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1. Introduction 

The increasing need for robust and deployable hydrogen generation technologies 
has driven renewed interest in reforming-based energy systems suitable for defense 
and field-operable applications.1–4 In this context, the development of catalysts that 
combine high activity with long-term durability is essential for enabling reliable 
hydrogen production from liquid fuels. Ethanol is particularly attractive as a 
hydrogen feedstock because of its high hydrogen density, widespread availability, 
low toxicity, and favorable storage and handling characteristics, which align well 
with logistics-focused and forward-deployed energy platforms.5–8 Among available 
reforming strategies, catalytic partial oxidation (CPOX) is especially advantageous 
due to its rapid startup capability and simplified system requirements. As an 
exothermic and self-sustaining process, CPOX eliminates the need for external 
heating or steam generation, making it well suited for compact, mobile hydrogen 
production units.9–12  

Although noble-metal catalysts offer high reforming efficiency, their cost and 
resource limitations motivate the pursuit of alternative catalyst systems based on 
earth-abundant elements.13,14 Nickel-(Ni)-based catalysts are widely regarded as 
practical candidates for ethanol reforming owing to their low cost, scalability, and 
strong activity for C–C and C–H bond activation.15–17 Nevertheless, under high-
temperature and carbon-intensive reforming conditions, Ni catalysts are susceptible 
to performance degradation caused by carbon accumulation and particle sintering, 
which ultimately compromise operational stability.18 To overcome these 
limitations, ceria-based supports have been extensively investigated due to their 
ability to facilitate redox-driven surface regeneration. The reversible Ce4+/Ce3+ 
redox couple provides oxygen storage and enhanced surface oxygen mobility, both 
of which play key roles in suppressing coke formation.19–21 Further enhancement 
can be achieved through aliovalent doping of cerium(IV) oxide (CeO2). In 
particular, substitution with gadolinium (Gd) introduces oxygen vacancies that 
promote faster oxygen transport and lower redox activation barriers, resulting in 
Gd-doped CeO2 (GDC) supports that enable improved catalyst stability during 
ethanol reforming.22  

Beyond support material design, bimetallic catalyst strategies have proven effective 
in further improving reforming stability.23–29 Previously, we demonstrated that 
incorporating ruthenium (Ru) as a secondary metal into Ni-based catalysts 
supported on oxygen-vacancy-rich GDC significantly enhances catalytic 
durability.30 The synergistic interaction between Ni and Ru promotes catalyst 
reducibility and reforming activity, while the high oxygen mobility of the GDC 
support material facilitates continuous oxidation of carbonaceous intermediates, 
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thereby suppressing coke formation. While these synergistic effects have been 
demonstrated using powder catalysts and dip-coated commercial ceramic 
honeycomb architectures, they have not been systematically examined within 
engineered catalyst architectures where material composition and 3D geometry can 
be independently controlled. Building on this previously established Ni–Ru–GDC 
synergy hypothesis at the support material level, the present work extends the 
investigation to reactor-relevant ceramic architectures to elucidate the coupled roles 
of catalyst chemistry and architecture in ethanol CPOX performance. 

Additive manufacturing, particularly 3D printing, provides a compelling route to 
engineer catalyst architectures with controlled geometry and high design flexibility. 
Unlike conventional forming routes that rely on fixed templates or vendor-defined 
formats, 3D printing enables deliberate tuning of pore topology, channel 
connectivity, and feature size to influence mass transport, heat transfer, and 
effective catalyst utilization.31–34 Such capabilities are especially attractive for 
reforming systems, where performance and durability are often limited not only by 
catalyst chemistry but also by reactor-relevant architecture constraints. Recent 
studies have further highlighted the ability of 3D-printed architectures to increase 
accessible surface area and to enable precisely defined geometries when combined 
with complementary materials processing methods.35–37 These advances suggest 
that engineered 3D architectures can serve as a practical platform for integrating 
active reforming catalysts with oxide support materials that provide additional 
chemical functionality, such as oxygen storage and redox-driven surface 
regeneration. In particular, incorporating oxygen-vacancy-rich materials (e.g., 
GDC) into 3D-printed ceramic architectures offers a pathway to simultaneously 
address transport limitations and coke-related deactivation during ethanol 
reforming. 

