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Abstract 
Structured catalysts based on metal open-cell foam supports are promising 
due to their high strength, heat conductivity, chemical and thermal stability. 
This configuration enables the attainment of uniform temperature distribu-
tion and optimal mass transfer. In this work, the Ni highly-porous open-cell 
material is fabricated by means of the electroplating technique. The 
NiRu/PrSmCeZrO catalyst is comprised of fluorite and NiO phases. The 
NiRu/PrSmCeZrO catalyst is deposited onto the Ni foam support and tested in 
the ethanol steam reforming reaction. The primary products of this reaction 
are H2, CO, and CO2, while CH4 formation is negligible. The conversion of eth-
anol to its products is found to reach 100% at temperature of 700 °C. The 

yields of hydrogen, carbon monoxide, carbon dioxide and methane at 700 °C 

are determined to be 58 %, 14 %, 35 %, and 2.4 %, respectively, for feed 
2.1 vol. % EtOH + 6.3 vol. % H2O + Ar at contact time ~ 0.3 s. The H2:CO ratio 

in the obtained syngas is greater than 1. The high performance of the catalyst 
is attributed to its high oxygen mobility (two forms with D* ~10−11 and 
~10−12 cm2/s at 700 °C) and surface reactivity, as well as the microstructure 
and thermal conductivity of the foam. The catalyst demonstrates stable per-
formance in the ethanol steam reforming process for 20 h of time-on-stream, 
exhibiting minimal degradation of its characteristics. Consequently, these 
open-cell foam catalysts can be utilized in an efficient manner for the ethanol 
steam reforming. 
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Key findings 
● The catalyst based on NiRu/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ and Ni open-cell foam is fabricated 
and tested in ethanol steam reforming. 

● NiRu/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ possesses oxygen transport properties promising for cata-
lytic application (Dfast ~10−11 cm2/s and Dslow ~10−12 cm2/s at 700 °C). 

● Catalytic tests demonstrated almost complete conversion of ethanol and production of hy-
drogen-rich syngas at short contact times ~0.3 sec. 

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed reuse of the work in any medium provided the original work is properly cited. 

1. Introduction 

Ethanol steam reforming (ESR) (Equations 1 and 2) has 

been identified as a significant method for the production 

of hydrogen and syngas. This process has been deemed 

advantageous due to several factors. Primarily, it operates 

at relatively low temperatures, exhibiting mild endother-

mic characteristics. Additionally, it is characterized by a 

low toxicity and a relatively high H2 content. These prop-

erties are particularly appealing in terms of biomass-

derived renewable characteristics [1–6]. 

The ESR net reaction has been conventionally ex-

pressed in the form of Equations 1 or 2: 

C2H5OH + 3H2O = 2CO2 + 6H2, 

ΔrH○
298 = 173.54 kJ/mol, 

(1) 
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C2H5OH + H2O = 2CO + 4H2, 

ΔrH○
298 = 255.86 kJ/mol. 

(2) 

In numerous exo- and endothermic catalytic reactions, 

including ESR, sufficient local temperature gradients may 

emerge, thereby impacting the catalytic performance and 

necessitating the effective heat management [7–11]. One 

way to solve this issue is to use structured catalysts, which 

have improved heat and mass transport properties [9–14]. 

Open-cell foams with extremely high (up to 98 %) po-

rosity have ensured a high hydraulic permeability, while 

their high heat conductivity has allowed to intensify heat 

and mass transfer compared to the pellet or monolith sup-

ports and, hence, reach a uniform temperature distribu-

tion [9,10,15–22]. Such open-cell foams (also referred to 

as sponges) are composed of interconnected solid struts 

that enclose cavities (the cells), which communicate 

through windows (or pores). Furthermore, they have pos-

sessed a high mechanical strength, high surface-to-volume 

ratio ensuring a high surface concentration of the active 

centers, which make them very attractive for application 

in a large number of catalytic reactions [11,15,18–24]. 

The materials utilized in the fabrication of open-cell 

foams must exhibit a high degree of mechanical strength, 

robustness, heat conductivity, and stability under the reac-

tion conditions. These materials have included metals and 

alloys (Al, Ni, Cu, NiAl, AlSiMg, FeCrAl, etc.) [6,9–11,15,19–

26], ceramics (SiC, SiO2, Al2O3, Al2TiO5, (Mg,Fe)2Al4Si5O18, 

etc.) [9,11,20,21,26,27], and cermets (Ni/Al2O3, Al/Al2O3–

SiO2, FeCrAl/Al2O3, Ni/SiC, Cu/SiC etc.) [9,21,23,24,28,29]. 

In order to enhance the chemical stability and mechanical 

properties of the open-cell foam support, the application 

of coatings has been a customary practice. These coatings 

have included Ni [21], Cu [26], Al2O3 [20,22,23], Al2O3–

SiO2 [23], SiC [20] CaO–Al2O3 [20], FeAl/FeAlOy [25], 

LaCrO3−δ [21], LaMnO3−δ [21], etc. 

The catalytic layer to be deposited onto the open-cell 

foam substrate should possess both high activity and high 

stability with respect to the catalytic reaction, as well as 

high stability to coking and sintering. The metal–support 

interaction, redox properties, and high oxygen mobility 

and surface reactivity have been shown to play a crucial 

role in the catalytic performance of the ESR and other re-

actions, the stability of the catalyst, and its resistance to 

coking [3–6,21–23,30–34]. Typically, the ESR catalysts 

have been comprised of metallic and oxide components. 

