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Abstract

In this work, we report a comparative study of Ni-based anode compositions, made of Cu and Co
(40 and 80 mol%) and gadolinia-doped ceria (CGO) matrices, for application the dry reforming
of methane (DRM) reaction using Solid Oxide Fuel Cells (SOFCs). The new compositions are
synthesized by a one-step synthesis route, using citric acid as chelating agent, and characterized
at three different stages: i) after synthesis, ii) after reduction, and iii) after DRM. X-ray
diffraction (XRD) analysis combined with thermodynamic calculations is used to understand

phase evolution along the different stages, revealing that complete solid solutions of NiCo- and
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NiCu-based alloys are formed after DRM reaction. Transmission Electron Microscopy (TEM)
shows the formation of nanocrystalline powders, while surface area (Sger) measurements show
higher values in the case of the NiCo-based samples. Moreover, the Co-containing compositions
exhibit higher reducibility and stronger metal-ceramic interactions than the Cu-containing
samples, according to the Temperature Programmed Reduction (TPR) results. Finally, DRM
results demonstrate higher CO, and CH4 conversions in the case of the Co-containing samples,
as well as increased resistance towards carbon deposition, as confirmed by Thermogravimetric
and Differential Scanning Calorimetry analyses (TG-DSC). Overall, the Co-based compositions

are highly beneficial for their use as anodes for the CO; reforming of methane in SOFCs.

Keywords: One-step synthesis; cermet anode; Solid Oxide Fuel Cell (SOFC); Gadolinia-doped
Ceria (CGO); Nickel alloy
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1. Introduction
The search for new clean energy sources with a significant reduction of greenhouse gas
emissions like carbon dioxide (CO;) and methane (CH4) has been strongly encouraged. One of
the most promising and exciting uses of these gases is in the dry reforming of methane (DRM),

where CO; is used as a reforming agent (Eq. 1) [1-4].
CH,+ CO, - 2CO + 2H, AH,9gx = 247 k] mol ™! (1)

With this technology, a syngas product is obtained, with an equimolar mixture of hydrogen (H>)
and carbon monoxide (CO), suitable for preparing a large variety of chemicals such as acetic
acid, ammonia, or methanol. However, this reaction is highly endothermic, requiring the use of

high temperatures and low pressures for good conversions of methane [5,6].

This problem can be partially mitigated by using electrochemical membrane reactors, which
combine reaction and selective separation through the electrolyte membrane, helping to forward
the reaction [7,8]. Moreover, syngas production by electrochemical routes is a desirable green
alternative when the CH4 can be reformed in situ using renewable electricity [9,10]. Hence, these
systems can offer a significant cost saving since a considerable fraction of the cost of current

industrial processes lies in hydrogen production and its subsequent purification.

One of the most promising electrochemical systems is based on the solid-state oxide-ion (O*)
conductors using Solid Oxide Fuel Cells (SOFCs). Such devices can operate at high
temperatures, i.e., above 600 °C, where the DRM reaction becomes favored. Thus, oxide-ion-
conducting materials become highly relevant at these temperatures due to their very high

conductivity under such conditions (> 0.01 S cm™) [11].

Cerium oxide is well-known for its fluorite-type structure, with a large tolerance for high levels
of atomic disorder, which can be introduced either by doping, reduction, or oxidation. The

addition of dopants, such as trivalent rare earth cations, Gd,03 for example, to CeO; results in



the creation of charge-compensating oxygen vacancies, promoting the mobility of oxygen ions,
according to Eq. 2 in Kroger-Vink notation, as well as the creation of basic sites that improve the

CO» adsorption on the support [11-13].

CEOZ
Gdy05 — 2Gdp, + 30% + Vg )

In addition to the ceramic oxide-ion phase, the cermet anode must include a metallic components

that serves as a catalyst while providing also electronic conductivity.

In this respect, nickel-based catalysts have been widely investigated for the DRM reaction due to
their high catalytic activity, selectivity, and low-cost [14-18]. However, Ni catalysts also have an
increased susceptibility to deactivation by carbon deposition and sintering [14—18]. Following
the traditional literature from the catalysis field, one can realize the beneficial effect of alloying
with different transition metals to enhance the catalytic properties of Ni catalysts towards CO»
reforming of methane. In this respect, several attention has been given to Co and Cu as

promoters to the nickel component [19-22].

In electrochemical systems, such as the SOFC technology, few studies have previously focused
on the influence of copper and cobalt additions using ceria—gadolinia (CGO) matrices. For
example, Loureiro et al. [17] highlighted that adding copper to nickel could promote increased
stability against carbonation. In another work, Sarruf et al. [23] reported a nickel-free SOFC

anode (based on Co-Cu alloys) operating with high performance with direct methane.

