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Abstract: To enhance the contact between the electrolyte (source of O2−) and the carbon fuel in solid 
oxide–direct carbon fuel cells (SO-DCFCs), molten metals and molten salts were used in the anode 
chamber. Oxygen ions can dissolve and be transported in the molten medium to the anode 
three-phase boundary to reach and oxidize the carbon particles. To improve the sluggish kinetics of 
the electrochemical oxidation of carbon, the same molten media can act as redox mediators. 
Moreover, using a liquid metal/salt anode, tolerant to fuel impurities, the negative effect of carbon 
contaminants on cell performance is mitigated. In this work, an overview of SO-DCFCs with liquid 
metals, liquid carbonates, and mixed liquid metals/liquid carbonates in the anode chamber is pre-
sented and their performance was compared to that of conventional SO-DCFCs. 
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1. Introduction 
Direct carbon fuel cells (DCFCs) have attracted growing interest as a power genera-

tion device that directly converts the chemical energy of solid carbon, a low-cost widely 
available fuel, to electrical energy [1,2]. DCFCs have a theoretical 100% electrochemical 
efficiency of converting chemical energy to electricity, more than twice that from thermal 
conversion [3,4], giving an actual efficiency of around 80%, higher than that of molten 
carbonate fuel cells (MCFCs) or solid oxide fuel cells (SOFCs), fueled with hydrogen or 
natural gas (45–60%) [3]. Similar to other fuel cells, a DCFC is formed by an anode, a 
cathode, an electrolyte, and a current collector. The main difference is the use of a solid 
fuel. Generally, DCFCs can be classified as molten hydroxide (MH-DCFCs), molten car-
bonate (MC-DCFCs), or solid oxide direct carbon fuel cells (SO-DCFCs), depending on 
the type of electrolyte [3,4]. Among them, SO-DCFCs are the most investigated. SOFCs 
have a number of advantages compared to the other types of fuel cells, due to their solid 
materials and high operating temperature. Since all the components are solid, there is no 
electrolyte loss, and electrode corrosion is eliminated. As SOFCs are operated at high 
temperature, there is no need to use expensive catalysts such as platinum or palladium. 
Moreover, because of high-temperature operation, another advantage of SOFC over 
other types of fuel cell is its tolerance to the impurities of inlet fuels, meaning that vari-
ous types of fuel can be applied with SOFC. Due to high-quality waste heat for cogener-
ation applications and low activation losses, they have a great efficiency for electricity 
production. There are also some disadvantages due to the high operating temperature. 
The materials used are thermally challenged. The relatively high cost and complex fab-
rication are also significant problems that need to be solved. The recent advances in 
SO-DCFCs were reviewed by Yu et al. [5]. In an SO-DCFC, at the cathode side, oxygen is 

O2 + 4e−  2O2− (1) 
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reduced to oxygen ions; then, O2− ions are transferred through the electrolyte to the anode 
three-phase boundary (TPB, the interphase between electrolyte, electrode, and gas/solid 
chemical species), where they react with carbon to generate CO2 [2,6]:  

C + 2O2−  CO2 + 4e− (2)

The carbon particles in direct contact with the electrolyte can also be elec-
tro-oxidized sequentially to CO and CO2 [7]: 

C + O2−  CO + 2e− (3)

CO + O2−  CO2 + 2e− (4)

The carbon particles not in direct contact with the electrolyte can be oxidized via the 
non-electrochemical reverse Boudouard reaction:  

C + CO2  2CO (5)

Reaction (5) can occur anywhere in the anode chamber and, in the presence of CO2, 
even when the cell is in the open-circuit condition, and does not contribute to the cell 
voltage. At temperatures above 700 °C, the reverse Boudouard reaction is strongly fa-
vored [2].  

The use of carbon in SOFCs, however, presents some disadvantages: compared to 
conventional fuels, carbon is less reactive and is not a fluid, making the interaction be-
tween the carbon particles and the solid anode/electrolyte difficult. To improve the con-
tact between the electrolyte and carbon, molten metals/salts were placed in the anode 
chamber. O2− can be dissolved and transported in the molten medium to the TPB to reach 
carbon particles and to complete cell reactions. Molten media can also act as redox me-
diators, to improve the sluggish kinetics of electrochemical carbon oxidation. Moreover, 
the degradation of the anode catalyst by carbon contaminants can be mitigated by using a 
liquid metal/liquid carbonate anode [8,9]. Liquid metals/liquid carbonates were initially 
used as anode catalysts in the place of solid anode catalysts. Then, overall, molten car-
bonates and, sometimes, molten metals were utilized together with a solid anode catalyst 
as facilitators of the electrolyte/anode contact with carbon and as redox mediators. A 
scheme reporting the various types of liquid metal/liquid carbonate DCFCs is shown in 
Figure 1. In this work, an overview of SO-DCFCs with liquid metals, liquid carbonates, 
and mixed liquid metals/liquid carbonates in the anode chamber is presented and their 
performance was compared to that of conventional SO-DCFCs.  

 
Figure 1. A scheme reporting the various types of liquid metal/liquid carbonate direct carbon fuel 
cells. 
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2. Liquid Metal Anode–Direct Carbon Fuel Cells (LMA-DCFCs) 
A schematic configuration of an LMA-DCFC is shown in Figure 2. The arrangement 

of an LMA-DCFC is the same as that of a conventional SOFC, except that the anode is a 
liquid metal. The liquid metal anode has a high tolerance to carbon impurities, such as 
sulfur and NOx [10]. Also, the ash can float on the liquid metal surface and can be easily 
removed. In addition, the liquid anode presents other suitable features: (i) the carbon ac-
tive area can be effectively increased, by turning the solid electrode/solid carbon into a 
liquid electrode/solid carbon contact [8,9]; (ii) as the liquid metal is electronically con-
ductive, the electrochemical reaction can be performed at the entire electrolyte/liquid 
metal interface; (iii) the molten metal, as an energy storage medium, can operate for a 
short period of time without fuels, in the battery mode, minimizing the negative effect of 
discontinuous fuel delivery [8]. First, Yentekakis et al. [11,12] reported the gasification of 
coal with the simultaneous generation of electricity in an SOFC with a molten iron anode, 
an yttria-stabilized zirconia (YSZ) electrolyte immersed in the molten anode, and a Pt [11] 
or a perovskite [12] cathode, with carbon particles dispersed in the molten iron. A 
mathematical model was developed, describing the steady-state behavior of this fuel cell 
and the effect of operating conditions on cell performance. The electrochemical cell gen-
erated very high current and power densities. However, as the SOFC operating temper-
ature has to be higher than the iron melting point (1535 °C), their model was constructed 
for extremely high temperatures. 

 
Figure 2. Liquid metal anode SOFC, with tin as the metal. Reproduced from Ref. [9], copyright 
2011, with permission from Elsevier. 

The liquid metal anode can act as a chemical intermediary for the oxidation of fuel. 
The anodic reaction can be split into two reactions [4,13]:  

nM + xO2− → MnOx + 2xe−  (6)

(x/2)C + MnOx → (x/2)CO2 + nM (7)

Metal oxidation (reaction 6) takes place at the liquid anode–electrolyte interface, 
whereas carbon oxidation and metal reduction (reaction 7) occur at the fuel–anode in-
terface. The reaction between metal oxide and carbon takes place as they are in intimate 
contact, but the reaction is slow if the oxide is solid at the fuel cell operation temperature, 
as for SnO2. In the case of Sb2O3, which is liquid at the fuel cell operation temperature, 
instead, this reaction is fast. Only the first step is electrochemical. The desired reaction, 
however, is the direct reaction between carbon and dissolved oxygen in the metal. The 
open-circuit voltage (OCV) for this reaction versus air depends on the type of carbon, but 
it is near 1 V [8,9]. If the reaction of oxygen is directly with carbon, the conventional OCVs 
will be held, which are generally higher than those of the reaction with the metal. Indeed, 
in the 700–1000 °C temperature range, the oxidation potential for spontaneous metal 
oxidation reaction is less than 1 V, resulting in a significant energy loss. To promote re-
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action 2, it is appropriate to use a metal with a low oxygen affinity and a high solubility of 
fuel and oxygen. Copper and silver fulfill these requirements. Among them, silver is 
preferred as it has a higher oxygen solubility and lower melting temperature than cop-
per. Ag is also an excellent electronic conductor, with a good wetting ability for YSZ, a 
common SOFC electrolyte [14]. Moreover, Ag does not form stable oxides at SOFC oper-
ating temperatures [14], does not react with carbon, and does not form a carbide phase. 
Thus, carbon can be dispersed into the molten Ag without degradation [14]. Copper [15] 
and silver [16] were tested as metal anodes in LMA-DCFCs, but, due to their high melting 
point, the cell operation temperature was ≥1000 °C. For its use as a liquid metal anode, 
the melting temperature of the metal has to be below SOFC operating temperatures (700–
1000 °C). Low-melting-point metals, such as tin, indium, bismuth, lead, and antimony, 
were tested as the anode of an LMA-DCFC [8–10,17–21]. As these metals also act as 
chemical mediators, their metal oxides have to be reduced by carbon spontaneously. The 
values of OCV for metal oxidation are in the order Sn > Sb > Pb > Bi [8]. Due to the low 
melting point and the high OCV at 800 °C (0.897 V), only near 0.1 V lower than that for 
carbon oxidation to CO2, Sn has been given much attention. However, a solid insulating 
SnO2 layer forms at the electrolyte interface during fuel cell operation, inhibiting the 
further transfer of oxygen from the electrolyte [17]. This drawback is observed using 
carbon as the fuel, whereas it is less important when using hydrogen [22], as H2 can 
effectively reduce SnO2 [23]. Thus, to use carbon as the fuel, besides Sn, other metals were 
investigated [23]. Bi presents a low resistance because of its ionically conductive oxide, 
but it has a low OCV. Both Pb and Sb have a low resistance and form oxides having rela-
tively low melting temperatures, 888 °C for PbO and 656 °C for Sb2O3. This allows the 
oxides to be removed from the interface between the electrolyte and anode. Among them, 
Sb is the most promising because of its higher OCV and lower oxide melting tempera-
ture.  

