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HIGHLIGHTS

• The kinetics of CH4 steam reforming and partial oxidation are determined by the oxidation rate of CHx adsorbed species

• The modification of the Ni/YSZ and Ni/GDC with Au and/or Au-Mo results in differentiated structures of atomically dispersed Au and/or Au-Mo at the surface and the bulk of the Ni particles.

• At lean S/C NiAu/YSZ selectively oxidizes electrochemically the catalytically produced H2 and CO, while NiAu/GDC is selective to the direct partial electrochemical oxidation of CH4 to CO and H2.

• The modified electrodes show significant tolerance to C formation.

• Au-Mo modification enhances the intrinsic sulfur tolerance properties of Ni/GDC.

The presented work is a short review of the research attempts from our group with collaborators, during the last 15 years, which had as main objective to study and improve the electrocatalytic performance of Ni-based electrode materials for the CH4 Internal steam Reforming process (ISR.) in Solid Oxide Fuel Cells (SOFCs). In particular, NiO/YSZ and NiO/GDC anode powders were modified with Au and/or Mo nano-particles via different preparation methods. These efforts resulted in anode materials with high tolerance and improved electrocatalytic activity under both carbon forming and sulfur poisoning conditions. The most important findings are being reviewed and critical findings are being highlighted 50 as to stress the key differences in the electrocatalytic performance between Ni/YSZ and Ni/GDC. The possible effects of Au and/or Mo addition on the physicochemical and strucutral properties of the cermets are thoroughly discussed as well as active functional layers in the form of anode SOFC electrodes.
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INTRODUCTION

Solid Oxide fuel Cells (SOFCs) are considered as one of the most attractive and efficient fuel cell technology for the generation of clean power, by converting chemical energy directly into electricity. The main advantages that renders them so efficient are: (i) their high electrical efficiency due to the enhanced reaction kinetics within the high and wide operating temperature range (500–1,000°C), (ii) fuel flexibility (direct use of hydrocarbon feedstocks), and (iii) production of high quality waste heat so as to be used for efficient Combined Heat and Power (CHP) applications (Singh and Hill, 2012; Niakolas, 2014). SOFCs can be fed directly with various hydrocarbon (H/C) fuels, omitting the use of external reformer. This mode of operation, known as Internal Reforming (I.R.), is the main competitive advantage for the commercialization of SOFCs mainly as CHP units for stationary applications. Their operation as such improves and simplifies the whole system‘s integration. Specifically, I.R. is based on the catalytic activity of the anode electrode at the high operating temperatures and the main benefit is that part of the generated heat in the cell, can be readily used for the endothermic reforming reactions (Mogensen et al., 2011; Singh and Hill, 2012; Niakolas, 2014). Thus, various types of H/C fuels can be used, including biogas and Natural Gas (N.G.). However, the basic drawback is focused on the carbon deposition processes and containing sulfur impurities, which deactivate the State of the Art (SoA) SOFC anodes (Hagen, 2013; Niakolas, 2014).

Ni-containing cermets with Yttria Stabilized Zirconia (YSZ), Scandia Stabilized Zirconia (ScSZ), and Gadolinia Doped Ceria (GDC) are currently the most commonly used anode materials. At the operating conditions of SOFCs, Ni-based electrodes exhibit very good catalytic activity for the reforming reactions and high electronic conductivity for the facilitation of the electrochemical oxidation of H2 as well as high gas diffusivity and excellent mechanical/structural integrity. The commercial interest on the I.R. mode of operation urged the SOFC community to focus on these materials, owing to their close relation with the typical nickel-containing reforming catalysts (Niakolas, 2014). However, SOFCs comprising Ni-based anodes are characterized by some critical degradations issues. Indicatively: (i) they are prone to carbon deposition, which is created by the decomposition of e.g., CH4 [reaction (4)] and/or of CO disproportionation Boudourt [reaction (5)], (ii) the corrosion caused on Ni by the deposited carbon, thus leading to structural damage of the conductive percolation pathways of the anode and the loss of its conductivity (Chen et al., 2011; Singh and Hill, 2012), (iii) they exhibit poor redox stability, and (iv) on the long term Ni forms agglomerates with detrimental consequences on the electronic conductivity (Faes et al., 2009).

The internal steam reforming of methane for the production of H2, CO, and CO2, is an endothermic process. It can be assumed as a mixture of the following catalytic and electrochemical reactions, which proceed in parallel and/or in series (Maier et al., 2011; Niakolas et al., 2013; Souentie et al., 2013):
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At temperatures, typically below 700°C, CO can undergo disproportionation [reaction (5)] and forms carbon.
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As far as the electrochemical reactions are concerned, H2 and CO can be oxidized at the solid state electrochemical interface [electrolyte/metal/gas three-phase boundaries (tpb)] to form H2O and CO2 (reactions 9 and 10).
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In addition, CH4 can be partially oxidized electrochemically toward the production of H2 and CO (Bebelis et al., 2000, 2006; Souentie et al., 2013).
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Taking into consideration the above, carbon formation can take place through reactions (4) and (5) and the reverse of (6). On the other hand, carbon removal is facilitated through reactions (6) and (7) and the reverse of (5). Overall, carbon accumulation takes place in the case where the rate of carbon forming reactions exceeds the rate of carbon removal reactions (Singh and Hill, 2012).

Thus, the SOFC I.R. operation mode can be feasible (Niakolas, 2014; Florea et al., in press) if the anode electrode is active for the reforming reactions and tolerant against carbon formation. This is rather difficult for Ni-based materials and especially for Ni/YSZ, which is the SoA anode for both electrolyte and electrode-supported cells. A typical approach that is being followed in order to avoid carbon deposits is to increase the steam content in the fuel and to maintain a steam/carbon (S/C) ratio equal to 2 or higher. However, such S/C ratios appear rather to be too high for practical reasons in SOFCs due to the significant decrease in the Nernst potential and the possibility to oxidize the anode with detrimental effect on its electronic conductivity (Mogensen et al., 2011).

Therefore, the development of efficient and carbon tolerant anodes, aiming to replace Ni/YSZ is a demanding prerequisite for the effective processing of hydrocarbon feedstocks and especially natural gas in SOFCs. A vast number of published studies can be summarized with a selection of other anode candidates such as: (a) Ru (Sauvet and Fouletier, 2001; Bebelis et al., 2006; Caillot et al., 2007), (b) Cu (Slater and Irvine, 1999; Park et al., 2000), (c) Fluorite (e.g., Cu–CeO2–ScSZ; Ye et al., 2007), (d) Tungsten bronze (e.g., (Ba/Sr/Ca/La)0.6MxNb1−xO3−δ, where M = Mg, Ni, Mn, Cr, Fe, In, Ti, Sn; Tao and Irvine, 2004), (e) Pyrochlore (e.g., Gd2Ti2O7) anode materials (Goodenough and Huang, 2007; Sun and Stimming, 2007; Tsipis and Kharton, 2008), (f) LSCM (e.g., La0.75Sr0.25Cr0.5Mn0.5O3−δ) (Sfeir et al., 2001; Liu et al., 2002; Tao and Irvine, 2004; Ruiz-Morales et al., 2007), SrMoO4 (Smith and Gross, 2011), and other complex perovskites (Xiao et al., 2010), such as double perovskites (e.g., Sr2Mg1−xMnxMoO6−δ; Huang et al., 2006 or Sr2CoMoO6; Zhang et al., 2011), chromites (Vashook et al., 2003), and titanates (Li X. et al., 2009). Although most of the above materials are characterized by high carbon resistance, nevertheless, in most of the cases their practical use is inhibited by the poor electrochemical or catalytic activity, the relatively low electronic conduction, the low thermal and chemical stability, the use of prohibitively expensive materials and/or the high cost of processing for their commercial use (Tsipis and Kharton, 2008; Niakolas et al., 2010). Among the cermet materials Cu/YSZ or Cu-CeO2-YSZ were proven as a promising carbon tolerant material, however it appears to be rather problematic due to sintering at high operating temperatures (Kim et al., 2002; Gorte and Vohs, 2003; Atkinson et al., 2004; Krishnan et al., 2004; Costa-Nunes et al., 2005).