Accordingly, the objective of this project is to develop and evaluate additively 
manufactured ceramic architectures for ethanol CPOX by fabricating reactor-
relevant geometries using custom-developed GDC ceramic resins, while 
maintaining a consistent Ni–Ru–GDC catalyst chemistry introduced via dip-
coating. Rather than modifying catalyst composition, this work focuses on 
implementing an established Ni–Ru–GDC system within engineered 3D 
architectures to examine how structural realization influences reforming 
performance under reactor-relevant operating conditions. The significance of this 
approach lies in establishing a fabrication capability that enables direct integration 
of oxygen-vacancy-rich GDC into well-defined ceramic architectures. By 
extending GDC from a powder-level support material to an architectural material 
that defines the macroscopic catalyst structure, this study enables systematic 
evaluation of how architectural implementation impacts hydrogen productivity, 
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carbon resistance, and pore accessibility during ethanol CPOX. Collectively, this 
framework provides a practical pathway for translating proven catalyst chemistries 
into deployable, structured components suitable for compact and field-operable 
reforming systems. 

2. Materials and Methods 

Custom ceramic resins were developed for stereolithography (SLA) printing by 
dispersing GDC (20% Gd, fuel cell materials) powder into a photopolymerizable 
resin system. The base resin consisted of polyethylene glycol diacrylate (Sigma-
Aldrich) as the monomer, phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide 
(Sigma-Aldrich) as the photo initiator, and W-969 (BYK) as a dispersant. The 
resin–ceramic mixture was homogenized using magnetic stirring at controlled 
speeds to ensure uniform dispersion of the ceramic powder within the resin matrix. 
A key challenge during resin formulation was optimizing the ceramic powder 
loading to balance printability and final ceramic content. Increasing the ceramic 
fraction is desirable for enhancing the structural and functional properties of the 
sintered catalyst architectures; however, excessive ceramic loading can adversely 
affect SLA printability, leading to issues such as poor resin flow, incomplete curing, 
or feature distortion. Through iterative formulation and printing trials, an optimal 
balance between printability and ceramic content was established. Based on this 
optimization, a ceramic load of 40 wt% GDC was identified as the most suitable 
composition, providing reliable printing performance while maintaining structural 
integrity after debinding and sintering. For comparison, a commercially available 
alumina resin compatible with Formlabs SLA printers was used to fabricate 
alumina gyroid architectures.  

Computer-aided design models of honeycomb and gyroid architectures were 
created using SolidWorks and exported as STL files for slicing. Printing was 
performed using an SLA printer (Form 4, Formlabs), with layer thickness set to 
50 µm. Early layer exposure parameters, including laser energy density and 
exposure height, were optimized to ensure robust adhesion between the build 
platform and the initial printed layers. Additionally, exposure conditions for 
subsequent layers were adjusted to promote strong interlayer bonding while 
maintaining adequate green-state strength and stiffness. After printing, debinding 
schedules were designed based on thermogravimetric analysis (TGA) to minimize 
cracking and distortion during polymer removal. GDC samples were sintered at 
1100 °C, yielding crack-free ceramic structures with uniform shrinkage. 

Ni–Ru–GDC catalysts were synthesized via a wet impregnation method using 
Ni(NO3)2·6H2O (Alfa Aesar), RuCl3·3H2O (Johnson Matthey), and GDC powder 
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as precursors.38–40 The total metal loading was fixed at 20 wt%, with Ni and Ru 
incorporated at a fixed weight ratio of 9:1, while the remaining 80 wt% consisted 
of the oxide support (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, 3D-printed 
architectures were immersed in a slurry composed of catalyst powder, deionized 
water, and polyvinylpyrrolidone in a 1:1 ratio using a dip coater (PTL-MM01). A 
single dip-coating cycle was employed for all samples to ensure consistency. The 
coated architectures were dried at 80 °C for 3 h and calcined at 450 °C for 3 h. 

