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ABSTRACT 

Anode reforming layer is one of the common strategies to reduce the impact of natural gases as fuel for solid oxide fuel cells (SOFC). 
This anode reforming layer helps to convert natural gas, for example, methane to hydrogen during the operation of SOFC. Thus, it 
reduces the formation of carbon deposition and increases the SOFC performance. However, the performance of the anode reforming 
layer depends on its microstructure characteristic, which may vary based on the synthesis method. Synthesis methods, such as 
powder, infiltration, coating, and combination routes, are studied to produce an optimum catalyst material. Powder routes, which 
consist of dry and wet methods, are gaining popularity due to their performance, simple and low-cost method. However, the wet 
chemical method is favoured for its cost-effectiveness, simplicity, and ability to produce high-quality powder. Thus, this review 
discussed the wet chemical methods, specifically the sol-gel, co-precipitation and combustion synthesis methods. In addition, the 
common parameters, previous findings and modifications of these methods were also briefly discussed. This review aims to discuss 
the various anode reforming layer synthesis methods, a general comparison of the methods and their influence on the properties and 
performance of SOFCs. 
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1. INTRODUCTION 

Energy is essential for human’s everyday activities. Other 
elements contributing to an increase in energy demand are 
the rapid rise of the total population and steady personal 
income growth. In Malaysia, the primary contributors to 
energy consumption are distributed among several sectors, 
namely transportation, industrial, non-energy, residential, 
and agricultural. These sectors collectively account for the 
significant portion of the nation's future energy utilization. 
Increasing energy consumption and depleting fossil fuel 
availability are the key issues, together with concerns about 
the impact of using conventional fossil fuels on human 
health [1]. As a result, specific settings are required to adopt 
renewable energy sources, including solar, wind, 
hydroelectric, and geothermal. These sources need a 
supportive energy storage tool to keep excessive energy 
where in the current situation, batteries are essential for 
portable power operation. Nonetheless, over extended 
periods of use, batteries pose environmental hazards due to 
the presence of flammable substances and toxic electrodes. 
On the other hand, fuel cells offer a better energy conversion 
technology that can function in any environment, have 
almost zero emissions, noise-free and efficient [2]. Its 
attractive features such as durability, clean energy over the 
long term, fuel cell-based power generation systems have 
attracted significant interest from all fields of academia and 
industries [3]. 

Fuel cells are electrochemical devices that convert chemical 
energy directly into electrical energy [1], [2], [3], [4], [5]. 
Fuel utilization efficiency in fuel cells can reach up to 85% 
[2]. The primary benefits of this technology are energy 
conversion procedures that reduce environmental air 
pollution without employing the combustion process [6]. 
Renewable fuels, such as hydrogen, methanol, and ethanol 
readily available in nature and easy to manufacture through 
fermentation, qualify fuel cell technology as a sustainable 
and dependable energy source. Additionally, this 
technology lessens the dependent on fossil fuels like 
gasoline [7]. Another plus point of fuel cells is that they can 
operate in regenerative mode, changing excess electrical 
energy back into chemical energy [8]. This characteristic 
allows fuel cells to pair up with renewable energy sources 
like solar and wind to generate constant electricity [2]. 
Therefore, research into diverse fuel cell technologies is 
ongoing globally. The solid oxide fuel cell (SOFC), one of 
many fuel cell types, has drawn much attention because of 
its high efficiency and minimal environmental pollution 
emissions. 

SOFCs are potential electrochemical energy conversion 
devices that operate at high temperatures, typically 
between 600 and 900 °C [4], [5], [9], [10]. High electrical 
conversion efficiency and fuel flexibility are just a few 
benefits of the high working temperature [9]. A nickel- 
yttria stabilized zirconia (Ni-YSZ) cermet is now the most 
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commonly used anode in SOFCs due to its excellent 
electrochemical activity for hydrogen oxidation and proven 
long-term durability at SOFC operating conditions [2], [4], 
[5], [11], [12]. In order to continue to be successful 
economically, SOFCs will need to run on carbonaceous fuels 
and be resistant to common impurities in those fuels [13]. 
Carbon and sulphur are two of the most frequent poisons, 
and conventional anodes made of composites of Ni-YSZ are 
not resistant to both, leading to long-term deterioration [2], 
[5], [13]. For the next generation of SOFCs to effectively 
compete with traditional power plants at the grid scale with 
boilers and combustion engines at lower scales, carbon 
(from the fuels) and sulfur (contaminants) tolerance needs 
to be optimized from time to time. Table 1 shows the power 
density of reported hydrocarbon-fueled SOFC. In the future, 
SOFCs operating directly on hydrocarbon fuels without 
external reforming are anticipated to play a significant role 
in energy generation. However, employing hydrocarbon 
fuels has some problems for the Ni-YSZ anode, mainly the 
carbon deposition [2], [5], [12], [14]. 

Carbon deposition in an anode can cover the active areas of 
the anode, resulting in a rapid drop in cell performance [2], 
[5]. According to Kumar et al., reducing the operating 
temperature, adjusting the steam and carbon ratio, and 
creating new anode catalysts are potential strategies for 
overcoming carbon deposition [2]. A high steam-to-carbon 
ratio is indeed to prevent carbon from depositing. However, 
it reduces the system's electrical effectiveness and various 
substitute materials were studied as prospective anodes in 

recent years to address Ni-YSZ cermet anode's drawbacks. 
[2], [12]. 