While most studies focus on electrochemical performance, a crucial step before implementing
fuel processing reactions is to understand the catalytic activity of the materials towards the DRM
reaction. In this respect, the reducibility of multicomponent phases and metal-ceramic
interactions are among the most critical factors that can influence the catalytic properties of the

cermet anodes [24,25]. Therefore, studying these features before implementation in real



electrochemical systems is crucial for developing proper electrode materials that must offer good

electrochemical performance and enhanced catalytic activity.

To this end, the effect of the powder synthesis method on the physicochemical properties of the

cermet anode may be a critical step to design suitable components.

Among the different synthetic chemical routes, a one-step synthesis method has been of
particular interest, in which resins are obtained from polymeric precursors, using citric acid as a
chelating agent. This method is based on the Pechini method, through condensation reactions
using a hydroxycarboxylic acid (e.g., citric acid) combined with a polyhydroxy alcohol (e.g.,
ethylene glycol). Pechini method involves two essential reactions: chelation between complex
cations and acid citric, leading to metallic citrate, and polyesterification reaction with ethylene
glycol, obtaining a polyester resin. The resins are thermally treated to directly produce composite
powders, as it was recently reported for the preparation of NiO- and CuO-ceria-based anode
precursor powders for Solid Oxide Fuel Cells (SOFCs) [18,26-30]. The current authors
successfully modified this method to synthesize NijxCuxO-Ceo.9Gdo.102-5 (CGO) precursor
powders, providing a further anode compositional range for solid oxide fuel cells running on
hydrogen and biogas [17]. Here, we return to this one-step synthesis method to systematically
study the effects of both cobalt and copper additions on the structure and performance of Ni-

based CGO anode powders towards the dry reforming of methane (DRM) reaction.



2. Experimental

2.1.Synthesis and characterization
NiO-CGO, (Ni,Co)O-CGO (40 and 80 mol% CoO) and (Ni,Cu)O-CGO (40 and 80 mol% CuO)
powders (with 50 wt% CGO (Ceo.9Gdo.101.95)) were prepared by the one-step synthesis route
[26]. The precursor powders were obtained after a single heat treatment at 350 °C. The precursor
resins of the NiO, (Ni,Co)O, (Ni,Cu)O, and CGO phases were firstly synthesized in separated
containers, each of them containing previously dissolved citric acid ([CsHsO7.H20]) into distilled

water at 50 °C.

In the case of the cerium citrate solution, cerium nitrate [Ce(NO3)3.6H20] was dissolved into
distilled water and further complexing with citric acid [CeHgO7.H20] at 65-70 °C, using a
cation/citric acid molar ratio of 1/3.5. Afterward, gadolinium nitrate [Gd(NO3)3.6H,0] was
added in stoichiometric amounts after stirring for 30 min at 65-70 °C. The resulting solution was
kept at this temperature range for 1 h to form chelate cations. Then, to promote the esterification
reaction, ethylene glycol [C2HsO2] was added in the weight ratio of 60:40 (citric acid: ethylene
glycol), and the temperature was increased to 75-80 °C. The resulting solution was maintained
under stirring and heating at 75-80 °C for 2 h to remove the excess water and to form the

precursor resin of the CGO phase.

In a second beaker, the precursor resin of the NiO phase was synthesized. Nickel nitrate
[Ni(NOs3)2.6H20] was used as the source of Ni, and the same proportions of metal/citric acid and
citric acid/ethylene glycol adopted in the synthesis of CGO were used. The NiO precursor resin
was poured into the beaker containing the CGO precursor resin, and the resulting solution was
mixed at room temperature for about 5 min, resulting in a homogeneous resin containing Ce, Gd,
and Ni cations. The same experimental procedure was used to obtain powders of
Ni1xC0oxO-CGO and Ni;xCuxO-CGO (x = 0.4 and 0.8) using cobalt and copper nitrates. All

chemicals were used as purchased from Sigma-Aldrich. The resulting resins were heat-treated at



350 °C in air for 1 h using a heating rate of 1 °C min! to produce the so-called precursor
powders, which were further calcined at 700 °C for 1 h. All synthesized materials are listed in

Table 1.

Table 1 — Nomenclature adopted for all synthesized materials.

Material Nomenclature
50 wt% (NiO) + 50 wt% (CGO) Ni-CGO

50 wt% (60 mol% NiO + 40 mol% CoO) + 50 wt% Nig.6C00.4-CGO
(CGO)

50 wt% (20 mol% NiO + 80 mol% CoO) + 50 wt% Nio2Co0s-CGO
(CGO)

50 wt% (60 mol% NiO + 40 mol% CuO) + 50 wt% Nig.6Cuo.4-CGO
(CGO)

50 wt% (20 mol% NiO + 80 mol% CuO) + 50 wt% Nio2Cups-CGO
(CGO)

The calcined and reduced samples were characterized by X-ray diffractometry (XRD) using a
Bruker D8-Advance diffractometer, with Cu Ko radiation (A=1.5406 A), at room temperature.
The diffraction powder patterns were obtained in the angular range of 10-90° 20 using step-
scanning mode (0.02° step!) with a counting time of 2 s step!. Rietveld refinement was carried
out using a Rigaku SmartLab Studio II software, using a pseudo-Voigt peak profile function for

the profile fitting and the the B-spline function for the background fitting.

