Pre prints.org

Article Not peer-reviewed version

Effect of Gadolinium-Doped Ceria (GDC)
Promoter on the Catalytic Activity of
Ni/Al20s in Methane Dry Reforming

Y.Li, S. B. Nourani Najafi : , P. V. Aravind , A. Mokhov

Posted Date: 26 February 2026
doi: 10.20944/preprints202602.1593v1

Keywords: Dry reforming of methane;Ni catalysts;Al203 support;GDC promoter

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently
E available and citable. Preprints posted at Preprints.org appear in Web of
(=] Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/5127488
https://sciprofiles.com/profile/5113598
https://sciprofiles.com/profile/5120297
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 February 2026 d0i:10.20944/preprints202602.1593.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Effect of Gadolinium-Doped Ceria (GDC) Promoter
on the Catalytic Activity of Ni/Al,O; in Methane Dry
Reforming

Y. Li, S.B. Nourani Najafi *, P.V. Aravind and A.V. Mokhov

Energy Conversion, Energy and Sustainability Research Institute Groningen (ESRIG), University of Groningen, The
Netherlands

* Correspondence: s.b.nourani.najafi@rug.nl

Abstract

Dry reforming of methane (DRM) is an attractive route for H2 production and simultaneous CO;
utilization, but its practical implementation is limited by catalyst deactivation. This study
experimentally investigates the catalytic performance of Ni/Al,O; and Gd-doped ceria—promoted
Ni/GDC-ALO; catalysts for DRM in a fixed-bed quartz reactor over 400-800 °C at gas residence times
of 0.1 s and 0.4 s. Increasing temperature and residence time enhanced CH, and CO, conversion as
well as H, and CO yields for both catalysts. The GDC-promoted catalyst exhibited markedly
improved activity, achieving conversions and product yields at 0.1 s comparable to those of Ni/Al,O3
at 0.4 s and reaching complete CH, conversion at about 650 °C, approximately 100 °C lower than the
Ni/ALQO;. Long-term testing demonstrated high durability of Ni/GDC-AlL,O; at 650 °C with no
detectable carbon deposition, consistent with thermodynamic equilibrium analysis.

Keywords: dry reforming of methane; Ni catalysts; Al.2Os support; GDC promoter

1. Introduction

The incentive to reduce the carbon footprint of power systems is driving the development and
introduction of low-carbon and zero-carbon fuels. Hydrogen (H,) is widely regarded as an energy
carrier with significant potential for decarbonizing industrial processes [1]. H, can be produced via
dry methane reforming (DRM), a process that simultaneously consumes methane (CH,) and carbon
dioxide (COs). This makes DRM an attractive route not only for H2 production but also for the
mitigation of greenhouse gas emissions, thereby contributing to environmental impact reduction.
The overall chemical reaction of the DRM is as follows [2]:

CH, + CO, 2 2H, + 2CO AHazss = +247 kJ/mol (1)

The elevated temperatures are required to overcome the activation barrier of the reaction and
achieve appreciable reaction rate. To facilitate the reaction, it is typically performed over suitable
catalysts which provide an alternative reaction pathway with a lower effective activation energy [3].
However, catalyst performance is often severely compromised by carbon deposition, metal sintering,
and insufficient long-term stability under the demanding reaction conditions required for DRM [4].
Consequently, the development of robust catalysts remains a critical research focus.

Noble metal catalysts such as ruthenium (Ru), rhodium (Rh), platinum (Pt), and palladium (Pd)
have demonstrated excellent catalytic activity and resistance to carbon formation in DRM due to their
superior ability to activate CH4 and suppress coke formation [3]. Despite these advantages, their high
cost and limited availability significantly restrict their large-scale industrial application. In contrast,
nickel (Ni) catalysts have emerged as a promising alternative owing to their high activity for CHa
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activation, abundance, and economic viability. Nevertheless, Ni catalysts are susceptible to sintering
and carbon deposition, which leads to rapid deactivation [5].

