0.3% Pd/10%

Ce0.5Zr0.5O2/composite II, (4) 10% CuO/10% Ce0.5Zr0.5O2/composite II, (5)

0.3% Pd/10% La0.8Pr0.2Mn0.2Cr0.8O3/composite II, (6) composite III and (7)

0.3% Pd/composite III.

V.A. Sadykov et al. / Catalysis Today 131 (2008) 226–237232
Similar forms of carbon in less abundant amounts were

revealed for Cu- or Pd-promoted composite III. Fibrous

(filamentous) carbon was not detected for doped composites I

and II, apparently, due to presence of only coarse NiO particles

in these systems.

3.2. Reactivity of the lattice oxygen

3.2.1. H2 TPR

Typical H2 TPR spectra are shown in Fig. 12. For all

samples, NiO reduction was completed up to 600–650 8C. For
Fig. 11. EDX spectra for different particles (A) sintered Ni particle, (B)

ScCeSZ particle and (C) perovskite particle in composite III discharged from

the reactor.
composite II, reduction starts at �280 8C with Tmax � 350 8C,

which is rather close to typical characteristics for bulk NiO

samples (not shown for brevity) and agrees with the

microstructural data revealing little if any interaction between

NiO and YSZ (vide supra). For this composite, Ce–Zr–O

dopant shifts Tmax to �400 8C, apparently due to a partial

blocking of NiO surface and/or stabilizing Ni2+ cations thus

hampering reduction. Pd supporting only slightly improves

reducibility, perhaps, due to its low content (Fig. 12, curve 3).

On contrary, supporting CuO strongly accelerates reduction,

apparently due to the catalytic action of small Cu0 particles

easily formed at �200–230 8C. Two-peak reduction pattern for

this sample can be explained by reduction of NiO particles

either promoted by these supported copper particles (peak at

�260 8C) or not (peak at �340 8C). This implies some non-

uniformity in the spatial distribution of copper oxide particles

in the ‘‘green’’ doped composite. Complex perovskite dopant

strongly hampers NiO reduction in the composite II (Fig. 12,

curve 5): reduction peak shifts to �460 8C even despite co-

doping with Pd. This is explained by a low reducibility/lattice

oxygen mobility of complex mangano-chromite [12–14] rather

uniformly covering the surface of NiO particles in this

composite [23] thus hampering reduction.

For the composite III containing complex perovskite phase

as a dopant, the reduction peak is shifted to even higher

(�530 8C) temperatures (curve 6). In agreement with the TEM

data (vide supra) this suggests even stronger interaction

between the perovskite and NiO particles. Appearance of the

high-temperature shoulder at �600 8C implies that some Ni

cations could be even incorporated into the bulk of perovskite



Fig. 13. CH4 TPR curves for Pd/perovskite-doped composite II. 1% CH4 in He,

contact time 0.07 s, heating rate 5 8C/min.
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particles/domains thus forming Ni-substituted system [13,14].

This agrees with TEM data (vide supra) and is explained by the

specificity of this composite preparation via one-pot route

favoring a strong interaction between components. Indeed, for

the low-surface area composite I containing the same ScCeSZ

electrolyte Tmax of the main H2 TPR peak is situated at�460 8C
with a shoulder at �520 8C [23]. This rather high reduction

temperature is due to a low dispersion and a strong interaction

of NiO particles with the electrolyte revealed by TEM (vide

supra). Doping this composite I by the same perovskite phase

shifts TPR peak to�480 8C revealing a rather slight interaction

with this dopant [23]. On the other hand, for the same

composite I, supporting fluorite-like oxide promoters and Pd

shifts H2 TPR peak to lower (400–450 8C) temperatures [23]

apparently facilitating reduction, perhaps, due to loosening

interaction between NiO particles and ScCeSZ electrolyte.

Doping of composite III by Pd also increases its reactivity

shifting TPR peak to �460 8C and narrowing it (Fig. 12).

Hence, effect of the same oxide dopant on reducibility of

NiO + doped zirconia composites strongly depends upon the

degree of interaction between basic components determined by

the specificity of preparation route.

3.2.2. CH4 TPR

Reduction of bulk NiO sample starts at �400 8C and occurs

in a narrow (�100 8C) temperature range with practically

simultaneous formation of deep (CO2, H2O) and partial (CO,

H2) oxidation products (not shown for brevity). In this case, H2

evolution declines to zero when sample is completely reduced.

This means that bulk Ni0 particles are not able to efficiently

dissociate CH4, probably, due to a rapid surface blocking by

graphitic carbon.

Reduction of complex perovskite by CH4 starts at

T � 680 8C with Tmax of CO and H2 evolution at �800 8C
indicating rather low reactivity of its surface oxygen (not shown

for brevity).