The specific surface area employing the BET method (Brunauer, Emmett, and Teller) was
determined by N> adsorption-desorption at -196 °C in a Quanta Sorb Junior analyzer. The

samples were degassed for 30 min at 150 °C before being analyzed.

Temperature-programmed reduction (TPR) was carried out on an Altamira AMI 200 apparatus

to study the reducibility of the samples. A mass of 10-20 mg was placed in a quartz U-tube (4



mm internal diameter) and pretreated under Ar (30 mL min™') from room temperature to 150 °C
for 30 min. The samples were cooled and then heated to 900 °C (using a heating rate of 5 °C
min!) in a mixture of 95% argon and 5% hydrogen under a total gas flow of 30 mL min™'. When
convenient, Scanning and Transmission Electron Microscopy (STEM) was carried out in a

Hitachi HD-2700 equipment to characterize the morphology of the reduced particles.

The spent samples were characterized by XRD and thermogravimetry/differential scanning
calorimetry (TG-DSC). TG-DSC analyses were performed in air (75 ml min!) from room

temperature to 1000 °C with a heating rate of 5 °C min™' using a Netzsch STA 409 apparatus.

2.2.Catalytic tests
The catalytic activity was evaluated in the dry reforming of methane reaction under atmospheric
pressure. The powders were pelletized, crushed and sieved. The size fraction between 350 um
and 800 um was chosen for sieving to prevent mass and heat transfer limitations [31]. Around
100 mg of the sieved particles were introduced in a U-shaped fixed bed quartz reactor. It was

reduced in situ with H> (30 mL min™!) for 1 h at 800 °C and then purged with N,

Then, the reactor was fed with a gas mixture consisting of CH4 and CO; (molar ratio 1:1) diluted
in Ar corresponding to a Gas Hourly Space Velocity (GHSV) of 60,000 mL g h!. The total
flow was 100 mL min™'. The gases were analyzed at 50 °C intervals starting at 400°C and ending
at 800°C. At each temperature, ten injections were carried out in a Varian 3800 gas
chromatograph. The products (Hz, CO2, CO, and CH4) are analyzed with a thermal conductivity
detector (TCD) after separation on a molecular sieve (H> and CO) and a HayeSep Q column

(CO2 and CHa).

The catalytic performances were evaluated by the conversions of CHs (Xcy,) and CO2 (X¢o,),
the selectivities of Ha (Sy,) and CO (S¢p), to obtain their ratio and carbon balance (CB), which

were calculated as follows:



e Methane Conversion (Xcn4):

NCH,,in~NCHg,0ut)
XCH — ( CHy,in 4,00 X 100
4 nCH4,in

e Carbon dioxide Conversion (Xco2)

(Nco,,in—NCo,,0ut)

Nco,,in

» Selectivity of Hydrogen (Sw2)

NH,,out
Sy, = z0u x 100
2 2(nCH4,in_nCH4,,out)

* Selectivity of carbon monoxide (Sco)

n
SCO — CO,out X 100
(ncH,,in+Nco,,in) ~(MCH4 0ut+NCO,,0ut)

e H»/CO Ratio

S
Ratio H,/CO = Sﬂ

Cco

e Carbon balance

Nco,,outtNCH,,0uttNCO,0ut
CB = 2,00 407 x 100

NcH,,int1NC0,,in

3)

“4)

&)

(6)

(7)
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3. Results and discussion
The X-ray diffraction (XRD) patterns of the powders calcined at 700 °C are shown in Fig. 1. The
pattern obtained for the reference Ni-CGO sample (Fig. 1 (a)) shows the expected diffraction
peaks for the rocksalt-type NiO and the fluorite-type CeooGdo.1O195 (CGO) phases, both
corresponding to the cubic structure (Fm-3m space group), indicating the effectiveness of the

one-step synthesis route on the preparation of composite mixtures.

In contrast, in the case of the patterns obtained for both the Co- (Fig. 1 ((b) and (c)) and the Cu-
containing samples (Fig. 1 (d) and (e)), the XRD patterns show the presence of a mixture of
different oxides. In both sets of samples, we can observe peaks belonging to the (Ni,Co)O and to
the (N1,Cu)O solid solutions, which is confirmed by the slight peak shifting from the reference
Ni-CGO sample. Nonetheless, additional peaks belonging to the spinel-type Co3z04 (JCPDS file
n° 43-1003) and the tenorite-type CuO (JCPDS file n® 78-0428) phases can also be found. In
addition, the phase abundancy determined by Ritveld refinement for these phases increase with
increasing dopant content (Table 2). This behavior can be explained by the relatively low
solubility limit of both Co and Cu oxides into NiO lattice, as previously reported in the phase

equilibrium diagrams for these oxide systems [32,33].
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Fig. 1 — X-ray diffraction patterns of the powders calcined at 700 °C: a) Ni-CGO, b)
Ni0.6C004-CGO, ¢) Nio.2C00.3-CGO, d) Nio.sCuo4-CGO, e) Nio2Cuos-CGO. @ - CGO; # -

NiO; $ - (Ni,C0)0; & - (Ni,Cu)O; * - C0304; ! - CuO.

