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1. Introduction 

As defense and field-operable energy systems increasingly require resilient and 
deployable hydrogen production capabilities, the development of efficient and 
durable catalysts for hydrocarbon fuel reforming has become a critical technical 
need.1–3 Ethanol has emerged as a promising hydrogen source due to its high 
hydrogen content, abundant availability, nontoxic nature, and ease of storage and 
handling, making it particularly attractive for logistics-relevant and forward-
operating energy platforms.4–7 Among available reforming strategies, catalytic 
partial oxidation (CPOX) was selected due to its ability to enable rapid, on-demand 
operation within simplified system architectures. Its exothermic, self-sustaining 
nature eliminates the need for external heaters or steam supply, rendering it well-
suited for compact, mobile, and field-deployable hydrogen generation systems.8–11 
While noble metals have demonstrated excellent catalytic performance in ethanol 
reforming, their high cost limits scalability, prompting the development of cost-
effective alternatives using earth-abundant transition metals.12,13 

Nickel (Ni)-based catalysts have been widely employed for ethanol reforming due 
to their cost-effectiveness, scalability, and high intrinsic activity toward C-C and 
C-H bond cleavage.14–16 Under practical reforming conditions, however, Ni 
catalysts suffer from rapid deactivation caused by coke deposition and metal 
sintering, which limit long-term durability.17 To mitigate these degradation 
pathways, CeO2-based supports have been widely investigated as stabilization 
platforms for Ni-based reforming catalysts. Its intrinsic properties such as oxygen 
storage capacity and surface oxygen mobility enabled by the presence of Ce3+ and 
Ce4+ ions are critical in mitigating carbon deposition.18–20 Moreover, structural 
modification of CeO2 through aliovalent doping further improves these 
characteristics. The incorporation of gadolinium (Gd3+) into the CeO2 lattice 
introduces charge-compensating oxygen vacancies, resulting in the formation of 
Gd-doped CeO2 (GDC). These vacancies significantly enhance surface oxygen 
mobility and lower the activation barrier for redox reactions, thereby promoting 
sustained surface regeneration and improved catalyst durability during ethanol 
reforming cycles.21 

Beyond support engineering, incorporating small amounts of metals such as 
ruthenium (Ru) has been shown to improve water activation, hydrogen spillover, 
and catalyst regeneration, thereby enhancing the redox performance.22,23 Previous 
studies have shown that Ru is highly effective in promoting reforming reactions 
involving various fuel precursors and improving fuel cell efficiency.24–30 However, 
despite extensive studies on Ni-Ru catalysts and ceria-based materials, the coupled 
effects arising from Ru promotion and oxygen-vacancy-mediated redox behavior 
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in GDC-supported Ni catalysts in ethanol CPOX remain underexplored. While 
GDC provides abundant oxygen vacancies and high lattice oxygen mobility that 
support partial regeneration of active sites,31–35 prior studies have not investigated 
how these vacancy-driven redox properties interact with Ru-facilitated, water-
assisted redox pathways during ethanol CPOX. In particular, how this interaction 
influences sustained hydrogen production, suppression of carbonaceous by-
products, and catalyst regeneration during long-term operations has yet to be clearly 
elucidated. A deeper understanding of these coupled mechanisms is essential for 
designing robust catalysts that can meet the practical requirements of distributed, 
field-deployable, and on-demand hydrogen generation systems. 

In this study, we systematically investigate the promotional role of Ru and its 
synergistic interaction with Ni and GDC for ethanol CPOX by synthesizing 
catalysts with varying support (CeO2 vs. GDC) and promoter compositions (Ni-
only vs. Ni-Ru). To clarify the respective roles of oxygen vacancies in the support 
and Ru as a promoter, a series of catalysts were systematically designed by varying 
the support composition (CeO2 vs. GDC) and metal configuration (Ni-only vs. Ni-
Ru). This work aims to establish a clear structure-function framework for 
understanding how metal-support interactions and promoter effects influence 
catalytic behavior in ethanol CPOX, thereby providing design insights for advanced 
reforming catalysts. 