In particular CeO2−δ-based formulations have been considered as quite promising materials. The reduced form of ceria exhibits a substantial mixed oxygen ionic and n–type electronic conductivity with high oxygen storage and exchange capacity and the extraordinary mechanical and thermal stability properties of ceria even during redox procedures. In addition CeO2 based supports are considered very active with strong metal support interactions and synergistic kinetic promotional effects (Goodenough and Huang, 2007; Niakolas, 2014) especially for internal reforming operation in SOFCs. In this category GDC [CeO2(Gd2O3)] is one of the most frequently used substitutes of YSZ. It inhibits coke formation and for it is catalytically active in the steam reforming of methane (Ramirez-Cabrera et al., 2004; Niakolas, 2014; Florea et al., in press). Nevertheless, GDC alone is inactive for the processing of CH4 activation. The formation of cermet after mixing with nickel oxide to form Ni/GDC after NiO reduction is rendered a highly potential electrode for CH4 fueled SOFCs.

The performance of Ni/YSZ and Ni/GDC as anodes in H/C fueled SOFCs can be improved by dispersing uniformly small amounts of either transition non-noble—metal additives (Sn, Kan et al., 2009; Kan and Lee, 2010a), Cu (Gorte et al., 2000; Hornés et al., 2007; Sin et al., 2007), Mo (Finnerty et al., 1998; An et al., 2011; Niakolas et al., 2013), Bi (Huang et al., 2009), and Fe (Park and Virkar, 2009; da Paz Fiuza et al., 2010; Kan and Lee, 2010b; Fu et al., 2011) or noble-metal dopands (Ru, Hibino et al., 2003; Modafferi et al., 2008), Pd (Nabae et al., 2006, 2008; Babaei et al., 2009), Rh (Hibino et al., 2002b; Boaro et al., 2010; Ferrandon et al., 2010), Pt (Hibino et al., 2002a), and Au (Yentekakis, 2006; Gavrielatos et al., 2008; Yentekakis et al., 2008), which appear to be effective at intermediate operating temperatures (Rostrup-Nielsen and Alstrup, 1999; Goodenough and Huang, 2007). The aim of these research efforts was to enhance carbon tolerance and maintain catalytic performance through the formation of bimetallic alloys with Ni on the anode.

Besenbacher et al. (1998) concluded that Ni-Au alloys containing small amount of atomically dispersed gold on the Ni surface can decrease significantly the amount of carbon deposits on Ni based CH4 steam reforming catalysts. This was also predicted theoretically by means of density functional theory (DFT) calculations carried out by Rostrup-Nielsen et al. (Rostrup-Nielsen and Alstrup, 1999). They found that methane dissociation into carbon is significantIy inhibited.

Regarding sulfur tolerance early efforts were initiated on H2S/air fuel cell and MCFC systems (Pujare et al., 1987; Weaver and Winnick, 1989; Yentekakis and Vayenas, 1989; Gong et al., 2007; Vorontsov et al., 2008). MoS2, NiS, and NiMoS2–Ag/YSZ were mainly examined as anode materials. The vast literature refers and focusses on systems, which are fed with H2S in H2-containing fuels. They studied the deactivation mechanisms and materials application (Cheng et al., 2007; Zha et al., 2007; Li T. S. et al., 2009; Li et al., 2010; Rasmussen and Hagen, 2009, 2010; Xu et al., 2010; Li and Wang, 2011a,b), summarized in several studies and reviews (Sasaki et al., 2006, 2011; Trembly et al., 2006; Gong et al., 2007; Goodenough and Huang, 2007; Sun and Stimming, 2007; Rasmussen and Hagen, 2009; Yang et al., 2010; Cheng et al., 2011; Hagen et al., 2011; Kromp et al., 2012; Hagen, 2013; Wang et al., 2013; Weber et al., 2013; Hauch et al., 2014). The effect of a sulfur-containing fuel is examined on the performance and durability of SOFCs through the variation of several factors, such as the: (i) operating temperature, (ii) applied current/voltage load, (iii) time on stream, (iv) H2S concentration and to a lesser extent the concentration of H2 and H2O, and (v) the anodes materials. The most significant degradation effect is the drop in the cell voltage and thus, of the SOFC performance.

In the present manuscript a conclusive review will be presented on the activities of our group describing the roadmap toward the development of carbon tolerant and sulfur tolerant Ni based anode electrodes by doping Ni cermets with Au and Mo. In this direction our research group with collaborators (Niakolas et al., 2010, 2013, 2015; Papaefthimiou et al., 2013; Souentie et al., 2013; Neofytidis et al., 2015) attempted to study and modify NiO/YSZ and NiO/GDC powder with Au and/or Mo nano-particles. These modifications resulted in electrodes with high tolerance and improved electrocatalytic activity under both carbon forming and sulfur poisoning conditions. One of the main findings was the induced structural modification on nickel through the formation of bimetallic Au-Ni and ternary Au–Mo–Ni solid solutions. Furthermore, the powders have been examined (Neofytidis et al., 2015) as anode electrodes for their sulfur tolerance in the reaction of internal methane steam reforming, under high and low H2O/CH4 ratios, including 10 ppm H2S. So far in these studies, using either helium diluted or real high concentration H2O/CH4 mixtures, the main conclusion was that the 3Au-3Mo-Ni/GDC sample proved to be the most sulfur and carbon tolerant electrode, compared to Ni/GDC and the binary 3Au-Ni/GDC and 3Mo-Ni/GDC. The superior performance of the ternary electrode was attributed to a synergistic interaction of the trimetallic Au-Mo-Ni solid solution that seems to modify Ni's catalytic properties and protect nickel against carbon and sulfur poisoning. In addition, a more conclusive and thorough discussion is presented regarding the electrokinetics of the steam reforming reaction on the GDC and YSZ cermets paying considerable attention on the role of the support on the catalysis and electro-catalysis of the Ni based cermet electrodes.

KINETICS OF THE CH4 STEAM REFORMING REACTION ON NI BASED CERMETS: THE CASE OF NI/YSZ

Beyond the general reaction scheme (1–4) depicted for the steam reforming and the water gas shift reactions the catalytic reaction steps involve the reactants' adsorption and surface reaction steps, which can determine both the rate and the selectivity of the whole process. The specific experimental evidences for the derivation of the proposed reaction mechanism are based on specific experiments carried out on Ni/YSZ. Nevertheless, though the support plays a major role on the kinetics of catalytic and electrocatalytic reactions, the general scheme proposed can be valid for both Ni/GDC and Ni/YSZ. Then, differences can be related to the activities of the various intermediate steps, which can be the attributed to the effect of the support. This will be more obvious within the next sections, where the kinetics and electrokinetics of the ISR will be discussed.

The main carbon/carbonaceous species that drive CH4 process are the various hydrogenated carbon species (CHx) originating from the successive dehydrogenation of the CH4 on the Ni surface, the active carbitic species Cc and the non-reactive graphitic species Cgr. These have been detected by means of Temperature Surface Reaction Spectroscopy by flowing H2/Ar mixtures of the Ni based YSZ cermets (Triantafyllopoulos and Neophytides, 2006). Prior to this the various species were created on the surface by the equilibrium adsorption of certain aliquots of CH4 on the catalytic surface at various temperatures. A typical TPSR experiment is depicted in Figure 1 with the peaks within the temperature range of 300–600 K to be attributed to the various hydrogenated species (CHx), while the peak at 800 K corresponds to adsorbed Ca species, which are considered as the transition species for the formation of graphitic Cgr.
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FIGURE 1. Spectra of surface carbon under 2.5% H2/Ar flow, deposited during equilibrium dissociative adsorption of CH4 (A) at different temperatures with initial amount of CH4 17.7 μmol, and (B) at 773 K with initial amount of CH4 59.6 μmol. The numbers 1, 2, 3, and 4 correspond to the various CHx species (1:CH4….4:CH). Total flow rate 167 cc STP/min, ramp rate: 20 K/min. Catalyst Ni(Au 0.2%at)/YSZ. Reprinted with permission from Triantafyllopoulos and Neophytides (2006).



The evidence of the existence of the latter is implied by the evolution of CO at the elevated temperatures >800 K originating by its reaction with the YSZ evolved oxygen at these elevated temperatures.