Preliminary works were carried out on liquid tin anode–direct carbon fuel cells 
(LTA-DCFCs) [10,24,25]. First, at CellTech, Westborough, MA, USA, the use of a molten 
tin anode in an SOFC was investigated [10,24]. To avoid the formation of an oxide layer, 
the LTA-SOFC operates at over 1000 °C, since SnO2 formation is thermodynamically un-
favorable at this temperature. At EPRI, an LTA-DCFC power plant based on CellTech 
technology was evaluated and compared with hybrid direct carbon fuel cell (HDCFC) 
and MC-DCFC power plants [25]. This cell is a tubular-cathode-supported SOFC with a 
molten tin anode and an YSZ electrolyte layer. O2−, formed at the cathode and transferred 
at the anode through the electrolyte layer, oxidizes Sn to SnO2. Then, a large amount of 
molten Sn flows with SnO2 to the tin bath, where coal reduces SnO2 back to Sn. The power 
density and cell efficiency are 196 mW cm−2 and 83.85%, respectively. Among the DCFCs 
investigated, the molten-tin cycle has the lowest efficiency because coal is not fed into the 
fuel cell stacks directly, but it uses the Sn redox reaction as an intermediate step. Then, 
starting from 2011, various papers addressed DCFCs with a liquid metal anode. Litera-
ture data on liquid metal DCFCs are reported in Table 1 [13,15,16,19,20,22,26–35]. As can 
be seen in Table 1, only Sn and, in particular, Sb, alone or mixed with another metal, were 
investigated.  
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Table 1. Literature data on liquid metal DCFCs, including intrinsic parameters (catalysts and elec-
trolyte), operational parameters (fuel type and temperature), maximum power density (MPD), and 
power density (PD) at a constant current or potential. The results are sorted by increasing year. * In 
SbBi, Sb oxidizes, Bi does not. 

Molten 
Metal  

Anode//Electrolyte//Cathode Fuel 
T 
°C  

OCV 
V 

MPD  
mWcm−2  

PD  
(mWcm−2)  

at Constant j  
(mA cm−2) 

or V 

Ref. 

Cu Cu//YSZ//La0.9Sr0.1(Mn,Fe,Co)O3−δ Desulfurized coke 1100 1.2 1700  [15]  

Sb 
Sb//ScSZ//La0.8Sr0.2FeO3(LSF)-ScSZ, Sb 2 

g 
Sugar char 0.5 g 700 0.75 360 

300 (0.5 V) 
Stable > 12 h 

[26]  

Sb 
SbBi * 

Sb(Sb0.8Bi0.2)//ScSZ//La0.8Sr0.2FeO3(LSF)-S
cSZ, Sb 10 g, SbBi 13.5 g 

60% charcoal 40% rice starch, 13 g, 
refueling 

700 
0.75 
0.738 

 
ca. 250 (0.5 V) 

(>200 h) 
[13] 

Ag  
Ag0.5Sb0.5 

Ag//YSZ//LSF, Ag 2 g 
AgSb//YSZ//LSF, Sb 2g 

Charcoal, 0.5 g 
1000 
700 

1.12 
0.75 

≈8 
≈60 

- [16] 

Sn 
Ni/YSZ//YSZ//La0.8Sr0.2MnO3 

(LSM) 

Carbon black (Cb) 
Sn + Cb (Sn:Cb 1:3) 

Sn + Ni + Cb 

900 
900 
900 

0.68 
0.71 
0.73 

14 
60.5 
105 

 [27] 

Sb Sb//SmDC//Ba0.5Sr0.5Co1−xFexO3−δ (BSCF) Carbon 
650 
700 
750 

 
222 
268 
327 

 [28] 

Sn 
Sn//YSZ//Pt, Sn 2 g 

Sn//YSZ//Pt after 10 h 
Carbon black 0.2 g  

800 
800 

0.85 
0.75 

≈0.5 
≈1.0 

- [22] 

Sb Sb//YSZ//Pt, Sb 10 g De-ash coal, 1 g after discharging 800 0.704 72 
66 (0.3 V) 

Stable > 2 h 
[29] 

Sb Sb//YSZ//Pt, Sb 10 g 

De-ash coal, 1 g 
after discharging 

Well-mixed Sb and C (direct carbon 
oxidation) 

900 
800 

0.66 
1.083 

≈100 
≈23 

98 (0.3 V) 
Stable > 1 h 

[20] 

Sn Sn//YSZ//LSM Coal 900 0.885 -  [30] 

Sb 
Sb//YSZ//La0.6Sr0.4Co0.2Fe0.8O3−Gd2O3dop

ed CeO2 (LSCF-10GDC), Sb 5 g 
Activated carbon  

1 g  800 
0.69 

(no C) 
304 

(no C) 
200 (400) 

Stable > 6 h [19] 

Sb Sb//YSZ//LSCF-10GDC, Sb 5 g 

Pyrolyzed cocoanut shells (CAC),  
SSA 749 m2 g−1 

pyrolyzed fresh corn starch (PCS) 
SSA 0.2 m2 g−1 

2g 

750 
800 

0.712 
(no C) 

0.69 
(no C) 

196 
(no C) 

304 
(no C) 

CAC 180 (400), 14 h 
PCS 180 (400), 1 h 

CAC 208 (400), 11 h 
PCS 208 (400), 11 h 

[31] 

Sn 

Ni/YSZ//YSZ//LSM 
Sn/Ni/YSZ//YSZ//LSM, Sn 15 mg 
Sn/Ni/YSZ//YSZ//LSM, Sn 60 mg 

Ni//YSZ//LSM 
Sn/Ni/YSZ//YSZ//LSM, Sn 15 mg 
Sn/Ni7YSZ//YSZ//LSM, Sn 60 mg 

Carbon black 0.3 g 
750 
850 

0.91 
0.95 
0.85 
0.88 
0.91 
0.87 

20 
62 
30 
68 
136 
95 

 [32] 

Sn Ni/YSZ//YSZ//GDC/LSCF/GDC 

Sn 
Lignite (PCF) 

PAC 
Sn + PCF (Sn:C 4:1)  
Sn + PAC(Sn:C 4:1)  

Sn 
PCF 
PAC 

Sn + PCF (Sn:C 4:1)  
Sn + PAC(Sn:C 4:1) 

750 
850 

0.86 
0.95 
0.92 
0.76 
1.0 
0.88 
1.01 
0.97 
0.91 
1.03 

59 
77 
74 
51 
97 
89 
123 
119 
75 
161 

 [33] 

Sb 
Sb0.9Ag0.1 

Sb0.8Ag 0.2 

Sb0.7Ag 0.3 

Sb1−xAgx//YSZ//LSCF-10GDC, Sb 5 g CAC, 2 g 800 

0.71 
0.74 
0.705 
0.7 

226 
225 
203 
187 

 [34] 

Sb Sb//Sb2O3/YSZ//LSM/YSZ 
De-ash anthracite coal, 10 g 

refueling 
700 
750 

0.745 
0.723 

35 
47 

25 (0.35 V) 
Stable > 40 h 

[35] 
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2.1. Molten Tin–Direct Carbon Fuel Cells 
There are two types of liquid tin DCFCs, the properly said LTA-DCFCs, where 

molten tin acts as the anode, and liquid-tin-containing SO-DCFCs, where molten tin is 
added to a typical SOFC, with a solid Ni/YSZ anode.  

2.1.1. LTA-DCFCs 
Only two works addressed LTA-DCFCs, and in both papers, a poor performance 

was reported [23,30], due to the presence of an insulating SnO2 layer. The cell perfor-
mance in battery mode, gas fuel mode, and solid carbon mode was compared, using a 
YSZ electrolyte and a Pt [23] or perovskite [30] cathode.  

As reported by Wang et al. [23], at 800 °C, in battery mode, the formation of a SnO2 
layer hinders the transport of liquid Sn and O2− to the reactive interface. When the 
LTA-DCFC operates in the H2 mode, the SnO2 layer can be effectively reduced, consid-
erably enhancing the cell performance. With the cell operating in the CO mode, since the 
CO diffusion rate in the liquid Sn is much slower than in H2, only part of SnO2 was re-
duced. The OCV was slightly higher than the OCV in battery mode and lower than the 
OCV in the H2 mode, indicating that the cell performance depends on both Sn and CO 
electrochemical oxidation reactions. When the cell operates in the carbon mode, it is 
difficult for the carbon to reach the reactive interface between the liquid anode and elec-
trolyte, so the cell performance is mainly governed by the Sn electrochemical oxidation. 
As it can be seen in Figure 3, after 45 min following carbon addition, the OCV increased 
from 0.6 to 0.7 V, and after 10 h, it increased to 0.75 V. And the maximum current density 
improved from 15 A m−2 to 38 A m−2, indicating that carbon can have small positive im-
pacts on cell performance, reducing part of the SnO2 after a longer interval. The results of 
Khurana et al. [30] were similar. The OCV of 0.841 V for the cell operating in battery 
mode, close to the theoretical standard potential of 0.85 V at 900 °C, indicates Sn oxida-
tion to SnO2. The increase in the OCV to 1.1 V for the H2-fed cell confirms that H2 reduces 
SnO2. The OCV of the cell following coal injection was 0.885 V, lower than that of the 
H2-fueled cell, but higher than that of the cell operated in battery mode, attesting that 
carbon addition led to a partial SnO2 reduction.  

Summarizing, the expectations of a large-scale development of this type of fuel cell 
are not high. A challenge is to increase the performance by optimizing the fuel cell 
structure and operation conditions.  

 
Figure 3. Polarization curves for liquid Sn anode in the carbon fuel mode. Reproduced from Ref. 
[23], copyright 2014, with permission from Elsevier. The arrows indicate the forward scanning 
curve. 
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2.1.2. Liquid-Tin-Containing-SO-DCFCs 
In this case, Sn acts as an “interfacial mediator” to improve the TPB. Some works 

reported the use of Sn as an “interfacial mediator”, with Ni/YSZ as the anode electrocat-
alyst and YSZ as the electrolyte [27,32,33]. First, Ju et al. [27] compared the performance 
of an SO-DCFC operating at 900 °C fueled with pure carbon black and Sn-containing 
carbon black (Sn:C 1:3 by weight). The maximum power density (MPD) of the 
Sn/carbon-fed SO-DCFC was more than four times higher than that of carbon-fed 
SO-DCFC, indicating that the transfer of carbon particles and the kinetics of the electro-
chemical carbon oxidation are facilitated. Jiang et al. [32] evaluated the effect of the 
presence of a low Sn amount on SO-DCFC performance. An amount of 15–30 mg of Sn 
mixed with 300 mg of carbon black was the optimum amount for a suitable interfacial 
effect. By the addition of 15 mg of Sn, the MPD at 750 and 850 °C was three and two four 
times higher, respectively, than that obtained with Sn-free carbon black. Conversely, 60 
mg of Sn covered the Ni/YSZ surface and pores too thickly, hindering carbon access to 
the TPB. The OCV of the SO-DCFCs with Sn as the mediator did not follow the theoreti-
cal potential of Sn oxidation, but was close to carbon oxidation potential. Xu et al. [33] 
evaluated the effect of carbon type on the SO-DCFC performance using a high amount of 
tin (Sn:C 1:0.25 by weight) as a mediator. Graphite (GC), anthracite coal (AnC), lignite 
(PCF), and activated carbon (AC) were mixed with Sn powder and used as anode fuels. 
For Sn–GC-, Sn–AnC-, and Sn–PCF-fueled cells, the SnO2 reduction rate was lower than 
the electro-oxidation rate of Sn, leading to SnO2 accumulation on the anode surface. The 
OCV and MPD at 750–850 °C were similar to those of Sn-only fueled cells, suggesting that 
the anode performance was mainly governed by Sn electro-oxidation. For Sn–AC-fueled 
cells, instead, the high-surface-area carbon reduced SnO2 much faster than the other fuels 
and no SnO2 was detected in the anode pores. The power density was considerably 
higher than that of Sn-only-fueled cells. Two mechanisms were proposed to describe the 
carbothermal reduction process of SnO2 formed by reaction (8): 

Sn + 2O2− → SnO2+ 4e− (8)

One was the direct reduction of SnO2 by carbon: 

SnO2 + C → Sn + CO2 (9)

SnO2 + 2C → Sn + 2CO  (10)

namely, the solid–solid mechanism, and the other was based on two steps: first, the car-
bon particles are oxidized via the non-electrochemical reverse Boudouard reaction (reac-
tion 5), then SnO2 is reduced by CO: 

 

SnO2 + 2CO → Sn + 2CO2  (11)

namely, the solid–gas mechanism. Based on Levêque and Abanades’s studies [36], Xu et 
al. [33] inferred that AC reduced SnO2 through the solid–gas mechanism. Moreover, the 
OCV of Sn–AC was 1.0–1.03 V, corresponding to the C/CO electro-oxidation potential.  