Reduction of doped ceria or ceria–zirconia oxides by

methane starts from �400 8C with evolution of deep oxidation

products followed by syngas generation at higher (>700 8C)

temperatures without any detectable accumulation of surface

carbon species by XPS [35,36]. Supporting of precious metals

(Pt, Pd) facilitates reduction shifting CO2 peak to �200 8C,

while syngas appears simultaneously with a peak of CO/H2

formation at �550 8C [35,36].

For both undoped composites I and II, reduction by CH4

starts at higher than for pure NiO temperatures (�600 8C), with

CO2 peak situated at �630 8C, CO peak at �660 8C, and H2

peak at �730 8C [23]. Some H2 evolution continues even after

complete samples reduction due to CH4 decomposition. This

suggests some interaction between components even in

undoped composites. Doping by complex oxides and Pd

facilitates the reduction shifting TPR peaks to lower

temperatures which is explained by the promoting effect of

Pd (Fig. 13). Moreover, a new intense peak of H2 evolution due

to CH4 decomposition appears in the isothermal run at 880 8C
when sample reduction is finished. This indicates that doping

by complex perovskite-like oxides and Pd promotes ability of
Ni0 in composites to dissociate CH4 for a longer period,

perhaps, by preventing formation of graphite-like layers known

to block the Ni surface, or making them less dense.

Participation of low-coordinated reduced cations of Mn, Cr

and Pr in dissociation of CH4 molecules at high temperatures

could not be excluded as well [28,30].

3.3. Temperature-programmed oxidation of deposited

carbon

At a given temperature, the amount of deposited coke is

known to be mainly determined by the balance of the rates of

methane activation on metal sites into CHx fragments and

subsequent stages of these fragments transformation into

syngas (by interaction with oxygen-containing species supplied

to the metal-oxide interface via surface/bulk diffusion) or into

polymerized species-coke precursors via oligomerization on

the metal surface. Polymeric species gasification catalyzed by

oxidic components of composites is also to be taken into

account. In doping complex oxides with fluorite-like or

perovskite-like structure, the bulk/surface oxygen mobility

and reactivity declines rather sharply at temperatures below

500–600 8C [22–31], while dispersed metallic Ni maintains its

ability to activate CH4 molecules even at rather low

temperatures due to exothermicity of CH4 dissociation on

step sites [37]. As a result, samples cooling in stoichiometric

methane/steam feed to room temperature used in our

experiments could produce additional amount of deposited

carbon as compared with its steady-state content at 600 8C.

Hence, values estimated in this research are to be considered as

reflecting only relative trends and not the absolute amount of

the deposited carbon in steady-state conditions.

As follows from results given in Fig. 14, the amount of

deposited carbon broadly varies with the samples composition.

Undoped composite I completely deactivated in stoichiometric

feed contains the biggest amount of coke. Two distinct peaks of

CO2 evolution are observed, which implies that there are at

least two forms of carbon differing by their density (such as

amorphous and graphitic carbon [13]). It could not be excluded,

though, that the first peak corresponds to oxidation of carbon

catalyzed by neighboring particles of Ni and/or electrolyte,



Fig. 14. Temperature-programmed oxidation of coke deposited on the surface

of composite cermet anode materials. (1) Composite I, (2) 0.3% Pd/composite

III, (3) composite III, (4) 10% Ce0.5Zr0.5O2/composite II, (5) 0.3% Pd/

Ce0.5Zr0.5O2/composite II and (6) 10% Cu/Ce0.5Zr0.5O2/composite II. Weight

of sample �0.02 g, heating rate 5 8C/min.

Fig. 15. Temperature-programmed oxidation of CH4 by O2 on Pd/

Pr0.02Gd0.18Ce0.8O2�y/composite II pretreated in O2. 1% CH4 + 0.5% O2 in

He, contact time 5 ms, heating rate 5 8C/min.

V.A. Sadykov et al. / Catalysis Today 131 (2008) 226–237234
while the high-temperature peak corresponds to oxidation of

free carbon particles.

For doped composites II and III the amount of deposited

carbon is much lower, which agrees with their stable

performance in stoichiometric feeds (vide infra). In all cases,

only one peak of CO2 evolution is observed, which suggests a

higher reactivity of deposited carbon as compared with that in

undoped composite I or its contact with Ni and/or promoters

particles accelerating oxidation. A higher amount of deposited

carbon for composite III-based samples correlates with a higher

dispersion of NiO/Ni favoring formation of carbon filaments

(vide supra). Promotion by Pd strongly hampers carbon

deposition, in agreement with results of Takeguchi et al. [19]

for Ni/YSZ anode materials. This implies that at least a part of

supported Pd could form an alloy with the surface layer of Ni

particles, which is highly active in CH4 activation but resistant

to coke deposition. Though verification of this hypothesis

requires further studies, it agrees with earlier observed

preferential location of oxidized Pd particles on the surface

of NiO particles [23]. Hence, at least a part of the surface of Ni

particles will be prevented from blocking by the graphitic

carbon in reducing reaction feed due to formation of such an

alloy.