The metallic component of the catalysts can be based on 

noble (Pt, Rh, Ru, etc.) or/and non-noble (Ni, Co, Cu, etc.) 

metals [4,5,22–24,32,34]. The oxide components exhibit-

ing high oxygen mobility have included perov-

skites [5,22,23,31,33], fluorites [3–6,22,23,31,33], 

spinels [23,31,33,35–37], misfit-layered oxides [34,37], 

and others [4,5,31,34,37]. 

Ceria-zirconia-based catalysts have been extensively 

utilized in ESR and other catalytic reactions [4,5,23,31–

33]. These materials exhibit favorable redox properties, 

attributable to Ce4+/3+ cations. Their oxygen transport 

properties (oxygen tracer diffusion coefficient up to 

~10−9 cm2/s and surface exchange constant up to 

~10−6 cm/s at 700 °C) are sufficiently elevated to facilitate 

the participation of oxygen vacancies in catalytic reactions 

and to impede coking [6,23,32,33,38–41]. The properties 

of these materials can be tailored by adjusting the Ce:Zr 

cation ratio and/or by doping with various cations, such as 

Y [40,42], Pr [22,23,42–45], Sm [22,23,42,45], Ti [43,46], 

Nb [43,46], and others [23,42]. For example, the doping 

with Pr and Sm has been demonstrated to enhance the 

oxygen mobility and the redox properties of the catalyst 

due to an increase in the oxygen vacancy content and re-

dox activity of the Pr4+/3+ cations [23,33,42,44,47,48]. The 

promising performance of the Pr0.15Sm0.15Ce0.35Zr0.35O2−δ-

based catalysts has been demonstrated in a number of cat-

alytic reactions, including ethanol steam and autothermal 

reforming [22,23,45,49], methane steam [50,51], dry and 

oxy-dry reforming [23,33], and others [22,48]. Ni has 

been extensively employed as a cost-effective and efficient 

metallic component in ceria-zirconia-based catalysts 

[2,5,22,23,52]. However, bimetallic catalysts have fre-

quently demonstrated higher catalytic performance in 

comparison to monometallic catalysts [2,4,5,23,52,53]. 

The promising approach has involved the utilization of Ni 

along with small amounts of noble metals, such as Ru, Rh 

and Pd [2,5,23,33,45,48,49,52]. Hence, 

NiRu/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ has been identified as a 

promising catalytic material for ethanol steam reforming. 

In this study, Ni open-cell foam has been obtained via 

electroplating technique. The NiRu/ 

Pr0.15Sm0.15Ce0.35Zr0.35O2−δ catalytic layer has been deposit-

ed onto the foam support. The structured catalyst obtained 

has been tested in the ethanol steam reforming reaction. 

2. Materials and methods 

2.1. Open-cell foam fabrication 

The metal highly-porous open-cell material (HPOCM) was 

obtained via a replication technique of polyurethane (fPU) 

polymer matrix foam RegiCell PPI 25, with dimensions of 

5×5×20 mm3. The formation of metallic coating was ac-

complished by means of an electroplating technique. In 

order to facilitate the desired conductivity, the fPU was 

enveloped in a conductive layer through the implementa-

tion of an electroless nickel plating technique. Prior to the 

electroless nickel plating process, the surface of fPU was 

subjected to a thorough cleaning procedure involving an 

NaOH aqueous solution (120 g/l) at a temperature of 40 °C 

for a duration of 20 min. This was followed by a sensitiza-

tion step using an aqueous solution of SnCl2 and HCl, and 

subsequently, activation in a colloid of metal-organic com-

plex. This step was instrumental in enabling the formation 

of catalytic sites, which were subsequently utilized for the 

deposition of metal. 

https://doi.org/10.15826/chimtech.10059
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The electroless nickel plating was carried out in an 

ammoniacal solution with the following composition: 

 nickel (II) chloride (NiCl2·6H2O) – 25 g/l, 

 ammonium chloride (NH4Cl) – 60 g/l, 

 25 % aqueous ammonia (NH4OH) – 25 ml/l, 

 sodium hypophosphite (NaH2PO2) – 25 g/l. 

The process was carried out at a temperature of 43 °C for 

a duration of 20 min. 

To achieve the desired thickness of Ni (20–60 μm) 

through electrochemical deposition, the metallized HPOCM 

was utilized as the cathode within the electrolytic bath. 

Meanwhile, nickel grade H1 (Ni content ≥ 99.98 %) was 

employed as the anode. Ni was deposited from the electro-

lyte aqueous solution, which was subjected to extensive 

stirring, under a constant voltage of 4.7 V on the bath. The 

electroplating was carried out in a sulfate electrolyte 

based on succinic acid with the following composition: 

 nickel (II) sulfate (NiSO4·7H2O) – 175 g/l, 

 nickel (II) chloride (NiCl2·6H2O) – 20 g/l, 

 succinic acid (C4H6O4) – 30 g/l, 

 saccharin sodium (C7H4NO3SNa) – 2 g/l. 

The process was carried out at a temperature of 50 °C for 

a duration of 40 min. 