In addition to the TPSR experiment of Figure 1 and far more interestingly the corresponding Temperature Programmed Oxidation (TPO) experiments depicted in Figure 2 (Triantafyllopoulos and Neophytides, 2006) show that the main products for both samples are CO2, CO, and H2. CO2 desorbs above 500 K, with the peak maximum at 600 K for Ni(Au 0.2 at%)/YSZ and 680 K for Ni(Au 1.0 at%)/YSZ.
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FIGURE 2. Temperature-programmed oxidation (TPO) of surface carbonaceous species (Cc, CHxOy), deposited during equilibrium dissociative adsorption of CH4 (A) on Ni(Au 0.2%at)/YSZ at 773 K with initial amount of CH4 17.7 μmol, and (B) on Ni(Au 1.0%at)/YSZ at 723 K with initial amount of CH4 24 μmol. After the equilibration of the surface with CH4 and the formation the carbonaceous adsorbed species (CHx) the reactor was cooled down to room temperature and was purged with Ar. Thereafter, a certain O2 quantity was adsorbed on the surface corresponding to twice the amount of deposited surface carbon. Ramp rate: 20 K/min. Ar molar flow rate = 26 μmol/s. Reprinted with permission from Triantafyllopoulos and Neophytides (2006).



The interest on the TPO experiments can be focused on the simultaneous evolution of CO and H2 at essentially the same peak temperature maximum positioned around 700 K. This observation shows that CO and H2 are products originating from the dissociation of the same compound, such as oxyhydrogenated carbon species (reaction 12d), which are formed by the oxidation of the CHx species with the preadsorbed O2 (reaction 12b). CO2 is formed by the oxidation of carbidic species (reaction 12e) (Triantafyllopoulos and Neophytides, 2003).

In this respect the following kinetic model has been proposed that describes the partial oxidation of methane toward the formation of synthesis gas:

[image: www.frontiersin.org]

The reaction schemes (12a−12e) as written they represent the partial oxidation of methane to produce CO and H2. Nevertheless, this can represent a general reaction scheme that can be valid in the steam reforming process as well as in the electrochemical partial oxidation of CH4, which can take place in SOFCs. The source of the oxidic species that may participate in the oxidation reactions 12b or 12e can originate from the dissociative adsorption of water, thus processing the steam reforming reaction, or they can be supplied electrochemically as O2− from the O2− conducting solid electrolyte (YSZ), on which the Ni based electrode is supported. Reaction steps (12f) and (12g) show the route for the formation of adsorbed carbon species (Ca) and graphite (Cg) (Goodenough and Huang, 2007). Ca reacts both with H2 and O2 at higher temperatures (>800 K) than the carbidic Cc species (Goodenough and Huang, 2007). The formation of Ca is the precursor for the formation of the graphitic layer. The formation rates of Ca and Cg directly depend on the dissociation rate of the CHx species and the nucleation rate of the Ca species, respectively. In addition the oxidation rate of the CHx species into CHxOad can determine in a decisive way the selectivity toward Cc, Ca, and Cgr and specifically the selectivity toward CO2 through reaction 12e. As has been shown in Triantafyllopoulos and Neophytides (2003), the fact that CO2 is formed through a parallel process with respect to CO formation (reaction steps 12d and 12e respectively), involving complete dehydrogenation of CH4 into Cc, the CO2 selectivity can be an indicative criterion on the tendency of the catalyst to accumulate Cgr.

The transient experiment of Figure 3 (Gavrielatos et al., 2008) confirms the significance of reaction step 12b and 12d for the production of CO and H2 while bypassing the steps that lead to carbon formation. As depicted in Figure 3 dry methane/Ar mixture (total flow ~100 cc/min with ~4.5 kPa CH4) is initially introduced over a NiAu(5 at%)/YSZ anode. CH4 reacts dissociatively with the Ni surface to form H2 and apparently to form deposited carbon on the Ni surface. The open circuit potential was VOCP = −1,486 mV. At time t = 0 a constant potential V = −1,200 mV is applied corresponding to a current density i ≈ 4.3 mA/cm2. Note that H2 formation rate decreases by more than 50% accompanied by CO formation. No water or CO2 formation was detected, thus confirming that the decrease in H2 formation rate is due to the decrease of methane dehydrogenation rate. Thereafter H2 formation rate increases steadily to a steady state value that corresponds to the stoichiometry of the partial oxidation of methane according to reaction (11). The rates of reaction steps (12b) and (12c) and specifically the promotion of the oxidation step 12b and the inhibition of the Ca formation step 12c will determine the rate of the steam reforming or partial oxidation processes as well as the carbon formation of the process. Thus, it is expected that a carbon tolerant catalyst will catalyze the oxidation of the intermediate CHx species faster than their sequential catalytic dehydrogenation toward Ca species formation. Thus, it appears that by applying a current the decrease in the rate of H2 production implies that the sequential dehydrogenation of adsorbed methane hydrogenated species is disrupted by their oxidation due to the supply of O2−. This is further corroborated by the fact that after 1900s of current application, where the reaction rates reached steady state the production rate of H2 and CO correspond to the selective processing of reaction (11), which is still 30% lower than the H2 formation rate that corresponds to CH4 dissociation at the open circuit (I = 0 no flux of O2−). The afore discussion shows that the reactions toward carbon formation are completely inhibited and as will be presented in the next sections this is mainly attributed to the modification of Ni/YSZ catalytic and electrocatalytic properties by the atomically dispersed Au on the Ni surface.
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FIGURE 3. Dynamic response of the production rate of H2 and CO at T = 1,023 K) on NiAu5%at/YSZ upon constant voltage application. Reprinted with permission from Gavrielatos et al. (2008).



Last but not least the retarding of the dehydrogenation reactions can be also the result of the electrochemical promotion of the NiAu(5%at)/YSZ owing to the positive polarization and the increase of the work function of the catalytic surface. The latter can be corroborated by similar observation from European Fuel Cell Group IEA Advanced Fuel Cell Programme (1994) where significant non-faradaic decrease of the carbon deposition rate was observed during the steam reforming of methane upon polarization of the Ni/YZS electrode. In addition in the case of Ni/GDC operating under S/C = 1 the supply of O2− to the electrode induced around 25% decrease in the rate of the steam reforming reaction at current densities as high as 250 mA/cm2 (Souentie et al., 2013). In general it was observed that the decrease in the steam reforming reaction rate was equal to the applied current onto the Ni/GDC electrode.

