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Abstract

Cu-based cermets suitable for electrodes in Symmetric and Reversible Solid Oxide Fuel Cells (SR-
SOFCs) based on the Cerium Gadolinum Oxide (CGO) electrolyte were developed and successfully
tested in the intermediate temperature range (600-800°C). The Cu/CGO cermets were prepared by
means of a self-combustion based citrate procedure and the effects of synthesis conditions were
studied. Characterization of the Cu/CGO nanocomposites by XPS, XRD, SEM, TPR suggested that
this procedure allows obtaining highly dispersed CuO on the cerium gadolinium oxide. Conversion
higher than 80% was observed above 600°C in methane total oxidation. Synthesis parameters
affected both properties and catalytic performance. The behaviour under redox conditions was
studied by operando high-energy XRD under oscillating H,/O, feed. Reducing conditions converted
CuO into Cu(0) passing through an intermediate Cu,O phase while increasing the conductivity and
the reactivity. This structural modification was completely reversible. The high stability,
reversibility, catalytic activity and electrochemical performance make these electrodes promising

for SR-SOFCs.

1 Introduction

Ni-Yttria-stabilized Zirconia (Ni-YSZ) cermets are the most traditionally diffused anodes for Solid
Oxide Fuel Cells (SOFCs) but their use in direct methane fuel cells is complicated by their

capability to catalyse the formation of carbon filaments that causes the efficiency loss of the device
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[1]. A suitable anode for the direct oxidation of methane needs good electronic conductivity and
electrocatalytic activity decoupled from the tendency to form carbon. Copper based ceria cermets
demonstrated to be advantageous in replacing Ni-cermets for direct hydrocarbons SOFCs [2-6]. In
these cermets the electrical conductivity is warranted by copper, whereas ceria is responsible for the
catalytic activity in oxidation reactions. Moreover, Cep9Gdy 10195 (CGO) is an ionic conductor
capable to operate at intermediate temperature (600-800°C), thus opening interesting opportunities
for a wider application of these devices. In the present contribution, we developed and optimized a
new procedure for the Cu-CGO cermet synthesis using the citrate route in order to obtain highly
dispersed CuO nanoparticles in CGO.

In addition to the traditional SOFC geometry, a CGO-based symmetric configuration can be
considered through the appropriate optimization of the electrodes. This approach could greatly
simplify the production of fuel cells because the assembly of the electrodes can be carried out in a
single thermal step, thus decreasing the fabrication costs. Even more important, compatibility issues
can be minimized and the problems related to poisoning (sulphur and carbon deposition) simply
addressed by reversing the gas flow. To reach this objective, beside electronic conductivity and
electrocatalytic activity, stability/reversibility in oxidizing and reducing conditions is required for a
successful application in symmetric and reversible SOFCs (SR-SOFCs). In this context, we decided
to investigate the structural behaviour of the CuO/CGO nanocomposites under oscillating H,/O,

feed.

2 Experimental

2.1 Synthesis

The nanocomposites CuO/CGO (CGO = Ce9Gdp 101.95; CuO:CGO = 2:3 by weight) were obtained
by the citrate method [7] starting from CGO (Sigma-Aldrich >99%, particle size 5-10 nm) and CuO
(Sigma-Aldrich 98%, <5 pm). Citric acid monohydrate (Sigma Aldrich >99%) was added to an
aqueous solution of the copper cations obtained by mineralization of CuO with nitric acid with a
molar ratio of 1.9:1 with respect to the total amount of cations. Before adding CGO powder to the
solution, the pH was adjusted to 1, 4 or 8, thus obtaining three different solutions from which a
different complexation and final particle dispersion is expected (the final samples will be hereafter
indicated as pH1, pH4, and pHS8). Each solution was than heated to 80°C in air to promote water
evaporation and to obtain a wet gel. The gels were heated in air to 400°C (5°C/min heating rate) for
2 h to decompose the organic framework. At the end of the heat treatment, the powders were

grinded and then calcined at 600°C for 5 h. This procedure was preferred to the traditional wet



impregnation to allow the deposition of copper oxide in highly dispersed form as a result of the

complexation by citric acid.