After the deposition of 15–25 μm thick metal coating 

(corresponding to the increase in a mass of 1–2 g), the 

samples were subjected to thermal treatment in N2 atmos-

phere for fPU matrix removal. Thermal treatment of the 

samples was carried out according to a multistage regime 

with isothermal hold times of 1 h at each temperature step 

(200–600 °C, step 100°C). 

Subsequent to the removal of the polymer matrix, the 

samples were treated in a 5% HCl aqueous solution at 

room temperature for 1–2 min for the purpose of removing 

surface oxides. Subsequent electroplating was carried out 

using the same electrolyte at 50 °C for 60 min, with a 

voltage of 4.7 V applied to the bath. 

This method enabled the attainment of a metal coating 

thickness measuring 40–50 μm, as substantiated by cross-

section microscopy (Figure 1). 

2.2. Catalyst preparation 

The Pr0.15Sm0.15Ce0.35Zr0.35O2−δ (PSCZ) powder was synthe-

sized by a modified Pechini technique as described in the 

work [54]. The 5 wt. % Ni + 1 wt. % 

Ru/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ (NiRu/PSCZ) powder was 

synthesized by incipient wetness impregnation as de-

scribed elsewhere [55,56]. 

A catalytic layer was deposited onto the Ni foam sup-

port from suspension of the powder in isopropanol with 

addition of polyvinyl butyral followed by drying at 80 °C 

and sintering at 700 °C for 2 h in air. At first, two Al2O3 

layers were deposited subsequently. The final mass of the 

Al2O3 layer (denoted as “A”) was 0.5 wt. % of the mass of 

the Ni foam substrate (1.16 g). Then, three NiRu/PSCZ lay-

ers were deposited subsequently. The final mass of the 

NiRu/PSCZ layer was 4 wt. % of total mass of the Ni foam 

substrate. The photographs of the obtained 

Ni|A|NiRu/PSCZ catalyst are given in Figure 2. 

2.3. Catalyst characterization 

The catalyst was characterized by X-ray diffraction (XRD) 

and scanning electron microscopy (SEM). XRD patterns 

were obtained using a Thermo X’tra diffractometer 

(Thermo Fisher Scientific, Switzerland) with CuKα radia-

tion. Scanning was carried out in the range of angles of 

15°–90° (2θ). The phase identification and quantitative 

calculations were obtained using the ICDD X-ray data file. 

SEM images were obtained using FIB-SEM microscope 

(Tescan Solaris, Brno-Kohoutovice, Czech Republic) 

equipped with secondary and reflected electron detectors. 

The oxygen mobility of the sample was studied by tem-

perature-programmed isotope exchange of oxygen with 

C18O2 in a flow reactor (TPIE C18O2). The sample (0.25–

0.5 mm fraction, 50 mg weight) was loaded into a quartz 

tube reactor with inner diameter of 3 mm. Pretreatment 

was carried out in a flow of 1 % O2 + He (25 ml/min) at 

700 °C for 0.5 h. The sample was subsequently cooled 

down to 50 °C, and the flow was switched to 1 % CO2 + He 

(25 ml/min). After reaching the steady state, the flow was 

switched to 1 % C18O2 + He (25 ml/min). The experiment 

was carried out while heating from 50 °C to 700 °C at a 

rate of 5 °C/min. The outlet gas composition was moni-

tored using a UGA 200 mass spectrometer (Stanford Re-

search Systems). The temperature dependencies of the 18O 

atomic fraction (α) and the C16O18O molecular fraction 

(f16-18) were utilized to calculate the oxygen tracer diffu-

sion coefficient (D*) and surface exchange constant (k*) 

values through mathematical modeling as described else-

where [57,58]. The calculated error of the oxygen tracer 

diffusion coefficient, surface exchange constant and their 

effective activation energy did not exceed ±15 %. 

2.4. Testing in ethanol steam reforming 

The Ni|A|NiRu/PSCZ catalyst was tested using the catalyt-

ic reactor and a specially-built kinetic setup. The reactor 

was fed with a mixture of ethanol and water, which was 

delivered using an evaporator and a DP-PT10 pump (OSS 

Corporation). The feed mixture composition was EtOH + 

H2O + Ar, EtOH inlet concentration 1.5–12 %, steam to 

ethanol ratio of 3, Ar – balance. Contact time (τ) was 0.26–

0.36 s, weight (WHSV) and gas hourly space velocities 

(GHSV) were 6.8–10 h−1 and 10000–13800 h−1, respective-

ly. The gas composition in the reactor outlet was analyzed 

using a gas analyzers Test-1 (Bonair, Russia) with infra-

red, electrochemical and polarographic sensors, and a gas 

chromatograph Chromos GC1000 (Chromos Engineering 

LLC, Russia) equipped with TCD and FID detectors. The 

relative measurement error was ±10 % for H2, CO, CO2 

and CH4, and ±5 % for C2H5OH. The conversion of ethanol 

and the yields of hydrogen, carbon monoxide, carbon diox-

ide and methane were calculated as follows (Equa-

tions (3)–(5)) [36,56,59]: 

https://doi.org/10.15826/chimtech.10059
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Figure 1 Cross-section micrographs of the Ni HPOCMs near the sample surface (a) and in the sample depth (b). 

     

Figure 2 Footages of the Ni|A|NiRu/PSCZ open-cell foam support-based catalyst with dimensions. 