THE ROLE OF GDC IN CH4 STEAM REFORMING AND PARTIAL OXIDATION PROCESSES

The dynamic nature of the Ni/GDC anode surface has been elucidated in Papaefthimiou et al. (2013) by the use of Ambient pressure X-ray photoelectron and near edge X-ray absorption fine structure spectroscopies (APPES and NEXAFS respectively). These surface techniques are combined with on line electrochemical and gas phase measurements. The effect of the surface state on the electrocatalytic performance during direct methane electooxidation was studied by performing transient chronoamperometric experiments over pre-oxidized Ni/GDC anodes, biased to +1V under CH4 atmosphere. In Figure 4 the cell current and the gas phase composition are recorded with respect to the time evolution. The main features of Ni L3- and Ce M5-edge NEXAFS spectra that are being recorded during the evolution of the experiment and are depicted in Figure 4. In addition to the spectra evolution the inset of Figure 4 depicts the relative concentration of the Ce3+ species with respect to the overall ceria spectrum (see Supporting Information S5 for details of Papaefthimiou et al., 2013). Initially and upon the application of the constant voltage +1 V the anode is still largely oxidized with Ni and Ce being at 2+ and 4+ respectively (Ni2+, and mainly Ce4+), while the current flow is negligible. The reduction of Ni2+ to Nio is accompanied by the simulataneous decrease in CH4 concentration and the production of oxidation products (H2, CO, CO2 but also H2O and O2, the latter not presented in the graph). Ni2+ reduction is accompanied by the increase in current due to the increase of the electrical conductivity of the electrode and the facilitation of the electrochemical reactions. The observed maximum in CO2 formation rate coincides with the local maximum of the current at Time < 1,000 s, while the appearance of H2 and CO after the maxima of current and CO2 may imply partial oxidation of methane most probably accompanied by carbon deposition. The latter can be the cause for the transitory decrease in the current. The partial reduction of Ce4+ to Ce3+ (spectrum b) stimulates a notable increase in the current. It appears that the complete reduction of C4+ to Ce3+ induces a significant increase in current which can be even higher than an order of magnitude with respect to the initial maximum observed earlier.
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FIGURE 4. Combined mass spectrometry, chronoamberometry, and NEXAFS results under anodic polarization: (A) The current density flowing between the working and counter electrode of the solid oxide electrode assembly as a function of time (red line). The corresponding on line mass spectrometry signals of CH4 (m/e = 16), H2 (m/e = 2), CO (m/e = 28), and CO2 (m/e = 44) are also presented in the graph (green, magenta, black, and blue lines, respectively). The yellow highlighted area shows a magnification (100 times greater) of the mass spectrometry signals when the applied bias voltage sets off. Cell operating conditions: pre-oxidized sample under anodic polarization +1 V, 0.1 mbar CH4 at 700°C. (B) Selected sequence of Ni L3- and Ce M5-edge NEXAFS spectra during anodic polarization at different times of the experiment (the time of each spectrum recording is indicated in the figure on the left, by a, b, c, and d). The% presence of the Ce3+ component in the overall Ce M5-edge obtained after deconvolution is given to the right. Inset, The% Ce3+ (measured by NEXAFS) and the Ni/Ce ratio (measured by APPES) as a function of the measured current density flowing between the anode and the cathode. Lines are guides to the eye. Reprinted with permission from Papaefthimiou et al. (2013).



Note that the current increases in the process of Ce4+ reduction to Ce3+, followed by simultaneous surface enrichment in ceria.

The aforementioned experimental observations can be used in order to shed light on TGA experiments that were carried out under steam reforming conditions (Niakolas et al., 2013). As shown in Figure 5 upon introducing S/C mixture consisting of 10 kPa H2O and 20 kPa CH4 the weight of the Ni/GDC catalyst increases initially with high slope indicating high carbon deposition rate. Within a time frame of 2–3 min the weight of the sample reaches a maximum and thereafter a gradual decrease is observed implying consumption of the deposited carbon until the weight stabilizes. This means that no further carbon accumulation is observed on the catalytic surface. In summary the TGA experiment of Figure 5 shows a quite fast built up of carbon deposit, which is depleted thereafter down to zero deposition rate within a time frame of 40 min. The latter can be compared to the time evolution of the Ni/GDC activation of the APPES experiment depicted in Figure 4. Note that the decrease in the current observed after the local maximum at 1000s (Figure 4 can be related to deactivation owing to carbon deposition after the reduction of Ni surface. Thus, it can be inferred that the ability of Ni/GDC to oxidize deposited carbon is directly related to the partial reduction of Ce4+ to Ce3+, which presumably happens after the maximum reached in the weight of the catalyst (Figure 5). This can be attributed to the ability of the partially reduced ceria in the GDC composite to activate O. The reactive O species can originate either by the activation of steam onto the GDC surface or the electrochemically supplied O2− from the YSZ electrolyte. The latter has been proven in Papaefthimiou et al. (2013), both experimentally (APPES) and theoretically by the use of DFT calculations. Specifically during the course of the experiment depicted in Figure 4 excess oxygen was observed owing to current application which did not correspond to the lattice oxygen of the partially reduced Ce3+. By means of DFT calculations it was calculated that the existence of this interfacial O causes the increase of the FERMI level of the Ni/GDC system, which can affect the rate of the dehydrogenation adsorption steps of methane on Ni so that it can be matched with the enhanced supply of the activated oxidic species from GDC aiming to the increase in the rate of reaction step 12b that leads to the formation of CO and H2 so as to avoid the formation of carbon deposits through reaction steps 12c 12f, and 12g. In summary it proposed that the relatively high carbon tolerance of Ni/GDC cermets is mainly attributed to the ability of the partially reduced ceria to act as active catalyst support that activates interfacial O species, which become highly reactive with adsorbed CHx so as to drive the CO and H2 formation through the reactions 12b and 12d.
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FIGURE 5. Long-term TG analysis of blank (–) Ni/GDC and (-△-) 3 wt.% Au-Ni/GDC (D.P.) powders. The measurements were carried out isothermally at 750°C under CH4 steam reforming conditions with 16 vol% CH4/Ar, 10 vol% H2O in Ar for Ni/GDC and with 20 vol% CH4/Ar, 10 vol% H2O in Ar for 3 wt.% Au-Ni/GDC (D.P.). Reprinted with permission from Niakolas et al. (2013).



The role of CeO2 as an active catalyst support has been vastly studied and its ability to induce strong metal support interactions has been attributed to the enhanced oxygen mobility as well as the enhanced oxygen storage of CeO2, which can exceed its chemical stoichiometry. Strategies to enhance these two properties of CeO2 are being described in Li and Gong (2014), Konsolakis (2016) and comprise the insertion and substitution of Ce with another metal of similar size or different oxidation state. In the present case of gadolinium doped Ceria (GDC), the lower valence of Gd provides in addition the necessary O2− conduction for the establishment of the effective electrochemical interface. The latter can induce strong modification of the catalytic properties of the supported metal particles through the effect of the Electrochemical Promotion in Catalysis (Vayenas et al., 2001). Furthermore, the interaction of the Ni species with CeO2 can involve the insertion of Ni atoms in the lattice of CeO2, which are not easily reducible, while as it has been proposed the dispersed Ni species are those experiencing the strong metal support interaction effect (Du et al., 2012). In consideration to the above discussion the participation of Ni species in the CeO2 lattice can enhance the anchoring and stability of the finely dispersed Ni particles, as well as the oxygen mobility and storage of the Ni/Ce O2 interface.

THE MODIFICATION OF NI/YSZ AND NI/GDC WITH AU AND AU-MO ADDITIVES

Our attempts toward the increase of the carbon tolerance of the Ni/YSZ and Ni/GDC anodes were focused on their doping with small quantities of Au 3 wt% and Au3 wt%-Mo 3 wt%. The preparation of Au-Ni/YSZ was done by the use of the combustion synthesis method (Gavrielatos et al., 2008) directly onto the YSZ electrolyte. In the case Au or Au-Mo on Ni/GDC the metals were deposited on the Ni/GDC powder by the use of the deposition precipitation method (Niakolas et al., 2013). The Au content in the samples was very close to the aforementioned nominal composition, while in the case of Mo the as prepared sample was 0.55 wt% and after the heat treatment of the electrode at 1100°C its amount was around 0.3 wt%. The lower loading is related to the preparation method, while the further decrease after the heat treatment can be attributed to the sublimation of Mo oxides. The samples were thoroughly characterized by means of XRD, XPS, and SEM before and after reduction. Characteristic temperature program reduction XRD (TPR-XRD) spectra are shown in Figure 6. The reduction of Ni/GDC cermet is initiated at 366°C and Au3-Ni/GDC starts at 370°C. This corresponds practically to the same reduction temperature for these two samples, while for the Au3–Mo30-Ni/GDC the reduction takes off at 539°C. Specifically, by comparing Ni/GDC and Au3-Ni/GDC XRD-TPR patterns after the reduction, the diffraction peak of Au is no longer detectable by XRD implying its possible absence as Au bulk crystal particles. A general observation is that in the ternary sample the evolution of the Au peak with increasing reduction temperature appears with larger shift strongly indicating the interaction with Mo species. In addition the peak of reduced Ni is broader with a significant 2θ shift (0.15°) with respect to the Ni peak of the non-impregnated sample. This unusual evolution of the Ni peak can be coupled with the aforementioned Au–Mo diffraction peak. The delayed reduction of NiO and the appearance of the shifted and broader nickel diffraction peak can be attributed to the Ni–Au–Mo solid solution formation.
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FIGURE 6. XRD—TPR patterns of (A) blank Ni/GDC, (B) 3 wt.% Au-Ni/GDC (D.P.), and (C) 3 wt.% Au–30 wt.% Mo-Ni/GDC (D.CP.). During the XRD analysis all samples were in situ reduced under 2 vol% H2/N2, while the temperature increased from 50 to 800°C at a rate of 5°C min−1. The frames (1′) and (2′) depict the magnification of the dotted (1) and (2) areas. The labeled XRD peaks correspond to Au (JCPDS 04-0784), NiO (JCPDS 44-1159), GDC (JCPDS 46-0508), and Ni (JCPDS 04-0850). Reprinted with permission from Niakolas et al. (2013).