2.2 Characterization

X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Perkin Elmer @
5600ci Multi Technique System. The spectrometer was calibrated by assuming the binding energy
(BE) of the Au 4f;, line to be 84.0 eV with respect to the Fermi level. Both extended spectra
(survey - 187.85 eV pass energy, 0.5 eV/step, 0.05 s/step) and detailed spectra (Ce 3d, Gd 4d, Cu
2p, O 1s and C 1s — 23.5 eV pass energy, 0.1 eV/step, 0.1 s/step) were collected with a standard Al
Ko source. The atomic percentage was evaluated using the PHI sensitivity factors [8] after a
Shirley-type background subtraction [9]. The peak positions were corrected for the charging effects
by considering the C 1s peak at 285.0 eV and evaluating the BE differences [10]. X-ray diffraction
(XRD) analyses were performed with a Bruker D8 Advance diffractometer with Bragg-Brentano
geometry using a Cu Ka radiation (40 kV, 40 mA, A = 0.154 nm). Temperature Programmed
Reduction (TPR) measurements were performed with an Autochem II 2920 Micromeritics equipped
with a thermal conductivity detector (TCD). TPR measurements were carried out in a quartz reactor
using 50 mg of the sample and heating from RT to 900°C at 10 °C/min under a constant flow of 5
vol% Hy/Ar (50 mL/min). Field emission-scanning electron microscopy and energy dispersive X-
ray spectroscopy (EDX) measurements were carried out on a Zeiss SUPRA 40VP at acceleration

voltages of 20 kV.

2.3 Catalytic tests

The sample (50 mg) was loaded in a glass reactor of 6 mm internal diameter and was exposed to
stoichiometric CH4/O, mixtures (2 vol% CH4 and 4 vol% O,, balance Ar) while heating from room
temperature to 900°C. All gas flows were controlled by thermal mass flow meters (Vogtlin
Instruments). The sample temperature was monitored by a thermocouple inserted right upstream of
the bed. The composition of the gas feed was measured with an Agilent 7890A gas chromatograph
equipped with a TCD and two columns (molecular sieve 13X, 60/80 mesh, 1.8 m; Porapak Q, 1.8
m). Calibration was performed using standard gases containing known concentrations of the

components.

2.4 Time-resolved operando XRD
Time-resolved operando XRD measurements were performed at beamline ID 15 of the European

Synchrotron Radiation Facility (ESRF, Grenoble) in the Q range of 0-12 A™ and at an energy of
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74.9 keV. The patterns were collected every 0.5 s during the heating ramp and at static
temperatures. Alternate pulses (20 s) of 5 vol% Hy/Ar and 5 vol% O,/Ar were performed at 400°C
in a home-made cell closed by X-ray transparent windows (graphite) [11] and interfaced with a

mass spectrometer (Pfeiffer, Omnistar).

2.5 Electrochemical characterization

The electrochemical measurements were performed using symmetric cells (Cu-CGO/CGO/Cu-
CGO) made of dense gadolinium doped ceria ceramics (theoretical density >96%) as electrolyte on
which electrode materials based on the as prepared CuO/CGO powder were deposited as porous
layers [12] and reduced by treating in 5 vol% H, at 400°C for 1 h. The electrolyte was produced
from a pressed pellet calcined at 1500°C for 5 h at 3°C/min heating ramp. The symmetric electrode
was deposited by a home-made screen printing machine and calcined on the electrolyte at 1050°C
for 2 h at 2°C/min heating ramp in H, (5%) atmosphere. After calcination the electrode thickness

was about 10 um, as show in Figure 1.

Electrode

i

Figure 1. SEM ﬁnage of cell’s section.

Electrochemical Impedance Spectroscopy (EIS) measurements were carried out using an Autolab
Frequency Response Analyser. The frequency scanned was from 0.05 Hz to 1 MHz and the set to
amplitude 0.05 V.

3 Results and discussion

3.1 XRD
Figure 2 shows the results of the XRD analysis. The commercial CGO has an excellent crystallinity
and does not show impurity within the detection limit of this analysis technique. The Cu/CGO
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composite samples are characterized by the same reflections of pristine CGO, plus some other

reflections that can all be related to the formation of monoclinic CuO. The pH of the precursors

solution does not seem to influence significantly the final crystalline structure.
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Figure 2. XRD patterns of the CuO/CGO nanocomposites obtained at increasing pH. Symbols: [*] CGO, [#] CuO. The

pattern of CGO is reported for comparison.

3.2 XPS

The Cu 2ps), peak position (934.1 eV) is consistent with that expected for Cu(Il) [13]. Consistently,

the shake up signal (about 942 eV) characteristic of Cu(Il) was evident. No significant differences

were observed in the Ce 3d signals after copper deposition. Concerning the XPS atomic surface

compositions, in the sample prepared at pH =1 the lower amount of copper and a higher amount of

Ce respect to nominal values suggest a surface substitution phenomenon.

Table 1. XPS atomic compositions (%) before and after the deposition of copper under different synthesis conditions. In

brackets value without oxygen.