The histogram of OCV and MPD of the SO-DCFC fueled with PCF and AC without 
and with Sn presence is shown in Figure 4. As can be seen in Figure 4, for PCF, the addi-
tion of Sn results in a negative effect on OCV and MPD, while for AC, Sn presence leads 
to an enhancement of the performance. For PCF, in Sn absence, the cell performance is 
controlled by carbon oxidation, but in Sn presence, it is controlled by tin oxidation, re-
sulting in a lower OCV; SnO2 accumulation on the anode surface gives rise to a decrease 
in SO-DCFC performance. For AC, the cell performance is controlled by carbon oxidation 
both with and without Sn in the fuel: in this case, no SnO2 accumulation occurs, and a 
positive effect of Sn, as an interfacial mediator, takes place on cell performance.  
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Figure 4. The histogram of open-circuit voltage (OCV) and maximum power density (MPD) of the 
solid oxide–direct carbon fuel cell (SO-DCFC) fueled with lignite (PCF) and activated carbon (AC) 
without and with Sn presence from data in Ref. [33]. * is a multiplication sign. 

2.2. Liquid Antimony Anode–Direct Carbon Fuel Cells (LAA-DCFCs)  
Among the metals investigated, antimony is the most promising, as the melting 

temperatures of both the metal and its oxide are below SO-DCFC operating tempera-
tures, allowing for good contact between the metal and the electrolyte and between the 
oxide and the carbon fuel. Moreover, the impedance of molten Sb electrodes is very low, 
less than 0.1 Ω cm2 at 700 °C [26]. Although the Nernst potential for Sb oxidation is lower 
compared to that for C oxidation, 0.75 V vs. ~1 V at 700 °C, this difference in oxidation 
potentials makes the reduction of Sb2O3 by carbon fuels thermodynamically spontaneous. 
The anodic reactions are  

2Sb + 3O2−  Sb2O3 + 6e− (12)

Sb2O3 + 3/2C  2Sb + 3/2CO2 (13)

The liquid Sb2O3 migrates away from the anode/electrolyte interface, ensuring good 
contact between molten Sb and electrolyte. As can be seen in Table 1, a stable operation of 
LAA-DCFCs, fueled with different carbons, is reported, with a power density in the 
range of 25–300 mW cm−2 at a fixed current density or cell potential. An MPD of 360 mW 
cm−2 at 700 °C was obtained by a sugar-char-fed LAA-SO-DCFC with a scandia-stabilized 
zirconia (ScSZ, 100 µm) electrolyte and a LSF-ScSZ cathode.  

Corrosion of the electrolyte by liquid Sb/Sb2O3 at operating SO-DCFC temperatures 
is a critical issue. Both of the most used electrolyte materials, that is, stabilized ZrO2 and 
doped CeO2, are prone to corrosion by liquid Sb/Sb2O3 at temperatures above 700 °C. 
Jayakumar et al. [13] ascribed the more severe thinning of the ScSZ electrolyte by the 
liquid metal anode than that of YSZ to the smaller radius of Sc3+ cations than Y3+ cations. 
Zhou et al. [37], instead, reported that the thinning of zirconia-based electrolytes in SOFC 
with molten Sb anodes is due to chemical reactions between Sb2O3 and ZrO2, inde-
pendently of the dopant. Cao et al. [38] investigated liquid Sb anode etching on YSZ and 
gadolinia-doped ceria (GDC) electrolytes, and observed electrolyte corrosion in both 
polycrystalline materials. In both cases, Sb migrated along grain boundaries, breaking 
connections between grains, and damaging the electrolytes. Ma et al. [39,40] observed 
that YSZ corrosion is different from GDC corrosion. Both liquid Sb and, to a lesser extent, 
Sb2O3 penetrate into GDC grain boundaries, resulting in spallation of the grains from the 
bulk [39]. YSZ corrosion in both liquid Sb and, to a greater extent, Sb2O3 occurs by Y 
dissolution, causing a phase transformation in the YSZ surface [40].  

The accompanied volume change results in surface cracks along YSZ grain bounda-
ries. The corrosion is enhanced by the presence of a current. Reducing the number of 
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grain boundaries can be a solution to resist electrolyte corrosion by liquid Sb/Sb2O3. Cao 
et al. [41] investigated the corrosion resistance of a ScSZ electrolyte prepared by atmos-
pheric plasma spray (APS) technology. APS technology allows for preparing robust films 
by melting feed powder in a plasma plume [42]. They tested two LAA-DCFCs with the 
same electrolyte material but prepared by sintering and APS methods. The etching effect 
was observed on a sintered electrolyte, but not on a plasma-sprayed electrolyte. As Sb 
was transported along grain boundaries in a sintered electrolyte, there were ample 
pathways for Sb migration. Grain boundaries in the plasma-sprayed electrolyte, instead, 
can hardly be identified. To enhance the corrosion resistance of GDC electrolytes for 
LAA-DCFCs, different amounts of Fe2O3 were added to GDC, namely GDCF [43]. Fe2O3 
addition significantly increased the corrosion resistance of GDC by liquid Sb/Sb2O3. As 
can be seen in Figure 5, where the dependence of the depth of the affected layer by liquid 
Sb at 750 °C for 100 h on Fe2O3 content is reported, the GDCF with 2 mol% Fe2O3 added 
showed the highest corrosion resistance by liquid Sb: liquid Sb affected a GDC thickness 
of about 60 µm, which is smaller than 1/8 of that of pure GDC. Moreover, the affected 
thickness was only about 4 µm for GDC with 2 mol% Fe2O3 in contact with liquid Sb2O3. 
Part of the Fe added reacted with GDC, forming Fe5G3O12. The GDC with 3 mol% Fe2O3 
contained the highest amount of Fe5Gd3O12, favoring the penetration of liquid Sb and 
explaining its weak corrosion resistance.  

 
Figure 5. Dependence of the depth of affected layer by liquid Sb at 750 °C for 100 h on Fe2O3 content 
from data in Ref. [43]. 

As in the case of tin, it should be interesting to carry out tests on liq-
uid-antimony-containing SO-DCFCs, where molten Sb is added to a typical SOFC. 

3. Hybrid Direct Carbon Fuel Cells (HDCFCs)  
3.1. From MH-, MC-, and SO-DCFCs to HDCFCs 

The first MH-DCFC dates back to 1896 [44]. Hydroxides have low melting points 
and high ionic conductivity, allowing the cell to operate at relatively low temperatures 
and, hereupon, to use less expensive materials [4]. MH-DCFCs, however, received little 
attention in the last few decades, due to the deterioration of the hydroxide electrolyte 
during cell operation [45]. Despite a renewal of the research into MH-DCFCs [46–48], the 
stability of the hydroxide is not satisfactory for practical applications. In 1979, Weaver et 
al. [49] proposed the use of a fuel cell with a molten carbonate electrolyte for direct car-
bon conversion, that is, an MC-DCFC. The state-of-the-art MCFC consists of a porous 
nickel anode; a porous, lithium-doped NiO cathode; and a LiAlO4 matrix filled with Li/K 
carbonates as the electrolyte [50]. At the cathode, CO2 is converted to CO32− [51]: 
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O2 + 2CO2 + 4e−  2CO32−  (14)

Then, CO32− ions diffuse through the matrix and reach the anode side. At the anode, 
CO32− ions reacts with carbon particles, releasing four electrons and CO2:  

C + 2CO32−  3CO2 +4e−  (15)

The net electrochemical reaction is 

C + O2  CO2  (16)

with four electrons flowing from the anode to the cathode. 
Different types of carbons were used as the fuel in MC-DCFCs with appreciable 

performances [51–55]. However, MC-DCFCs present some problems, such as cell mate-
rial corrosion by carbonates and a change of chemical composition of solid fuels. More-
over, the molten carbonate can likely change chemically due to its interaction with car-
bon contaminants, leading to cell failure [56]. Compared with MC-DCFCs and 
MH-DCFCs, SO-DCFCs have the outstanding advantages of an all-solid-state structure, 
no electrolyte degradation and leakage, no CO2 recirculation from the anode to cathode, 
and high electrical-conversion efficiency [6]. As previously reported, however, the poor 
contact between the solid fuel and the solid electrode/electrolyte results in a low cell 
performance. A way to solve this drawback is to improve the anode structure. It is known 
that the porosity and microstructure of the anode have an important impact on SOFC 
performance [57,58].  

However, the poor contact problem between the solid fuel and solid an-
ode/electrolyte remains. For these reasons, HDCFCs were proposed. An HDCFC is a 
combination of an MC-DCFC and an SO-DCFC, and both reactions, that occur at the 
anode of the MC-DCFC and the SO-DCFC, take place at the anode of the HDCFC [4]. 
HDCFCs were first proposed by Peelen et al. [59]. This design consists of a solid cathode 
and solid oxide electrolyte, and a molten alkali carbonate–solid carbon slurry in the an-
ode chamber [60]. The schematic configuration of an HDCFC is shown in Figure 6. The 
following reactions take place in the anode chamber [61]: (i) electrochemical oxidation of 
carbon by O2 ions, according to reactions 2 and 3; (ii) electrochemical oxidation of carbon 
by CO32− ions, according to reaction 15, 17, and 18: 

 
Figure 6. Schematic configuration of Hybrid Direct Carbon Fuel Cell. Reproduced from Ref. [60], 
copyright 2012, with permission from Elsevier. 