Similar shifts in the XRD spectrum of Ni-Au supported catalysts are being described in Wu et al. (2013) and has been attributed to the formation of Ni-Au alloy.

The fine dispersion of the promoting species on the Ni surface during the reduction of Ni is verified by the XPS measurement depicted in Figure 7. It is clearly shown that Au signal is increasing significantly (>five times) upon Ni reduction indicating increase of the dispersion of the Ni particles, which in accordance to the XRD spectra, is processed through the dissolution of the Au particles in Ni. Chin et al. (2006) have reported that the XANES analysis of the Au-Ni/MgAl2O4 catalysts revealed the atomic distribution of Au atoms on the Ni surface and the transfer of electronic charge from Au to Ni as a result of surface alloy formation. In this respect it is relatively safe to consider that the catalytically exposed Ni surface is enriched with Au atoms thus inducing significant modifications in the electronic properties (Fermi level, work function, and d-band center) (Besenbacher et al., 1998) so as to affect the bonding strength of adsorbed species on the surface. Based on DFT calculations conducted by the group of Norskov et al. (Kan and Lee, 2010a) the d-band center of Ni shifts to higher potentials, which can presumably inhibit the dehydrogenation process on the Ni surface as it weakens the bonding strength and interaction of H adatoms with the Ni surface atoms.
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FIGURE 7. XPS of Au on Ni-Au(10 wt%)/GDC before and after the reduction of the sample at 450°C for 30 min. The oxidized sample was pretreated at 1100°C for 90 min.



The retarding of the CH4 dehydrogenation process has been verified by measuring the activation energy of CH4 dehydrogenation on Au modified Au-Ni/GDC powders. This was done by means of TGA isothermal experiments by measuring the rate increase of the sample's weight owing to the carbon deposits. The activation energy was increasing with increasing Au content and it was varied from 23 to 37 kcal/mol for various Au doping levels Figure 8.


[image: image]

FIGURE 8. Arrhenius plots of the CH4 dissociation reaction as calculated by TGA analysis using 0, 5.3, and 10.6 wt.% Au-Ni/GDC anodes. Inset: Effect of Au content on the activation energy of CH4 dissociation. Comparison between TGA analysis results with model predicted values. Reprinted with permission from Souentie et al. (2013).



Far more interestingly as evidently shown in the SEM images in Figure 9 by processing 1 kPa CH4/N2 over the Au-Ni/GDC or Au-Mo-Ni/GDC at 800°C no carbon deposits were observed. On the contrary in the case of Ni/GDC carbon whiskers have been developed even at this low CH4 content (1 kPa) and for a reaction time of only 15 min.
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FIGURE 9. SEM images after the in situ XRD with 1 vol.% CH4/N2 of: (A) Ni/GDC, (B) 3Au-Ni/GDC, (C) 3Au-3Mo-Ni/GDC. Reprinted with permission from Neofytidis et al. (in press).



ELECTROKINETICS AND CARBON TOLERANCE OF NIAU/YSZ ANODES UNDER STEAM REFORMING CONDITIONS

The electrochemical behavior of the Ni(Au 1 at%)/YSZ anode, prepared by the combustion synthesis method directly on the YSZ electrolyte, was studied by carrying out several electrochemical measurements under internal steam reforming conditions at 1,123 K and different S/C ratios, ranging from 1 to 0.33.

Figure 10 depicts the effect of O2− electrochemical flux on the rates of H2 CO and CO2 for S/C ratios 1, 0.5, and 0.31 respectively. At open circuit the steam reforming reaction produces H2, CO and very small amount of CO2. Under fuel cell operation, hydrogen, and carbon monoxide are electrochemically oxidized to produce water, carbon dioxide, and electricity. CH4 conversion was between 10 and 15%, thus ensuring differential operation and mass transfer free kinetics. Limiting current is observed at higher S/C ratios because of H2 starvation. In all cases the sum of the carbon oxides rate either remains constant (Figure 10) or slightly decreases (Figures 10A,B) with increasing current. This is a strong indication that CH4 does not participate directly in the electrochemical oxidation process. This behavior can be realized through the competitive adsorption of steam and O2− supplied on the Ni surface. The fact that O2− supply to the NiAu/YSZ electrode appears to oxidize only H2 and CO even at lean water steam conditions this strongly indicates that [image: image] do not participate in the oxidation process CHx species to CHxO according to reaction step 12b. This implies that [image: image] may not be discharged and adsorbed on the Ni surface but instead they can be selectively reacting directly with Had and COad at the electrochemical grain boundaries between the Ni and YSZ particles. On the contrary CHx species are reacting with the oxygen species Oad originating from the dissociative adsorption of steam on the rest surface area of the Ni particle. As it will be discussed further this is a characteristic kinetic behavior of the NiAu/YSZ electrocatalyst while in the case of Ni/GDC the electrokinetics of the reaction differ significantly thus denoting the specific role of the YSZ and GDC supporting particles.
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FIGURE 10. Electrokinetic measurements on Ni-Au(1 at%)/YSZ under internal steam reforming conditions at T = 1,123 K and S/C ratios (A) 0.95, (B) 0.47, (C) 0.31. (■VWC, [image: image]rCH4, ● rH2, ○rCO, ▲ rCO2) The total flow rate was 83–107 cc/min, while the methane flow was adjusted between 5 and 20 cc/min, depending on the methane partial pressure that was fed to the anode. Reprinted with permission from Gavrielatos et al. (2008).



The stability of the NiAu/YSZ electrode prepared with combustion synthesis was proven by the stability experiment depicted in Figure 11. The Ni(Au1 at%)/YSZ anode was fed with water lean mixture containing ~22 kPa CH4 and ~6 kPa water. The cathode was fed with Pure oxygen and the reactor was operating at 1,123 K and −500 mV (Vcell) producing about 300 mA/cm2 for a time period of more than 60 h. Besides the small decrease in the current observed within the first 10 h the performance of the reactor cell was fairly stable during the stability test. The electrochemical performance of the reactor cell under H2 was the same, before and after the stability test. This further proves and confirms the high tolerance of the NiAu/YSZ electrocatalyst to carbon deposits, under internal steam reforming conditions.
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FIGURE 11. Short term stability test of the anode at T = 1,123 K, S/C < 0.33 and operating voltage Vcell = −500 mV. Reprinted with permission from Gavrielatos et al. (2008).



ELECTROKINETICS AND CARBON TOLERANCE OF NIAU/GDC ANODES UNDER STEAM REFORMING CONDITIONS

The kinetic and electrokinetic behavior of the Ni/GDC and NiAu/GDC was studied under steam reforming conditions at S/C = 1 and 0.25. The electrokinetic behavior exhibits certain interesting features denoting the role of GDC both in the catalysis of steam reforming reaction and the electrocatalysis under S/C mixtures.