𝑋EtOH=
𝐶EtOH,in − 𝐶EtOH,out

𝐶EtOH,in
× 100%, 

(3) 

𝑌H2
=

𝐶H2,out

6𝐶EtOH,in
× 100%, 

(4) 

𝑌𝑖,out|𝑖=CO, CO2,CH4
=

𝐶𝑖,out

2𝐶EtOH,in
× 100%, 

(5) 

where XEtOH is the conversion of ethanol; Yi is the yield of 

component i; Ci,in and Ci,out correspond to the concentra-

tion of component i at the inlet and outlet of the reactor, 

respectively; i = EtOH, H2, CO, CO2 or CH4. The effective 

pseudo-first-order rate constant (keff) was calculated from 

the linearization according to the following equation [60]: 

𝑙𝑛(1 − 𝑋EtOH) = −𝑘𝑒𝑓𝑓

𝑚𝑐𝑎𝑡

𝑢0
, (6) 

where mcat is the weight of the catalyst; u0 is the gas flow 

rate. 

The catalyst stability test was performed under the 

aforementioned ESR conditions at 650 °C during 20 h 

time-on-stream (TOS). 

3. Results and discussion 

3.1. Catalyst characterization 

The support Pr0.15Sm0.15Ce0.35Zr0.35O2−δ is synthesized for 

deposition to metal substrates to obtain structured cata-

lysts. According to the X-ray diffraction analysis after sin-

tering at 700 °C, the powders are single-phase with a 

fluorite structure. The average scattering region size of 

the sample ~9 nm, which agrees with the average particle 

size from the specific surface area and the true density 

(~10 nm). The unit cell parameter a = 5.331(1) Å. Then the 

active components, nickel and ruthenium, are deposited by 

impregnation with aqueous solutions of the corresponding 

salts. According to the XRD data (Figure 3a), the deposi-

tion of nickel and ruthenium does not lead to a change in 

the fluorite structure, the samples are well crystallized 

and, in addition to the nickel oxide phase, consist of a 

fluorite phase. The RuO2 phase is not observed, which may 

be due to its presence in a highly-dispersed amorphous 

state or its incorporation into the NiO phase or/and sur-

face layers of the fluorite, as observed for some Ni+Ru-

based catalysts [61–63]. The Ni|A|NiRu/PSCZ catalyst 

comprises phases that are observed for the NiRu/PSCZ 

sample as well as the Ni foam (Ni and its alloys with space 

groups Pm3m and Fm3m, Figure 3с). 

 
Figure 3 XRD patterns of (a) 5 % Ni +1 % 
Ru/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ sample sintered at 700 °C, (b) fresh 

and (c) spent Ni|A|NiRu/PSCZ catalyst. f – fluorite, * – NiO, ^ – 

Ni, ↓ – NiAl (Pm3m), & – Ni1−xMx (Fm3m). 

https://doi.org/10.15826/chimtech.10059
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Figure 4 SEM images and element mapping for the fresh 

Ni|A|NiRu/PSCZ catalyst. 

The SEM image of the structured catalyst reveals the 

formation of a porous catalytic coating on the foam sur-

face (Figure 4). The dark-field images with EDX analysis 

of Ni|A|NiRu/PSCZ catalyst demonstrated that 

Pr0.15Sm0.15Ce0.35Zr0.35O2−δ is evenly distributed over the 

surface of Ni foam (Figure 4). The presence of Ni is at-

tributable to the metallic foam substrate and the deposited 

NiO phase. The origin of the carbon signal most likely lies 

in surface carbon contamination, the presence of conduc-

tive carbon tape, or the adsorption of residual carbona-

ceous species. 

3.2. Oxygen mobility and surface reactivity 

The TPIE C18O2 curves obtained for the NiRu/PSCZ sample 

are presented in Figure 5a. The heteroexchange of weakly 

bound surface oxygen with carbon dioxide is observed at 

low temperatures (< 100 °C). The exchange with the bulk 

oxygen starts at the temperatures above 100 °C and is 

characterized by an asymmetric peak with an extremum at 

T ~ 230 °C. The presence of these features is indicative of 

elevated oxygen mobility, augmented surface reactivity, 

and developed surface in the sample.  

According to the mathematical modeling of the TPIE 

C18O2 data (Table 1), the surface heteroexchange rate is 

5.4·10−5 mol/(m2 s) at 500 K, which corresponds to the 

oxygen surface exchange constant value of 6.0·10−8 cm/s 

(Figure 5b). The oxygen bulk mobility exhibits nonuni-

formity: 60 % of the oxygen is characterized by a tracer 

diffusion coefficient Dfast) of 2.5·10−15 cm2/s at 500 K, 

while the value for the remaining 40 % of the oxygen 

(Dslow) is approximately one order of magnitude lower 

(Figure 5b, Table 1). These two forms are presented as two 

peaks on the TPIE curve overlapping into visually single 

asymmetric peak (Figure 5a). The following factors may 

be responsible for the observed nonuniformity in oxygen 

mobility. The partial disordering of the ceria-zirconia 

structure, enhanced by doping with Pr and Sm, may result 

in the formation of a fast oxygen diffusion channel [64–

66]. The oxygen mobility and its nonuniformity may also 

be influenced by different M–O bond lengths (M = Pr, Sm, 

Ce, Zr) [67–69]. An alternative potential explanation per-

tains to the distribution of particle sizes, given that the 

transport properties of oxygen may be susceptible to the 

effects of particle size for materials with such small parti-

cles (~9 nm) [70,71]. Finally, the oxygen mobility may 

differ along grain boundaries and within the grain bulk, as 

demonstrated for numerous fluorite-like materials [23,72–

76]. 