2. Materials and Methods 

2.1 Catalyst Preparation 

Ni-CeO2 (NC), Ni-GDC (NG), Ni/Ru-CeO2 (NRC), and Ni/Ru-GDC (NRG) 
catalysts were synthesized via a wet impregnation method using Ni(NO3)2·6H2O 
(Alfa Aesar), RuCl3·3H2O (Johnson Matthey), CeO2 (Sigma-Aldrich), and GDC 
(20% Gd, Fuel Cell Materials) as precursors.36–38 The total metal loading was fixed 
at 20 wt% for all catalysts. For monometallic systems (NC and NG), Ni accounted 
for the full metal fraction. For bimetallic catalysts (NRC and NRG), Ni and Ru 
were incorporated at a fixed weight ratio of 9:1. The remaining 80 wt% consisted 
of the oxide support (CeO2 or GDC). These target loadings were calculated based 
on precursor molecular weights, and the impregnated mass ratio was maintained 
identically across all samples to enable direct comparison. The required amounts of 
metal salts were dissolved in a 1:1 mixture of ethanol and deionized water, followed 
by the addition of support powders into the solution. The mixture was stirred and 
heated at 60 °C until a gel-like consistency was achieved, then dried at 80 °C in a 
convection oven. The resulting solids were calcined at 450 °C for 3 h to obtain the 
catalyst powders. For the preparation of dip-coated catalysts, Al2O3 honeycomb 
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monoliths were immersed in a slurry composed of catalyst powder, deionized 
water, and polyvinylpyrrolidone in a 1:1 ratio using a dip coater (PTL-MM01). The 
coated monoliths were dried at 80 °C for 3 h and calcined at 450 °C for 3 h. 

2.2 Characterization 

X-ray diffraction (XRD) patterns were collected using a Bruker Phaser 2 
diffractometer equipped with a Cu Kα radiation source. Catalyst morphology  
was examined using scanning electron microscopy (SEM; Phenom).  
Hydrogen temperature-programmed reduction (H2-TPR) was performed using a 
chemisorption analyzer (AutoChem III 2930). 10 mg of catalyst was heated from 
room temperature to 900 °C at a rate of 10 °C/min under a flow of 10 vol% H2 in 
He with a total flow rate of 50 sccm. X-ray photoelectron spectroscopy (XPS) 
analyses were conducted on reduced catalysts with a Phi 5000 VersaProbe III 
spectrometer. All spectra were calibrated to the adventitious C 1s peak at  
284.8 eV. Peak deconvolution and fitting of the XPS spectra were performed using 
the PHI MultiPak software. Thermogravimetric analysis (TGA) was carried out 
using a TGA 7 instrument to evaluate coke accumulation by heating the samples to 
800 °C at a rate of 10 °C/min in air. 

2.3 Catalytic Testing 

Catalytic activity tests were conducted in a continuous-flow fixed-bed quartz 
tubular reactor placed in a tube furnace and operated at 600 °C at a heating rate of 
5 °C/min. For each test, 20 mg of catalyst was loaded into the reactor either in 
powder form or dip coated onto an Al2O3 honeycomb monolith. Prior to reaction, 
the catalysts were pre-reduced under 5% H2/N2 flow (100 sccm) at 600 °C for 
40 min. After the reduction step, the reaction was directly initiated at 600 °C 
without intermediate cooling. Ethanol was supplied using a syringe pump at 0.02 
mL/min, vaporized prior to mixing with air controlled by mass flow controller. 
Multiple O/C ratios (1.05–2.69) were initially screened by adjusting the air feed 
rate. Based on these preliminary evaluations, O/C = 1.6 was selected due to stable 
H2 production and minimized formation of CH4 and C2 hydrocarbons. Under the 
final operating condition, air flow was fixed at 40 sccm and ethanol at 0.02 mL/min. 
Outlet gas flow was monitored using a mass flow meter to ensure total flow  
stability throughout the reaction. Reaction products were analyzed using a gas 
chromatograph (INFICON Micro GC), with calibration performed using certified 
gas standards (H2, CO, CO2, CH4, C2H4, C2H6). After each experiment, the system 
was cooled under N2 (100 sccm) at a controlled rate of 10 °C/min before sample 
removal. To ensure data reliability, each catalytic test was conducted until steady-
state operation was achieved after an initial stabilization period. Product yields 
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were averaged over the steady-state region. Selected experiments were repeated 
under identical conditions to confirm reproducibility. Ethanol conversion (XEtOH), 
H2 yield (𝑌𝑌𝐻𝐻2), and carbon-based product yields (𝑌𝑌𝐶𝐶,𝑖𝑖) were calculated using the 
following equations39–43: 