As it will be evidently shown this differs significantly from the corresponding behavior of NiAu/YSZ especially under current application. Of special interest is the behavior of the NiAu/GDC under lean steam conditions. Figure 12 depicts the effect of electrochemical current application and O2− supply on the evolution of CO and H2 formation rates and on the rate of CH4 consumption for S/C = 0.25. at 850°C. One observes that under open-circuit conditions, i.e., for i = 0, H2 formation catalytic rate is a factor of three larger than the formation rate of CO, in agreement with the reaction stoichiometry. The mass balance of carbon based on the stoichiometry of the steam reforming reaction was satisfied. Interestingly under fuel cell operation conditions, the electrochemical formation rate of CO and H2 increases linearly with current, accompanied by a linear increase in the CH4 consumption rate, in contrast to the high S/C = 1 case, where by increasing current the consumption of CH4 is slightly suppressed. Beyond the decrease in CH4 consumption rate the inhibiting effect of the applied current on the steam reforming reaction is also deduced by the fact that the sum of the slopes determining the CO and H2 consumption rates is >1 that corresponds to the faradaic consumption of H2+CO. It is estimated that the rate of steam reforming reaction is decreased even up to 25% at the highest applied current density I = 230 mA/cm2 (Souentie et al., 2013). It is worth noting that no CO2 formation rate is observed even under fuel cell operation conditions. Thus, in this case, it appears that the main anodic reaction is the partial oxidation of CH4 (reaction 8) toward the formation of CO and H2.
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FIGURE 12. (A) Effect of current density, i, on the potential, V, and on the reaction rates of H2, CH4, CO, and CO2. yH2O/yCH4, T = 850°C, 1 wt.% Au-Ni/GDC anode, T = 850°C, (B) Effect of current density, i, on the potential, V, and on the reaction rates of H2, CH4, CO, and CO2. S/C = 0.25, T = 850°C, 1 wt.% Au-Ni/GDC. Reprinted with permission from Souentie et al. (2013).



This is a completely different behavior than the corresponding performance of the Ni/YSZ, where the electrochemical oxidation was limited to the oxidation of H2 and CO only, formed by the steam reforming process. In the case of the GDC cermets the O2− react in a quantitative way with the adsorbed hydrogenated carbonaceous species for the faradaic production of H2 and CO. This behavior can be sought in the structure of the NiAu/YSZ and the NiAu/GDC cermets and the extend of the electrochemical interface between GDC or YSZ with Ni in relation to the size of Ni's catalytic surface area that is exposed to the reacting gases. The electrokinetic behavior of the NiAu/GDC implies that the size of the electrochemical interface is sufficiently high so as to provide access to the electrochemically supplied O2− to the majority of the Ni surface. In this respect in accordance to the transient experiment depicted in Figure 3 the access of the electrochemically supplied oxygen to the majority of the Ni surface will facilitate its reaction with the CHx species to produce CHxO according to reaction 12b and thereafter its decomposition into CO and H2 (reaction 12d). The ability of the Ni/GDC cermet to adjust its structure either exposing or encapsulating Ni has been studied and specified by the APPES XPS and EXAFS experiments depicted in Figure 13. As it is explicitly shown maximum performance can be achieved at intermediate exposures of Ni and GDC at Ni/Ce around 0.4.


[image: image]

FIGURE 13. Current and CO production as a function of surface composition. The current flowing at the SOEA (left y-axis) and the relative carbon monoxide production (right y-axis) as a function of the Ni/Ce ratio measured by in situ APPES. Measurements are performed on samples with identical nominal composition, but subjected to different pretreatments in the cell prior to the measurements. In all cases ceria and nickel exist exclusively in the Ce3+ and Ni0 oxidation states. The error bars represent estimated uncertainty based on the photoelectron peak area and mass spectrometry signal calculations. Lines serve as guides to the eye. Conditions: anodic polarization (+1 V), atmosphere: 0.1 mbar CH4, temperature: 700°C. The schematic shows the proposed surface arrangement in the case of a low (left) and a high (right) Ni/Ce ratio (ceria in gray and nickel in purple color). Reprinted with permission from Vorontsov et al. (2008).



The structural modification of the Ni/GDC electrode is related to the exposure of the electrode to an oxidative or reductive atmosphere. In the extreme cases where the electrode is oxidized NiO is accumulated on the surface thus screening GDC, while at highly reductive atmospheres the metallic Ni particles are encapsulated by the GDC (Papaefthimiou et al., 2013).

The Stability of Ni–Au1.5 at%/GDC electrode is shown in Figure 14 (line 1). This is compared to the performance of the blank cell (line 2) in Figure 14 (Pujare et al., 1987). The stability experiment was carried out galvanostatically applying 500 mA cm−2, while using several fuel streams. During the time periods (1a) and (2a), under H2 operation, Au-Ni/GDC anode is performing better with higher cell voltage because of the lower ohmic losses of the former. Upon introduction of S/C mixture 3/2 the performance is slightly improved (period 1b), while by introducing reformate H2 the cell voltage decreases (period 1c). This strongly indicates that the adsorbed CH4 carbonaceous species (CHx) are electrochemically even more active than H2 species. By introducing lean steam to CH4 mixture (S/C = 1/2, period 1d) the cell voltage increases further to 800 mV. In general it can be concluded that the electrocatalytic activity during the transition from hydrogen operation (period 1a) to internal steam reforming operation (period 1d) remains constant or it is even improved with respect to reformate gas operation. In particular, the performance of the cell is stable even under highly rich CH4 conditions (periods 1d and 1e) with a power density of 0.41 Wcm−2 at 810 mV.
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FIGURE 14. Stability test diagram of two cells comprising 1.5 at% Au-Ni/GDC and Ni/GDC as anodes at T = 850°C and 500 mAcm−2. Label 1 corresponds to the performance of the cell with the Au-modified anode and label 2 to the blank cell. Conditions: (1a) H2-3%H2O Fanode = 520 ccmin−1, (1b) S/C≈3/2: PH2O = 60.2 kPa, PCH4 = 41.2 kPa, Fanode = 224 ccmin−1, (1c) reformate feed: 77 vol.% H2, 8 vol.% CO, and 15 vol.% H2O, Fanode = 374 ccmin−1, (1d) S/C≈1/2: PH2O = 33.0 kPa, PCH4 = 68.3 kPa, Fanode = 135 ccmin−1, (1e) dry CH4 feed, Fanode = 90 ccmin−1. (2a) H2-3%H2O Fanode = 856 ccmin−1, (2b) S/C≈3/2: PH2O = 60.1 kPa, PCH4 = 41.2 kPa, Fanode = 509 ccmin−1, and (2c) S/C≈1/2: PH2O = 33.2 kPa, PCH4 = 68.1 kPa, Fanode = 308 ccmin−1. Reprinted with permission from Niakolas et al. (2010).



On the contrary, a mirror image is observed in the case of the non-modified Ni/GDC experiment. The transition from H2 feed (2a) to S/C mixture 3/2 (2b) results into a large decrease of the cell voltage and performance (even up to 100 mV). Notably, upon changing the S/C ratio from 3/2 (period 2b, Figure 14) to 1/2 (period 2c, Figure 14) the performance is progressively becoming worse with degradation rate of 0.3 mV/h. It is worth mentioning that the open circuit potential (OCP) on the Au doped anode is by 150 mV higher than that of the non-modified electrode under steam reforming. Note that the corresponding OCP under H2 is the same for both cells.

As it is explicitly stated in Pujare et al. (1987) the higher OCP value in SOFCs implies a lower Oads coverage on the anode electrode. This can be attributed to the more reactive catalytic surface of the Ni-Au/GDC anode with the CHx species indicating a promotional effect for reaction step 12b.

ELECTROCATALYTIC STABILITY OF NI-AU-MO/GDC

The electrocatalytic stability of the ternary AuMoNi/GDC anode in comparison to Ni/GDC was studied under harsh steam reforming conditions by the use of highly concentrated CH4 mixtures and S/C~0.3 (Neofytidis et al., in press). In this respect in these experiments 30 kPa H2O and 70 kPa CH4 was used to carry out stability tests of the above samples. The stability curves in Figure 15 show the comparison of the electrocatalytic performance between Ni/GDC and 3Au-3Mo-Ni/GDC, as electrodes in electrolyte-supported cells. The active functional layer was directly deposited on the YSZ electrolyte and the current collection was facilitated through a Ni mesh. The measurements took place in galvanostatic mode with an applied constant current density of 57 mA/cm2. The comparison includes the evolution of the operating potential over time, in combination with the catalytic production rates of H2, CO, CO2, and carbon. The latter rate has been calculated, like in the half cell measurements, by using the following mass balance expression of carbon (Equation 1). This expression is always valid under both O.C.P. and fuel cell operation conditions, where specifically the contribution of the applied current is also considered (Souentie et al., 2013):
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where: I is the applied current, n = 2 is the number of the participating electrons and F is the Faraday constant.
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FIGURE 15. Stability diagram of a cell with (A) 3Au-3Mo-Ni/GDC and (B) Ni/GDC as anode electrodes for the internal CH4 steam reforming reaction. The solid and dashed lines corresponds to the evolution of the operating potential and the symbols to the production rates of: (■) H2, (•) CO, (□) CO2, and ([image: image]) Carbon. In particular, the closed symbols were received during the applied current, while the open symbols at O.C.P. conditions. The stability was performed at T = 800°C at applied constant current density of j = 57 mA/cm2. The reaction mixture comprised 22 vol.% H2O and 78 vol.% CH4 with Ftotal = 150 cc/min (S/C = 0.3 without dilution in carrier gas). Reprinted with permission from Neofytidis et al. (in press).