C + CO32−  CO + CO2 + 2e−  (17)

2C + CO32−  3CO + 2e−  (18)

(iii) electrochemical oxidation of CO, according to reactions 4 and 19:  

CO + CO32−  2CO2 +2e−  (19)
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(iv) the non-electrochemical reverse Boudouard reaction.  
Moreover, the non-electrochemical carbonate decomposition can also occur as 

[62,63] 

CO32−  O2− + CO2  (20)

Due to the additional carbon oxidation by carbonate, the OCV is expected to in-
crease to 1.22 V at 700 °C [64]. Jiang and Irvine [65] observed that the OCV not only de-
pends on thermal history, but also on carbonate amount in the carbon/carbonate slurry. 
Heat treatment was effective for high carbonate contents. After high-temperature treat-
ment with 50 mol% carbonate, the OCV increased with decreasing temperature and 
reached 1.57 V at 550 °C. With a lower carbonate content (20 mol%), instead, the OCV 
decreased with decreasing temperature. The high OCV was also ascribed to the Li2O 
presence, formed by Li2CO3 decomposition at high temperatures [66]. Li2O can trap the 
formed CO2, decreasing its activity and improving the OCV.  

As for conventional DCFCs [67], HDCFCs can be categorized on the basis of the 
material and design of anode, that is, a molten carbonate/fuel mixture, a solid catalyst 
anode, and a molten metal anode. 

3.2. HDCFCs with a Liquid Carbonate/Carbon Anode  
First, at SRI, a new type of DCFC was proposed [68], which is basically a tubular 

SOFC, without the traditional SOFC solid anode catalyst. This type of fuel cell is formed 
by a liquid anode, comprising a molten Li/Na/K carbonate mixture and the fuel (coal 
powder, ca., 40 vol%), an YSZ electrolyte, and a lanthanum strontium manganite (LSM) 
cathode catalyst. The immersion of coal powder in molten carbonates solves the draw-
back of the poor contact between the solid fuel and the electrolyte [69]. This HDCFC de-
livered an MPD above 100 mW cm−2 at 950 °C. Then, the performance of the SRI tubular 
HDCFC was evaluated by EPRI using two types of fuel, that is, coal and carbonized bi-
omass. For both fuels, a power density of 90–100 mW cm−2 was attained at 790 °C. Pro-
longed exposure of the fuel cell at 600–700 °C to the molten salt/fuel slurry did not reveal 
appreciable degradation of the electrolyte. After these preliminary works, some papers 
were addressed to an HDCFC with a liquid carbonate/carbon anode [70–73]. In all these 
works, a planar HDCFC with a composite electrolyte was formed by samarium-doped 
ceria (SDC) and eutectic Li/Na carbonates, and a LiNiO2/electrolyte (70/30 wt%) compo-
site cathode was tested. The carbon/carbonate weight ratio was 1:9. Jia et al. [70] put a 
mixture of activated carbon and molten carbonates in the anode cavity. With a CO2/O2 
ratio of the cathode gas of 2:1, an MPD of 100 mW cm−2 was obtained. Elleuch et al., using 
anodes formed by a mixture of graphite powder [71], almond shell biochar [72], or olive 
wood charcoal [73] and molten carbonates, attained MPD values of 58 mW cm−2 at 700 °C, 
127 mW cm−2 at 750 °C, and 105 mW cm−2 at 700 °C, respectively. 

3.3. HDCFCs with a Solid Catalyst Anode  
As previously reported, molten carbonates bring the oxygen ions to the coal parti-

cles to complete the cell reactions. The reaction rate, however, is low, so the presence of a 
catalyst can be helpful to improve it. The anode catalyst provides suitable sites for carbon 
electro-oxidation, and delivers the produced electrons to the current collectors [74]. To 
evaluate the effect of the presence of a solid anode, Cantero-Tubilla et al. [75] compared 
the performance of two identical HDCFCs, fueled with the same carbon/carbonate mix-
ture, one with a GDC anode catalyst and the other without an anode catalyst. In the ab-
sence of a catalyst, the MPD was 7 mW cm−2, regardless of the operating temperature. In 
the presence of a dense GDC catalyst, the MPD at 800 °C increased more than 500%. 
Conversely, Xu et al. [76] reported that the performance of an HDCFC without an anode 
catalyst was better than with a Ni/SDC anode catalyst. This comparison, however, is not 
appropriate. Indeed, the HDCFC with a NiO/SDC catalyst and Ag paste as the current 
collector cannot be compared to the HDCFC without an anode catalyst, but with Cu foil 
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immersed in the carbon/carbonate mixture as the current collector: indeed, the Cu foil 
also acts as an anode catalyst, with Cu as an active catalyst for the carbon/carbonate fuel 
[77] 

As for the SOFCs, from a geometrical point of view, HDCFCs can be mainly classi-
fied into a planar cross-flow and tubular counter-flow type [78,79]. There are various 
structural configurations of SOFCs, including anode-, cathode-, and electro-
lyte-supported SOFCs [80]. Generally, HDCFCs were fabricated in anode- or electro-
lyte-supported configurations [81]. Jiang et al. [65] compared the performance of elec-
trolyte- and anode-supported HDCFCs. The MPD increased from 70 to 390 mW cm−2 at 
750 °C under N2, changing the cell configuration from a 1 mm-thick YSZ electro-
lyte-supported structure to an anode-supported structure with a 5 µm-thick YSZ elec-
trolyte, due to the lower ohmic resistance of the electrolyte. Gil et al. [81] compared the 
performance of a cathode-supported HDCFC—which has the advantage of the use of a 
thin anode layer to promote the full contact between the fuel and the anode, together 
with the use of a thin electrolyte, maintaining a low ohmic resistance—to that of a con-
ventional anode-supported HDCFC. The performance of the cathode-supported HDCFC 
was 1.7 times higher than that of the anode-supported cell. Notwithstanding the ad-
vantages of the cathode-supported configuration, the manufacturing of this type of cell 
remains extremely challenging.  

Literature data on solid-catalyst-based HDCFCs are reported in Table 2 [60–
62,64,65,74–77,81–107]. The histograms in Figure 7 show the number of papers for the 
various types of anode and cathode catalysts, and of the electrolyte used in HDCFCs.  

 
Figure 7. Histograms of the number of papers for the various types of anode and cathode catalysts, 
and of the electrolyte used in hybrid direct carbon fuel cells from data in references reported in 
Table 2 in the year range of 2006–2023. 
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Table 2. Some literature data of solid-catalyst-anode-based HDCFCs, including intrinsic parame-
ters (catalysts and electrolyte), operational parameters (type of fuel, carbon/carbonate composition, 
and temperature), and MPD values. The results are sorted by increasing year. * The values of 
power were not normalized by surface area, because the type of flux of carbonate and carbon in 
tubular geometry is dynamic rather than static. 

Fuel//Carbonate  
Ratio 

Anode//Electrolyte//Cathode 
T  
°C  

MPD  
mW cm−2  

Refs 

S carbon black//Li/K 62/38% 
8:1 molar  

Ni mesh//YSZ//Pt 700 10 mW (not normalized) * [82]  

S carbon black//Li/K 62/38% 
1:1 molar, 1.9 g 

XC carbon black//Li/K 62/38% 
1:1 molar ratio, 1.9 g 

NiO/YSZ//YSZ//LSM/YSZ 

700 
900 
700 
900 

0.5  (no carbonate) 
3.6 

15.5 (no carbonate) 
13 
6.4 
12.6 

[62] 

Ni-carbon black//Li/K 62/38% 
1:1 molar  

NiO/YSZ//YSZ//LSM/YSZ 
550 
700 

0.16 (Ni 0 wt%) 
1.18 (Ni 50 wt%) 
2.2  (Ni 0 wt%) 

5.8  (Ni 50 wt%) 

[64] 

XC carbon black//Li/K 62/38% 
4:1 molar  

NiO/YSZ//YSZ//LSM/YSZ 
700 
800 

20 
50 

[65] 

Pirolized MDF//Li/K 62/38% 
4:1 weight 

NiO/YSZ//YSZ//LSM/YSZ 
NiO/YSZ//YSZ//LSCF/GDC 

750 

70 (electrolyte-supported) 
390 (anode-supported, N2) 

500 (CO2 purge gas) 
878 (flowing air cathode) 

[83] 

Pirolized MDF//Li/K 62/38% 
4:1 molar 

NiO/GDC//GDC//LSM/GDC 
700 
750 

40 mW (not normalized) * 
90 mW (not normalized) * 

[60]  

carbon black//Li/K 62/38% 
4:1 weight 

-//YSZ//LSCF/GDC 
denseGDC//YSZ//LSCF/GDC 

dense/porousGDC//YSZ//LSCF/GDC 
775 

7 
42 
70 

[75] 

graphite (<20 µm)//Li/K 62/38% 
1:1 molar  

activated carbon (125–250 µm, 
AC250)//Li/K 62/38%. 1:1 molar  

NiO/SDC//SDC//Ba0.5Sr0.5Co0.8Fe0.2O3−δ(BSCF) 
PorousSDC//SDC//BSCF 
NiO/SDC//SDC//BSCF 

-//SDC//BSCF 

650 

37 
41 
89 
113 

[76] 

German creek (200 µm) (GK200) 
Graphite carbon (20 µm) (GC20) 
Activated carbon (70 µm) (AC70) 

Activated carbon (250 µm) 
Activated carbon (500 µm) 

For all carbons C//Li/K 62/38% 
1:1 molar 

NiO/SDC//SDC//BSCF 

650 
700 
750 
650 
700 
750 
650 
700 
750 
750 
750 

40 
63 
85 
42 
75 
113 
60 
100 
132 
158 
126 

[84] 

Activated Carbon (XC-72R)//Li/K 62/38%. 
1:1 weight 

Pirolized MDF//Li/K 62/38% 
//Ni(NO3)2, 4:1:1 

NiO/YSZ//YSZ//LSCF 
700 
800 
800 

37 (after 17 h at 0.7 V) 
53 (after 17 h at 0.7 V) 

92 (after load at 0.8 V, no gas flow) 
[85] 

Almond shell biochar/Li/Na 66/33%. 1:9 
weight 

NiO/SDC//SDC//Li/Na 
66/33%(70:30wt%)//LixNi1−xO 

600 
650 
700 

20 
64 
148 

[74]  

Anthracite coal 
Bituminous coal 

Demineralizated bituminous coal 
Pine Charcoal 

For all carbons C//Li/K 62/38% 
4:1 weight 

Cu/CeO2//YSZ//Ag 

750,800 
750 
800 
750 
800 
750 
800 

1.2 (all MPD under 3.7 CO2 flow) 
2,7 
4.8 
3.3 
5.3 
7 
12 

[77] 

Carbon black//Li/K 62/38%//- 
Carbon black//Li/K 62/38%//Ag2O 

4:1:1 weight 
NiO/YSZ//YSZ//LSM/YSZ 800 

22 
58 

[86] 
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Graphite 
Anthracite coal milled 