Similar though somewhat weaker effect in hampering

carbon deposition is provided by supported Cu. Since Cu is also

able to form an alloy with Ni, the reason for this copper effect

could be the same as for Pd. Indeed, supported mixed Ni + Cu

catalysts were shown to be stable and efficient in dry reforming

of methane [38,39].
Hence, TPO experiments revealed that doping Ni/YSZ

(ScCeSZ) by complex oxides and Pd/Cu allowed to hamper

carbon deposition in stoichiometric feeds. Though complex

oxides dopants decrease the amount of deposited coke by

themselves, an even stronger effect is caused by co-doping with

a small amount of precious metal (Pd) or Cu. The latter

phenomena, in agreement with the published data, is tentatively

explained by formation of the surface Ni–Pd or Ni–Cu alloys

preventing deposition of graphitic carbon layers.

3.4. Catalytic performance

3.4.1. Partial oxidation of methane (SO)

In diluted 1% CH4 + 0.5% O2 feed, undoped composites I

and II pretreated in O2 demonstrate only combustion activity

starting from �750 8C [23]. For composites doped by complex

oxides, SO ignites at �800–880 8C even after O2 pretreatment.

Additional doping by Pd further decreases the ignition

temperature to �780 8C (Fig. 15). Hence, doped composites

could operate even in the mode of direct CH4 oxidation at high

(900–1000 8C) temperatures provided a high oxygen flux

through the cell [39].

3.4.2. Methane steam reforming

In stoichiometric 8% CH4 + 8% H2O in N2 feed, the

undoped composite I (either prereduced or oxidized) was

completely deactivated within �1 h due to the intense carbon

deposition causing the reactor plugging [23]. According to the

TPO data (Fig. 14), the amount of deposited coke in this case

exceeds 2000 monolayers.

The undoped composite II maintained steady-state perfor-

mance starting from �700 8C (Fig. 16), though at higher

temperatures its activity decreases. This can be assigned to the

blocking of Ni surface by the amorphous coke progressing with

temperature [40]. Another factor such as Ni sintering could not

be important in this case due to rather big NiO (and, hence, Ni)

particles present in this sample (TEM data). A higher stability

to coking of undoped YSZ-containing cermet as compared with

Ni–ScCeSZ revealed in our case suggests that a higher oxygen

ionic conductivity of ScCeSZ in the IT range [32] does not play

decisive role in preventing coking in stoichiometric methane/



Fig. 16. Efficient first-order rate constants vs. T for CH4 SR on composites I or

II doped by complex oxides and Pd. 8% CH4 + 8% H2O in He, 10 ms contact

time, O2 pretreatment.

Fig. 17. Steady-state CH4 conversion and H2 content in the converted stream

for composite III undoped or doped with Pd or Cu pretreated either in O2 (ox) or

H2 (red) at 500 C for 1 h. 50 ms contact time, 8% CH4 + 8% H2O in He.
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steam feeds. However, earlier Sumi et al. [40] demonstrated

that, on contrary, performance of Ni–ScCeSZ cermet anode in

the mode of direct oxidation of 3% H2O–CH4 feed at 1000 8C
was stable for 250 h despite formation of whisker-shaped

graphite on the part of the surface, while Ni/YZS cermet was

partially deactivated due to formation of amorphous carbon.

This implies that both methods of anodes preparation

controlling their microstructure and conditions of testing could

be important for performance characteristics of the same anode

materials.

In general, doping of composite II by complex oxides

increases its performance at T > 700 8C. Thus, at 800 8C the

performance increases in the order CeGd/II > PrGdCe/

II > CeZr/II > LaPrMnCr/II > II. This order of activity

apparently correlates with the oxygen mobility in doping

complex oxides estimated by the oxygen isotope exchange or

H2/CH4 TPR [14,22,24,25,27,29–31,35,36]. This suggests that

at least at high temperatures oxygen mobility in doping

complex oxides plays decisive role in preventing coking of Ni–

zirconia cermets, and, thus, improving their performance in

methane SR in stoichiometric feeds.

Co-doping of complex oxide-doped composites with Pd

increases their performance at intermediate (�600 8C) tem-

peratures. In this case, efficient first-order rate constants are

practically identical for different samples, thus suggesting that

Pd as a dopant plays decisive role in controlling cermet

performance at this temperature. According to TPO data (vide

supra), this is mainly due to hampering of carbon deposition.