For many years, a substantial area of research on the 
application of catalytic reforming layer and internal catalyst 
in the processing of fuels, as indicated in Figure 1 [2]. 
Carbon and sulphur significantly impact the catalyst's 
effectiveness in fuel catalytic processes. Under specific 
circumstances, this effect can be very significant, where the 
catalyst deactivates quickly, resulting in unfeasible and/or 
expensive processes [13]. Due to these limitations, 
significant research has been devoted in developing an on-
cell catalytic reforming layer (OCRL) and or known as an 
anode reforming layer, that is resistant to sulphur poisoning 
and carbon deposition [5], [12], [15]. The anode reforming 
layer is regarded as the most promising methane reforming 
design for hydrocarbon-fueled SOFC due to its simplified 
system, coking resistance, material variety and low cost 
[15]. The effectiveness of the catalyst depends on the 
synthesis method to provide a suitable material for the 
anode reforming layer. This literature may briefly compare 
the anode reforming layer synthesis method specifically for 
the wet chemical process. 

The main objective of this review is to summarize on 
different wet chemical process synthesis methods of SOFC 
anode reforming layer. An introduction to the anode 
reforming layer, the hydrocarbon mechanism in SOFC, and 
other synthesis methods will also be discussed briefly. 

 
Table 1. Power density of reported hydrocarbon fueled SOFC 

 

No. Fuel 
Chemical 

composition 
Common sources Temperature (°C) 

Highest power 
density (W cm-2) 

reported based on 
synthetic simulated 

gas 

1 Hydrogen H2 
Fossil fuels (natural gas), renewable 

energy or biogas 
650 1.960 [16] 

2 
Liquefied 

Petroleum Gas 
(LPG) 

C3H8/C4H10 
natural gas, oil extraction, co-product 
of oil refining or made from waste or 

renewable vegetable oils 
800 0.973 [17] 

3 Methane CH4 Pure industrial methane 800 0.550 [18] 

4 Ammonia NH3 

Soil from bacterial processes, 
decomposition of organic matter 

including plants, animals and animal 
wastes 

800 0.380 [19] 

5 Methanol CH3OH 
Carbon-based feedstocks such as 

biomass, natural gas, and coal 
750 0.360 [20] 

6 Natural gas CH4 (75-98%) Fossil fuels 750 0.317 [21] 

7 Ethanol C2H6O 
Corn or cellulosic feedstocks (crop 

residues and wood) 
700 0.280 [22] 

8 Biogas 
CH4(50–75%) + 

CO2 
Waste or landfills 800 0.245 [23] 

9 Diesel C~13H~24 Crude oil or biomass 900 0.140 [24] 

10 Gasoline C8H18 Crude oil or other petroleum liquids 750 0.031 [25] 
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Figure 1. Anode catalyst method 

2. ANODE REFORMING LAYER 

Anode reforming layers is one of the most effective 
strategies for combating carbon deposition limitations. A 
porous additional layer is applied on the anode support so 
that the hydrocarbon fuel that first enters the layer 
undergoes a reforming reaction by the anode reforming 
layer. The hydrocarbon fuel is converted into syngas, which 
reduces carbon deposition significantly. The rest of this 
review will give a detailed explanation of the mechanism 
that occurred during the conversion of hydrocarbon fuel 
into syngas. 

A few other successful strategies to overcome carbon 
deposition are by changing the operating parameters and 
adding nanocatalysts in the anode as well as the (Y, Ce)O2-

d(YDC) layer between the anode and electrolyte [2], [15]. 
Adding a YDC layer would interfere with the current 
optimum fabrication process on Ni-YSZ SOFC because it is a 
process that must be added between the anode and 
electrolyte. Besides that, changing the operating 
temperature of SOFC, such as lowering it and increasing 
current loading, would produce adverse effects, such as 
reducing cell power output and fuel utilization [15]. Thus, 
adding a nanocatalyst on the anode or an anode reforming 
layer would be some of the best options to overcome carbon 
deposition in SOFC. 

2.1. Hydrocarbon Mechanism 

In the hydrocarbon mechanism, hydrogen gas is currently 
the primary fuel source for fuel cells. However, since 96% of 
hydrogen gas is made from hydrocarbons, it would be 
simpler if fuel cells could directly utilize these sources [26], 
[27]. Natural gas and biogas containing methane and trace 
amounts of other hydrocarbons are particularly cost-
effective and popular for most stationary SOFC systems 
[27], [28]. Their preferability is due to the inexpensive and 
easily accessible offers of a more affordable and practical 
way to produce power [28], [29], [30]. Biogas primarily 
contains 50-70% of methane (CH4), 25-50% of carbon 
dioxide (CO2), less than 10% of water (H2O), and 2-8% small 
amounts of additional pollutants such as hydrogen sulfide 
(H2S) and ammonia (NH3) [29]. 

2.2. General Reaction of SOFC 

The system's performance would be enhanced and kept 
simple by directly using hydrocarbons such as methane in a 

SOFC without requiring a preceding reforming step to make 
hydrogen. The general reactions for hydrogen-fueled SOFC 
are only the electrochemical conversion to electricity, heat 
and the reaction to produce water as a byproduct, as shown 
in Equation (1) [31]. 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂 (1) 

Equation (1) is the derivatives from the overall chemical 
reaction of hydrogen-fueled SOFC. The cathode reduces O2 
and has enough conductivity to supply the reaction with 
electrons [32], [33], [34]. O2 subsequently oxidizes the fuel 
as it passes through the anode's Triple Phase Boundary 
(TPB) via the electrolyte [32]. The electrochemical 
reactions can also be written as: 

Oxidation of hydrogen gas at the anode side: 

𝐻2 + 𝑂
2− → 𝐻2𝑂 + 2𝑒

− (2) 

Reduction of oxygen gas at the cathode side: 

𝑂2 + 4𝑒
− → 2𝑂2− (3) 

2.3. Direct Utilisation of Hydrocarbon 

On the other hand, a carbon-fueled SOFC involves 
complicated reactions due to the presence of a variety of 
species of gas, which are methane (CH4), hydrogen (H2), 
carbon dioxide (CO2), carbon monoxide (CO) and carbon (C) 
[10]. The main differences between hydrogen and carbon-
fueled SOFCs are the input from the anode side and their 
byproducts, which may involve carbon, as shown in 
Equations (4) and (5) [31]. 