Anthracite coal milled demineral  
Bituminous coal milled 

Bituminous coal milled deminer 
Pine Charcoal 

Activated Carbon (XC-72R) 
For all carbons C//Li/K 62/38% 

4:1 weight 

NiO/13YSZ//YSZ//LSM/YSZ 700 

67 (all PD at 0.5 V) 
97 
103 
115 
165 
96 
145 

[87] 

Carbon Super P//Li/K 62/38% 
1:1.5 weight 

NiO/YSZ//YSZ//LSM/YSZ 
PorousNiOa/YSZ//YSZ//LSM/YSZ 
PorousNiOb/YSZ//YSZ//LSM/YSZ 
SA PorousNiOa > SA PorousNiOb 

750 
850 
750 
850 
750 
850 

127 
265 
105 
359 
80 
287 

[88] 

Corn cob biochar/Li/Na 66/33%. 1:9 weight 
NiO/SDC//SDC/Li/NaCO3(70:30wt%)//LixNi1−x

O 

600 
650 
700 
750 

32 
68 
113 
185 

[89]  

Anthracite coal 
Carbonized anthracite coal 

Bituminous coal 
Carbonized bituminous coal 

For all carbons C//Li/K 62/38% 
4:1 weight 

NiO/YSZ//YSZ//LSM/YSZ 750 

45 
45 
68 
40 

[90] 

Carbon black 
Bituminous coal 

Torrefied switchgrass  
Pyrolyzed switchgrass (charcoal) 

Torrefied hardwood  
Torrefied corn stover  

For all carbons C//Li/K 62/38% 
16:1 volume  

dense/porousGDC//YSZ//LSCF/GDC 800 

118 
94 
121 
102 
118 
110 

[91] 

Magazine paper carbon 
Newspaper carbon 
Activated charcoal 

C//Li/K/Na 32/35/33% 
1:1 weight 

NiO/SDC//SDC//LSCF 650 

172 
136 
93 

But lower durability than AC 

[92] 

Anthracite coal I (low volatile)  
Anthracite coal II (low volatile) 

Bituminous coal I (low ash) 
Bituminous coal II (low ash) 

For all carbons C//Li/K 62/38% 
4:1 weight 

NiO/YSZ//YSZ//LSM/YSZ 750 

60 
58 
62 
72 

[93] 

Pyrolyzed organic xerogel 
Bituminous coal II 

Pyrolyzed organic xerogel 
For all carbons C//Li/K 62/38% 

4:1 weight 

(La, Sr)(Cr, Mn)O3 
(LSCM)-GDC//YSZ//LSM/YSZ/LSM 

NiO/YSZ//YSZ//LSM/YSZ/LSM 
750 

45 
60 
23 

[94] 

Lignite 
Lignite 800 

Co/CeO2//YSZ//Ag 

 
700 

 
750 

 
800 

 
700 

 
750 

 
800 

5  (no carbonate) 
10.7 

9.2 (no carbonate) 
18.2 

13.2 (no carbonate) 
22.8 

7.1 (no carbonate) 
12.7 

12.2 (no carbonate) 
20.9 

15.3 (no carbonate) 
25.5 

[95] 

Activated carbon 
Carbon black 

NiO/YSZ//YSZ//LSCF/GDC 
700 
800 

79   (N2 purge gas) 
535  

[96] 
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Graphite 
For all carbons C//Li/K 62/38% 

4:1 molar 

700 
800 
700 
800 
700 
800 
700 
800 
700 
800 

155 (CO2 purge gas) 
489 

21   (N2 purge gas) 
224 

38   (CO2 purge gas) 
380 

28   (N2 purge gas) 
154 

28   (CO2 purge gas) 
170 

Activated carbon//Li/K 62/38% 
4:1 weight 

SFXM//LSGM//LSFC 
SFXM (Sr2Fe1.4X0.1Mo0.5O6−δ, X = Bi, Al, Mg)  

700 
750 
800 
800 
800 

141 (SFBM anode) 
287 
399 

293 (SFAM anode) 
181 (SFMM anode) 

[97] 

Graphite//Li/K 62/38% 
4:1 weight 

3D NiO/GDC//GDC-Li/Na2CO3// 
Sm0.5Sr0.5CoO3(SSC) 

500 
550 
600 

143 
196 
325 

[98] 

Carbon black//Li/K 62/38% 
4:1 weight 

NiO/YSZ//YSZ//LSM/YSZ  
 

755 
44 (anode-supported) 

75 (cathode-supported) 
[81] 

Activated carbon//Li/K 62/38% 
4:1 weight 

Ni(50%)-Ce0.6Mn0.3Fe0.1O2 
(Ni-CMF)cermet/SDC//LSGM//LSCF 

CMF//LSGM//LSCF 

700 
750 
800 
800 

227  
478  
581  
172  

[99] 

Activated carbon//Li/K 62/38% 
4:1 weight  

Ni-CMFnanofibers//LSGM//LSCF 800 

230 (0% Ni) 
320 (22% Ni) 
530 (30% Ni) 
370 (30% Ni) 
200 (58% Ni)  

[100] 

Pyrolyzed sawdust//Li/K 62/38% 
Various C/carbonate ratios 

Ni/YSZ//YSZ//GDC/LSCF/GDC 750 

550(40% carbon) (CO2) 
731 (50% carbon) 
750 (60% carbon) 
600 (80% carbon) 

306 (40% carbon) (N2) 
388 (50% carbon) 
384 (60% carbon) 
344 (80% carbon) 

[101] 

Bituminous coal//Li/K 62/38%//Co/CeO2 
C/carbonate/Co x:y:z weight 

Co/CeO2//YSZ//Ag 
700 
800 

6.0 (4:0:0) 
7.2 (4:0:1) 
7.7 (4:2:0) 
10.9 (4:2:1) 
15.5 (4:0:0) 
17.7 (4:0:1) 
20.2 (4:2:0) 
24.7 (4:2:1) 

[102] 

Graphite carbon 
Carbon black 

Pyrolyzed biomass (charcoal) 
For all carbons C//Li/K 62/38% 

4:1 weight 

NiO/YSZ//YSZ//LSM/YSZ 750 
49 
25 
52 

[103] 

Bituminous coal 
Charcoal (by pyrolysis BiC) 

Modified charcoal (acid-treated) 
For all carbons C//Li/K 62/38% 

4:1 weight 

NiO/YSZ//YSZ//SDC/ 
SrSc0.175Nb0.025Co0.8O3−d(SSNC) 

Ag/NiO/YSZ//YSZ//SDC/SSNC 
750 

282 
297 
366 
403 

[104] 

Activated carbon//Li/K 62/38% 
4:1 weight  

(PrBa)0.95Fe1.8−xCuxNb0.2O5+δ 
(PBFCN)//YSZ//LSM/YSZ 

800 

210 (x = 0.1) 
275 (x = 0.2) 
325 (x = 0.3) 
431 (x = 0.4) 

[105]  

Activated carbon//Li/K 62/38% 
4:1 weight  

PorousPBFCN//YSZ//LSM/YSZ 800 765 (x = 0.4)  [106]  

Anthracite 250 mesh/ Li/K 62/38% 
7:3 weight 

metal foam/NiO/SDC //YSZ//SDC|SSNC 750 
306 (no metal foam) 
349 (30 PPI Ni foam) 

[61] 
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389 (90 PPI Ni foam) 
378 (CuNi foam) 

Activated carbon//Li/K 62/38% 
4:1 weight 

Sr2Fe1.5Mo0.5O6−δ (SFM) //LSGM//LSCF 
Sr2Fe1.3Cu0.2Mo0.5O6−δ (SFCM) //LSGM//LSCF 

650 
700 
750 
800 
650 
700 
750 
800 

51 
92 
143 
286 
100 
156 
315 
489 

[107] 

Activated carbon//Li/K 62/38% 
7:3 weight 

Pd/GDC-Ni-Cu/GDC 
//YSZ-GDC//LSCF/GDC 750   556  [108] 

3.3.1. HDCFC Anode  
As can be seen in Figure 7, Ni-YSZ cermet was the most used anode catalyst in 

HDCFCs; this catalyst, however, is subjected to various drawbacks, such as sintering, 
poor redox stability, and low tolerance to coke deposition. Another problem regarding 
Ni-YSZ is the poor stability of YSZ in molten carbonate [82]. This leads to the degradation 
of both YSZ mechanical properties and conductivity at temperature < 700 °C. One answer 
to this problem is to switch to an alternative carbonate mixture: it was found that YSZ is 
stable in Na/K carbonate eutectic [82], but the HDCFC performance was lower than with 
Li/K carbonate eutectic [75]. Another way to solve this drawback is to use doped ceria as 
an alternative to YSZ. The GDC structure seems to be stable in molten Li/K carbonates 
over 168 h at 500 °C [109]. Xu et al. [110] compared the stability of YSZ and SDC in molten 
carbonates. They found that SDC was more corrosion-resistant in the molten carbonate 
eutectics than YSZ. On these bases, GDC, SDC, and also Ce0.6Mn0.3Fe0.1O2 (CMF) were 
investigated as Ni supports in HDCFCs [60,61,74,76,84,92,98–100]. A disadvantage of 
doped ceria, however, is that at high temperature and low oxygen partial pressure, its 
behavior changes from total ionic conductivity to partial electronic conductivity.  

Due to the limited contact between solid carbon fuels and the anode during HDCFC 
operation, notwithstanding the presence of carbonate, the commonly used Ni anode 
framework may not be suitable for carbon fuels with a particle size much larger than the 
anode pore size [111]. Thus, a more efficient anode structure should be designed to im-
prove the reactivity of carbon and the electrochemical performance. Lee et al. [88] mod-
ified the anode microstructure (pore volume and surface area). The MPD increased with 
increasing surface area but was not correlated with the pore volume. In this case, the 
carbon particle size was always larger than the pore size, so they cannot penetrate into 
the pores. This behavior, however, is not general, as the performance depends on the ra-
tio of carbon size to anode pore size: Wu et al. [98] tested a 3D NiO-GDC anode in an 
HDCFC. The 3D anode framework significantly extended the active zone for the elec-
trochemical carbon oxidation. The graphite-fueled HDCFC with this anode achieved an 
MPD of 325 mW cm−2 at 600 °C. 

A problem regarding the use of Ni-based anode catalysts in HDCFCs is related to 
the dissolution of Ni and NiO into molten carbonates [50,112]. In addition, as in 
SO-DCFCs, Ni is poisoned by sulfur present in raw coal fuels [113,114], leading to a sig-
nificant reduction in cell performance. Due to their excellent sulfur poisoning tolerance, 
perovskite oxides have attracted considerable attention. Double perovskites showed high 
catalytic activity when used as anode catalysts in SOFC fueled with hydrogen and 
low-molecular-weight hydrocarbons [115], so they were tested in HDCFCs [94,97,105–
107]. Yue et al. [94] investigated a (La, Sr)(Cr, Mn)O3 (LSCM) perovskite-GDC composite 
material as an alternative anode in HDCFCs and investigated its chemical stability in a 
carbon/molten carbonate mixture at 700–800 °C. The HDCFC with the GDC-LSCM anode 
showed a significantly higher performance than that with the Ni-YSZ anode, as a result 
of the high conductivity and high electro-catalytic properties of LSCM-GDC, as well as a 
high impurity tolerance. LSCM is not stable in a reducing environment, but the impreg-
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nation with GDC fine particles protects it from Li attack, enhancing LSCM anode stabil-
ity.  