In Ni-based catalysts, the catalyst support plays a key role in determining Ni species
dispersion, thermal stability, and resistance to deactivation [4]. Therefore, careful choice of
support is an important design parameter for improving the performance and durability of Ni
catalysts. Common supports for Ni-based systems include metal oxides such as alumina (AL,O;),
magnesia (MgO), ceria (CeO,), and lanthana (La,O5) [6].

Within the group of oxide supports, Al,Os; has emerged as one of the most widely used materials
due to its high surface area, excellent thermal stability, mechanical strength, and favorable interaction
with Ni species [7]. Despite these advantages, the Ni/AlLOs catalysts still face challenges related to
coke formation and limited oxygen mobility, necessitating further modification [8].

To improve the performance and stability of the Ni/Al,O; catalysts, the introduction of suitable
promoters has been widely investigated. Promoters can modify the surface, enhance Ni dispersion,
increase oxygen mobility, and facilitate the removal of carbonaceous species formed during DRM [2].
Numerous studies have reported that the incorporation of CeO, into Ni/ALQO; catalysts as a promoter
significantly enhances catalytic performance during DRM [9-13].

To further optimize catalytic activity, CeO, can be doped with gadolinium (Gd), forming Gd-
doped ceria (GDC). While several studies have investigated GDC as a support or promoter for Ni-
based catalysts in DRM [14-20], few studies, to the authors” knowledge, have examined DRM over
Ni/GDC-ALO; catalysts. G.X. Zhang et al. [21] investigated the effects of Gd doping on the structure
and DRM activity of Gd-promoted Ni/CeO,-ALO; catalysts with different Gd,Os loadings and
examined their DRM performance in a fixed-bed quartz reactor at 500-800 °C. Their study
demonstrated that calcination at 800 °C significantly influenced catalytic performance, while Gd
addition notably enhanced both reaction activity and resistance to carbon deposition. Among the
catalysts tested, Ni/CeO—Al,O; with 1.2 wt% Gd,Os exhibited the highest catalytic activity and
stability. Y. Khani et al. [22] evaluated a series of Ni-based catalysts for CHs reforming using
reactors coated with Ni/X-ALO; (X = Ce, Zr, Gd) and Ni/CeZr(.sGdO; catalysts over the temperature
range of 500-800 °C, and demonstrated that the Ni/Ce-Zr-Gd-Al,O; catalyst exhibited appreciable
CH, conversion and reasonable stability under reaction conditions confirming the beneficial role of
combined Ce-Zr-Gd promotion in enhancing Ni/Al,Ojs catalytic performance.

The present study aims to experimentally investigate the performance of Ni/Al,Os and Ni/GDC-
ALO; catalysts in DRM using a fixed-bed quartz reactor under various operating conditions. The
effects of operating temperature, gas mixture residence time in the reactor, and catalyst type on
reforming performance are evaluated. The experimental results are further compared with
thermodynamic equilibrium calculations to identify the operating conditions under which the
reforming behavior most closely approaches equilibrium while ensuring minimal carbon deposition,
thereby promoting catalyst stability.

2. Experimental Setup

The dry reforming experiments were conducted using the setup shown schematically in Fig. 1.
A premixed gas stream consisting of CH,, CO,, and nitrogen (N;) was introduced into the reformer,
which was positioned inside a horizontal Carbolite furnace (2 kW maximum power, maximum
temperature 1200 °C). The furnace comprised a ceramic tube (650 mm length, 65 mm inner diameter),
within which a centered tubular quartz reactor (10 mm inner diameter, 12 mm outer diameter, 900
mm length) was placed. Axial temperature measurements using a type K thermocouple indicated
that the temperature distribution along the quartz tube is almost uniform, with a temperature
deviation of less than 5 °C.