11



Table 2 — Crystallographic parameters, phase abundancy and refined indices for all

samples upon calcination, evaluated by Rietveld refinement.

Lattice parameter / A

Sample Phase 5 Phase abundancy / % | Rwp/ % X
a c
NiO 2.9537(2) | 2.9537(2) | 7.2410(1) 47.88
Ni-CGO 1.53 2.03
CGO 5.4167(7) | 5.4167(7) | 5.4167(7) 52.12
(Ni,Co)O | 2.9516(4) | 2.9516(4) | 7.2391(12) 34.78
Co0304 8.0516(9) | 8.0516(9) | 8.0516(9) 16.66 2.81 8.14
Nio.6C004-CGO
CGO 5.3873(6) | 5.3873(6) | 5.3873(6) 48.56
(Ni,Co)O | 2.9531(8) | 2.9531(8) | 7.2904(5) 7.26
Co0304 8.0915(7) | 8.0915(7) | 8.0915(7) 44.95 1.10 1.31
Nio.2C00.3-CGO
CGO 5.4161(3) | 5.4161(3) | 5.4161(3) 47.79
(Ni,Cu)O | 2.9603(8) | 2.9603(8) | 7.2566(8) 33.47
CuO 4.6966(7) | 3.4309(9) | 5.1184(3) 11.18 10.06 2.37
Nio.sCuo.4-CGO
CGO 5.4191(4) | 5.4191(4) | 5.4191(4) 53.36
(Ni,Cu)O | 2.9561(3) | 2.9561(3) | 7.2444(1) 9.14
CuO 4.6825(2) | 3.4238(7) | 5.1192(2) 31.85 9.23 2.38
Nio.2Cuos-CGO
CGO 2.9603(8) | 2.9603(8) | 7.2566(8) 59.00

This noted coexistence of different oxide phases can be explained based on the stability diagrams

of oxygen partial pressure (po2) vs. temperature, calculated by thermodynamic calculations [34].

Calculations were performed using the FactSage thermochemical software, in the module

stability diagrams, which accounts for the equilibrium constants of each reaction to establish a

correlation with each po> [34]. Fig. 2 depicts the obtained solutions for the Ni-, Cu- and Co-

containing systems. We can observe that the conditions used in the calcination step (in air, poz ~

0.21 atm), in the case of the Co-containing samples, C020s3 is the most stable phase in the whole

temperature range. However, in the case of the Ni- and Cu-based systems, both NiO and CuO

are, respectively, the most stable phases. Conversely, the metallic forms of each composition are

only stable under very low po2 values in all cases.

12
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Fig. 2 — Stability diagrams of a) Ni, b) Cu, and c¢) Co systems, obtained from
thermodynamic calculations of the oxygen partial pressure (po2) as a function of

temperature [34].
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Table 3 — Specific surface area and H2 consumption of the samples.

Property Specific surface area / m? H, consumption / pmol g!
!

Sample Calcined Calcined Theoretical

Ni-CGO 21 8012 8519
Nio.6C00.4-CGO 17 7943 8505
Nip2Co0s-CGO 19 10010 8491
Nio.6Cuo.4-CGO 11 7325 8246
Ni2Cuos-CGO 10 7772 7990

The H>-TPR analyses, shown in Fig. 3, were performed to assess the reducibility of the newly
synthesized anode powders. The CGO matrix shows no reduction peaks under the measured
experimental conditions, agreeing with previous reports [35]. In contrast, the Ni-CGO sample
exhibits a wide overlapped peak at around 346 °C, which can be related to the reduction of the

surface and/or surface-bulk of the NiO species into metallic nickel, according to [36]:

NiO + H, — Ni® + H,0 9)

14
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Fig. 3 — Hydrogen Temperature-programmed reduction (H2-TPR) profiles of the samples.