3.3.2. HDCFC Electrolyte 
To effectively operate in SOFCs, the electrolyte has to possess high ionic conductiv-

ity and electronic insulation [116]. The electrolyte has to have good chemical compatibil-
ity with anode and cathode catalysts, and the thermal expansion coefficient (TEC) of the 
electrolyte has to be in close proximity to that of the electrode catalysts, to avoid cell 
cracking [84]. As can be seen in Table 2 and Figure 7, YSZ is largely the most used elec-
trolyte, overall due to its good compatibility with Ni cermets, commonly used as the 
anode catalyst in HDCFCs. Ceria-based electrolytes were also used in HDCFCs at tem-
peratures ≤650 °C, where the electronic conductivity is acceptable for fuel cell application 
[116]. Lanthanum strontium gallium magnesium oxide (La0.8Sr0.2Ga0.8Mg0.2O3−δ, LSGM) 
perovskite showed a high ionic conductivity, five times higher than that of YSZ, negligi-
ble electronic conductivity, and high chemical stability over a wide range of oxygen par-
tial pressures, so it fulfills the requirements for its use as an SOFC electrolyte [117]. A 
drawback is its reactivity with nickel. Indeed, it was found that the interfacial reaction 
between Ni-SDC and LSGM can give rise either to the formation of high-resistivity 
compounds, such as LaSrGa3O7, LaSrGaO4 and LaNiO3 [118], or the formation of fine 
MgO particles near the Ni-SDC/LSGM interface [119], leading to an increase in the ohmic 
resistance. Thus, the use of LSGM in HDCFCs with Ni-based anodes was limited. How-
ever, Liu et al. [99,100] used LSGM as the electrolyte with a Ni-cermet anode catalyst in 
HDCFCs, either inserting an SDC interlayer between the anode and the electrolyte, which 
prevented a chemical reaction between Ni and LSGM [99], or using a Ni-infiltrated cata-
lyst into the CMF nanofiber anode [100]. On the other hand, LSGM, being chemically 
compatible and having a compatible TEC with perovskites oxides [120–122], was used in 
HDCFCs with a doped SFM perovskite as the anode catalyst [106,107]. 

A drawback peculiar to HDCFCs is the stability of solid electrolytes in contact with 
corrosive molten carbonates. Jiang et al. [83] reported a significant YSZ intergrain erosion 
under oxidizing conditions. Conversely, under reducing conditions, a good stability of 
YSZ was observed. Xu et al. [110] carried out high-temperature corrosion tests of YSZ 
and SDC in molten Li/K carbonate eutectic in air at 700 °C for 10 days of testing. The re-
sults confirmed YSZ and SDC corrosion, but YSZ was less corrosion-resistant than SDC.  

3.3.3. HDCFC Cathode 
As can be seen in Table 2 and Figure 7, La1−xSrxMnO3 (LSM) perovskites are the most 

used cathode materials in HDCFCs. The oxygen ion conductivity of LSM materials, 
however, is low, limiting the use of LSM cathodes at operating temperatures ≤800 °C 
[123,124]. Due to its high oxygen ion conductivity, La0.6Sr0.4Fe0.8Co0.2O3 (LSFC) is a prom-
ising candidate for SOFCs working at temperatures ≤800 °C [123,124]. For this reason, 
LSCF was widely used as the cathode catalyst in HDCFCs. However, LSCF perovskites 
are generally incompatible with YSZ electrolytes, as LSCF reacts with YSZ to form an 
SrZrO3 insulating phase at 800 °C [123,124]. Thus, a GDC diffusion barrier layer is com-
monly used to avoid the reaction between LSCF and YSZ [123,124]. On the other hand, 
LSFC is compatible with LSGM, and in HDCFCs, when LSGM was used as the electro-
lyte, LSFC was always used as the cathode catalyst. Precious metals (Pt and, in particular, 
Ag), LixNi1−xO, and other perovskite oxides, such as SrSc0.175Nb0.025Co0.8O3−d (SSNC) and 
Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF), were also used as cathode catalysts in HDCFCs. 

3.3.4. Effect of Carbonate Presence (HDCFC vs. SO-DCFC) and Carbon/Carbonate Ratio 
To evaluate the effect of carbonate presence, the performance of HDCFCs and 

SO-DCFCs with the same intrinsic and operational parameters was compared in different 
works [62,75,77,88,95,99]. In almost all the cases, the performance of the cell with car-
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bonate was higher than without, due to the extension of the reaction zone. The depend-
ence of the ratio of the MPD of HDCFC to MPD of SO-DCFC (MPDHDCFC/MPDSO-DCFC) on 
the operating temperature from data in refs. 62,77,88,95, and 99 is shown in Figure 8a.  

The MPDHDCFC/MPDSO-DCFC ratio decreases with increasing operating temperature. In 
addition to temperature, the MPDHDCFC/MPDSO-DCFC ratio also depends on the type of 
carbon. The dependence of the MPDHDCFC/MPDSO-DCFC ratio on temperature for raw and 
heat-treated lignite is shown in Figure 8b. After heat treatment, the carbon content in 
lignite increased, whereas the volatile matter, such as moisture, sulfur, and oxygen con-
tents, decreased. As a consequence, an improvement in the performance of both 
SO-DCFC and HDCFC fueled with heat-treated lignite than the cells fueled with raw 
lignite was observed. In the 700–800 °C temperature range, the MPDHDCFC/MPDSO-DCFC ra-
tio linearly decreased with increasing temperature for both raw- and heat-treated lig-
nite-fed cells. The dependence of the MPDHDCFC/MPDSO-DCFC ratio on temperature for the 
cell fed with raw lignite (d(MPDHDCFC/MPDSO-DCFC)/dT = −0.0041 mW cm−2 °C−1), however, 
was considerably higher than that of the cell fueled with heat-treated lignite (−0.0012 mW 
cm−2 °C−1). Obviously, at a fixed temperature, the values of the MPDHDCFC/MPDSO-DCFC ra-
tio depends on the type of carbon. In the 700–800 °C temperature range, the 
MPDHDCFC/MPDSO-DCFC ratio for the cell fueled with raw lignite was always higher than 
that of the cell fueled with heat-treated lignite. Kaklidis et al. [77] compared the perfor-
mance of SO-DCFC and HDCFC fueled with various carbons at 800 °C. For both 
SO-DCFC and HDCFC, the order, in terms of MPD, was pine charcoal (PCC) > deminer-
alized bituminous coal (DBiC) > bituminous coal (BiC) > anthracite coal (AnC). When 
employing AnC and BiC as fuels in HDCFCs, the power output was almost doubled 
compared to SO-DCFCs. In the case of the PCC sample, instead, the MPD only slightly 
increased from 12 to 12.6 mW cm−2. This result and that for raw and heat-treated lignite 
seem to indicate that the positive effect of carbonate presence is more pronounced when a 
less performing fuel is employed. Moreover, the value of the MPDHDCFC/MPDSO-DCFC ratio 
at a fixed temperature depends on carbon/carbonate ratio. As can be seen in Table 2, the 
most used carbon/carbonate weight ratio in HDCFCs was 4:1 (20 wt% carbonate), inde-
pendently of the carbon characteristics. The optimum carbon/carbonate ratio used in an 
HDCFC was evaluated in some works [75,101,125]. Cantero-Tubilla et al. [75] evaluated 
the effect of carbonate content in the carbon/carbonate mixture (0,2.5,6,9.5,13, and 22 vol 
% carbonates, corresponding to 0,10,20,30,40, and 60 wt%) on HDCFC performance at 800 
°C, using Li/K carbonate eutectic and carbon black as the fuel. A maximum value of the 
MPDHDCFC/MPDSO-DCFC ratio was attained at a carbonate content of 20 wt%, as shown in 
Figure 8c. The main role of the molten carbonate solution is to uniformly wet the carbon 
fuel and electrolyte, providing a medium for carbon transport and electrochemical reac-
tion. Depending on the concentration of carbonate, the HDCFC will most likely go from a 
liquid/solid and/or liquid/gas phase reaction mechanism to a solid/solid and/or solid/gas 
phase mechanism at the anode. This change in reaction mechanism depends on the dis-
tribution of the carbonates in the anodic mixture, since carbonate percolation controls the 
probability of forming a liquid solution within the anode. From the theoretical calcula-
tion based on the model of Malliaris and Turner [126], the minimum percolation thresh-
old was 8.7 vol% carbonate. Thus, the highest kinetics of the electrochemical reaction for 
the range of compositions investigated by Cantero-Tubilla et al. [75] has to be between 6 
and 9.5 vol% carbonate. For this reason, for carbonate loadings <6 vol%, a remarkable 
drop in MPD was observed. The decrease in the performance above 6 vol% carbonate was 
ascribed to the increase in the charge-transfer resistance. Li et al. [101], using Li/K car-
bonate eutectic and pyrolyzed sawdust as the fuel, obtained the best performance for a 
carbonate content of 40–50 wt%. The different optimal carbonate content essentially de-
pends on the porosity and particle size of the carbon fuel: the higher the carbon surface 
area, the higher the amount of carbonate needed to wet the carbon surface. Finally, Jiang 
et al. [125] tested various amounts (10,25 and 40 wt%) of ternary Li/K/Na carbonate in 



Catalysts 2023, 13, 1107 19 of 32 
 

 

HDCFCs in terms of cell resistance, cell performance, and durability. The best perfor-
mance was obtained for the HDCFC operating at 700 °C with 40 wt% carbonate.  

 
Figure 8. (a) Dependence of the ratio of maximum power density (MPD) of hybrid direct carbon 
fuel cell (HDCFC) to MPD of solid oxide–direct carbon fuel cell (SO-DCFC) (MPDHDCFC/MPDSO-DCFC) 
on operating temperature from data in Refs. [62,77,88,95,99]; (b) dependence of the 
MPDHDCFC/MPDSO-DCFC ratio on temperature for raw and heat-treated lignite from data in Ref. [95]; 
(c) dependence of the MPDHDCFC/MPDSO-DCFC ratio on carbonate content in the fuel from data in Ref. 
[75]. 