XEtOH = 𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑖𝑖𝑖𝑖−𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑜𝑜𝑜𝑜𝑜𝑜
𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑖𝑖𝑖𝑖

× 100 

𝑌𝑌𝐻𝐻2 =  𝐹𝐹𝐻𝐻2
3∙𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑖𝑖𝑖𝑖

× 100 

𝑌𝑌𝐶𝐶,𝑖𝑖 =  𝐹𝐹𝑖𝑖∙𝐶𝐶𝑖𝑖
2∙𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

× 100 

where 𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑖𝑖𝑖𝑖  and 𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑜𝑜𝑜𝑜𝑜𝑜 represent the inlet and outlet molar flow rates of 
ethanol, respectively; 𝐹𝐹𝐻𝐻2 represents the outlet molar flow rate of hydrogen; and 𝐹𝐹𝑖𝑖, 
𝐶𝐶𝑖𝑖, and 𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 represent the molar flow rate of carbon-containing product 
𝑖𝑖, number of carbon atoms in product i, and molar flow rate of ethanol consumed, 
respectively. For all catalytic tests, complete ethanol conversion (100%) was 
observed under the reaction conditions. 

3. Results and Discussion 

To evaluate the phase composition and crystallinity, XRD θ-2θ scans were 
conducted at room temperature for the NC, NRC, NG, and NRG catalysts. Figure 
1a shows that all samples exhibited dominant diffraction patterns corresponding to 
fluorite-structured CeO2 or GDC, indicating that the support phase remained 
largely preserved after catalyst synthesis (CeO2: PDF #81-0792). Additional 
reflections observed at approximately 37.2°, 43.2°, 62.9°, and 75.5° were assigned 
to NiO (PDF #78-0643), confirming the presence of NiO species across all samples. 
Due to the relatively low loading of Ru (total metal loading = 20 wt%, Ni/Ru = 
9:1), no distinct Ru-related reflections were detected in the NRC and NRG samples. 
XRD patterns collected after H2 reduction (Figure 1b) showed the disappearance of 
NiO reflections and the emergence of metallic Ni peaks (PDF #89-7128), 
confirming the effective reduction of nickel oxide during catalyst activation. The 
fluorite structure of CeO2 and GDC remained unchanged after reduction, 
confirming the structural stability of the supports under reductive conditions. 
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Figure 1. XRD patterns of (a) as-synthesized and (b) reduced NC, NRC, NG, and NRG. 

The morphology of the NRC and NRG catalysts after reduction was examined 
using SEM (Figure 2a,b). Both catalysts exhibited surfaces decorated with 
uniformly distributed Ni nanoparticles. Energy dispersive spectroscopy (EDS) 
elemental mapping of the NRG catalyst (Figure 2c) confirmed that Ni nanoparticles 
(red) were well dispersed on the GDC support (green). Ru is not shown in this 
mapping due to its relatively low loading. Nevertheless, its presence within the 
catalyst structure was verified through the corresponding EDS spectrum (Figure 3), 
confirming the successful incorporation of both active metals onto the GDC support. 

 
Figure 2. SEM images of (a) NRC and (b) NRG catalysts, and (c) EDS elemental mapping 
of NRG, where red denotes Ni and green denotes the GDC support. Ru is not visible in the 
mapping due to its low loading, but its presence was confirmed by EDS spectrum in Figure 3. 

 
Figure 3. (a) SEM image of the NRG catalyst and (b) corresponding EDS spectrum. 
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Average yields of H2, CO, CO2, CH4, C2H4, and C2H6 were measured by GC after 
ethanol CPOX reactions conducted at 600 °C using an O/C ratio of 1.6 over NC, 
NRC, NG, and NRG catalysts. The O/C ratio of 1.6 was selected because it 
produced relatively high yields of H2 and CO while minimizing the formation of 
CH4 and C2 hydrocarbons (Figure 4), thereby providing a stable operating window 
that balanced oxidation and reforming with suppressed side reactions. It is 
important to note that Ru was carefully selected as a promoter due to its unique 
ability to facilitate water activation, enhance surface oxygen mobility, and 
accelerate redox cycling.22,23,44,45  

 
Figure 4. Product yield profiles obtained from blank ethanol CPOX tests conducted at  
600 °C under different O/C ratios. 