 

 
Figure 5 (a) Temperature-programmed isotope exchange of oxy-
gen with C18O2 in a flow reactor for the 5 % Ni +1 % 

Ru/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ sintered at 700 °C. Points – experi-

ment, lines – modeling. (b) Arrhenius plots for oxygen tracer dif-
fusion coefficient and surface exchange constant according to the 

TPIE C18O2 data. 

 

Table 1 Calculated values of oxygen heteroexchange rate (R, [mol/(m2 s)]) and tracer diffusion coefficient (D*, [cm2/s]) at the tempera-
tures (T, [°C]) of 500 K (227 °C) and 973 K (700 °C), their effective activation energy (Ea, [kJ/mol]) and fraction of each oxygen form 
related to the total oxygen content in the material (θ, [%]). 

T Surface exchange Bulk diffusion 

fast slow 

R Ea D* Ea θ D* Ea θ 

227 5.4·10–5 50 2.8·10–15 80 60 2.8·10–16 70 40 

700 1.9·10–2 2.9·10−11 8.9·10−13 

https://doi.org/10.15826/chimtech.10059


Chimica Techno Acta 2026, vol. 13(4), No. 10059 ARTICLE 

 6 of 13 DOI: 10.15826/chimtech.XYZ  

Table 2 Oxygen tracer diffusion coefficient (D*) and surface exchange constant (k*) values at 700 °C for state-of-the-art catalysts for 
ethanol steam reforming and other reactions for syngas production from fuels [36,40,41,55,67,70,71,77,78,87–92]. 

Composition Methoda D*, [cm2/s] k*, [cm/s] Reference 
5 % Ni +1 % Ru/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ TPIE C18O2 2.9·10−11 (fast) 

8.9·10−13 (slow) 
2.1·10−5 This work 

Ce0.5Zr0.5O2−δ TPIE C18O2 3.4·10−12 - [70] 

3 % Pt/CeO2−δ TPIE 8O2 6.5·10−18 - [90] 
5 % Ni/Ce0.75Zr0.25O2−δ TPIE C18O2 7.1·10−15 - [71] 
5 % Ni/Ce0.75Zr0.25O2−δ TPIE 8O2 - 5.3·10−10 [71] 
5 % Ni/Ce0.75Zr0.15Ti0.1O2−δ TPIE C18O2 3.2·10−15 - [71] 
5 % Ni/Ce0.75Zr0.15Ti0.1O2−δ TPIE 18O2 - 8.7·10−11 [71] 
5 % Ni/Ce0.75Zr0.25Ti0.05Nb0.05O2−δ TPIE C18O2 1.7·10−15 - [71] 
5 % Ni/Ce0.75Zr0.25Ti0.05Nb0.05O2−δ TPIE 18O2 - 1.2·10−10 [71] 
5 % Ni/Ce0.75Zr0.25Ti0.05Nb0.05O2−δ TPIE C18O2 7.8·10−15 - [77] 
5 % Ni/Pr0.2Ce0.4Zr0.4O2−δ TPIE C18O2 3.6·10−12 - [78] 
5 % Ni/Ce0.75Ti0.25O2−δ TPIE C18O2 2.8·10−11 (fast) 

2.8·10−12 (slow) 

- [67] 

1.4 % Pt/Pr0.3Ce0.35Zr0.35O2−δ IIE 18O2 >3.3·10−11 (interfaces) 
4·10−15 (bulk) 

3·10−8 [87] 

8 % LaNiO3−δ +1 % 
Pt/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ 

IIE 18O2 >2.5·10−11 (interfaces) 
3·10−14 (bulk) 

- [88] 

5 % Ni + 1 % Ru/10 % 

Pr0.3Ce0.35Zr0.35O2−δ/MgAl1.9Cr0.1O4 

TPIE C18O2 6.2·10−12 (fast) 

5.5·10−18 (slow) 

- [91] 

Ce0.9Zr0.1O2−δ SIMS IEDP 1·10−16 - [41] 
Ce0.325Zr0.325Y0.35O2−δ SIMS IEDP 6·10−10 2·10−7 [40] 
2 % Ni + 2 % Ru/MnCr2O4 TPIE C18O2 2.6·10−15 - [36] 
2 % Ni + 2 % Ru/Mn2.7Cr0.3O4 TPIE C18O2 3.3·10−13 (fast) 

7.9·10−14 (slow) 
- [36] 

Ni0.35Co0.65Al2O4 TPIE C18O2 1.4·10−19 - [92] 

5 % Ni/La(Ti0.2Mn0.2Fe0.2Co0.2Ni0.2)O3−δ TPIE C18O2 6.2·10−12 (fast) 
5.5·10−18 (slow) 

- [55] 

Ca3Co4O9 IIE 18O2 2.7·10−10 1.6·10−7 [89] 
a TPIE – temperature-programmed isotope exchange, IIE – isothermal isotope exchange, SIMS – secondary-ion mass 
spectrometry, IEDP – isotope exchange depth profiling. 
 