3.3.5. Effect of the Type of Carbon 
Different carbon materials have been used as the fuel in MC-DCFCs [49,52,54,127–

131] and SO-DCFCs [132–137]. Generally, a high surface area and a small particle size of 
carbon fuel can improve its electrochemical reactivity by increasing the interaction be-
tween the carbon particles and the anode catalyst. Conversely, a high graphitic degree of 
carbon fuel can lead to a lower electrochemical reactivity due to the less reactive sites on 
the carbon surface. Moreover, the electrochemical reactivity of carbon fuels increases 
with increasing concentration of oxygen-containing functional groups on their surface.  

As previously reported, in some works comparing HDCFCs and SO-DCFCs, the 
order of reactivity of different carbons was the same [77,102]. The increase in the power 
density was correlated with the increase in porosity and structure disorder. Conversely, 
high ash and sulfur contents hindered the electrochemical performance. The performance 
of various types of carbons as fuels in HDCFCs was compared in many works 
[76,84,87,90,92–94,96,104]. Generally, among various carbons, the HDCFC fueled with 
AC showed the highest MPD. The higher performance of AC was ascribed to its disor-
dered structure and higher surface area, promoting CO formation via the reverse Bou-
douard reaction. Moreover, the mesoporous and macroporous structure of AC enhances 
the transport of carbonates through the carbon skeleton and leads to more active reaction 
sites. To investigate the effect of the size of carbon on the electrochemical performance, 
three activated carbons with different sizes (AC (70 µm), AC (250 µm), and AC (500 µm)) 
were used as the fuel in an HDCFC [84]. Independently of carbon size, the HDCFC op-
erating at 750 °C showed a similar OCV. The HDCFC with the middle-size AC as the fuel 
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delivered the highest power density. As shown in Figure 9, the dependence of the MPD 
on the particle size indicated an advantage when carbon with small particle size was used 
as the fuel; however, it was difficult to wet very fine carbon particles of AC (70 µm) by 
molten carbonate to form a percolating carbonate phase at a lower ratio of car-
bonate:carbon (1:1).  

 
Figure 9. Different carbon fuel cell performances with different sizes of activated carbon fuels. Re-
produced from Ref. [84], copyright 2013, with permission from Elsevier. (a) AC70; (b) AC250; 
AC(500). 

Anthracite and bituminous coals are promising candidates as the fuel for HDCFCs 
as they have a higher carbon content and higher conductivity than less ranked coals. The 
MPD of the HDCFC fueled with raw BiC was higher than that of raw AnC [90,93]. 
Short-term durability tests (<10 h) showed that the HDCFC fed with BiC had a slower 
performance drop than with AnC. Long-term duration tests for more than 120 h at 0.7 V, instead, showed a better performance of the AnC-fed HDCFC [93]. These results indicated 
that a high volatile matter, a high hydrogen content, and a low moisture content, as in the 
case of BiC, are desirable for a short-term operation, while for long-term operations, a 
high carbon content is preferable. To enhance the electrochemical performance of AnC 
and BiC, these carbons were submitted to pretreatments [90,104]. Thermal pretreatment 
of high-rank coals was not appropriate for their use in HDCFCs [90]. The air oxidation 
treatment, instead, can help to improve the reactivity of AnC coals (low H/C ratio). Oxi-
dation pre-treatments can enhance some characteristics of AnC, such as oxygen content 
and reactivity. In the case of the BiC, instead, the formation of crosslinks and the reduc-
tion in aliphatic hydrogen during the oxidation pretreatment decrease the fluidity and 
the active area of the coal, leading to a lower cell performance. The pretreatment of BiC 
by pyrolysis at 800 °C, to remove organic volatiles, followed by modification with acetic 
acid, to reintroduce surface functional groups, increased cell performance [104]. Addi-
tional gas phase electrochemical reactions of CO(g) and H2(g) released from the coals 
with O2− and/or CO32− ions can contribute to the OCV increase and electricity generation. 
Both oxidized AnC and BiC have certain oxygen functionalities, which will be released 
mainly as CO(g) during fuel cell operation, contributing to the CO mediator system via 
the electrochemical reaction (4). Regarding H2(g), part of the H2 can be involved in elec-
trochemical reactions, according to reaction (21):  
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H2(g) + O2−  H2O +2e−  (21)

The electrochemical oxidation of CO(g) and/or H2(g) released from the coals can also 
be promoted by carbonate ions present in the HDCFC, according to reactions (19) and 
(22): 

H2(g) + CO32−  CO2 + H2O + 2e−  (22)

3.3.6. Effect of Carbonate Mixture Composition  
As can be seen in Table 2, apart from two works that report the use of an eutectic 

Li/Na carbonate composition, the eutectic Li/K carbonate mixture was used in HDCFCs. 
Cantero-Tubilla et al. [75] were the only ones to evaluate the effect of carbonate composi-
tion on the performance of an electrolyte-supported HDCFC. Alternative Li/K carbonate 
compositions (Li/Na, Li/Na/K, Li/Ba, and Na/K in eutectic compositions) were tested at 
the 6 vol% carbonate content. Sodium seems to have a negative effect on HDCFC per-
formance. With Li/Na carbonates, the power density of the HDCFC decreased 50% and 
30% at 700 and 800 °C, respectively, compared to that with Li/K carbonates. Potassium 
has a strong catalytic effect for carbon oxidation [138]. Lithium enhanced the catalytic 
activity of potassium, as shown by the comparison of the HDCFC performance with Li/K 
and Na/K carbonates: among all the compositions, the HDCFC with Na/K carbonate 
presented the lowest performance. Barium was also investigated as a replacement for Na 
and K ions. For temperatures >700 °C, the HDCFC with the Li/Ba carbonate eutectic 
showed a higher performance than that with Li/Na carbonates. Summarizing, the 
HDCFC with the Li/K carbonate eutectic showed the highest power density at all tem-
peratures. 

3.3.7. Effect of Catalyst Addition to the Fuel  
A way to improve the performance of SO-DCFC is the addition of metal/metal oxide 

catalysts in the carbon fuel, enhancing the reverse Boudouard reaction to carry out the 
internal carbon gasification, providing more CO to the anode [139–145]. Ag, Ni, Co, 
Ag2O, Fe2O3, and CaO were the most used materials to catalyze the Boudouard reaction 
in SO-DCFCs. The addition of a catalyst to the carbon/carbonate fuel in HDCFCs was 
reported in some works [64,86,102]. The addition of 50 wt% Ni drastically improved the 
OCV, and in the full temperature range (550–900 °C), the MPD of the HDCFC was higher 
than that of the cell fueled with catalyst-free carbon [64].  

The addition of silver-based catalysts to the carbon/carbonate slurry enhanced the 
performance of the HDCFC in the order Ag < Ag2CO3 < Ag2O [86]. Kaklidis et al. [102] 
compared the performance of SO-DCFCs and HDCFCs, having the same cell structure, 
the only difference being the fuel composition, pure carbon, carbon/catalyst, car-
bon/carbonate, and catalyst/carbon/carbonate. A 20 wt% Co/CeO2 catalyst was added to 
BiC fuel. An eutectic Li/K carbonate mixture was added to BiC and BiC/catalyst feedstock 
at a carbon/catalyst/carbonates weight ratio of 4:2:1, to evaluate the effect of catalyst and 
carbonates on cell performance. As it can be seen in Figure 10, where the histogram of the 
MPD at 800 °C of SO-DCFCs and HDCFCs, with and without catalyst in the fuel, is re-
ported, the improvement in the cell fueled with the carbon/catalyst/carbonate mixture 
with respect to the cell fed with bare carbon is not the sum of carbonate and catalyst 
effects, but a synergic effect is clearly visible. The addition of carbonates facilitates BiC 
diffusion, while providing additional CO2 through their thermal decomposition. The 
addition of catalyst improves the reverse Boudouard reaction and additional CO is pro-
duced, but its presence may interfere with the coal fluidity at the anode. The presence of 
catalyst and carbonates results in a beneficial effect on both the fluidity and the reverse 
Boudouard reaction, giving rise to higher power densities.  
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Figure 10. Histogram of the maximum power density (MPD) at 800 °C of solid oxide–direct carbon 
fuel cells (SO-DCFCs) and hybrid direct carbon fuel cells (HDCFCs), with and without catalyst in 
the fuel from data in Ref. [102]. 

3.3.8. Effect of Purge Gas  
In DCFCs, an inert gas or CO2 is often used to purge the reaction gas away from the 

TPB [4]. Purge gas significantly influences the OCV and cell performance. The presence 
of CO2 enhances the reverse Boudouard reaction at temperatures >650 °C, giving rise to 
an improvement in cell performance, especially the MPD, by the electrochemical oxida-
tion of formed CO [4]. Elleuch et al. [71] observed that the performance of an HDCFC 
depends on the nature of the purge gas and on temperature. Up to 700 °C, N2 is preferred 
to keep the anode gas tight. Above 700 °C, as the reverse Boudouard reaction is thermo-
dynamically favored, the performance of the cell with CO2 as the purge gas was signifi-
cantly higher than that with N2. The dependence of the ratio of the MPD with CO2 purge 
gas to the MPD with N2 purge gas (MPDCO2/MPDN2) on temperature and various types of 
fuels is shown in Figure 11a from data by Li et al. [96]. For all the fuels, the lower per-
formance of the HDCFC in CO2 flow than in N2 flow at 650 °C is due to the increase in 
both ohmic and polarization resistances, the lower OCV, and, mainly, the poor kinetic of 
the reverse Boudouard reaction. For the HDFCs fueled with AC and carbon black (BC), 
going from 650 to 700 °C, notwithstanding the lower OCV in CO2 flow than in N2 flow, 
the MPDCO2/MPDN2 remarkably increased, due to the improved reverse Boudouard reac-
tion. For the HDCFC fueled with GC, the improvement in the MPDCO2/MPDN2 ratio was 
poor, since the stable structure of GC does not favor the reverse Boudouard reaction, and 
the microporous or nonporous structure in GC hindered the contact between carbon and 
molten carbonate. For all HDCFCs, by increasing the temperature from 700 to 750 °C, a 
slight decrease in the MPDCO2/MPDN2 ratio was observed. At 750 °C in flowing N2, the 
enhanced carbonate decomposition (reaction 20) resulted in a higher amount of CO2 
formed, which generated more CO by the reverse Boudouard reaction. Conversely, in 
CO2 flow, carbonate decomposition was hindered. The effect of carbonate amount in the 
fuel on the MPDCO2/MPDN2 ratio is shown in Figure 11b from data in ref. 101. The addi-
tion of carbonates facilitated carbon diffusion and provided additional CO2 through their 
thermal decomposition, generating CO by the reverse Boudouard reaction. By increasing 
the carbonate amount from 20 to 40 wt%, the improved carbon diffusion enhanced the 
reverse Boudouard reaction, thus explaining the higher MPDCO2/MPDN2 ratio. In N2 flow, 
a further increase in carbonate content in the fuel gave rise to more CO2 formation by 
carbonate decomposition, increasing the reverse Boudouard reaction; this did not occur 
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in CO2 flow, which prevented carbonate decomposition, making the use CO2 purge gas 
less favorable and reducing the MPDCO2/MPDN2 ratio. 