Anode side reaction when using a hydrocarbon as fuel: 

𝐶𝑂 + 𝑂2− → 𝐶𝑂2 + 2𝑒
− (4) 

𝐶𝐻4 + 4𝑂
2− → 2𝐻2𝑂 + 𝐶𝑂2 (5) 

Equations (6) and (7) show the steam and the dry reforming 
reaction, respectively [10]. Based on these equations, both 
produce hydrogen and carbon monoxide [27], [32], [33], 
[35], [36]. Among these reforming reactions, steam 
methane is the most widely established technology for 
hydrogen production [33], [35], [37]. 
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Steam methane reforming reaction: 

𝐶𝐻4 + 𝐻2𝑂 ↔ 3𝐻2 + 𝐶𝑂 (6) 

Dry reforming reaction: 

𝐶𝐻4 + 𝐶𝑂2 ↔ 2𝐻2 + 2𝐶𝑂 (7) 

The decomposition of methane at high temperatures 
[Equation (8)] produces solid carbon and hydrogen gas 
[29], [32], [33], [37]. It was reported in a previous study that 
methane decomposition [Equation (8)] can occur on the 
anode substrate (AS) and at the anode functional layer 
(AFL) [27], [31]. Besides that, Equation (9) (Boudouard 
reaction) also forms solid carbon when SOFC operates 
below 600 °C [29], [35]. The combination of high-
temperature methane decomposition and carbon oxidation 
by carbon dioxide [Equation (10)] produces the dry 
reforming reaction [Equation (7)] [37]. The dry reforming 
reaction will likely happen when SOFC is fed with biogas 
containing CH4 and CO2 [32]. Furthermore, water produced 
by Equation (1) or supplied can react electrochemically 
with carbon, as shown in Equation (10), producing carbon 
monoxide [26], [37]. Unbalance of Equation (8) and 
Equation (10), in the case of less carbon undergoing 
oxidation, might lead to excess carbon remaining on the 
catalyst surface, which would form a carbon deposit that 
would deactivate the catalyst on the anode [31], [37]. 
Carbon buildup has the potential to obstruct pores and 
expand the anode, harming the SOFC [26], [29]. 

Methane cracking reaction: 

𝐶𝐻4 → 𝐶 + 2𝐻2 (8) 

Boudouard reaction: 

2𝐶𝑂 ↔ 𝐶 + 𝐶𝑂 (9) 

Carbon deposits can be eliminated by carbon oxidation 
using CO2 [Equation (10)] or steam [Equation (11)], as long 
as the oxygen sources are available. Additionally, the water- 
 

gas shift (WGS) reaction [Equation (12)] (or the reverse 
process) may also occur at high operating temperatures in 
addition to the reforming reaction, which could further 
convert CO to CO2 [10], [31], [32], [35], [36]. 

Carbon oxidation by CO2: 

𝐶 + 𝐶𝑂2 ↔ 2𝐶𝑂 (10) 

Carbon oxidation by H2O: 

𝐶 + 𝐻2𝑂 ↔ 𝐶𝑂 + 𝐻2 (11) 

Water-gas shift reaction: 

𝐶𝑂 + 𝐻2𝑂 ↔ 𝐶𝑂2 + 𝐻2 (12) 

After introducing the anode reforming layer at the 
operating temperature is higher than 600 °C, the hybrid 
reaction of steam methane and dry methane reforming 
could occur internally, which might be maximizing the 
production of H2 [10]. Simultaneously, the high methane 
conversion rate can reduce the methane concentration 
entering the anode, thus, preventing coking [15]. The 
electrochemical reaction [Equation (1) and Equation (4)] 
occurs more frequently in the AFL region, where there are 
more TPB areas [31]. The reactions that occurred in 
hydrocarbon-fueled SOFC are summarized in Figure 2 [33] 
and synthesis method for anode reforming layer will be 
elaborated in the next section. 

3. ANODE REFORMING LAYER SYNTHESIS METHOD 

Since the anode reforming layer acts as a catalyst for the 
SOFC, a few requirements must be met, including match 
thermal stability, chemical compatibility, specific area, and 
particle size [2]. Various methods have been used to 
synthesis SOFC anode reforming layer to gain desired 
properties (fine particle size, specific surface area, right 
material composition, etc.), as shown in Figure 3. For 
instance, powder, infiltration, coating and combination 
route can be divided into sub-methods. Each method has  
 

 

Figure 2. Electrochemical reactions on hydrocarbon-fuelled SOFC (Reprinted with the permission from Ref. [33], Copyright (2022), 
Elsevier) 
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Figure 3. Anode reforming layer synthesis method 

specific attributes to nanoparticle characteristics, 
manufacturing speed, cost, feasibility, and environmental 
impact [38]. Thus, the selection of the synthesis method is 
crucial as the anode reforming layer microstructure, 
porosity, morphology, particle size distribution, shape, and 
TPB are all affected by the synthesis process. 

Other than that, this synthesis method also can be classified 
into top-down and bottom-up [39]. The top-down approach 
converts bulk material into small-sized particles, while the 
bottom-up is the formation of nanoparticles from smaller 
molecules [39]. The characteristics of the synthesized 
anode reforming layer material can be improved by 
understanding the benefits and drawbacks of each method. 
Some techniques are quick, inexpensive, easy to use and 
environmentally friendly. Therefore, understanding these 
techniques can improve the anode reforming layer 
component's performance and, by extension, the 
performance of the entire SOFC system. Table 2 shows the 
comparison of the anode reforming layer synthesis method. 