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–1. 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, vaporized prior to mixing with air controlled by mass flow 
controller. The ethanol and air feed rates were controlled to obtain an oxygen-to-
carbon ratio of 1.6, selected to ensure stable H2 production and minimized 
formation of CH4 and C2 hydrocarbons. 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, and 
C2H6). After each experiment, the system was cooled under N2 (100 sccm) at a 
controlled rate of 10 °C min–1 before sample removal. To ensure data reliability, 
each catalytic test was conducted until steady-state operation was achieved after an 
initial stabilization period. Specific hydrogen production rates were averaged over 
the steady-state region. 

3. Results and Discussion 

The structural fidelity of additively manufactured ceramic architectures is critically 
influenced by the pre-sintering process, during which polymer removal and initial 
ceramic consolidation occur. The pre-sintering behavior of the printed GDC 
architectures was therefore examined to establish a reliable foundation for 
subsequent sintering and catalytic evaluation. To address this, a detailed pre-
sintering baking process was developed based on TGA performed in air at a heating 
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rate of 1 °C min–1 on 3D-printed GDC samples to monitor weight loss as a function 
of temperature, providing critical insight into solvent evaporation, polymer 
decomposition, and binder burnout processes (Figure 1). The 3D-printed GDC 
samples exhibited distinct weight-loss events at approximately 170, 240, and 
288 °C, which are consistent with staged removal of volatile species and early 
decomposition of organic constituents typically observed during the low-
temperature debinding regime.41  

 
Figure 1. TGA results of 3D-printed GDC samples prepared with 40 wt% and 50 wt% 
resin formulations. 

Based on these observations, a customized debinding schedule was designed to 
enable gradual removal of volatile and organic species while minimizing internal 
stress development within the printed architectures. This controlled thermal 
treatment is particularly important for complex, open-channel structures, where 
rapid gas evolution or uneven binder removal can lead to cracking, delamination, 
or distortion between printed layers.42,43 Table 1 summarizes the optimized 
debinding schedule employed for the 3D-printed GDC samples. Architectures 
subjected to this tailored debinding process consistently exhibited crack-free 
morphologies, in contrast to samples processed without controlled temperature 
staging, which showed visible cracking and structural defects (Figure 2). Following 
debinding, sintering was performed at 1100 °C, resulting in dense ceramic 
architectures that preserved their designed geometry. The sintered GDC structures 
exhibited a uniform linear shrinkage of approximately 36.6% (Figure 3), indicating 
homogeneous ceramic consolidation throughout the architecture. Importantly, the 
absence of localized deformation or feature collapse confirms that the combined 
resin formulation, printing, and thermal processing strategy successfully translated 
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the designed 3D geometry into a mechanically robust ceramic structure suitable for 
subsequent catalytic evaluation. 

Table 1. Debinding schedule details for the 3D-printed GDC samples. 

Time step 
(min) 

End temp 
(°C) 

Rate 
(°C/min) 

0 20 . . . 
60 50 0.5 

120 50 0 
500 100 0.1 
120 100 0 
300 130 0.1 
360 130 0 
200 150 0.1 
240 150 0 
250 175 0.1 
240 175 0 
350 210 0.1 
360 210 0 
500 260 0.1 
360 260 0 
400 300 0.1 
360 300 0 
1000 400 0.1 
120 400 0 
380 20 1 

 

 

 
Figure 2. Images of 3D-printed GDC samples after debinding. The sample processed using 
the optimized, temperature-controlled debinding schedule (left) substantially reduced 
cracking and minimal layer distortion, whereas the sample processed without staged 
temperature control (right) shows pronounced cracking and interlayer deformation. 
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Figure 3. Images of 3D-printed GDC samples showing the green body before thermal 
processing (left) and the fully sintered ceramic after debinding and sintering (right). The 
sintered sample retains the designed honeycomb geometry with uniform shrinkage. 