For the experiments, two types of catalyst beds were prepared by mechanical mixing. One
contained 0.4 g of commercial NiO powder, characterized by a BET surface area of 3.5 m?-g-1 supplied
by Fuel Cell Materials Inc. [23], mixed with 3.0 g of porous Al;Os; microspheres supplied by MaTecK
Inc. [24]. The other contained 0.4 g of a NiO-GDC composite (60 wt% NiO — 40 wt% GdoiCe0sOz2-x),
with a BET surface area of 4 m?g-supplied by Fuel Cell Materials, mixed with 3.0 g of porous porous
AlOs; microspheres. The catalyst bed (40 mm in length) was positioned at the center of the furnace to
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ensure isothermal operation. Prior to each experiment, the catalysts were reduced in situ under H,
flow.

The total flow rate of the gas mixture is controlled using a Bronkhorst mass flow controller and
set to either 500 ml/min or 2000 ml/min, corresponding to residence times of approximately 0.4 s and
0.1 s within the reformer, respectively. The gas stream exiting the reformer is directed to a Aglient
490 Micro gas chromatograph (GC) for measuring the mole fractions of H,, carbon monoxide (CO),
CH4, N2 and CO,, with an estimated relative uncertainty of 2%. Prior to entering the GC, water (H20)
vapor is removed using a silica gel dryer to prevent moisture interference, as the instrument is highly
sensitive to H20 and can be damaged by exposure. The GC exhaust stream is discharged to the
chimney. Both the GC and the mass flow controllers are operated and monitored through a computer
based control system.

The feed composition consists of 2% CHy, 4% CO,, and 94% N,. For this gas mixture, the chemical
transformation governed by Eq. 1 can be presented as:

0.02 CHs +0.04 CO2+0.94 N2— 0.04 H2+ 0.04 CO + 0.02 CO2 + 0.94 N2 2)

The low fractions of CH, and CO; are selected because, as mentioned above, the dry reforming
reaction is highly endothermic, and limiting the reactant fractions lowers the overall heat demand of
the system. This minimizes temperature gradients within the reactor and thereby helps maintain a
uniform temperature distribution, which is essential for reliable kinetic measurements. Furthermore,
a CO,/CH,ratio of 2, which is above the stoichiometric value (Eq.1), decreases the tendency for carbon
deposition because CO, can supply oxygen species that help gasify carbon formed from CH, and CO
cracking [25]. This effect is supported by equilibrium calculations, which indicate that excess CO,
suppresses carbon deposition. In this study, the equilibrium calculations were performed using a
computational program based on the Gibbs free-energy minimization method [26]. Equilibrium
calculations accounted for 53 common gas species in C-H-O system [27], along with condensed H20
and carbon. Following equilibrium determination, species fractions were recalculated by removing
H:O from the gas mixture and re-normalizing the remaining components to enable comparison with
the GC measurements.

Furnace

> oo e

MFC Reactor

—

Control Box /TR
Computer

Figure 1. Schematic of the experimental setup.

3. Results and Discussion

Figures 2a and 2b show the CH4 and CO, mole fractions, respectively, measured over the reactor
temperature interval of 400-800 °C at residence times of 0.1 s and 0.4 s using Ni/Al,Os; and Ni/GDC-
ALO; catalysts, alongside thermodynamic equilibrium mole fractions calculated for comparison.
As shown in Fig. 2a, the CH, fraction at 400 °C is approximately 2% for both catalysts and residence
times, corresponding to the CHa4 inlet concentration before any reforming occurs. With increasing
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temperature, the CH, fraction decreases, reflecting enhanced reforming activity and a trend toward
the equilibrium concentration. At 600 °C over the Ni/ALLO; catalyst, roughly 20% of the CH, is
converted at the residence time of 0.1s, whereas approximately 60% is converted at 0.4s,
demonstrating the substantial influence of residence time on the extent of CH, reforming. The results
also indicate that at 750 °C, the CH, concentration is reduced to below 0.1% at a residence time of 0.4
s while at 0.1 s, approximately 75% of the CH, is reformed.

( ) -@- Ni/AI203-0.1s -@- Ni/GDC-AI203-0.15s == Equilibrium calc (b) -@- Ni/AI203-0.15s - Ni/GDC-AI203-01s —-= Equilibrium calc
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Figure 2. Experimental and equilibrium mole fractions as functions of temperature over Ni/Al,O3; and Ni/GDC-
Al O; catalysts at residence times of 0.1 s and 0.4 s: (a) CH, and (b) CO..