Based on Wang et al. [38], solid-state reactions are suitable 
for mass production due to their simple process, eco-
friendly and economical method. This method can be 
affected by the reaction time, reaction pressure, reaction 
atmosphere, and cooling speed. Senthil et al. [2] found that 
solid-state reactions have a major drawback which is 
challenging to control the particle size that will extend the 
TPB length and increase the electrochemical activities. 

Ball milling or mechanochemical synthesis is a solid-state 
synthesis method used to decrease the size of the particle. 
Although the synthesis has limitations, the procedure is 
easy and uses cheap raw material, making it suitable for 
large production powder [39]. Apart from that, 
mechanochemical is also quite similar to the solid-state 
ratio. But mechanochemical is much simple and able to 
produce a well-defined powder. For this method, 
parameters like time, material type, milling ball size, and 
momentum can affect the quality of the powder [38]. 

Rafique et al. [39] concluded from the previous research 
that hydrothermal synthesis able to control particle grain 
size, morphology, crystalline phase, surface chemistry, and 
reaction temperature. Four critical factors affecting particle 
size and morphologies in hydrothermal synthesis are 
hydrothermal temperature, time, organic additive, and 
solvent [38]. Hydrothermal and Solvothermal are similar 
methods with different reactants: water and organic solvent 
[40]. The pyrolysis method or spray pyrolysis is one of the 
famous methods in the coating route. This method will 
produce non-agglomerated, refined, and homogeneous 
powder [41]. In the case of pyrolysis, material composition, 
process temperature resident time will affect the process 
[38]. The general illustration of the synthesis route for 
catalyst is shown in Figure 4. 

Based on the review from previous research, the dry and 
wet methods are the most potential methods to synthesise  
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Table 2. Comparison of the synthesis method [38], [39], [41], [42], [43], [44], [45] 
 

Route Method Advantage Disadvantage 
Affected 
Parameter 

Powder 
Route  
(Dry 

Method) 

Solid State 

- Simple method 
- Eco friendly 
- Pure and stable product 
- Inexpensive 

- Produce particle with 
irregular shape 

- High agglomeration 
- Inhomogeneous shape, size 
- Require high temperature 
- Time consuming 

- Reaction time 
- Reaction pressure 
- Reaction 

atmosphere 
- Cooling speed 

Mechanochemical 
- Increase TPB length 
- Produce well defined structure 
- Simple and efficient method 

- Sensitive particle 
- Possible of contamination 
- Time-consuming 
- Non-uniform distribution of 

metal 

- Time 
- Material type 
- Milling ball size 
- Momentum 

Ball milling 

- Large scale production 
- Simple and economical 
- Cost-effective 
- Suitable for both wet and dry 

materials 
- Produce fine powder 

- Require high energy 
- Time consuming 
- Possible of contamination 
- Inhomogeneous shape, size 

 

Inert gas 
Condensation 

- Excellent quality control - Low production rate  

Powder 
Route 
(Wet 

Method) 

Sol-gel 

- Control the processing parameter 
(size, morphology) 

- Eliminate impurities & agglomeration 
- Low-cost equipment 
- High purity 
- Ultra-fine particle 
- Simplest method 

- Long drying process 
- Expensive starting material 

for large scale 

- Ph value 
- Stirring speed 
- Reaction 

temperature 
 

Combustion 

- High purity 
- Flexible usage of fuel 
- Low-cost instrument 
- Homogenous powder 
- Ultrafine powder 
- High energy efficiency 

- Difficult to scale-up and 
estimate the size and 
amount of particles 

- Form aggregation 

- Ignition 
temperature 

- Synthesis time 
- Reactant mixture 
- Fuel 

Co-precipitation 

- Can control particle size & 
composition 

- Cost effective among wet method 
- High purity 
- Better homogeneity 
- Less agglomeration 
- Fine-grain size 

- Not suitable to certain 
material 

- Less effective for low 
solubility reactant 

- Time consuming 
- Insufficient control of size 

and shape distributions 

- Temperature 
- Ph value 
- Type of solvent 
- Mixing rate 
- Post treatment 
- Precipitation 

agent 

Hydrothermal 

- Low temperature 
- High purity and crystallisation 
- Better particle size and morphology 
- Better homogeneity 
- Less agglomeration 

- Uncontrollable aggregation 
- Slow reaction rate 
- Complicated experimental 

procedure 

- Temperature 
- Time 
- Organic additive 
- Solvent effect 

Pachini Method 
- High-purity powder 
- Homogenous 
- Simple method 

  

Infiltration 
Route 

MIEC Backbone    
Composite 
Backbone 

- Stabilise the morphology of the 
nanoparticles 

  

Porous 
Electrolyte 

- Improve cell performance   

Coating 
Route 

Solution Spray 
- Consistent particle size 
- High purity 

  

Pyrolysis 

- Cost-effective 
- Industrially scalable 
- Simple method 
- Pure coting 
- High surface area 

- Wide size distribution 
- Aggregation 
- High energy consumption 
- Poor mechanical stability 

- Material 
composition 

- Temperature 

Electroless 
coating 

- Can deposited most of the composite 
which thermodynamically favourable 

- Limited research on this 
method 

 

RF Sputtering 
- Increase TPB 
- Economical 
- Less impurities 

- Poor surface morphology  
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Figure 4. General illustration of the synthesis route for catalyst 
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anode reforming layers as they are the easiest. It is also 
vastly used in synthesis due to its simple procedure and eco-
friendly. On the other hand, the dry method outcome is 
prone to particle shape irregularity, contamination, 
laborious, and cost-extensive. The wet chemical method has 
a significant advantage over other methods due to the 
inexpensive powder process cost involved in atomic-level 
mixing and homogenous powder [2]. Therefore, based on 
the review, the most suitable approach to synthesis an 
anode reforming layer is the wet chemical method (sol-gel, 
co-precipitation, combustion) as it is simple, cost-effective, 
produces high purity and consistent particles. The details of 
these methods will be discussed in the next section. 