As shown in Fig. 3, the NiCo-based powders have one well-defined peak at low temperature
(284 or 270 °C) attributed to the stepwise overall reduction of Co3z04 (Eq. 10) [37,38]. The
reduction at higher temperatures (300-400 °C) can be attributed to the simultaneous reduction of
Co?* species to metallic Co® (Eq. 11) and Ni*? to Ni°® (Eq. 9). Besides, an increase in the peak
area and a slight shift of the NiCo peaks towards higher temperatures has been observed as the

Co content increases.
Co3;04 + H, - 3Co0 + H,0 (10)
Co0(s) + H,(g) = Co%(s) + H,0(g) (11)

According to Fig. 3, the NiCu-based sample exhibits large asymmetric peaks in the temperature
range 195 — 205 °C, which may be attributed to the CuO reduction to metal copper (Cu’), as
shown in (Eq. 12) [35,39]. As expected, H> consumption is proportional to the Cu content (Table
2). The addition of Cu to the Ni-based powder leads to a shift in the reduction profiles of the
NiCGO to a comparatively lower temperature (265 °C, 286 °C).

15



CuO(s)+ H,(g) » Cu®(s) + H,0(g) (12)

The reduction sequence of both Co- and Cu-containing samples agrees with that predicted in the
stability diagrams of Fig. 2, due to the decreased oxygen partial pressure in H, atmosphere.
Furthermore, the XRD patterns confirm that after reduction, all samples exhibit the presence of

the CGO phase with (mono/bi)-active metallic phases.

By comparing the Co- and the Cu-promoted Ni samples, we can observe that the reduction peaks
are shifted towards higher temperatures with the addition of Co, while in the case of Cu-
containing samples, the peaks are shifted towards lower temperatures. The noted shift towards
higher temperatures in the case of the Co-containing samples can be directly related to the
increased metal-support interactions [40], in comparison to those from NiCGO and Cu-
containing samples. However, the intimate contact between the metallic and the ceramic phases
is crucial to facilitate the hydrogen spillover [40]. TEM analysis of both Nip2Coos-CGO and
Nip.2Cuo3-CGO samples are depicted in Fig. 4 as an example, exhibiting mean particle sizes of

23.87 and 15.46 nm, respectively.

The total H> consumption of NiCo and NiCu samples is shown in Table 3, where higher values
were found for the Co-containing samples. Importantly, the estimated value of H> consumption
determined for the Nip2Coos-CGO sample is substantially higher than that of the theoretical
value (Table 3). Similar observations have been reported for NiCu-based compositions in the
work of Bonura et al. [35], where the authors have described this effect to be related to the
reduction of copper. Hence, in the Nip2Coo.s-CGO sample, cobalt reduction would possibly favor
the hydrogen spillover, thus, leading to the increased value of H> consumption in the Nip2Coos-
CGO sample. Moreover, this phenomenon may also be interfering with the H> consumption

values among the remaining samples.

16



In addition, Co-containing samples have a higher surface area than Cu-containing samples
(Table 2), which may allow greater accessibility to the gases at their surface and therefore also

expected to benefit the catalytic activity of these compositions.

Fig. 4 — TEM image of the (a) Nio2Cuos-CGO and (b) Nio.2Co00s-CGO powders upon

reduction.

The XRD of the reduced samples is depicted in Fig. 5. From this figure, we can observe the main
peaks related to the CGO structure in all cases. After reduction, CGO sample showed only CGO
peaks (XRD pattern not shown), which justifies that the sample was not reduced and
corroborates with the TPR analysis. In the case of the reduced Co-containing samples
(Nig.6C00.4-CGO and Nip2Co0s-CGO), the patterns reveal the presence of the NiCo reflections,

with minor peaks belonging to the remaining traces of CoQO. This behavior contrasts with that

17



observed for the XRD patterns of the calcined powders, where a mixture of different oxides was
observed. However, it is interesting to note that in the XRD from the calcined powders, the
formation of complete solid solubility can be noted in the case of the Co-containing catalysts, in

agreement with the phase equilibrium diagram for the NiCo alloys [41].

Interestingly, in the NiCu solid solutions, a clear separation into two peaks can be observed.
These peaks are close to the standard positions for the pure metals, e.g., for the Cu (111) and Ni
(111) reflections of the face-centered cubic (fcc) structure. However, we can note that significant
peak shifting from the relative positions of the pure metals occurs, indicating the formation of
some solid solution in these two end members. The presence of two diffusion couples is well
reported for this system [17,42,43], and it relates to the formation of two NiCu-based solid
solutions (e.g., Oi: Cu-rich and 02: Ni-rich), both with a limited solid solubility range. As
expected, the relative intensity of the Cu-rich peak increases for the Nip2Cuos-CGO catalyst,
while the Ni-rich peak decreases. In addition, small peaks corresponding to CoO and CuxO
phases are also detected, as a likely result of an incomplete reduction and/or changes in the
equilibrium during cooling (Fig. 2). Nonetheless, the content of the remaining oxidized phases is

only around 5 wt%, thus, possible disappearing during the DRM measurements.
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Fig. 5 — X-ray diffraction patterns of the reduced samples: a) Ni-CGO, b) Nio.cC00.4-CGO,

¢) Ni0.2C003-CGO, d) Nio.sCuo.4-CGO, e) Nio2Cuos-CGO. @ - CGO; #° - Ni; $° - Ni-Co; % -

Co0; " - Cu20; a1 - Cu-rich Ni-Cu; a2 - Ni-rich Ni-Cu.
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Table 4 — Crystallographic parameters, phase abundancy and refined indices for all

samples upon reduction, evaluated by Rietveld refinement.