Figure 5a shows that alternative secondary metals (Cu, Fe, Co, Mo) added to NG 
did not yield significant improvements. Optimization of the Ni:Ru ratio further 
showed that while a 9.5:0.5 composition improved performance relative to NG, it 
was less effective than the 9:1 ratio. Increasing the Ru content beyond this point 
provided no additional benefit, thereby establishing the Ni/Ru ratio of 9:1 as the 
optimal balance for catalytic performance (Figure 5b).
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Figure 5. Product yields during ethanol CPOX at 600 °C over Ni-based catalysts supported 
on GDC. (a) Average yields of H2, CO, CO2, CH4, C2H4, and C2H6 over Ni/X(9:1)-GDC 
catalysts with various secondary metals (X = Cu, Fe, Co, Mo, Ru). (b) Yields over Ni/Ru(10-
x:x)-GDC catalysts with varying Ru content (x = 0, 0.5, 1, 2). Each data point represents the 
average over a 5-h test. 

Figure 6a shows that NG exhibited a notable increase in H2 yield compared with 
NC, indicating the beneficial effect of the GDC support. Incorporation of Ru into 
NG (NRG) significantly enhanced H2 production and reduced CH4 and C2 
hydrocarbon formation (Figure 6b), whereas the same Ru addition to NC (NRC) 
resulted in minimal change. Although differences in support crystallite size or 
surface area could influence the density of accessible sites, the distinct performance 
trends observed here, particularly the asymmetric response to Ru promotion 
between CeO2- and GDC-supported catalysts, indicated that enhanced CPOX 
performance could not be attributed to size-related effects alone. Instead, the 
observed performance trends were consistent with cooperative interactions among 
Ni active sites, Ru promoter, and the oxygen-vacancy-rich GDC support. The GDC 
support supplied mobile lattice oxygen that participated in the oxidation of carbon 
species, thereby mitigating coke accumulation on the Ni surface.46 Concurrently, 
Ru promoted surface redox processes and facilitated the regeneration of oxygen-
deficient sites in the oxygen-vacancy-rich GDC support. This cooperative 
mechanism enabled a continuous cycle in which GDC oxidized surface carbon 
species and Ru assisted in regenerating the oxygen-deficient sites, thereby 
sustaining catalyst activity during ethanol reforming.29,47,48 This interpretation was 
supported by TGA analysis of catalysts recovered after short-term CPOX operation 
(~5 h), where the NRG catalyst exhibited significantly lower weight loss, indicating 
suppressed coke formation during the initial reaction period (Figure 7). In this 
oxidative environment, enhanced oxygen mobility and rapid replenishment of 
surface oxygen promoted higher H2 and CO formation and suppressed non-
oxidative pathways that lead to CH4 and C2 hydrocarbons.49,50 This suppression was 
attributed to the inhibition of ethanol pyrolysis and cracking routes, thereby 
favoring selective partial oxidation via redox-assisted mechanisms.51  
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Figure 6. Average yields of (a) H2, CO, and CO2, and (b) CH4, C2H4, and C2H6 during 
ethanol CPOX at 600 °C over 5 h for catalysts NC, NRC, NG, and NRG. Reactions were 
conducted in a fixed-bed quartz reactor using 20 mg of catalyst with an O/C ratio of 1.6. 

 
Figure 7. TGA of NG and NRG catalysts after 5-h ethanol CPOX testing at 600 °C. 