4. WET CHEMICAL METHOD 

The three most commonly used wet chemical methods; sol-
gel, co-precipitation and combustion, will be discussed in 
detail. Figure 5 shows a simple comparison of the general 
methodology of these three methods. 

4.1. Sol Gel 

Another popular synthesis method for catalysts is the sol-
gel method. It has been widely used to synthesis organic, 
biomaterial, and ceramic material and has been gaining 
attention in SOFC applications [15], [40]. Sol-gel is a process 
from liquid to solid involving hydrolysis and condensation, 
usually forming a gel. 

Table 3 shows the previously reported studies on anode 
reforming layers synthesized using the sol-gel method. Sol- 
 

gel consists of two primary materials: the precursor (or 
salt) and the chelating (reducing or complexing) agent. The 
common practice of the sol-gel method is to prepare a 
precursor solution [46], [47], [48], [49], [50]. The chelating 
agent is then added to a fully dissolved precursor solution. 
Then, gelation occurred due to the chelating agent's 
reaction, increasing the solution's temperature, which 
produced hydrogel. The hydrogel undergoes drying to 
obtain either xerogels or aerogels in powder form. For SOFC 
fabrication, the resulting powder undergoes further 
calcination to produce an anode-reforming layer, as shown 
in Table 3 [46], [47]. 

As shown in Table 3, the commonly used precursors are 
nitrates, which are well-known to produce high-
conductivity nanopowder [40]. However, a few studies also 
explored the effect of using different types of precursors, 
such as oxide, lactate, acetate, citrate and gluconate, in 
enhancing the process of sol formation [51], [52], [53]. 
Besides that, as shown in Table 3, citric acid, acetic acid, 
EDTA and TEOS, are the common chelating agents used, 
with the help of ammonia solution or nitric acid, to adjust 
the pH of the solution. Most previous studies used distilled 
water as a solvent except for Bej et al., which uses ethanol 
to dissolve TEOS [54]. Thus, it can be suggested that the 
common parameters for sol-gel methods are the chelating 
agent, stirring method, pH of the solution before gelation, 
heat treatment (ageing and drying), and calcination 
temperature, as shown in Table 3. 

The main advantages of sol-gel are its ability to produce 
high-purity and ultrafine powders that can reduce air 
 

 

Figure 5. General methodology of sol-gel, co-precipitation and combustion method 
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pollution (do not emit carbon dioxide) and prevent 
impurities and agglomeration [40]. However, the sol-gel 
method has a few drawbacks, including a long drying 
process and an expensive starting material that does not 
suit large-scale production. Other than that, volume 
shrinkage and cracking issues were also reported due to the 
complex reaction of gelation and drying. Parameters such as 
the optimum chelating agent, drying rate, and thickness are 
being studied to avoid shrinkage and cracking issues [40]. 
Furthermore, some chelating agents lead to instant gelation 
in the presence of water, thus, extra control and strict 
supervision are necessary for the sol-gel method. 

Nevertheless, as shown in Table 3, modification of the sol-
gel method had been explored, as seen in the citric acid-
nitrate, the EDTA-citrate and Pechini methods had been 
introduced to overcome the drawbacks of the conventional 
sol-gel method. In 2012, Wang et al. studied sucrose and 
pectin as substitutes for conventional, expensive chelating 
agents [55]. Both sucrose and pectin are environmentally 
friendly, easy to store, inexpensive and available in the 
market. The environmentally friendly sol-gel method could 
synthesis highly porous and stable composite anodes. 
Furthermore, the EDTA-citrate sol-gel method, which uses 
citric acid and EDTA as chelating agents, shows positive 
mixing as it may help to enhance the reaction rate of the 
material at the molecular level [40], [56]. At the same time, 
the Pechini method is famous for producing homogenous 
pure nanopowders at a lower temperature. The synthesized 
material demonstrated medium carbon deposition, good 
conductivity and good catalytic activity [40]. 

Another new modified sol-gel method is the sol-gel-in situ 
exsolution. The catalyst (after calcination and reduction) is 
uniformly dispersed by active, stable nanosized 
components on the surface [15]. The embedded dispersed 
component was suggested to increase the interaction, 
which can enhance the catalyst coking resistance and 
improve the performance of methane steam reforming 
(MSR) [56]. The sol-gel method can potentially synthesis an 
excellent anode-reforming layer based on the positive 
results obtained. 

4.2. Co-Precipitation 

Co-precipitation is one of the wet methods in anode 
synthesis due to its cost-effectiveness compared to other 
methods. This method offers less agglomeration, increased 
surface area, and high purity. Co-precipitation can be 
categorized into two types of precipitation; hydroxide 
(limestone, sodium carbonate, sodium hydroxide, sodium 
decanoate) and sulfide precipitation method. Hydroxide 
precipitation agents release hydroxide ions, changing the 
metal to form insoluble hydroxide precipitation [57]. 

Metal substances first dissolve with the distilled water, 
thoroughly mixed, and stirred at specific temperatures. 
Precipitation agents such as sodium hydroxide, ammonia, 
and oxalic acid were used to form the precipitation 
synthesis. Precipitation agent selection is one of the crucial 
things for successive rates of calcination and sample 
shaping [58]. The precipitation is washed with water or 
ethanol to remove free water and other impurities [59]. The 

sample was dried in the oven before being calcined in the 
furnace at high temperatures which usually 500 °C and 
above. The powder structure, such as crystallization, size, 
surface area, and morphology, can be measured via X-ray 
diffraction (XRD) analysis, Transmission Electron 
Microscopy (TEM), Brunauer-Emmet-Teller (BET) surface 
area analysis and others. Table 4 shows the comparison 
study of the co-precipitation method. 