Sample Ce | Gd |[Cu |O | GdiCe| CulCe
CGO <ps |315 |27 |- 65801 |-
©2.1)] (7.9)

Nominal 1305 |34 |- 66101 |-
(90.0)| (10.0)
Cu0J/CGO  |xps  |229 |24 [163 [s84[01 |07
pH 1 (5.0 5.7) [(39.2)
Cu0J/CGO  |xps | 163 |88 [215 |534[05 |13
pH 8 (35.0)| (18.9) | (46.1)
Cu0J/CGO  |Nominal | 154 |17 |248 [s81[01 |16
(36.7)| @.1) [(59.2)




3.4 SEM

Synthesis parameters, including pH, often have a deep effect on final results in this kind of
syntheses. In particular, citric acid acts as a complexant only if its carboxylic groups are not
hydrogenated, so with very low pH values the interaction between this molecule and metallic
cations would be impossible. This behaviour is confirmed by SEM images. At pH= 1, the CuO
agglomerate was inhomogeneously dispersed on the surface. The obtained CuO particle size was
larger than 1 pum (Figure 3a). However, at pH= 8§, the complexation of copper by citric acid induced

grater dispersion with smaller particles size, i.e. <1 um (Figure 3b).

Figure 3. a) SEM image of the CuO/CGO pH1 powder; b) SEM image of the CuO/CGO pHS8 powder.

3.3TPR
On the basis of literature, pure CeO, exhibits two reduction peaks at 450 and 900°C (the latter being
out of the sampled interval). The addition of gadolinium stabilizes cerium towards reduction, so that

no signal is measured below 500°C as ceria reduction initiates above that temperature [14]. This is
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confirmed also by our measurements, reported in Figure 4: no important reduction events were
observed for CGO below 900°C testifying its remarkable stability under reducing conditions. The
deposition of copper to form the CuO/CGO composite induces the appearance of several signals
during the TPR measurements (Figure 4), which must be related directly to the presence of copper.
The temperature of reduction is compatible with the Cu(Il) — Cu(0) process: the corresponding
signal in the CuO reference was observed at 316°C. The lower reduction temperature was
consistent with the extent of dispersion of CuO [15]. The formation of mixed CuCe phases can be
excluded, because in mixed CuCe oxide catalysts the reduction of copper is observed at lower
temperatures and is always concluded below 275°C [16]. The data indicate that the reduction of
copper oxide from Cu(II) to Cu(0) occurs in a single step without formation of a Cu(I) intermediate.
This is likely true for a large fraction of copper oxide particles, but some particles probably follow a
different two-steps route. This is suggested by the shoulder at low temperature (180-200°C) that is
representative of the Cu(Il) — Cu(I) process. Such interpretation is preferred to the formation of
small mixed CuCe phases (that are reduced in the same interval) because of the results of time-
resolved XRD, shown in the following paragraphs, clearly indicating the formation of Cu,O at the
same temperature. The fraction of particles reducing to Cu(I) becomes more evident with increasing
the pH of synthesis. The increment of this parameter has been linked previously to the formation of
increasingly dispersed particles of smaller sizes using SEM. Therefore the choice between the two
possible reduction routes (two steps with Cu(l) intermediate or one step directly to Cu(0)) is
probably determined by the size of the particles, with smaller ones being more prone to reduction at

intermediate Cu,O than larger ones.
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Figure 4. TPR curves of the CuO/CGO nanocomposites obtained at increasing pH. The line of CGO is reported for

comparison.



This important result confirmed the possibility to obtain highly dispersed particles by opportunely

modifying the citrate synthesis procedure.

The comparison between the estimated (123 cm’/g) and measured (123 cm’/g for all the three

samples) H, consumption confirmed that copper was present as Cu(II).

3.6 Catalytic and electrocatalytic tests

The catalytic behaviour observed before and after the deposition of copper oxide is reported in

Figure 5.
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Figure 5. Catalytic activity in methane oxidation observed for the CGO before and after copper oxide deposition.

The onset temperature of the CGO support for methane oxidation was around 475°C; the
temperature of 50% methane conversion (Tsp) was 575°C and a conversion of more than 80% was
reached at 650°C. Considering that the typical temperature range for SOFCs application is between
600°C and 800°C, it can be argued that this catalytic activity could be exploited in relationship with
these devices. Taking in account this result, CGO can be addressed as a good catalyst for this
reaction, it has a fair activity and is also fully selective towards the complete oxidation. The
deposition of CuO did not decrease significantly the catalytic activity, in spite of the coverage of the
CGO surface. CuO deposition was detrimental to some extent (Tso = 600°C; 80% conversion at

800°C) only in the nanocomposite obtained at pH= 1, probably because of its very low dispersion.
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Figure 6. XRD patterns of the CuO/CGO nanocomposites obtained at increasing pH after reaction. Symbols: [*] CGO,
[§] CuO, [*]Cu. The pattern of CGO is reported for comparison.