Is to be noted that the oxygen tracer diffusion values 

for the NiRu/PSCZ sample exceed those of the previously 

studied Ce1−xZrxO2−δ samples [66,70,71,77,78], which can 

be attributed to the nanoscale dimensions of domains, re-

sulting in the dominance of diffusion along grain bounda-

ries over diffusion within grains’ bulk, which is revealed 

for numerous nanocrystalline catalytic materials [79–83]. 

The other possible reasons are the increase in the oxygen 

vacancy content while doping with Pr and 

Sm [64,68,69,84,85], redox activity of Pr cations 

[44,61,78,85], the dopant effect on the structure disorder-

ing [64–66] and M–O bond length [67–69,84], as well the 

presence of a more complex set of defects and the rear-

rangement of cation coordination spheres due to doping 

[71,86]. The comparison of oxygen tracer diffusion coeffi-

cient and surface exchange constant values for the 

NiRu/PSCZ sample with various ESR catalysts and other 

oxide materials is presented in Table 2 

[36,40,41,55,67,70,71,77,78,87–92]. The comparison re-

vealed that the oxygen mobility of the NiRu/PSCZ is com-

parable to or higher than that of many state-of-the-art 

materials used for this application based on fluorites, 

spinels, perovskites and other oxides. The oxygen mobility 

remains high despite the presence of the NiO phase which 

possesses very low oxygen mobility [93,94]. Hence, the 

oxygen transport characteristics of the NiRu/PSCZ are 

promising for catalytic applications. They may enable oxy-

gen to participate in catalytic reaction steps. 

3.3. Catalytic performance in ethanol steam re-

forming 

According to the tests of the Ni|A|NiRu/PSCZ catalyst in 

ESR, almost complete ethanol conversion is achieved at 

temperatures ≥700 °C (Table 3). The ethanol conversion 

almost does not change within the estimation error 

(±10 %) with increasing the ethanol inlet concentration 

(Table 4) and the contact time (Table 5). The effective 

pseudo-first-order rate constant values can be estimated 

from linearization of the ln(1–XEtOH) vs mcat/u0 plot (Equa-

tion (6)) as 3·103 cm3/(gcat h) at 700 °C (Figure S1 in the 

Supplementary materials). 

The primary products are hydrogen, carbon dioxide, 

and carbon monoxide (Figures 6a). This is in agreement 

with the high C–C bond scission ability of 

Ni [4,22,23,31,33,95–98]: 

C2H5OH + 3Me–OS = 2CO2 + 3H2 + 3Me, (7) 

Table 3 Temperature effect on ethanol conversion over the 

Ni|A|NiRu/PSCZ catalyst. Feed: 2.1 vol. % EtOH + 6.3 vol. % H2O 
+ Ar, contact time 0.32 s, GHSV 11200 h−1. 

T, [°C] Conversion, [%] 

500 19 

550 92 

600 91 

650 93 
700 95 

750 98 
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Table 4 Conversion of ethanol in ethanol steam reforming over 

the Ni|A|NiRu/PSCZ catalyst depending on the ethanol inlet con-
centration. Feed: EtOH + H2O + Ar, steam to ethanol ratio 3, Ar – 
balance, contact time 0.32 s, temperature 700 °C, GHSV 11200 h−1. 

EtOH, [vol. %] Conversion, [%] 

1.5 95 

3 97 
8 98 

12 99 

Table 5 Conversion of ethanol in ethanol steam reforming over 
the Ni|A|NiRu/PSCZ catalyst depending on the contact time. 

Feed: 1.5 vol. % EtOH + 4.5 vol. % H2O + Ar, Ar – balance, tem-
perature 700 °C. 

τ, [s] GHSV, [h−1] Conversion, [%] 

0.26 13800 94 
0.30 12000 94 

0.36 10000 95 

 

where Me is the surface site of Ni–Ru alloy nanoparticle, 

OS is the surface oxygen at the metal–support interface. 

The formation of methane is observed to occur in negligi-

ble quantities (~0.01–0.1 vol. %), which can be explained 

by its fast oxidation. Chromatography analysis of the 

products in the reactor outlet reveals the absence of any 

other products, such as ethane, ethylene, acetaldehyde, 

acetone, etc. The chromatograms exhibit a single peak 

corresponding to ethanol. For instances of high ethanol 

conversion, the presence of a peak corresponding to me-

thane is also observed (see Figure S2 in the Supplemen-

tary materials). An imbalance in carbon during the exper-

iments is associated with the formation of solid carbon 

and other carbon-containing products that are not subject-

ed to analysis. 

An increase in CO concentration is observed with rising 

temperature, while CO2 concentration exhibits a decline, 

which is attributed to the increasing contribution of the 

reverse water gas shift (RWGS) reaction. The H2, CO, CO2 

and CH4 yields at 700 °C are 58 %, 14 %, 35 % and 2.4 %, 

respectively (Figure 6b). The H2:CO ratio is extremely high 

at the temperatures of 550 °C and below due to the pref-

erential formation of CO2 and, probably, carbon, and 

sharply decreases with increasing the temperature below 

600 °C, which can be attributed to the RWGS reaction as 

well, while the ratio exhibits a modest increase with tem-

perature above 600 °C (Figure 6c). 