According to Ju Hee et al. [59], co-precipitation only 
requires low calcination temperature and highly 
homogenous and uniform particles compared to other 
methods. The test of the sample of CeScSz by TGA analyses 
the activation point for the crystallization the powders. The 
activation point indicates the minimum calcination 
temperature of this powder was 400 °C. Additionally, as the 
calcination temperature increases, the crystalline size 
increases, decreasing specific surface area, grain size 
growth, and agglomeration increase under the same lattice 
constant. Zhu et al. [57] also mentioned that the co-
precipitation method might produce secondary pollution 
due to an additional large amount of precipitation agent 
during the process. 

Fariza et al. [60] conducted an XRD analysis to investigate 
the crystallographic structure, chemical composition, and 
properties of samarium doped ceria. The author concluded 
that the crystallization growth of the co-precipitation 
synthesis process grew faster, but the size distribution 
range varied widely than other synthesis methods. 
Furthermore, the band intensities of the peak also decrease 
as the calcination temperature increases. Peak band 
intensities show the residual bond in which the purity of the 
powder increases if the temperature increases [60]. In 
conclusion, calcination temperature significantly impacts 
the synthesis, and it is to be noted that every material has 
its range of calcination temperature. 

In addition, Spiridigliozzi et al. [58] found that the solution's 
molar ratio and mixing rate affect the Sm-doped ceria co-
precipitation method. Slow mixing and variable molar ratio 
can cause different formations of crystalline phases. Fast 
mixing causes amorphous regardless of molar ratio value. 
Besides this, considering the calcination temperature, ceria-
based co-precipitation tends to form a crystallized structure 
at room temperature. The author also studies the impact of 
sintering for sampler powder of Sm-doped and Gd-doped 
ceria by co-precipitation. Specifically, the powders made 
from the crystalline co-precipitates have unsatisfactory 
densification and exhibit deplorable sintering behaviour 
due to agglomeration in the powder during the synthesis 
process. Therefore, the powder will be porous, prolonging 
the thermal treatment [58]. The precipitation agent 
significantly affects the co-precipitation method as it will 
determine the success of this method. According to Table 4, 
ammonium hydroxide is the common precipitation agent 
opted in many methods because of the quality of the powder 
produced. The co-precipitation process can be stirred at 
room or specific temperatures depending on the reactant. 
The major drawback of this method is sometimes it does not 
apply to various materials, and it is difficult to repeat the 
process. 
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Co-precipitation can produce monodispersed nanoparticles 
and high-performance anodic material in a short time [41]. 
Nevertheless, particle size, shape, and sintering density 
depend on the reaction temperature [41]. In this method, 
the parameters that will affect the quality of the powders 
are temperature, pH value, solvent type, mixing rate of 
solvent, and post-treatment. Based on the parameters 
affected, it is challenging to control the size particle in this 
method [38]. Other than that, co-precipitation also requires 
a long time, sometimes incompatible with many materials. 
This method is also ineffective when it involves different 
reactant solubilities. Hanisah et al. [45] found that 
inadequate control of size and shape distribution is the 
major drawback of this method. Besides, the type of 
precipitation agents plays a crucial role in the powder's 
dispersibility, shape, and size of the particles. The study 
found that ammonium bicarbonate was the best 
precipitation agent that produced homogenous powder 
with the smallest particle size and lowest degree of 
agglomeration to increase the anode electrochemical 
performance. [45] 

4.3. Combustion 

The combustion method is one of the most common 
methods for wet chemical processing. The combustion 
method is preferable due to its homogenous 
microstructure, as the oxides were prepared together [40]. 
The advantages of using the combustion method are that it 
is inexpensive, less time-consuming (as it usually does not 
consist of an ageing or drying process), simple and can 
produce a high-yield ultrafine nanopowder [39], [40], [60], 
[61]. Combustion methods such as the conventional glycine-
nitrate process (GNP) and solution combustion synthesis 
(SCS) are the two most common methods to synthesis an 
anode reforming layer. The combustion method can be 
categorized as a process method based on the type of fuel 
used. 

The basic mechanism of the combustion method is that the 
metal solution, or the oxidizer, is combusted using fuel to 
form metal oxide. Distilled water is used to dissolve the 
oxidizer. Table 5 shows that metal nitrate oxidizers are 
commonly used due to their high solubility in water, which 
can lead to a homogenous solution [40]. The homogenous 
aqueous solution of oxidizers was first mixed by stirring 
until fully dissolved. Fuel was then added, followed by 
constant stirring. The stirring or mixing time depends on 
the solubility and method, which can vary due to the 
different materials used, as shown in Table 5. Some studies 
include heating during mixing to obtain a viscous gel before 
combustion [62], [63], [64], [65]. Then the resulting 
solution or gel undergoes combustion at 200 °C to 300 °C, 
except for Shetty et al., which conducted combustion at 500 
°C. 

Based on Ghahramani et al., the fuel type plays a vital role in 
combustion as it can influence the reaction rate. Compared 
to other fuels, glycine has a higher heat of combustion, 
which is why it is common [62]. On the other hand, the 
samples that used a low-combustion heat fuel, such as urea, 
 

led to an incomplete reaction, forming unwanted 
compounds. The XRD patterns, microstructure 
characterization and particle size also depend on the type of 
fuel used, such as low combustion heat, which may produce 
a smaller crystallite size and low grain growth [62]. 

GNP is a process that uses glycine as fuel and nitrate as an 
oxidizer. It is an attractive method due to its simple 
preparation, inexpensiveness (glycine is one of the cheap 
amino acids), rapid heating rate, and short reaction time 
[40]. Fast reaction time was reported in producing large 
quantities of different parts used in SOFC fabrication [40]. 
Even though a short time is needed to obtain the reaction, 
the mixing time of the solution of glycine and nitrate needs 
to be noted as it is essential to obtain a pure phase material 
[66]. A longer mixing time can increase the potential for 
homogenous combustion. 