To further assess the promotional role of Ru and its cooperative interaction with Ni 
and GDC support, H2-TPR measurements were performed for CeO2 and GDC 
supports, as well as NC, NG, NRC, and NRG catalysts, as summarized in Figure 8. 
The profiles of the bare supports showed that GDC exhibited a lower overall 
reduction temperature compared with CeO2, which was consistent with the 
presence of oxygen vacancies introduced by Gd doping. In general, H2-TPR 
profiles of CeO2-based materials show two distinct regions: a low-temperature peak 
(300–600 °C), corresponding to the reduction of surface Ce4+ to Ce3+, and a higher-
temperature peak (700–800 °C), attributed to the bulk lattice reduction.52–58 For 
GDC, the reduction peaks were shifted to lower temperatures relative to CeO2, 
indicating enhanced reducibility. This shift was attributed to the higher 
concentration of oxygen vacancies, which facilitated lattice oxygen mobility on the 
GDC surface and lowered the activation barrier for reduction.52,59 Notably, the main 
NiO reduction peak of NG (~365 °C) occurred at a slightly higher temperature than 
that of NC (~335 °C), despite the higher intrinsic reducibility of GDC. This 
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behavior was consistent with stronger metal-support interactions in the NG system, 
where increased oxygen vacancy concentration likely led to stronger anchoring of 
Ni species, thereby requiring higher temperatures for reduction.60 Upon 
incorporation of Ru into NG to form the NRG catalyst, the NiO reduction peak 
shifted substantially to approximately 310 °C, along with two additional low-
temperature reduction peaks at approximately 120 °C and 155 °C, which were 
assigned to the sequential reduction of RuO2 species.61,62 Compared with the 
corresponding NiO reduction peak in NG (~365 °C) and RuO2-related reduction 
peak observed for NRC (~189 °C), NRG catalyst exhibited significant peak shifts 
to lower temperatures, suggesting that active hydrogen species adsorbed on pre-
reduced Ru sites could spill over to adjacent NiO, thereby facilitating its reduction 
on the GDC surface.63–65 These shifts also reflected enhanced surface reducibility 
in NRG, likely associated with the high oxygen vacancy density of the GDC 
support, which promoted adsorption of more readily reducible oxygen species and 
increased H2 consumption at low temperatures.54,66 Collectively, the H2-TPR 
results were consistent with cooperative interactions among Ni, Ru, and the 
oxygen-vacancy-rich GDC support, contributing to the enhanced redox behavior in 
the NRG catalyst system. 

 
Figure 8. H2-TPR profiles of (a) CeO2, NC, and NRC, and (b) GDC, NG, and NRG 
catalysts. 

The surface electronic structures of reduced NRC and NRG catalysts were 
investigated by XPS, as summarized in Figure 9 and Table 1. Analysis of the Ni 2p 
region (Figure 9a) was performed to assess metal reducibility, since the Ru peak 
overlapped with the intense C 1s signal (~285 eV) and the Ru loading was relatively 
low (Ni:Ru = 9:1 within ~20 wt% total metal). The spectra revealed the coexistence 
of both oxidized (Ni2+) and metallic (Ni0) states, with NRG (32%) exhibiting a 
larger fraction of metallic Ni than NRC (8.9%), consistent with the enhanced 
surface reducibility observed in the H2-TPR profiles. Notably, the Ni 2p peaks of 
NRG were shifted to slightly higher binding energies compared with those of NRC, 
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which was consistent with stronger metal-support interactions between Ni species 
and the oxygen-vacancy-rich GDC support.67–69 The O 1s spectra (Figure 9b) were 
deconvoluted into four oxygen species: chemisorbed water (OW), surface-adsorbed 
defect-related oxygen species (OS), hydroxyl groups (OOH), and lattice oxygen 
(OL). Compared with NRC (1.8%), the NRG catalyst (10.5%) exhibited a higher 
concentration of OW, indicating increased availability of water-related surface 
species associated with the combined presence of Ni, Ru, and the oxygen-vacancy-
rich GDC support, which was favorable for suppressing coke deposition.29 In 
addition, the O 1s features of NRG showed a systematic shift toward higher binding 
energies, following the same trend observed for the Ni 2p spectra. This concurrent 
shift suggested a modified surface oxygen environment consistent with a more 
defect-rich, vacancy-prone oxide support.70 In line with these observations, the Ce 
3d spectra (Figure 9c) showed a higher Ce3+ fraction for NRG compared with NRC. 
Taken together, the combined XPS and H2-TPR results were consistent with higher 
surface reducibility, increased defect-related surface characteristics, and enhanced 
availability of water-related surface species in the NRG catalyst, correlating with 
its improved catalytic performance and resistance to coke formation.  

 
Figure 9. XPS of (a) Ni 2p, (b) O 1s, and (c) Ce 3d for reduced NRC and NRG catalysts. 
Elemental concentrations are presented in mol%. 