A similar trend is observed for the experiments conducted with the Ni/GDC-ALQO:s catalyst.
Comparison of the two catalysts indicates that the reforming process proceeds more rapidly with
Ni/GDC-AlOs. For instance, at 600 °C and a residence time of 0.1 s, approximately 60% of the CH, is
reformed, which is comparable to the conversion achieved with Ni/Al2Os at the same temperature
but at a longer residence time of 0.4 s. As shown, near-total CH, conversion at a residence time of 0.4
s is achieved at 650 °C, representing an approximately 100 °C decrease in the temperature required
compared with the Ni/Al,Os catalyst under the same residence time.

The CO; variations exhibit behavior similar to that of CH,, as shown in Fig. 2b. This fraction at
400 °C is approximately 4% for both catalysts and residence times, corresponding to the CO; inlet
concentration. With increasing temperature, the CO, fraction decreases, reflecting enhanced
reforming activity and a trend toward the equilibrium fraction of about 1.5%. The effects of residence
time and catalysts on CO, conversion are similar to those observed for CH,. For instance, at 600 °C
over the Ni/Al,Os catalyst, roughly 20% of the CO; is converted at a residence time of 0.1 s, whereas
approximately 40% is converted at 0.4 s which is comparable to the value achieved with Ni/GDC-
ALO;s at the same temperature but with a shorter residence time of 0.1 s.

Figures 3a and 3b present the H, and CO mole fractions, respectively, as functions of reactor
temperature at residence times of 0.1 s and 0.4 s, measured using Ni/AlLOs; and Ni/GDC-ALO;
catalysts, together with comparisons to equilibrium calculations. As shown in Fig. 3a, for both
catalysts and residence times, the H, fraction at 400 °C is zero before reforming occurs, and then
increases with temperature, in agreement with the CH, reforming trends in Fig. 2a. At 600 °C over
the Ni/AlOj3 catalyst, the H fraction is 1.7% for a residence time of 0.4 s and about 0.5% for 0.1 s,
demonstrating the effect of residence time. At 750 °C, the H, fraction reaches about 3% at 0.4s,
approaching the equilibrium H, fraction, whereas a lower value of 2.4% is observed at 0.1s.
Experiments using the Ni/GDC-AIO; catalyst exhibit a similar trend, with accelerated Hz production.
For example, the H, fraction tends toward its equilibrium value at about 650 °C with the Ni/GDC-
AlOs catalyst at a residence time of 0.4 s, which is about 100 °C lower than the temperature required
under identical residence time conditions when using the Ni/Al2Os catalyst.
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Figure 3. Experimental and equilibrium mole fractions as functions of temperature over Ni/Al,O3; and Ni/GDC-
Al O;5 catalysts at residence times of 0.1 s and 0.4 s: (a) H2 and (b) CO. .

The CO variations exhibit behavior similar to that of Hs, as shown in Fig. 3b. At 400 °C, the
fraction is zero before reforming occurs and then increases with temperature. At 650 °C over the
Ni/ALQO; catalyst, the CO fraction is about 3.8% at a residence time of 0.4 s, and at 750 °C it reaches
4.5%, approaching equilibrium. Experiments using the Ni/GDC-Al,Os catalyst follow a similar trend,
exhibiting accelerated CO production consistent with the faster CH, and CO, consumption observed
in Fig. 2a and 2b. For instance, at 600 °C over the Ni/GDC-ALOs catalyst, the CO fraction is
approximately 4% at a residence time of 0.4 s and about 2.8% at 0.1 s, where the latter is comparable
to that obtained with Ni/AlO; at the same temperature and a residence time of 0.4 s.

Comparison of the measured mole fraction values, which are close to equilibrium (Figures 2 and
3), with those derived by Eq. 2 reveals clear differences. The measured fractions of H,, CO,, and CO
are about 3%, 1.5%, and 4.5%, respectively, whereas Eq. 2 indicates approximately 4%, 2%, and 4%.
These discrepancies show that Eq. 2 alone cannot fully describe the DRM chemical reaction system.