The high ethanol conversions can be attributed to a 

high activity of Ni, Ru and PSCZ in the ESR reaction, a high 

oxygen mobility and surface reactivity of PSCZ, and a high 

surface area of the whole catalyst distributed onto the po-

rous Ni foam support. The Ni and Ru active sites and high-

ly mobile oxygen species present at the metal-oxide inter-

face are involved in the cleavage of the C–C bond within 

the ethanol molecule, which is subsequently subjected to 

oxidation, resulting in the formation of CO and 

CO2 [22,31,95,96,99,100]. This can also explain a low CH4 

yield, as it is potentially subject to immediate oxidation. It 

is also noteworthy that Ni from the foam support may con-

tribute to the catalytic performance, given the potential 

for the reaction medium to diffuse through the residual 

porosity of the Al2O3 layers. The oxygen species in the 

PSCZ solid solution including vacancies and reactive sur-

face oxygen species play a pivotal role in the ESR reaction 

steps and act as catalysts for the WGS/RWGS reactions, 

which is facilitated by the redox activity of the Ce4+/3+ and 

Pr4+/3+ cations [6,22,31,85,95,99–102]. This, in conjunction 

with the impact of heat conductive porous support, pro-

vides an efficient catalytic performance. 

 
Figure 6 The Ni|A|NiRu/PSCZ catalyst performance in ethanol steam reforming depending on the temperature: (a) concentrations of 
the products in the reactor outlet; (b) yields of products; (c) H2:CO ratio. (d) Stability test of the catalyst in ethanol steam reforming at 

650 °C. Feed: 2.1 vol. % EtOH + 6.3 vol. % H2O + Ar, contact time 0.32 s, GHSV 11200 h−1. 
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Figure 7 SEM images and element mapping for the spent 

Ni|A|NiRu/PSCZ catalyst. 

The results of the stability test (Figure 6d) indicate 

that the catalyst performance in ESR remains rather sta-

ble over a period of 20 h TOS. Variation of the yields of CO 

and CO2 can be explained by the effect of the WGS/RWGS 

reactions. 

According to the post mortem SEM with EDX studies of 

the catalyst, no admixture segregation is detected (Fig-

ure 7). The SEM with EDX data indicate that the catalyst 

undergoes partial reduction during ethanol steam reform-

ing, resulting in increased exposure of metallic Ni and Ru 

species while preserving the fluorite oxide phase. 

The comparison of the Ni|A|NiRu/PSCZ catalyst per-

formance in ESR with other structured catalysts 

[22,63,103–108] is given in the Table 6. The comparison 

shows that the performance characteristics of the 

Ni|A|NiRu/PSCZ catalyst are comparable or even exceed 

those available in the literature. The comparison also re-

veals that increasing the oxygen mobility of the active 

components tends to increase ethanol conversion and hy-

drogen yield (Figure S3). However, other factors, such as 

catalyst dispersity, acidity/basicity, and the properties of 

metallic and support components, significantly affect 

catalytic performance and stability as well. 

4. Limitations 

It is essential to acknowledge the limitations of this study 

when interpreting the results. First, the contact time and 

GSHV are estimated according to the geometric volume of 

the foam support. WHSV is estimated according to the 

total weight of the catalyst (including Ni foam, Al2O3 

coating and catalytic layer). 

Second, the product concentrations in the reactor out-

let are expressed on a dry basis. The conversion of ethanol 

and the yield of hydrogen, carbon monoxide, carbon diox-

ide and methane are calculated based on the reagent and 

product concentration in the reactor inlet and outlet (on a 

dry basis). It is to be also noted that there is an imbalance 

in carbon during the experiments, which can be associated 

with the formation of solid carbon and other carbon-

containing products that cannot be analyzed using the 

equipment utilized in this study. 

Third, the effective pseudo-first order reaction rate con-

stant cannot be calculated due to the high ethanol conver-

sion. The analysis according to the integral reactor model 

has been carried out, which is an alternative kinetic anal-

ysis for conversion levels above 90 %. It is imperative in 

the further research to vary the contact time over a wide 

range, including shorter times, to obtain conversion data 

in the kinetically controlled regime (below 70–80% con-

version). 

Fourth, the contributions of nickel from the catalyst layer 

and from the foam support may be not clearly distin-

guishable, since blank tests using the foam support with-

out a catalytic layer are not carried out. Additionally, the 

reagents and products may diffuse through the residual 

pores of the Al2O3 layers. 

5. Conclusions 

NiRu/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ catalyst supported on a 

highly porous Ni open-cell foam was fabricated and stud-

ied for its use in ethanol steam reforming. The 

Pr0.15Sm0.15Ce0.35Zr0.35O2−δ sample exhibited a single-phase 

fluorite structure, which was preserved within the cata-

lyst. The sample demonstrates high dispersion, with an 

average grain size of ~9 nm. As demonstrated in the tests 

of the ethanol steam reforming reaction, hydrogen pro-

duction increases with increasing ethanol inlet concentra-

tion. The tests indicate that nearly complete ethanol con-

version is reached at 700 °C. As the temperature rises, the 

hydrogen and carbon monoxide yields increase, while the 

carbon dioxide yield decreases. This can be attributed to 

the effect of the (reverse) water-gas shift reaction. The 

catalyst demonstrated stable performance over a duration 

of 20 h of operation. The exceptional catalytic perfor-

mance can be ascribed to the elevated activity of the NiRu 

bimetallic component, the high oxygen mobility (tracer 

diffusion coefficient for different forms of oxygen is ~10−11 

and ~10−12 cm2/s at 700 °C) and surface reactivity (oxygen 

surface exchange constant is ~10−5 cm/s at 700 °C) of the 

catalyst, which ensure high activity and efficient coke 

formation inhibition. Additionally, the microstructure and 

thermal conductivity of the Ni foam contribute to optimal 

mass and heat transfer. Consequently, the catalysts based 

on open-cell foam, can be utilized with high efficiency in 

the process of ethanol steam reforming and other reac-

tions for the production of syngas from fuels. 
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Table 6 Comparison of the structured catalyst performance in the ethanol steam reforming reaction [22,63,103–108]. 