Table 1. Binding energy (eV) of Ni, O, and Ce. 
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To further evaluate the role of Ru in enhancing water-involving pathways and redox 
performance, the H2/CO ratio and CH4 selectivity were evaluated, as summarized 
in Figure 10. In ethanol CPOX, water can participate through pathways such as CO 
+ H2O → CO2 + H2 and CH4 + H2O → CO + 3H2.71,72 The NRG catalyst, which 
incorporated Ru into NG, exhibited an increased H2/CO ratio, indicating enhanced 
involvement of water-assisted reactions during ethanol conversion (Figure 10a). In 
contrast, the addition of Ru to NC (NRC) resulted in a slight decrease in the H2/CO 
ratio. This difference was attributed to the lower oxygen vacancy density of the 
CeO2 support, which limited redox cycling and the effective involvement of water-
derived species in CO conversion and associated H2 formation.73,74 In addition, the 
CH4 selectivity of NRG was significantly lower than that of NC, NRC, and NG, 
indicating suppressed methane formation (Figure 10b). This suppression was 
favorable, as CH4 is typically produced via non-oxidative pathways such as ethanol 
hydrogenation or decomposition, which compete with partial oxidation and reduce 
hydrogen yield. The persistence of relatively high CH4 selectivity in NG, despite 
its oxygen-vacancy-rich GDC support, suggested that GDC alone was not sufficient 
to fully suppress these undesired pathways. By contrast, incorporation of Ru into 
NG (NRG) modified the surface reaction environment by enhancing water-assisted 
redox processes, which facilitated the oxidation of carbonaceous intermediates 
prior to their conversion to methane.75,76 Overall, the reduced CH4 selectivity and 
increased H2/CO ratio observed for NRG were consistent with enhanced oxidative 
reaction pathways enabled by the combined presence of Ru and the oxygen-
vacancy-rich GDC support, resulting in improved hydrogen yield and reduced 
formation of undesirable by-products. 

 
Figure 10. H2/CO ratio and CH4 selectivity of NC, NRC, NG, and NRG catalysts during 
ethanol CPOX at 600 °C. 
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To evaluate the practical applicability of the NC, NG, NRC, and NRG catalysts, a 
long-term stability test was performed, as summarized in Figure 11. For this test, 
the catalysts were dip-coated onto a commercially available Al2O3 honeycomb 
monolith, which offered mechanical robustness, high geometric surface area, and 
efficient gas-solid contact, thereby making it suitable for real-world catalytic 
applications.77–79 The NG catalyst exhibited a slower deactivation rate (–0.67 %/h) 
compared with NC (–1.32 %/h), showing the stabilizing role of GDC’s higher 
oxygen vacancy density and superior lattice oxygen mobility. In contrast, CeO2, 
with its lower vacancy density, was more susceptible to oxygen depletion under 
prolonged operation, reducing its ability to oxidize carbon deposits. Incorporation 
of a small amount of Ru into both NG and NC moderated the deactivation rate. 
While Ru reduced the stability gap between GDC‐ and CeO2‐supported catalysts, 
NRG consistently maintained an approximately 10% higher H2 yield than NRC 
throughout the test, consistent with the combined effect of Ru incorporation and the 
oxygen-vacancy-rich GDC support. Notably, both NRC and NRG displayed slope 
changes in their deactivation profiles after approximately 1,200–1,500 min. 

 
Figure 11. Long-term hydrogen yield stability of NC, NG, NRC, and NRG catalysts coated 
on an Al2O3 honeycomb monolith during ethanol CPOX at 600 °C with an O/C ratio of 1.6. 