The first observation is that the cell with the ternary electrode operated for 140 h, which is the double time-period than that of the cell with Ni/GDC (70 h). Specifically, the operating potential of the ternary 3Au-3Mo-Ni/GDC cell started from 692 mV and exhibited a total degradation rate of 2.6 mV/h. In the case of the cell with Ni/GDC, the operating potential started from a lower value (578 mV) and it degraded with a rate of 5.5 mV/h, which is almost two times higher than that of the ternary electrode.

The ternary electrode was catalytically less active for the studied reaction, having ~3 times lower production rates of H2 and CO. Moreover, both electrodes showed almost similar production rates of CO2. The key difference lies on the carbon formation rate and its evolution during the stability experiment. Specifically, the cell with 3Au-3Mo-Ni/GDC exhibited significantly lower to almost zero rate in the whole duration of the test (140 h). On the contrary, the cell with Ni/GDC had a measurable carbon formation rate from the beginning of the stability, which increased gradually during the course of the measurement. This is also confirmed by comparing, in Figure 16, the evolution of the selectivity to carbon formation for the two electrodes. The latter is expressed as the % ratio of the carbon formation rate (rC) to the consumption rate of methane (rCH4), where rCH4 = rCO+rCO2+rC. It is shown that in the case of the cell with Ni/GDC the selectivity to carbon was higher (~9%) from the beginning of the electrocatalytic measurement and during the stability it gradually increased to values close to 20%. On the other hand, the 3Au-3Mo-Ni/GDC anode showed less selectivity to carbon, starting from 5% that progressively decreased to values close to zero. Thus, it can be concluded safely that indeed the Au-Mo-Ni/GDC electrode inhibits the CH4 decomposition toward C deposits [reaction (4)] and far more interestingly the latter appears to be enhanced with increasing time on Ni/GDC, while it decreases down to almost zero on the Au-Mo-Ni/GDC anode without any loss in the catalytic reforming activity. This can be most probably attributed to the continuous improvement of the Au-Mo-Ni/GDC properties against carbon deposition, owing to the better distribution and structural positioning of the Au and Mo dopants in Ni (Niakolas et al., 2013; Neofytidis et al., 2015) and especially on the catalytic surface. The last observations point that part of the enhanced catalytic performance of the Ni/GDC electrode, especially for the production of H2, can also be attributed to its higher catalytic activity for the decomposition of CH4 [reaction (4) or reaction 12a and 12c], which is mainly responsible for the formation of carbon deposits.
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FIGURE 16. Evolution of the % selectivity to carbon formation, for the examined cells with 3Au-3Mo-Ni/GDC (■) and Ni/GDC (•) anodes. Selectivity is expressed as the % ratio of the carbon formation rate (rC) to the consumption rate of methane (rCH4), where rCH4 = rCO + rCO2 + rC. Reprinted with permission from Neofytidis et al. (in press).



The decrease in the catalytic activity of the 3Au-3Mo-Ni/GDC sample with respect to the non-modified Ni/GDC is in accord with the d-band center theory proposed by Norskov et al. (Kratzer et al., 1996; Nørskov et al., 2011) and specifically dealing with the dissociation and dehydrogenation of CH4 on the Au doped Ni surface. They proposed that the rate of CH4 dehydrogenation will be retarded on the Au modified surface, due to the fact that the center of the d-band density of states shifts to lower energy below the Fermi level with respect to Ni. This renders the interaction of CH4 and the successive dehydrogenation of the adsorbed CHx species with the Ni surface weaker so that the rate of dehydrogenation slows down. Similar trend can be considered for the case of 3Au-3Mo-Ni/GDC, which is also corroborated by the fact that the 2θ shift of the Ni peak at 44.38° to lower 2θ is even larger than the corresponding peak of Au-Ni (Figure 6) In addition, it can be assumed that the bonding strength of the oxidic species, resulting from the dissociative adsorption of water during the course of the steam reforming reaction, is also weaker so as to be more reactive and drive the surface reaction step 12b faster, thus avoiding the complete dehydrogenation and carbonization reactions of the Ni surface. It must be noted that although steam reforming reaction rate on 3Au-3Mo-Ni/GDC is by factor of three lower than the corresponding rate on Ni/GDC, this is not expected to affect the operation of the electrode as the catalytic rate for H2 production is still higher than the hydrogen demand to be electrochemically oxidized in the fuel cell.

Figure 17 shows the comparison of the impedance spectra for the cell with 3Au-3Mo-Ni/GDC and that with Ni/GDC anode, respectively. The EIS analysis started from the beginning of the stability test (t0) and continued at specific time periods up to the end of the experiments.
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FIGURE 17. EIS measurements on the cells with (A) 3Au-3Mo-Ni/GDC and (B) Ni/GDC anode electrodes during the stability test (140 h) under internal CH4 steam reforming conditions at T = 800°C. The spectra were recorded at consecutive time intervals: t0 = 0 h (■), t4 = 4 h (□), t24 = 24 h (•), t97 = 97 h (▵) and t140 = 140 h (▲), on galvanostatic mode at j = 28 mA/cm2. The reaction mixture comprised 22 vol.% H2O and 78 vol.% CH4 with Ftotal = 150 cc/min (S/C = 0.3 without dilution in carrier gas). Reprinted with permission from Neofytidis et al. (in press).



The first comment is that in both cells the Rohm and Rpol values are relatively high. This is mainly due to the cells' configuration and specifically to: (i) the thick electrolyte (300 μm) and (ii) the fact that the anode electrode comprises only the studied functional layer, without other layers (e.g., adhesion and/or current collection layer) that could decrease the Rohm and Rpol values. Furthermore, the cells had a two electrode (working and counter) configuration, which means that the impedance spectra contain information from both electrodes. However, the reaction conditions on the O2 (counter) side remained constant and the cells were prepared identically. Thus, the configuration of the cells does not hinder the purposes of this investigation and the observed variations of the resistances over time can be mainly ascribed to the induced changes on the examined anode (working) functional layers.

Specifically, at the beginning of the stability (t0) the cell with the ternary electrode (Figure 17A) exhibited lower Rohm and Rpol values, compared to the cell with Ni/GDC. This has been attributed to the different structural properties of the ternary electrode, induced by the formation of the Au-Mo-Ni solid solution. Indicatively, there is improvement on both the electron conductivity properties and the electrochemical interface, developed between the Au-Mo-Ni and the GDC within the structure of the electrode, providing lower Rohm and Rpol, respectively. Further investigation on this issue is currently in the progress, focusing on the changes of the bulk and the surface state of the electrodes, by applying HR-TEM and in situ H2-XPS measurements.

During the evolution of the stability measurements, in the case of Ni/GDC (Figure 17B) the Rpol value increased significantly and this can be correlated to the gradual increase of the carbon formation rate. The accumulation of carbon deposits has been reported (Koh et al., 2002; Subotić et al., 2016a,b) that may block the pores of the electrode and the electrochemical interface at the three phase boundaries. As a result the gas fuel transport/diffusion is limited and there is inhibition of the chemical and electrochemical reactions on the anode side, causing the degradation of the operating potential. The Rohm values exhibited also an increase, but at lower extent than that of Rpol, and the possible reasons are discussed in the next paragraphs.