Catalyst Support type Conditions X(EtOH), 

[%] 

Y(H2), 

[%] 

Stability Refer-

ence 

Ni|A|NiRu/P
SCZ 

HPOCM Feed: EtOH + H2O + Ar, EtOH 
2.1 vol. %, steam to ethanol ratio 

of 3, contact time 0.32 s, GHSV 

11200 h−1, T = 550–750 °C 

19–98 56–63 20 h TOS This 
work 

FeCrAl|A|Ni

Ru/LPMCa–

YSZb 

Microchannel 

plates 

Feed 30 % EtOH + 60 % H2O + 

N2, contact time 0.3 s, T = 550–

700 °C 

20–100 – – [22,63] 

NiAl|A|NiRu/

PSCZ 

Foam-based 

plates 

Feed 30 % EtOH + 60 % H2O + 

N2, contact time 0.3 s, T = 550–

700 °C 

up to 

~100 

– 12 h TOS [22,63] 

Cc|RhPt/CeO2 Monolithic Feed EtOH + H2O, steam to etha-
nol ratio of 4–8, T = 500–950 °C, 

P = 1.5–6 bar 

up to 
~100 

up to ~50 – [103] 

SiC|NiPt/CZd Foam-based 
plates 

Feed 5 % EtOH + 15 % H2O + N2, 
GHSV 114350 h−1, T = 300–600 °C 

10–100 ~5–65 up to 450 h TOS [104] 

NiOx–Pd/Ze Core-shell Feed EtOH + H2O, steam to etha-

nol ratio of 1–5, GHSV 8400–
33600 h−1, T = 200–600 °C 

~30–100 up to ~70 – [105] 

FeOx–Pd/Z Core-shell Feed EtOH + H2O, steam to etha-

nol ratio of 1–5, GHSV 8400–

33600 h−1, T = 200–600 °C 

~70–100 up to ~30 – [105] 

CoOx–Pd/Z Core-shell Feed EtOH + H2O, steam to etha-

nol ratio of 1–5, GHSV 8400–

33600 h−1, T = 200–600 °C 

~50–100 up to ~80 45 h TOS [105] 

FeCrNi-

Al|Ir/CeO2 

Microchannel 

plates 

Feed EtOH + H2O, steam to etha-

nol ratio of 3, 18000 ml gcat
−1 h−1, 

T = 400–650 °C 

~10–100 – Decrease of perfor-

mance during 45 h of 

test 

[106] 

FeCrAl|CoCe/
MAf 

Monolithic Feed EtOH + H2O, steam to etha-
nol ratio of 4.9, liquid flow 0.15–

0.20 ml/min, T = 650 °C 

up to 
~100 

~70–90 up to 40 h TOS [107] 

Sg|Ni/CMh Stainless 
steel plates 

Feed EtOH + H2O + N2, steam to 
ethanol ratio of 6, total flow rate 

27–400 ml/min, T = 400–600 °C 

70–100 ~50–60 – [108] 

a La0.8Pr0.2Mn0.2Cr0.8O3−δ; 
b Zr0.92Y0.08O1.96; 

c cordierite; d CeO2–ZrO2; 
e zeolite Y; f MgAl2O4; 

g stainless steel; h CeO2–MgO. 
 

Supplementary materials 
This manuscript contains supplementary materials, which are available 

on the corresponding online page. 

Figure S1: Semilog plot of the mole fraction of unreacted ethanol as 

a function of mcat/u0. Feed: 1.5 vol. % EtOH + 4.5 vol. % H2O + Ar, Ar 

– balance, temperature 700 °C, GHSV 10000–13800 h−1; Figure S2: 

Chromatograms of the reactor outlet mixture in ethanol steam reform-

ing over the Ni|A|NiRu/PSCZ catalyst at 500 °C (a), 550 °C (b), 600 °C 

(c), 650 °C (d), 700 °C (e) and 750 °C (f). Feed: 2.1 vol. % EtOH + 

6.3 vol. % H2O + Ar, contact time 0.32 s, GHSV 11200 h−1; Figure S3: 

Correlation of ethanol conversion and hydrogen yield in ethanol steam 

reforming over the structured catalyst, and oxygen tracer diffusion co-

efficient. The X(EtOH) and Y(H2) values are provided for the following 

samples: 1 – cordeirite|RhPt/CeO2 [103], 2 – SiC|NiPt/Ce0.5Zr0.5O2−δ 

[104], 3 – Ni|Al2O|NiRu/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ (this work). The D* 

values are provided for CeO2 [78] (1), Ce0.5Zr0.5O2−δ [78] (2), and 

NiRu/Pr0.15Sm0.15Ce0.35Zr0.35O2−δ (Dfast, this work). All values are provided 

for the temperature of 600 °C. 
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