For NRC, the slope shifted from –0.49 to –0.59 %/h, suggesting a transition from 
kinetically controlled operation to a diffusion-limited regime, where carbon 
accumulation progressively restricted steam and oxygen access to the catalyst 
surface, thereby suppressing H2‐forming reactions.42,80,81 In contrast, NRG 
transitioned from –0.54 to a gradual decay of –0.15 %/h, sustaining approximately 
80% of its initial hydrogen yield for approximately 50 h. This stabilized regime was 
consistent with a redox-assisted regenerative mechanism involving cooperative 
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interactions among Ni, Ru, and the GDC support, where lattice oxygen from GDC 
oxidized carbon deposits, Ru facilitated hydrogen spillover and sustained surface 
redox cycling, and Ni continued to cleave C-C and C-H bonds, collectively slowing 
H2 yield loss under diffusion-limited conditions. This interpretation was supported 
by TGA of catalysts collected after the long-term tests, where NRG exhibited 
substantially lower weight loss than NRC, indicating reduced coke accumulation 
(Figure 12). Consistently, SEM images of spent catalysts revealed extensive carbon 
fiber formation on NRC, whereas the NRG catalyst remained largely free of 
filamentous carbon deposits (Figure 13). These observations collectively confirmed 
that the NRG catalyst sustained high hydrogen yield and long-term stability in 
ethanol CPOX, where its strong coke resistance ensured an extended lifetime and 
highlighted its potential for practical reforming applications. 

 
Figure 12. TGA of NRC and NRG catalysts after long-term ethanol CPOX testing at 600 °C. 
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Figure 13. SEM images of (a) NRG and (b) NRC catalysts after long-term ethanol CPOX 
operation, and corresponding higher-magnification images of (c) NRG and (d) NRC, 
highlighting differences in carbon deposition morphology. 

4. Conclusion 

In this work, we examined the synergistic effects of Ni, Ru, and oxygen-vacancy-
rich GDC in ethanol CPOX. Compared with NC, the NG catalyst exhibited higher 
hydrogen yield, indicating that oxygen vacancies enhanced surface oxygen mobility 
and facilitated catalyst self-regeneration. Additional promotion with Ru to form the 
NRG catalyst led to further improvements, including increased hydrogen production, 
suppressed hydrocarbon by-products, and extended catalyst lifetime. Gas analysis of 
the NRG catalyst revealed the highest H2/CO ratio and the lowest CH4 selectivity 
among all catalysts, consistent with enhanced participation of water-involving 
pathways and effective suppression of undesired reaction routes. XPS and H2-TPR 
results showed that both Gd doping and Ru incorporation enhanced reducibility, 
increased defect-related surface characteristics, and improved the availability of 
water-related surface species. In particular, Ru in the NRG catalyst facilitated NiO 
reduction through hydrogen spillover, while the oxygen-vacancy-rich GDC support 
promoted sustained redox cycling. Long-term stability testing, together with post-
reaction TGA and SEM analyses, confirmed reduced coke accumulation on the NRG 
catalyst, supporting a redox-assisted regenerative mechanism enabled by the 
combined presence of Ru and GDC. These results highlighted the critical role of 
oxygen vacancies and metal-support interactions in achieving durable, coke-resistant 
catalytic performance. Overall, this study provided mechanistic insights and practical 
design guidance for the development of robust CPOX catalysts suitable for 
distributed hydrogen generation applications.   
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List of Symbols, Abbreviations, and Acronyms 

CPOX Catalytic Partial Oxidation 

EDS Energy Dispersive Spectroscopy 

GC Gas Chromatograph 

GDC Gd-Doped CeO2 

H2-TPR Hydrogen Temperature-Programmed Reduction  

NC Ni-CeO2 

NG Ni-GDC 

Ni Nickel 

NRC Ni/Ru-CeO2 

NRG Ni/Ru-GDC 

Ru Ruthenium 

SEM Scanning Electron Microscopy 

XPS X-ray Photoelectron Spectroscopy 

XRD X-ray Diffraction 

TGA Thermogravimetric Analysis 

𝐶𝐶𝑖𝑖 Number of Carbon Atoms in Product 𝑖𝑖  

𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 Molar Flow Rate of Ethanol Consumed 

𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑖𝑖𝑖𝑖 Inlet Molar Flow Rates of Ethanol 

𝐹𝐹𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸,𝑜𝑜𝑜𝑜𝑜𝑜 Outlet Molar Flow Rates of Ethanol 

𝐹𝐹𝐻𝐻2 Outlet Molar Flow Rate of Hydrogen  

𝐹𝐹𝑖𝑖 Molar Flow Rate of Carbon-Containing Product 𝑖𝑖 

XEtOH Ethanol Conversion 

𝑌𝑌𝐻𝐻2 H2 Yield 

𝑌𝑌𝐶𝐶,𝑖𝑖 Carbon-Based Product Yields 
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