The XRD patterns obtained for the samples after the reaction are compared in Figure 6. In all cases
the XRD signals were characterized by a smaller FWHM suggesting the increase of the crystallite
size, but also by a better signal/noise ratio, which is related to a higher crystallinity of the samples.
A different behaviour was observed between the composite obtained at pH = 8 and those prepared
at pH = 1 and 4. In the former, the increase of the crystallite size was the only observed difference,
whereas in the latter two nanocomposites copper was converted into the metal form. These results
suggest that the synthesis at pH = 8 allows to reach a better dispersion of the CuO nanoparticles,
thus a stabilizing effect originating from an intimate and extensive contact between the CGO
surface and the CuO nanoparticles.

The high dispersion of copper greatly improves the electrochemical performance as a consequence
of the enhanced electrical conductivity. EIS measurements confirm that the Area Specific
Resistance (ASR) decreased significantly due to copper dispersion and as a function of temperature.
The Nyquist plot analysis allowed to distinguish between the different contributions to the

resistance and thus to optimize the electrode preparation.
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Figure 7. Impedance spectra of cermet with 40 wt.% Cu synthesised at pH = 8, temperature 800°C under hydrogen.

A typical Nyquist plot of impedance response spectra of Cu-CGO cermet, acquired at 800 °C under
hydrogen, is shown in Fig. 7. The equivalent circuit RI(R2ZCPE1)(R3CPE2) was used to fit the
data. In this circuit, R1 is the electrolyte ohmic resistance in series with two distinct electrode
contributions consisting of resistances (R2 and R3) in parallel with constant phase elements (CPE1
and CPE2). The high and low frequency contributions can be associated with charge transfer and
diffusional processes, respectively [17]. The anode area specific resistance (ASR), characterizing
the electrochemical performance, was obtained from the sum of the overall electrode resistance (R2
+ R3) multiplied by the electrode surface area and divided by 2, to take into account the
symmetrical cell configuration. The best ASR achieved in hydrogen was 6.50 Qcm” at 800°C, a
slightly high value which could be greatly improved by optimizing the device preparation.

3.6 Time-resolved XRD

The behaviour under reducing conditions was investigated in more detail by collecting time-
resolved XRD patterns. The continuous perturbation of the sample by alternated gas pulses requires
high time resolution to obtain kinetic information concerning the structural changes. The data
collected in temperature ramp for the sample prepared at pH = 8 (Figure 8) showed the reduction of
CuO to Cu through the formation of the intermediate Cu,O phase at about 190°C, as postulated
from TPR analysis (Figure 4). The Cu,O contribution at 2.55 A™' (20 = 36.4) appeared clearly at ca.
175°C while the CuO phase gradually disappeared. Cu,O was only formed transiently between
180°C and 200°C. When the Cu phase appeared, the CuO and Cu,O phases vanished

simultaneously. The coexistence of the CuO and Cu,O reflections at the same temperatures
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confirmed that only a part of the particles followed this path, while the rest was seemingly reduced

to metallic copper in a single step.
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Figure 8. 2D visualization of the operando XRD data acquired during the heating ramp (50-400°C) under 5 vol% H,/Ar

flow. Time-resolution: 0.5 s.

Figure 9. 2D visualization of the operando XRD data acquired during repeated and consecutive pulses of 5 vol% H,/Ar

and 5 vol% O,/Ar at 400°C.
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As expected, the mass analysis revealed the formation of water as product when the sample was in
reducing environment. During the redox pulsing (Figure 9), the copper dispersed on the CGO
surface changed repeatedly and reversibly from CuO to Cu through Cu,O in the H, pulse and re-
oxidized reversibly in the O, pulse. The main XRD reflection of the CGO phase also experienced a
reversible change of d spacing between the reducing and the oxidizing pulses suggesting a
reversible expansion/contraction of the CGO lattice upon oxygen exchange with the environment

but without loss of the structure.

4 Conclusions

In this contribution, we have developed a new procedure for the dispersion of copper oxide on
CGO, and we have demonstrated that the copper distribution can be controlled through the
appropriate selection of the synthesis conditions. The highly dispersed copper enhances the electron
conductivity without decreasing the catalytic performance of CGO. The measurements conducted
by Electrochemical Impedance Spectroscopy (EIS), showed only modest conductivity at 800°C in
hydrogen: these measurements can be deeply improved by optimizing the electrode/electrolyte
interface. The X-ray photoelectron spectroscopy (XPS) measurements have showed how the
synthesis parameters can heavily influence the surface of the cermet, so that the catalytic activity
can be affected. Indeed, the most promising cermet was synthesized at pH = 8, where the citric acid
had the best complexation capability. The structural behaviour observed by operando time-resolved
XRD has confirmed the stability and reversibility of the cermet under reducing and oxidizing
condition and therefore the possibility to use this material as electrode in intermediate temperature

Solid Oxide Fuel Cells.
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