Another factors of importance could be a more efficient

activation of CH4 molecules on Pd atoms as compared with Ni

[20]. This suggestion agrees with the fact that at 600 8C
performance of Pd/PrGdCe-doped composites is very close for

both types of electrolytes used in this work—YSZ and ScCeSZ.

Hence, this combination of dopants can be recommended for

design of anode materials able to efficiently operate in the

internal reforming mode at intermediate temperatures in

stoichiometric feeds.

However, at high (�800 8C) temperatures, the performance

of Pd-doped systems is lower than that of composites doped

only with fluorite-like oxides. This can be explained only by
enhanced coking of Pd-doped samples at high temperatures

determined by a higher specific activity of precious metals in

methane activation as compared with Ni [20]. This suggestion

agrees with the most strongly expressed decline of activity for

Pd/PrGdCe-doped composite I containing the same amount of

Pd but lower (3 wt.% instead of 10 wt.% for doped composite

II) amount of doping fluorite-like oxide catalyzing carbon

gasification and/or preventing its formation.

For composite III containing complex perovskite-like

dopant (Fig. 17), after reducing pretreatment, a high conversion

of methane was achieved already at 600 8C even without co-

doping with Cu or Pd and despite rather big amount of

deposited carbon (vide supra). This suggests that a part of

nickel surface free from graphite layers and/or contacting

nanoparticles of perovskite oxide or ScCeSZ electrolyte is quite

efficient in activation of methane molecules. As already

indicated by Sumi et al. [40], filamentous carbon such as that

observed in this sample does not deteriorate performance.

Doping by Pd and/or Cu decreases the amount of deposited

carbon (vide supra), and, hence, increases further performance

at T � 650 8C, though at higher temperatures performance of

composite II with and without Cu is comparable. Similar to

results obtained for the composite II, at high temperatures a

stable performance of composite III doped by the complex

perovskite is ensured by a high lattice/bulk oxygen mobility in

dopant/electrolyte particles ensuring fast transformation of CHx

species activated on Ni particles into syngas, thus preventing

carbon deposition. This is also favored by the developed

interface between dispersed Ni particles and dopant/electrolyte

particles provided by the specificity of preparation procedure.

The last feature seems to be responsible for the absence of

decline of performance of these samples at high temperatures,

while it is observed for Pd-doped composites I and II (cf.

Figs. 16 and 17).

Another positive trend observed for Pd- or Cu-doped

composite III is nearly constant methane conversion in feeds

with rather broadly varying steam/methane ratio (Fig. 18).

Earlier, for samples of composite I co-doped with Pd and

fluorite-like oxides, CH4 conversion was found to strongly

decline with the increase of H2O/CH4 ratio [23]. This was



Fig. 18. Effect of steam/CH4 ratio in the feed (CH4 content 8%) on CH4

conversion (squares) and H2 content in the converted feed (circles) for compo-

site III promoted by Pd (filled symbols) or Cu (empty symbols). 10 ms contact

time, O2 pretreatment, 50 ms contact time, 800 8C.
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explained by stabilization of oxidic Pd species (less efficient in

CH4 activation than Pd0) by fluorite-like complex oxide in more

oxidizing conditions. Hence, the most efficient dopants for

cermet anode materials are Pd-perovskites composites which

allow carrying out CH4 SR in IT SOFC with a broad variation of

the feed composition and/or local oxygen chemical potential

affected by the oxygen flux through the cell.

4. Conclusions

Doping of Ni/8YSZ (ScCeSZ) cermets by fluorite and

perovskite oxides possessing a high lattice oxygen mobility and

reactivity decreases the coke deposition in the reactions of

methane SR. Co-doping of cermets with Pd or Cu decreases

further carbon deposition explained by modification of a part of

Ni particles surface via alloying. In the high-temperature

(�800 8C) range, the highest performance of cermets is ensured

by doping with complex fluorite-like oxides efficiently

activating water molecules thus preventing carbon deposition.

In the middle-temperature range, the highest performance is

ensured by co-doping cermets with complex oxides and Pd, the

latter being also responsible for the efficient activation of CH4.

In feeds with a broad variation of the steam/methane ratio, the

best performance is provided by co-doping with Pd and

perovskite-like complex oxide, while strong interaction of Pd

oxidic forms with fluorite-like dopants tends to decrease the

middle-temperature performance. No clear advantage of

ScCeSZ as compared with YSZ as a component of anode

materials was revealed despite a higher ionic conductivity of

the former in the IT range.

Developed interface between metallic and oxidic compo-

nents in doped cermets seems to promote their performance in

methane SR in stoichiometric feeds due to efficient conjugation

of stages of CH4 and water activation on different components.

Modified Pechini route could be used for preparation of

‘‘green’’ doped composites with controlled dispersion of

components and/or porosity, though dispersion of Ni particles

is to be optimized to prevent formation of filamentous carbon

catalyzed by Ni nanoparticles.
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