Lattice parameter / A

Sample Phase 5 Phase abundancy / % | Rwp/ % X
a c
Ni 3.5140(5) | 3.5140(5) | 3.5140(5) 40.76
Ni-CGO 2.60 5.64
CGO 5.4119(9) | 5.4119(9) | 5.4119(9) 59.24
(Ni,Co) 3.5278(2) | 3.5278(2) | 3.5278(2) 37.40
CoO 4.2033(1) | 4.2033(1) | 4.2033(1) 5.65 1.45 2.12
Nio.6C004-CGO
CGO 5.4181(1) | 5.4181(1) | 5.4181(1) 56.96
(Ni,Co) 3.5327(9) | 3.5327(9) | 3.5327(9) 30.34
CoO 4.2134(1) | 4.2134(1) | 4.2134(1) 6.03 2.01 4.63
Nio.2C005-CGO
CGO 5.4032(1) | 5.4032(1) | 5.4032(1) 63.63
o1 (Cu-rich) | 3.5682(9) | 3.5682(9) | 3.5682(9) 11.07
o2 (Ni-rich) | 3.5456(7) | 3.5456(7) | 3.5456(7) 26.28 1.96 2.99
Nio.sCuo.4-CGO
CGO 5.4190(2) | 5.4190(2) | 5.4190(2) 62.65
o1 (Cu-rich) | 3.6110(6) | 3.6110(6) | 3.6110(6) 25.69
o2 (Ni-rich) | 3.5497(4) | 3.5497(4) | 3.5497(4) 7.62 53 336
Nio.2Cuos-CGO Cu20 4.2611(4) | 4.2611(4) | 4.2611(4) 4.83 . '
CGO 5.4198(6) | 5.4198(6) | 5.4198(6) 61.86

Fig. 6 and 7 show the CH4 and CO; conversions, H> and CO selectivity, H> and CO yield, carbon

balance, and C>H4 concentration during the DRM reaction from 400 to 800 °C.
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Fig. 6 — (a) CH4 conversion, (b) CO:z conversion, (c) H2 selectivity, and (d) CO selectivity

obtained during the DRM reaction over the different samples.
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The CH4 and CO; conversions increased with the reaction temperature due to the endothermic
character of the DRM reaction [6]. Furthermore, since stoichiometric amounts of CHs and CO»
were used, the conversions of CHs and CO; should be equal, and, according to Eq. (1), the
H»/CO ratio should be unity at all temperatures. Fig. 7 (a) indicates that the H>/CO ratio is not
equal to 1. Such a result confirms the occurrence of secondary reactions, from which trace

amounts of ethylene (C2Hs) were detected (0.005%).

The discrepancies with typical thermodynamic predictions are due to secondary reactions that
occur simultaneously with DRM. These unfavorable reactions, Egs. (13)-(18), have a strong
influence on the performance of the DRM reaction and contribute to the reactants or products

consumption without being strictly accounted for the equilibrium calculation.

The results further indicate that the Reverse Water Gas Shift (RWGS) and methanation
reactions, Egs. (13) and (14), contribute to an increase in the conversion of CO> and a decrease

in the H» selectivity.

However, the occurrence of the Boudouard reaction, Eq. (15), the reverse of carbon gasification
(Eq. (16)), and the methane decomposition Eq. (17) and non-oxidative methane coupling (18)

reactions are also possible.

Reverse Water Gas Shift reaction (favorable > 600 °C):

CO, + H, - CO + H,0 (13)

Methanation (favorable < 750 °C):

CO, + 4 H, - CH, + 2 H,0 (14)

Boudouard reaction (favorable < 750 °C):

2C0 > C+CO, (15)

Reverse of carbon gasification (favorable < 750 °C):
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CO+H, » C+H,0 (16)
Methane decomposition (favorable > 500 °C):

CH, > C+2H, (17)
Non-oxidative methane coupling:

2CH, » 2H, + C,H, (13)

According to Fig. 6 ((a) and (b)), the NiCo-based samples showed higher CH4 and CO»
conversions among all the samples. The NiCo-based samples exhibited higher H>/CO ratios than

NiCu-based and Ni-CGO samples in the range temperature of 400 to 650 °C (Fig. 7 (a)).

Before 600 °C, the Nip.sCo0.4-CGO sample has a higher H»/CO ratio than that of Nip2Coos-CGO,
which can be related to its higher activity in the methane decomposition reaction (Eq. (17)).
Hence, this contribution to product distribution would cause an increase in H> production as well
as carbon formation in accordance with the carbon balance Fig. 7 (e). The occurrence of the

Boudouard reaction (Eq. (15)) cannot be excluded.