With the structural integrity of the additively manufactured architectures 
established, the catalytic performance of the Ni–Ru–GDC system was evaluated 
under ethanol CPOX conditions and compared across different structural 
implementations (Figure 4). The specific hydrogen production rate of the Ni–Ru–
GDC powder catalyst was measured to be approximately 2.46-mol H2 g–1 h–1. A 
comparable value (2.44-mol H2 g–1 h–1) was obtained when the same catalyst 
chemistry was implemented via dip-coating onto a commercial Al2O3 honeycomb, 
indicating that simple integration of the catalyst on an inert ceramic substrate does 
not inherently enhance hydrogen productivity. To examine the effect of 3D 
architectural design independent of support chemistry, an Al2O3 gyroid structure 
was selected as a representative 3D-printed architecture. Gyroid geometry is a triply 
periodic minimal surface characterized by continuous curvature, high surface-area-
to-volume ratio, and fully interconnected pore networks, which are advantageous 
for promoting uniform gas distribution, minimizing transport dead zones, and 
enhancing effective catalyst utilization.44–46 Consistent with these attributes, the 
Al2O3 gyroid architecture exhibited a markedly increased hydrogen production rate 
of approximately 4.86-mol H2 g–1 h–1, nearly doubling the performance relative to 
both the powder catalyst and the dip-coated commercial honeycomb. This 
improvement underscores the critical role of architecture in governing mass 
transport and accessibility of active sites during ethanol reforming.  
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Figure 4. Specific hydrogen production rates of the Ni–Ru–GDC catalyst system 
implemented in different architectural configurations during ethanol CPOX at 600 °C. 

While the gyroid architecture could also be successfully printed using the custom 
GDC resin (Figure 5), optimization of the debinding process for this more complex 
geometry remains ongoing. Therefore, to reliably evaluate the influence of 
incorporating oxygen-vacancy-rich GDC as an architectural material, a simpler and 
more robust honeycomb geometry was employed for the GDC-based structures. 
The 3D-printed GDC architectures were fabricated in a honeycomb configuration 
with a porosity of 30 ppi (hexagon size: 0.9 mm), a diameter of 7.25 cm, and a 
thickness of 1.7 mm after debinding and sintering (Figure 6). This geometry 
provided mechanically stable, open-channel structures with well-defined flow 
paths, enabling reproducible catalytic testing.  

 
Figure 5. Comparison of additively manufactured gyroid architectures fabricated using 
GDC (left) and Al2O3 (right) ceramic resins, demonstrating comparable geometric fidelity and 
structural resolution. 
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Figure 6. 3D-printed GDC honeycomb architectures after debinding and sintering, 
illustrating uniform geometry retention and reproducible fabrication. 

Among all tested configurations, the 3D-printed GDC honeycomb architecture 
exhibited the highest hydrogen production rate of 5.46-mol H2 g–1 h–1. Because the 
active metal composition was kept constant across all samples, this additional 
performance gain is attributed to the combined effects of architectural 
implementation and support-material chemistry. By extending GDC from a 
powder-level support to an architectural material that defines the macroscopic 
catalyst structure, the redox-active and oxygen-vacancy-rich nature of GDC is 
distributed throughout the reactor-relevant architecture, facilitating enhanced 
oxygen mobility, improved removal of carbonaceous intermediates, and sustained 
access to active sites during reforming.47–49 This interpretation is further supported 
by post-reaction visual examination of the tested structures, which revealed that the 
GDC honeycomb exhibited the least apparent carbon deposition among all 
evaluated configurations. In contrast to the Al2O3-based architectures, the GDC 
honeycomb retained clean and open channels after reaction, with minimal 
darkening or pore blockage, indicating effective suppression of carbon 
accumulation under ethanol CPOX conditions (Figure 7). Overall, these results 
demonstrate that hydrogen productivity during ethanol CPOX is governed not only 
by catalyst chemistry but also by how that chemistry is implemented within a 3D 
architecture. In particular, the combination of a structurally robust honeycomb 
geometry with an oxygen-vacancy-rich GDC framework enables synergistic 
enhancement of reforming performance beyond what is achievable using powder 
catalysts or dip-coated commercial supports. 