Another highlight of GNP is that the sample produced may 
not need to undergo calcination as combustion has already 
formed an oxide [61], [62], [67]. Based on Ghahramani et al., 
the sample produced by glycine resulted in well-crystallized 
nanoparticles due to its high exhaust gas volume and 
combustion reaction [62]. The resulting sample was 
observed to have a highly non-uniform agglomeration and 
porous, spongy-like morphology, which is inevitable for the 
combustion method [60], [62]. 

A study by Wang et al. (2014) exploring the different 
synthesis methods to synthesis NiFeCu alloy anode 
catalysts suggested that the catalyst synthesized using GNP 
displayed the highest catalytic activity for the partial 
oxidation of methane. Still, for the long-term actual testing, 
catalysts synthesized using the impregnation method 
showed excellent operational stability on methane fuel 
without decay for 100 hours [64]. However, the 
performance of the catalyst does not solely depend on the 
synthesis method, as a lot of studies have also suggested 
that a catalyst prepared using GNP exhibited better 
operational stability, higher coke resistance and a lower 
degree of graphitization (carbon deposit) compared to a 
catalyst prepared using the impregnation method [65], [68]. 

Kalyk et al. suggested that GNP may create an agglomerate 
of porous nanocrystalline particles due to its radical 
ignition, which may produce non-homogenous particles 
[60]. However, the mentioned microstructure did not 
hinder the performance of GNP, as it can produce the 
highest quality Ce0.8Sm0.2O2-δ electrolyte based on its 
electrical properties compared to co-precipitation and the 
sol-gel method [60]. Thus, it can be suggested that 
combustion methods are suitable to synthesis compounds 
for SOFC fabrication, except that they may produce a non-
uniform agglomerate nanopowder. However, much 
research has been done to modify GNP (particle-dispersed 
GNP) to enhance its densification, producing strong 
bonding and leading to less agglomeration [40]. In 
combustion, parameters such as ignition temperature, 
synthesis time, and reactant mixture can affect all particle 
properties [38]. Nevertheless, glycine is the best fuel due to 
the higher heat of combustion and cheapest fuel [44]. 
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Table 3. Previous reported studies on anode reforming synthesised using sol-gel method 
 

Year Author 
Method 

(name used 
in literature) 

Precursor 
involved 

Type of 
metal 

salt used 
Solvent 

Chelating/ 
reducing/ 

complexing agent 
Stirred Aged Dried Calcined Ref. 

2020 
Koettgen et 

al. 
Sol-gel Sm, Gd, Ce Nitrate DI water Citric acid 

Stirred at 50°C for several hours until 
gelation. Then, temperature was 

increased to 120-150°C until foaming. 
- 

350°C for 
3h 

1000°C for 
4h 

[46] 

2020 Qiu et al. Sol-gel 
Sr, Fe, Co, 

Mo 
Nitrate DI water 

EDTA, citric acid, 
ammonia solution 

(pH ~8) 
Stirred and heated until gelation. - - 

1050°C for 
5h 

[69] 

2019 Itkulova et al. 
Pechini sol-

gel 
Co, Pt, Zr, 

La, Al 
Nitrate DI water 

Citric acid 
monohydrate 

Stirred at room temperature until fully 
dissolve. Then, the temperature was 

increased to 70°C until gelation. 
- 110°C 

400°C for 
20h 

[47] 

2017 Zhao et al. 
EDTA-citrate 

method 
Mn, Co Nitrate DI water 

EDTA, citric acid, 
ammonia solution 

(for pH) 
Stirred at 80°C until gelation. - 

Pre-heated 
at 240°C 

for several 
hours 

800°C for 6h [70] 

2016 Ma et al. Sol-gel Sr, La, Si 
Nitrate, 

oxide 
DI water 

Dilute ammonia 
and nitric acid to 
adjust pH. TEOS, 
ethylene glycol, 

citric acid 

Sr salt and TEOS was stirred for 1h. 
Followed with the mixing of all other 

chemicals which was stirred at 60-80°C 
for 3-4h. 

- 
120-150°C 

for 1.5h 
800-1000°C [51] 

2014 Xu et al. Sol-gel Ni, Ca, Al 
Nitrate, 
lactate 

DI water Acetic acid (pH 3) 

Al salt and DI water was stirred at 85°C 
for 1.5h (500 rpm). The acetic acid was 
added, the temperature was increased 
to 95°C for 10h. Lastly, all of the other 

chemicals were added, the solution was 
stirred for 6 more hours. 

- 
110°C for 

24h 
850°C for 2h [52] 

2013 Bej et al. Sol-gel Ni, Si Nitrate Ethanol TEOS Stirred at room temperature for 5-6 h 
Aged at room 
temperature 
for 1 week 

110°C for 
24h 

350-500°C [54] 

2013 Xu et al. Sol-gel Al, Ca 

Lactate, 
acetate, 
citrate, 

gluconate 

DI water 
Acetic acid (pH 3-

4) 

Stirred at 85°C for 1.5h (500 rpm). 
After acetic acid was added, the 

solution was stirred at 90°C for 24 
hours. 

- 
110°C for 

12h 
900°C for 2h [53] 

2012 Wang et al. Sol-gel Ce, Gd Nitrate DI water Sucrose, Pectin 
Stirred for 1h. Then, the temperature 

was increase to ~90°C for 3h. 
90°C for 24h - 

500-900°C 
for 2h 

[55] 

2010 Jin et al. 
Citric acid-

nitrate 
method 

Cu, Mn Nitrate DI water Citric acid 70°C for 24 h - 
400°C for 

24h 
950°C for 8h [71] 

*DI water: Deionised water, TEOS: Tetraethyl ortho-silicate, EDTA: Ethylenediaminetetraacetic
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Table 4. Previous reported studies on anode reforming synthesized using Co-Precipitation method 
 

Year Author 
Metal nitrate 

(oxidiser) 
Salt / reducing agent/ 

precipitating agent 
Stirred Aging Filter Drying calcine at Ref. 