The strong decrease in H»/CO ratio (Fig. 7 (a)) after 600 °C may be related to the RWGS
reaction (Eq. (13)) that is favored at high temperatures. The increase in CO selectivity confirms

this hypothesis (Fig. 6 (d)).

Regarding the H» selectivity (Fig. 6 (c)) and H> yield (Fig. 7 (b)) the NiCo-based samples are

shown to be the most promising materials at all temperatures.

Co-promoted catalysts are the more active compositions among the tested samples. The synergy
between Ni and Co particles has been highlighted as the reason for the better performance of
these samples, as discussed in previous studies [44,45]. In addition, Co-promoted Ni samples
showed strong metal-ceramic interaction (confirmed by TPR) and formation of Ni-Co stable

solid solutions (as confirmed by XRD). The formation of the NiCo alloy can promote high
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reducibility, particularly in the Nip2Coos-CGO sample. All these factors are important to avoid
active phase sintering and carbon deposition, improving the catalytic properties and longevity
[25,46—48]. This behavior is concomitant with the estimated larger surface area in the case of the
Co-containing samples (Table 2). Therefore, the dry reforming of methane reaction appears to be

more favored in the presence of Nig2Coo.s-CGO.

Fig. 7 (e) shows the carbon balance over the catalysts. At 400 and 450 °C, the carbon balance is
close to 100% because the samples exhibited low conversions. Carbon balance lower than 100 %
implies that part of the carbon atoms, which are not present in the outgoing gas, are instead

deposited on the samples’ surface in the form of carbon deposits [6].

The Nig.cCoo4-CGO sample showed a decrease in the carbon balance, reaching a minimum at
600 °C and then a slight increase at 650 °C. Ni-CGO and Nip2Cuos-CGO samples showed values
of carbon balance relatively higher than those noted for the NiCo-based and NipsCuo.4-CGO
samples due to their lower activities. The amount of carbon produced during the DRM reaction

was evaluated by the TG/DSC profiles shown in Fig. 8.
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Fig. 8 — TG (a) DSC (b) profiles obtained after oxidation in air of the catalysts upon DRM

reaction.

The Ni-CGO and Nip.2Cuo.3-CGO samples have shown only a slight weight gain (5-8%) between
200 and 400 °C (Fig. 8a) due to the uptake of oxygen by metallic nickel present in the samples
after the catalytic tests (Ni’ + 1/20> — NiO). However, all samples presented weight loss at 400
- 600 °C and exothermic phenomena, which are attributed to carbon oxidation (O2 + Cadsorbed —

CO») [49].
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The following order is described for weight losses (%): Nio.cCuo4-CGO (77.8%) > Nio.sCoo.4-

CGO (47.5%) = Nip.2C00.8-CGO (42.1%) > Ni-CGO (10.8%) > Nip.2Cuos-CGO (5.3%).

Nio.6Cu0.4-CGO has higher carbon deposition than that observed for the NiCo-based samples, as
confirmed by XRD (Fig. 9). On the other hand, both Ni-CGO and Nip2Cups-CGO samples
showed lower carbon deposition than the NiCo-based and Nig.sCuo.4-CGO samples due to their

low activities in dry reforming of methane according to the carbon balance results.

According to Fig. 8 (b), non-symmetrical exothermic phenomena are observed, indicating
different oxidation peaks corresponding to different carbonaceous species on the samples’
surface, except for the Ni-CGO sample. NiCo sample showed a lower temperature of the
exothermic phenomenon compared to the NiosCuo4-CGO sample. As expected, the Ni-CGO and
Nip.2Co0.8-CGO samples showed low intensity peaks in the exotermic phenomenon, according to
their reactivities. Co-containing samples showed narrow peaks with a relatively high intensity
between 440-470 °C that can be attributed to the oxidation of adsorbed carbon species forming
complexes with the metallic surface species. While the peak (550-570 °C) corresponding to the
Nio.6Cuo4-CGO catalyst may be related to Cp. Cp species may be responsible for the lower
efficiency of the sample, as it is in the proximity of catalytic sites, making it less accessible to

gaseous reagents [31].

The stronger interaction between Ni and Co metals (confirmed by TPR) provides a better carbon
resistance on the surface of the catalyst. The Co-containing samples showed a higher reduction
temperature, which is related to strong metal-ceramic interactions. This intimate NiCo metal-
ceramic contact allowed better CO2 adsorption on the ceramic, which is beneficial for limiting
the rate of carbon deposition. Therefore, the NiCo-based samples are demonstrated as promising
anode materials to enhance the adsorption of CO» in the ceria—gadolinia matrix, which reduces
the formation of carbon through the reverse Boudouard reaction (CO; + C = 2CO). This effect
has been more pronounced for the Nip.2Coo.s-CGO sample.
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The XRD patterns of the spent catalysts are shown in Fig. 9. The Rietveld refined

crystallographic parameters and phase abundancy are given in Table 5.
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Fig. 9 — XRD patterns of the catalysts upon DRM: a) Ni-CGO, b) Nio.cCo04-CGO, c)

Ni0.2C008-CGO, d) Nio.sCuo.4-CGO, e) Nip.2Cuos-CGO. @ - CGO; #° - Ni; $° - Ni-Co; a1 -

Cu-rich Ni-Cu; a2 - Ni-rich Ni-Cu.
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Table 5 — Crystallographic parameters, phase abundancy and refined indices for all

samples upon DRM reaction, evaluated by Rietveld refinement.