 
Figure 7. Representative images of structured catalysts after ethanol CPOX testing. (a) 
Commercial Al2O3 honeycomb and (b) Al2O3 gyroid exhibit pronounced darkening and visible 
accumulation of dark fragments after reaction, whereas (c) the 3D-printed GDC honeycomb 
retains an open-channel morphology with minimal visible blockage. 
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4. Future Perspective 

Commercially available catalyst architectures, such as alumina honeycombs, offer 
well-established performance but inherently require reliance on external vendors. 
This dependence imposes significant constraints on material selection, geometry, 
size, and quantity, often accompanied by long lead times and minimum order 
requirements. Such limitations become particularly restrictive when non-standard 
designs, rapid iteration, or mission-specific configurations are needed. In contrast, 
the present work demonstrates that catalyst architectures can be fabricated in-house 
using custom-developed ceramic resins and additive manufacturing. By decoupling 
catalyst architecture fabrication from commercial supply chains, both the material 
composition and 3D architecture can be tailored on demand. This approach enables 
rapid adjustment of geometry, size, and production volume without tooling changes 
or vendor negotiation, providing a level of flexibility that is not achievable with 
conventional commercial architectures. While initial development of printable 
ceramic resins and process optimization requires upfront effort, once established, 
this platform allows for significantly reduced fabrication lead times for customized 
components and lowers the cost barrier for small-batch or prototype production. 
More importantly, the ability to rapidly design, fabricate, and test catalyst structures 
accelerates experimental iteration and technology maturation. From an Army 
perspective, this capability offers a strategic advantage by enabling mission-
adaptable catalyst architectures, reduced reliance on external suppliers, and on-
demand fabrication under constrained or rapidly changing operational 
requirements. Such flexibility is particularly relevant for expeditionary energy 
systems, forward-deployed fuel processing units, and distributed hydrogen 
generation, where logistics, supply resilience, and adaptability are critical. The 
demonstrated 3D-printing framework therefore provides a pathway toward 
scalable, resilient, and customizable catalyst systems aligned with Army 
operational needs.  

5. Conclusion 

This study demonstrates that hydrogen production performance in ethanol CPOX 
is governed not only by catalyst chemistry, but also by how that chemistry is 
implemented within a reactor-relevant 3D architecture. In addition to establishing 
the performance benefits of architectural design, this work demonstrates the 
successful development of a custom, printable GDC ceramic resin, enabling 
additive manufacturing of oxygen-vacancy-rich ceramic architectures using SLA. 
Using a consistent Ni–Ru–GDC catalyst system, the effects of architectural 
implementation were systematically evaluated through comparison of powder 
catalysts, dip-coated commercial ceramic honeycombs, and additively 
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manufactured architectures. While the powder catalyst and dip-coated Al2O3 
honeycomb exhibited comparable hydrogen production rates, substantial 
performance enhancement was achieved through 3D structuring. The Al2O3 gyroid 
architecture confirmed that architectural design alone can significantly improve 
hydrogen productivity by enhancing gas transport and effective catalyst utilization. 
Further improvement was achieved when GDC was employed as an architectural 
material, with the 3D-printed GDC honeycomb delivering the highest hydrogen 
production rate and exhibiting the least apparent carbon deposit after reaction. 
Collectively, these results establish that extending GDC from a powder-level 
support to a printable architectural framework enables uniform distribution of redox 
functionality and oxygen mobility throughout the catalyst structure, leading to 
enhanced hydrogen productivity and improved resistance to carbon accumulation. 
More broadly, this work highlights the importance of architecture-aware catalyst 
design and demonstrates a practical, vendor-independent pathway for translating 
proven catalyst chemistries into compact, durable, and field-operable hydrogen 
generation systems through additive manufacturing.   
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3D  Three-Dimensional 

CeO2 Cerium(IV) Oxide; Ceria 

CPOX Catalytic Partial Oxidation 
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Gd Gadolinium  

GDC Gd-Doped CeO2 

Ni Nickel 

Ru Ruthenium 

SLA  Stereolithography 

TGA  Thermogravimetric Analysis 
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