2022 Futamura et al. Ni, Co Ammonia at room temperature - filtered 
100 °C for 10 

hr in air 
1000 °C for 

2 hrs 
[9] 

2021 Nesaraj et al. 
Gd,Sm, Ce, 

Co/Mn 
Sodium hydroxide + DI 

water 
at room temperature 

for 2 hrs 
 water/ethanol 

60 °C 
overnight 

300 - 1100 
°C for 2 hrs 

[72] 

2020 Majewski et al. Ni, Mo Urea 95 °C for 4 hr - Water 
room 

temperature 

800 °C for 5 
hrs and 1 hr 

heat 
treatment at 

750 °C 

[73] 

2020 Dey et al. Ce, Gd Ammonium hydroxide at room temperature - filtered  750 °C [74] 

2019 Gilbile et al. Sm, Ce, O Oxalic acid at room temperature at room temperature for 12 hrs DI water overnight 
500 °C for 5 

hrs 
[75] 

2018 Li et al. Ce,Sm,Bi,O Oxalic acid (pH 7) at room temperature - 
distilled water + 

ethanol 
at 80 °C 

700 °C for 4 
hrs 

[76] 

2018 Spiridigliozzo et al. Ce, Gd, Pr Ammonium carbonate  -  overnight 
600 °C for 2 

hrs 
[58] 

2014 Fan et al. Gd, Ce, O 
Ammonia, Hydrogen 

peroxide (pH 8-9) 
80-90 °C - 

DI water + 
Ethanol 

room 
temperature 

600 °C [33] 

2012 Kang et al. SZ, Ce, Sc 
Ammonium hydroxide 

solution (pH 11-12) 
at room temperature room temperature for 24h 

DI water + 
Ethanol 

freeze-
drying 

method at -
20 to -85 °C 

100 - 900 °C 
for 2 hrs 

[59] 

2010 Daza et al. Ni, Mg, Al, Ce 
Sodium carbonate (Ph 

10.5) 
60 °C (vigorous) 

60 °C for 1 hr with stirring & 60 °C 
for 18 hrs without stirring 

DI water 
80 °C for 24 

hrs 
500 °C for 

16 hrs 
[77] 

*DI water: Deionised water 
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Table 5. Previous reported studies on anode reforming synthesized using combustion method 
 

Year Author 
Method 

(name used in 
literature) 

Metal 
nitrate 

(oxidiser) 

Salt 
type 

Fuel/ 
reducing 

agent 
Solvent Stirred 

Combusted 
at 

Combustion 
occurred in 

Dried Calcined Ref. 

2020 
Ghahramani 

et al. 
SCS Ce Nitrate 

Urea, glycine, 
glucose, citric 

acid 

DI 
water 

150°C until viscous gel 
obtained 

300°C Heater stirrer - - [62] 

2020 Kalyk et al. GNP Sm, Ce Nitrate Glycine 
DI 

water 
Stirred constantly 

Not 
mentioned 

Magnetic 
stirrer 

- 

200-1200°C 
(various 

temperature) for 
5h 

[60] 

2019 Cheng el al. GNP Cu Nitrate Glycine 
DI 

water 
105°C @ overnight 200°C Oven - - [67] 

2018 Somalu et al. GNP Li, Co, Zn Nitrate glycine 
DI 

water 

Stirred at room 
temperature for 40 min 

before adding fuel. Then, 
continue stirring for 

another 12h. 

250-300°C Hot plate 
120°C 

for 12h 
600°C [66] 

2018 Shetty et al. SCS Mg, Fe Nitrate 
Oxalyl 

dihydrazide 
(ODH) 

DI 
water 

Not mentioned 500°C Muffle furnace - - [61] 

2014 Wang et al. GNP Ni, Fe, Zr, Cu Nitrate Glycine 
DI 

water 
Stirred until gel 240°C Electric oven - 850°C for 5h [64] 

2012 Zhu et al. GNP Ni, Fe Nitrate Glycine 
DI 

water 
Stirred until gel 240°C Electric oven - 850°C for 5h [65] 

2011 Wang et al. GNP Ru, Al Nitrate Glycine 
DI 

water 
Stirred until gel 240°C Electric oven - 850°C for 5h [63] 

2011 Wang et al. GNP Ni, Al Nitrate Glycine 
DI 

water 
Stirred until gel 240°C Electric oven - 850°C for 5h [68] 

2010 Wang et al. GNP Ni, Al, Ru, Ce Nitrate Glycine 
DI 

water 
Stirred until gel 240°C Electric oven - 850°C for 5h [78] 

*GNP: Glycine-Nitrate Process 
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5. CONCLUSION 

The anode reforming layer is efficient to tackle the 
drawback of carbon deposition at the anode when using 
hydrocarbons as fuel. For this reason, the synthesis method 
plays a crucial role in providing a good material for anode 
reforming layer, as the efficiency of the SOFC depends on it. 
This study reviewed various synthesis methods, such as 
powder, coating, infiltration and combination routes, for 
preparing nanostructural components for SOFC. Some 
synthesis methods show excellent final products under 
various parameters for SOFC. However, there is a limited 
literature review on the synthesis method of the anode 
reforming layer, as it was recently introduced. Based on 
previous research, powder routes, which are dry methods 
and wet chemical methods, are the most popular methods 
for synthesizing an anode reforming layer as they show an 
improvement in performance and catalytic activity. 
However, the wet chemical method is commonly considered 
due to its low cost, simplicity and ability to produce high-
quality powder compared to the dry method. Future work 
on comparing the effect of the wet chemical synthesis 
method on the performance of the anode reforming layer is 
recommended to produce the best catalyst for SOFC. 
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