Lattice parameter / A

Sample Phase - 5 - Phase abundancy / % | Rwp/ % | X
Ni 3.5232(8) | 3.5232(8) | 3.5232(8) 36.46

Ni-CGO CGO 5.4212(3) | 5.4212(3) | 5.4212(3) 50.37 1.97 3.19
C 2.4970(1) | 2.4970(1) | 6.7716(5) 13.17
(Ni,Co) 3.5225(5) | 3.5225(5) | 3.5225(5) 31.15

Nio.sC00.4-CGO CGO 5.4119(8) | 5.4119(8) | 5.4119(8) 42.77 1.98 3.88
C 2.4249(2) | 2.4249(2) | 6.7522(2) 26.08
(Ni,Co) 3.5344(1) | 3.5344(1) | 3.5344(1) 25.71

Nio2Co00s-CGO CGO 5.4187(2) | 5.4187(2) | 5.4187(2) 46.80 1.36 1.98
C 2.5020(4) | 2.5020(4) | 6.7820(1) 27.49
o1 (Cu-rich) | 3.5781(8) | 3.5781(8) | 3.5781(8) 4.86

NiocCi1o4-CGO o2 (Ni-rich) | 3.5633(1) | 3.5633(1) | 3.5633(1) 5.72 519 316
CGO 5.4189(6) | 5.4189(6) | 5.4189(6) 14.41
C 2.4570(6) | 2.4570(6) | 6.7482(1) 75.01
o1 (Cu-rich) | 3.6018(7) | 3.6018(7) | 3.6018(7) 32.33

Nio2Ci1o5-CGO o2 (Ni-rich) | 3.5392(3) | 3.5392(3) | 3.5392(3) 3.64 305 637
CGO 5.4132(1) | 5.4132(1) | 5.4132(1) 60.67
C 2.4916(7) | 2.4916(7) | 6.7582(8) 3.36

All samples exhibit nearly identical characteristic diffraction peaks to those presented by the

reduced samples (Fig. 5), indicating that phase composition remains effectively stable after the

catalytic tests, as also confirmed by Rietveld refinement (Table 5). In addition, the small peaks of

the remaining Cu20 and CoO phases are not detected, indicating that complete reduction has

occurred during the DRM reaction, as expected due to the very low po> typical for these

environments [17]. Nonetheless, the post-reaction Ni-CGO and Co-based samples contain a

rhombohedral (29123-ICSD, a = 3.635 A, alpha = 39.82°) carbon phase (Fig. 9).
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The XRD patterns of the NigecCuos-CGO samples indicated the formation of the Ni-Cu alloy
(JCPDS file n° 65-7246, a = 3.5615 A) [35] after reduction and reactivity test (Fig. 9). Rietveld

refinement data also confirmed the presence of this alloy (Table 5).

Nio.6Cuo4-CGO sample exhibited an intense rhombohedral carbon peak (around 75 wt%, Table
5), in good agreement with TG-DSC data, while a much lower carbon content of around 3 wt%
was found for the Niop2Cuos-CGO sample (Table 5). Overall, the sequence agrees well with that

determined by TG measurements (Fig. 8a).

Rietveld refinements for all samples confirm the crystal structure and lattice parameters of the

phases agree with data from JCPDS and ICSD.
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4. Conclusion
The one-step synthesis route was used to successfully synthesize cermet nanocrystalline powders
made of Ni-, NiCo- and NiCu-based alloys and gadolinium-doped ceria. According to the TPR
results, the Co-promoted Ni samples exhibited the highest surface area values, as determined
from BET measurements, in addition to the highest reducibility and strongest metal-ceramic
interaction among the tested materials. This behavior was shown to have a strong correlation to
the increase of the catalytic activity observed for the Co-based catalysts, showing higher CH4
and COz conversions than those observed in the case of the Cu-based and Ni-CGO catalysts, as
well as being able to mitigate the carbon deposition on the material’s surface. The addition of
cobalt to the Ni/CGO system appears to stabilize the active surface essentially by limiting the
rate of coking to enhance the adsorption of CO; in the ceria—gadolinia phase, which reduces the
formation of carbon through the reverse Boudouard reaction (CO; + C =& 2CO). This work
highlights the potential of this synthesis route in designing suitable anode compositions for the

dry reforming of methane (DRM) reactions.
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