In the case of the ternary electrode (Figure 17A) the EIS analysis showed a different behavior. The stability conditions had a minor effect on the degradation of Rpol, which did not increase significantly despite the longer (140 h) operation. This is in line with the fact that almost minimal carbon deposits rates were measured during the stability experiment. On the other hand, Rohm was more affected and gradually increased, reaching slightly higher values than those of the Ni/GDC anode. Consequently, the degradation of the operating potential in the cell with 3Au-3Mo-Ni/GDC is mainly related to the increase of the ohmic resistance. This trend can be attributed (Koh et al., 2002; Matsui et al., 2007, 2010; Mogensen et al., 2011; Niakolas, 2014) to the possible gradual re-oxidation and/or agglomeration of nickel, due to the high partial pressure of H2O in the reaction mixture.

In fact the direct comparison of Figures 14, 15 indicates that Au-Ni/GDC sample is superior to the 3Au-3Mo-Ni/GDC, due to the fact that essentially no degradation was observed on the former for a longer testing period. However, as already mentioned, the two electrodes cannot be compared directly because the electrode structure used in Figure 14 comprises the GDC adhesion layer, the Au-Ni/GDC functional layer and the Ni layer over the functional layer that is acting as a current collector. In addition, the current collector was a gold plated Ni mesh. In this respect the ohmic resistances of the anode functional layer of Figure 14 have been diminished, while in the case of the experiment of Figure 15 as has been revealed by the impedance spectra of Figure 17 the contact ohmic losses are comparable with the polarization resistance and especially for the case of 3Au-3Mo-Ni/GDC this appears to be the main cause of the degradation mechanism. Last but not least, note that the experiments of Figure 15 were carried out under S/C = 0.3, which is more difficult to process than the S/C = 2 conditions of the experiment of Figure 14.

In conclusion the cell with 3Au-3Mo-Ni/GDC exhibited higher performance from (t0) up to the final measurement at (t140 h). On the other hand, the higher carbon deposition rate of the cell with Ni/GDC affected as well the I-V plots (Neofytidis et al., in press), which exhibited lower performance from the beginning of the stability and enhanced degradation up to the completion of the experiment at (t70 h).

SULFUR TOLERANCE OF THE NI/GDC, NIAU/GDC, AND NIAUMO/GDC

In Neofytidis et al. (2015) the effect of Au and/or Mo addition is presented and discussed with regards to the behavior and stability of the modified Ni/GDC electrodes in the presence of H2S. In particular, it is shown that the Au-Mo-Ni/GDC electrode has the best and most stable performance both in the presence of 10 ppm H2S under 100 vol% of H2 in the feed under CH4 and H2O (in Helium) at S/C = 2 or S/C = 0.13.

Figure 18 shows the performance of the various Ni/GDC and modified anodes in the presence of 10 ppm H2S/H2 mixtures at 850°C. Ni/GDC and 3Au-Ni/GDC exhibited lower performance compared to the 3Au-3Mo-Ni/GDC, while they also presented a certain degree of degradation in the cell voltage after some time of exposure. In particular in both materials a step decrease in the cell voltage is observed after 70 min (Ni/GDC) and 160 min (Ni-Au/GDC). This step change can be related to the saturation of electrocatalytically active sites by the irreversible adsorption of Sad species. The observed difference in the elapsed time period for the appearance of the voltage step decrease and the corresponding size of the voltage step change can be attributed to the effect on the Sad deposition rate as well as on the equilibrium coverage of Sad on these sites. In this respect the Ni-Au/GDC appears to be improved with respect to the non-modified Ni/GDC. However, 3Au-Ni/GDC anode showed the lowest cell voltage at the beginning of the stability while Ni/GDC showed a medium performance.
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FIGURE 18. Stability diagrams of blank and Au-Mo modified “low-AFL” Ni/GDC anodes under 10 ppm H2S/H2. The experiments were performed at T = 850°C, j = 28 mA/cm2 and Ftotal = 100 cc/min. Reprinted with permission from Neofytidis et al. (2015).



Interestingly the cell with the 3Au-3Mo-Ni/GDC anode exhibits quite stable performance within the examined time period. The cell voltage was close to the corresponding voltage under H2 flow without H2S in the feed, thus yielding the higher current density.

Under internal CH4 steam reforming conditions with the ratio S/C = 2 plus 10 ppm H2S (Figure 19) the 3Au-3Mo-Ni/GDC electrode lasted for almost 2.5 h while the other two electrode materials had experienced a fast degradation reaching to complete deactivation within a time period less than 10 min.
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FIGURE 19. Stability diagrams of blank and Au-Mo modified Ni/GDC anodes under CH4 steam reforming conditions (S/C = 2) plus 10 ppm H2S. The experiments were performed at T = 850 0C, j = 28 mA/cm2 and Ftotal = 100 cc/min. The reaction feed comprised, 6 vol.% H2O, 3 vol.% CH4, and 10 ppm H2S in helium. Reprinted with permission from Neofytidis et al. (2015).



The main difference of the operation under steam reforming conditions with respect to the use of H2 as fuel is that in the former case the poisoning effect of S is initially affecting the catalysis of the steam reforming reaction. In this respect the H2 production is diminished, thus affecting severely the electrocatalytic performance due to H2 fuel starvation.

As it is mentioned in Weaver and Winnick (1989) the Au-Mo-Ni/GDC is characterized by the following improved properties like (i) better electronic conductivity, (ii) better electrochemical interface between the electrode and the electrolyte, and (iii) enhancement of the electrocatalyst‘s sulfur tolerance. The longer life time of the Au-Mo-Ni/GDC can be attributed to the modification of the S bond strength with the catalytic surface so as to cause either the shift of the H2S dissociation equilibrium to the left (decrease of the equilibrium constant) or/and concomitantly affect the rate of the dissociation reaction. These two processes can increase the life span of the catalyst since the rate of formation of the adsorbed Sad species is retarded, thus elongating the time needed to cover and poison the catalytically active sites with Sad.

Although, this synergistic interaction between Au-Mo-Ni is not enough to fully protect the electrode, however it can be sufficient for the protection of the electrode against peak increments in H2S concentration.

In addition to the modification of surface adsorption properties of Ni, significant sulfur tolerance resistance can be obtained by modifying the ionic oxide support e.g., CeO2 or the use of other mixed ionic/electronic perovskite materials like BaZr0.1Ce0.7Y0.2−xYbxO3-δ (BZCYYb) or BaZr0.4Ce0.4Y0.2O3−δ (BZCY), which can be oxygen ion or proton conductors (Wang et al., 2014; Chen et al., 2016). As for the case of carbon tolerance, CeO2 supporting catalytic systems are characterized by the fast transition between Ce4+ to Ce3+ that provides highly mobile O species, which can oxidize adsorbed S species either on Ni or on CeO2. Similar processes have been identified with the aforementioned perovskite type materials especially with the presence of H2O. Thus, the combination of a S tolerant supports and the presented strategy to modify the electronic and adsorption properties of Ni (e.g., with Au and Mo) toward a weakly bonded S can lead hopefully to S resistant electrodes.

CONCLUSIONS

In conclusion the present manuscript has given an overview of the activities of our group describing the roadmap for the deeper insight of the kinetics of the carbon deposition process during the steam reforming of CH4 over Ni based SOFC cermet electrodes and the mitigation strategy followed in order to overcome the electrode degradation issues related to Carbon deposition and Sulfur poisoning. It appears that the key reaction steps that must be controlled in order to avoid carbon formation is to either retard the sequential dehydrogenation steps of CH4 and the corresponding CHx carbonaceous species or by blocking their further dehydrogenation by the oxidation of the latter species into CHxO, which will end up into its dissociation forming CO and H2. The effect on the rate of these reaction steps was achieved by doping Ni with atomically dispersed Au or Au and Mo in order to affect its electronic properties and thus the adsorption strength and Kinetic constants of the aforementioned critical surface reaction steps. The most promising electrode appears to be Au3-Mo3-Ni/GDC, which also combines promising structural configunations, so as to optimize the extend of the electrochemical interface between Ni and GDC and the metal support interactions through the ability of the latter to activate oxygen or water and participate synergistically in the oxidation processes.

The enhanced properties of the ternary Au3-Mo3-Ni/GDC were also shown for its higher tolerance to sulfur poisoning. It seems that the ternary electrode has shifted the equilibrium of the desulfurization reaction toward H2S formation, while the rate of H2S dissociation on the ternary Au3-Mo3-Ni/GDC surface is being retarded.
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