We attribute the discrepancies to H,O formation. Usually this process is described by the
endothermic reverse water—gas shift (RWGS) reaction (Eq. 3 [2]), which consumes H, and CO, and
produces CO and H,O, thereby decreasing the H, and CO, mole fractions while increasing the CO
mole fraction in the product relative to those derived by Eq. 2.

CO, +H, = CO + H,0 AHaz9s = +41 kJ/mol 3)

Furthermore, at some measurement points, carbon deposition was observed, as indicated by
changes in catalyst color and reactor pressure. The formation of solid carbon cannot be explained by
Eq. 2 or Eq. 3. Commonly it is attributed to the Boudouard reaction (Eq. 4 [2]).

2CO = CO, +Cs AHazss = -247 kJ/mol (4)

where Cs is solid carbon. This reaction is strongly exothermic, and Cs forms from CO as the reaction
proceeds. Increasing the temperature, however, promotes the endothermic reverse reaction, which
gasifies Cs and forms CO. However, it should be pointed out that CHa reforming is a multi-step
complex process and additional reactions might be added to the reaction mechanism to describe it
properly.

The formation of H>O and solid carbon is also shown by the equilibrium calculations. Figure 4
presents the equilibrium fractions of HO and solid carbon as functions of temperature. Under
conditions where the experimental measurements tend to equilibrium (Figures 1 and 2), the H,O
mole fraction is approximately 0.5% and increases slightly with temperature.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 4. Equilibrium fractions of H,O and solid carbon as functions of temperature.

The equilibrium calculation implies a carbon deposition of approximately 2% at 400 °C. As the
temperature increases, the solid carbon fraction decreases to zero above 620 °C. This thermodynamic
trend also qualitatively aligns with our experimental observations, as carbon deposition on the
Ni/GDC-ALO; catalyst was observed within a few hours during reforming at 550 °C, whereas at
650 °C no carbon deposition was recognized, and the process proceeded stably for more than one
week, indicating effective suppression of solid carbon formation at elevated temperatures.

4. Conclusions

This study investigated the catalytic performance of Ni/Al,Os; and Ni/GDC-ALO; for DRM
process within a fixed-bed tubular reactor across a temperature range of 400-800 °C at gas mixture
residence times of 0.1 s and 0.4 s. The results show that higher reactor temperatures and longer gas
residence times noticeably increase CH, and CO, consumption, as well as H, and CO production
rates. Notably, integrating GDC promoter into the Al2Os support substantially accelerates reforming
kinetics. This catalytic enhancement is evidenced by the fact that Ni/GDC-AI,Os at a residence time
of 0.1 s achieves CH, and CO, conversion efficiencies, as well as H, and CO yields, comparable to
those of Ni/AL,O3 at 0.4 s. The superior kinetics of the Ni/GDC-ALQO; catalyst are further evidenced
at a 0.4 s residence time, where complete CHs and about 60% CO: conversion is reached at about
650°C, which is approximately 100°C lower than the temperature required by the Ni/ALOs catalyst.

A comparison of the measured mole fraction values, which are approaching equilibrium
(temperatures above 650 °C) with those derived by the single DRM reaction reveals a clear
discrepancy, indicating that the DRM reaction alone is insufficient to describe the DRM chemical
process. This discrepancy is attributed to HO production, which is usually described by the RWGS
reaction. Additionally, carbon deposition observed at low temperatures, commonly attributed to the
Boudouard reaction, suggests that it should also be considered when describing the DRM system.
Long-term testing confirmed the high durability of the Ni/GDC-ALO; catalyst, with no carbon
deposition detected at 650 °C, consistent with zero solid carbon equilibrium calculation.

Overall, the results demonstrate that Ni/GDC-ALOs is a highly active catalyst for the DRM
process, offering enhanced reforming kinetics and good durability at temperatures above 600 °C,
making it a promising candidate for efficient syngas production under moderate operating
conditions.
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