 
Figure 11. (a) Dependence of the ratio of the maximum power density (MPD) with CO2 purge gas 
to the MPD with N2 purge gas (MPDCO2/MPDN2) on temperature and various types of fuels from 
data in Ref. [96]; (b) dependence of the MPDCO2/MPDN2 ratio on carbonate amount in the fuel from 
data in Ref. [101]. 

3.3.9. Effect of Temperature  
The dependence of the ratio of the x °C (Tx) to 700 °C (To) temperature maximum 

power density (MPDTx/MPDTo) of HDCFCs on cell temperature from data in Table 2 is 
shown in Figure 12. As can be seen in Figure 8, as expected, in the temperature range of 
650–900 °C, the MPDTx/MPDTo ratio almost linearly increases with temperature, inde-
pendently of the catalyst and carbon type. An increase in temperature improves the 
electrochemical kinetics of both carbon oxidation and oxygen reduction reactions. 
Moreover, both carbon and oxygen transport diffusivities increase with increasing tem-
perature, resulting in low mass transport.  

An interesting way to improve HDCFC performance is size-matching between the 
carbon particles and anode pores. The optimal carbonate content also depends on the 
porosity and particle size of the carbon fuel: the higher the carbon surface area, the higher 
the amount of carbonate needed to wet the carbon surface. 

 
Figure 12. The dependence of the ratio of x °C (Tx) to 700 °C (To) temperature maximum power 
density (MPDTx/MPDTo) of hybrid direct carbon fuel cells on cell temperature from data in Table 2. 
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4. LTA-HDCFC and Liquid-tin-Containing HDCFC 
Only two works addressed mixed molten metal/molten carbonate SO-DCFCs, one 

with LTA-HDCFC [146] and another with liquid-tin-containing-HDCFC [147]. Cao et al. 
[146] reported an LTA-HDCFC with a Sn-Li/K carbonate anode, an YSZ electrolyte, and a 
Pt cathode. With molten carbonate occupying the anode–electrolyte interface, the loca-
tion of the Sn oxidation process changes from the anode–electrolyte interface to the car-
bonate–tin interface. Thus, the SnO2 film formed on molten carbonate droplets is less 
stable than that formed on the solid electrolyte and can be reduced more easily. In the 
absence of carbon, that is, in battery mode, for a pure tin anode, a maximum current 
density of 581.7 A m−2 was attained, followed by a sudden drop in current density, related 
to SnO2 film formation. After carbonate addition, for the composite anode containing 2 
mol.% carbonate, the maximum current density was 1068.9 A m−2, indicating that car-
bonate addition decreased the stability of the formed SnO2 layer. To test the carbon con-
version kinetics, the composite tin-carbonate anode was first discharged at 800 °C at a 
constant working potential of 0.4 V for 1 h, then 0.1 g of carbon black was introduced into 
the anode chamber. Before carbon introduction, the fuel cell performance reached its 
lowest value of 100.7 A m−2. Following carbon addition to the anode chamber, fuel cell 
performance increased abruptly to 208.6 A m−2. As solid carbon particles slowly migrated 
in the liquid metal anode, the immediate increase in fuel cell performance after fuel in-
troduction was ascribed to the accelerated CO formation via Boudouard reaction in the 
presence of the molten carbonate. Then, a carbon-containing composite anode was pre-
pared by adding 0.1 g of carbon black into the composite anode powder. The fuel cell 
with this carbon-containing anode was discharged at 800 °C at a constant working po-
tential of 0.4 V. The performance of carbon mixed anode slightly decreased from 214.0 A 
m−2 to 167.4 A m−2 after the first 150 s. However, fuel cell performance increased in the 
later part of the discharge to a current density of 348.9 A m−2 after 5000 s. At beginning of 
the discharge, Sn is consumed while the reduction rate of SnO2 is relatively slow. In the 
later part of the discharge, SnO2 is transported into the bulk of the anode and interacts 
with carbon. During the reduction of SnO2 by carbon in the liquid phase anode, Sn metal 
is regenerated and CO is produced via the Boudouard reaction. By mixing carbon black 
homogenously with the liquid anode, the escape of the CO is more difficult, resulting in 
an increased performance. 

Li et al. [147 evaluated the effect of the addition of liquid Sn in various compositions 
(0, 10, 20, and 50 wt%) to Li/K carbonate on the performance of an anode-supported 
HDCFC, consisting of a Ni/ YSZ anode, a thin YSZ electrolyte, and a GDC/LSCF compo-
site cathode. At 750 °C, for the Sn-free anode, the MPD was, ca., 65 mW cm−2. When in-
troducing molten Sn into the anode, the OCV does not change significantly, indicating 
that the OCV is related to the carbon and carbonates rather than Sn. In the presence of Sn, 
the MPD is dependent on the Sn concentration. The MPD values were 58, 86, and 49 mW 
cm−2 for 10, 20, and 50 Sn wt% loading, respectively. Sn and Li2Co3 can react to form a 
Li2SnO3 phase: 

Li2CO3 + Sn + O2  Li2SnO3 + CO2  (23)

As a consequence, the consumption of Sn and Li2CO3 decreases the amount of oxi-
dized carbon by Sn/SnO2 and CO2/CO32− redox cycling reactions. Thus, the decrease in 
MPD for a high Sn content was ascribed to the formation of a large amount of Li2SnO3. 
When tuning the Sn amount to an optimal value (20 wt%), the catalytic reactions of both 
Sn-SnO2 and Li-K systems prevail on the negative impact of Li2SnO3 formation.  

5. Conclusions and Perspectives 
LMA-DCFCs are an efficient tool for the direct electrochemical conversion of solid 

carbon into electrical energy. The first molten metals investigated acted only as physical 
mediators. In this case, their function is to enhance the carbon reaction active area by 
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changing the contact between the solid electrode and solid carbon into a liquid electrode 
and solid carbon. Carbon is oxidized by O2− and the OCV is near 1 V. A physical mediator 
metal has to have a low affinity for oxygen and a high solubility of fuel and oxygen, its 
oxide has to be not stable at the cell operation temperature, and, if is stable, the metal 
oxide has to have poor reactivity with carbon. Cu and Ag are examples of physical me-
diator metals. A drawback of these metals, however, is their high melting temperature. 
Then, molten metals are used as physical and chemical mediators. When a molten metal 
acts as a chemical mediator, it is oxidized by O2−, the OCV is less than 1 V, and its metal 
oxide has to be reduced by carbon spontaneously. Among different metals, only Sn and, 
overall, Sb are used as physical and chemical mediators. A serious drawback of 
LTA-SOFCs is the formation of an insulating SnO2 layer, so, generally, tin is not em-
ployed as a molten anode, but, mixed with carbon and in the presence of a solid anode, 
acts as an interfacial mediator. The only LMA-DCFC with an appreciable performance is 
Sb as the liquid anode. A critical issue of LAA-DCFCs is the corrosion of the electrolyte 
by liquid Sb/Sb2O3 at operating cell temperatures. As electrolyte grain boundaries are 
weak points to Sb/Sb2O3 attack, the reduction in their number can be a solution to resist 
corrosion. The ScSZ electrolyte prepared by APS technology presents a low number of 
grain boundaries, leading to a lower Sb migration and a higher electrolyte stability. Fe2O3 
is often used to form liquid phases at the grain boundaries during sintering processes 
and to improve grain-boundary conductivity [148]. The corrosion resistance of GDC 
electrolytes is enhanced by Fe2O3 addition. Refined grains in Fe2O3-GDC with much 
longer and more tortuous grain boundaries would make the penetration of Sb/Sb2O3 
more difficult. 

The introduction of carbonates in the SO-DCFC system leads to an enhancement of 
cell performance in terms of OCV and power output. The carbonates mainly act as a 
physical mediator, accelerating O2− transfer to the anode TPB, but also as a chemical me-
diator for carbon oxidation reaction. Carbonates are almost effective at low temperatures 
and using poor performing fuels. The characteristics of carbon fuels play an important 
role in the performance of HDCFCs. Generally, a high surface area and a small particle 
size of carbon fuel can improve its electrochemical reactivity by increasing the interaction 
between the carbon particles and the anode catalyst. Conversely, a high graphitic degree 
of carbon fuel can lead to a lower electrochemical reactivity due to the less reactive sites 
on carbon surface. Moreover, the electrochemical reactivity of carbon fuels increases with 
increasing concentration of oxygen-containing functional groups on their surface. Carbon 
contaminants, in the form of ash, affect HDCFC performance, facilitating or hindering 
carbon electrooxidation, so it is fundamental to evaluate their role during cell operation. 
The highest HDCFC performance is obtained with coals containing high fixed carbon, 
low sulfur, and a medium amount of volatile material and moisture. To enhance their 
electrochemical performance, pretreatments, such as heat treatment, acid or base wash-
ing, and air oxidation, are carried out on carbon fuels. Pre-treatments, however, do not 
always lead to an improvement in performance, depending on carbon characteristics. To 
improve HDCFC performance, different ways have been suggested, either modifying the 
electrodes or optimizing the external parameters, such as carbon/carbonate ratio, purge 
gas, and operation mode. Appropriate doping of the perovskite anode (chemical modi-
fication) or increasing the catalyst surface area (physical modification) leads to an en-
hancement in cell performance. An interesting way to improve HDCFC performance is 
size-matching between the carbon particles and anode pores. The optimal carbonate 
content also depends on the porosity and particle size of the carbon fuel: the higher the 
carbon surface area, the higher the amount of carbonate needed to wet the carbon sur-
face. The purge also influences cell performance. Up to 700 °C, N2 is the preferred purge 
gas to keep the anode gas tight. Above 700 °C, as the reverse Boudouard reaction is 
thermodynamically favored, the performance of the cell with CO2 as the purge gas is 
significantly higher than with N2. 
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A serious drawback regarding HDCFCs is electrolyte corrosion by molten car-
bonates. YSZ is stable in reducing conditions, but not stable in oxidizing conditions. On 
the other hand, GDC is relatively stable in oxidizing conditions. Thus, a solution could be 
to use a composite double-layered YSZ/GDC electrolyte, with the YSZ layer at the anode 
side and the GDC layer at the cathode side. Another solution is to develop new carbonate 
corrosion-resistant materials, possessing suitable properties for their use as the electro-
lyte in HDCFCs, such as ionic conductivity and electronic insulation, good chemical 
compatibility with anode and cathode catalysts, and with the electrolyte TEC in close 
proximity to that of the electrode catalysts, to avoid cell cracking. 

Finally, only two works addressed SO-DCFCs, with both molten tin and molten 
carbonates present in the anode chamber. As, in both studies, tin was used as the molten 
metal, there is plenty of room to explore this topic further in future works, in particular, 
using molten Sb. 
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