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Abstract 

The hybrid direct coal fuel cell is a promising technology for the generation of power using coal, 

which is abundant and cheap. However, restricted contact between the solid carbon in the coal 

and the anode of the cell not only limits the electrochemical oxidation sites, but also adversely 

affects the transport of electrons and ions. Herein, we demonstrate a new strategy of using 

Cu-modified Ni foams as the three-dimensional outer anode for a high-performance hybrid direct 

coal fuel cell with 3D structure, that is rich in electrochemical reaction sites and beneficial for 

electron and ion transport when filled with molten carbonates and anthracite coal. Moreover, the 

CuNi alloy layer formed on the surface of Ni foam is of excellent coking-resistance and capable 

of preventing ash-clogging, therefore effectively promoting the durability of an 

electrolyte-supported HDCFC. An excellent maximum power density of 378 mW cm−2 at 750 ℃ 

is achieved using the prepared 3D anode and anthracite coal as fuel. Besides, the cell exhibited 

stable operation for more than 13 h at 100 mA cm-2, promising a new electrode design strategy 

for developing high-performance HDCFC anodes. 
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1. Introduction 

Coal, an abundant and competitive fuel, is expected to maintain dominance in the power 

generation industries of developing countries due to its superior high energy density and 

friendliness for storage and transportation [1-3]. However, developing highly efficient and 

environmentally-benign coal utilization technology remains a challenge [4-6]. Direct carbon fuel 

cells (DCFCs) have attracted considerable attention as a promising option that directly converts 

the chemical energy of carbon into electricity without the Carnot cycle. Thus, DCFCs have high 

energy efficiency, close to 100% in theory [7-10]. Up to now, DCFCs can be divided into four 

general types, according to the type of electrolyte: molten carbonate fuel cells (MCFCs), molten 

hydroxide fuel cells (MHFCs), solid oxide electrolyte fuel cells (SOFCs), and the 

newly-developed hybrid direct carbon fuel cells (HDCFCs), which add molten carbonates to the 

solid carbon to form the hybrid electrolyte in together with the solid electolyte (e.g. stablized 

Yitrium oxides, doped cerium oxides) within the traditional SOFC configuration [11-12]. 

Therefore, for HDCFCs, ion transportation is enhanced by the molten ion-conducting carbonates. 

In addition, gasification of the carbon can be faciliated in molten carbonates and the 

electrochemical oxidation sites can also be expanded from the solid carbon/anode interface to the 

molten carbonate/carbon interface due to the increased contact [13-14]. Recently, numerous 

efforts have been focus on designing characteristic anode structure or morphology which is 

considered as an effective way to regulate the electrochemical oxidation sites of carbon [15]. 

Liu and co-workers demonstrated a Ce0.6Mn0.3Fe0.1O2 hierarchically structured porous hollow 

nanofibers which can be customized as efficient anodes for HDCFCs [16]. Wu and co-workers 

proposed a highly efficient, 3D solid-state architected Ni-GDC anode using textile as framework 

[17]. Ma and co-workers developed a honeycombed and size-matching 

(PrBa)0.95Fe1.4Cu0.4Nb0.2O5+d anode anode architecture by using water droplet templating method 

for high performance hybrid direct carbon fuel cells [18]. However, due to the poor electron 

conductivity of molten carbonate, efficient direct electrochemical oxidation of carbon in 

HDCFCs is still a challenge.  

One solution to this electron transport issue is to build a three-dimensional (3D)  

electron-conductive anode with rich contacts with the fuel-carbonate mixture, which allows for 



 

 

rapid electron transfer. Metal foam is a very attractive material due to its excellent electrical 

conductivity, high mechanical strength, and large specific surface area [19]. Therefore, it is 

widely used in the field of electrochemistry, for example in gas-fueled SOFCs [20], zinc-air 

batteries [21], and lithium ion batteries [22]. Nickel foam in particular has been used 

commercially as an electrode substrate and current collector for nickel-based alkaline batteries 

for more than 20 years [23]. Other benefits of nickel foam, such as its good electrochemical 

catalytic carbon oxidation activity and stability in a reducing gas atmosphere, also make it 

attractive as a current collector in SOFCs. Unfortunately, ni easily suffers from coking in the 

absence of decoking agents (e.g., H2O, CO2, catalysts) at HDCFC operating temperatures, 

increasing the ohmic impedance and decreasing the catalytic activity of nickel [24]. Therefore, 

nickel foam should be modified to achieve an excellent tolerance to carbon deposition in 

HDCFCs. 

Herein, the strategy of using metal foam as the 3D outer anode for HDCFCs is developed for the 

first time. The electrochemical properties of anthracite-fueled HDCFCs using Ni foam with 

different porosities were investigated. finding the foam with a mesh density of 90 PPI showed the 

best performance in the fuel cell, as an successful demonstration of the extended reaction sites, 

enhanced electron conducting, synergetically. Furthermore, the formation of a CuNi alloy layer 

on the surface of Ni foam via electrodeposition and reduction endows the cell excellent 

coke-resistance, which ahcieved a maximum power density of 378 mW cm−2 at 750 ℃ and  

stable discharge for more than 13 h with 0.6 g coal-carbonate mixture as the fuel. 

2. Experimental 

2.1. Material preparation and characterization 

All commercial reagents were analytical grade and purchased from Aladdin Reagents. Both the 

SrSc0.175Nb0.025Co0.8O3-d (SSNC) and Sm0.2Ce0.8O1.9 (SDC) composite oxide powders used in this 

work were prepared via an EDTA-citrate method; the detailed synthesis process is described 

elsewhere [25]. Phase-pure powders were obtained by calcination of SSNC and SDC precursors 

at 900 ℃ and 700 ℃, respectively, in air for 5 h. 

The Ni foams were commercial products from Yinghuixiong Electronic Materials Co., Ltd., with 

a pore per linear inch (PPI) value of 30 and 90. Before use, the nickel foam was cut into cylinders 
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with diameters of 9 mm and heights of 3 mm, then rinsed with acetone and alcohol and dried in 

air at 80 ℃ for 1 h. The Cu-modified Ni foam was obtained via typical electrodeposition. A 

three-electrode system was used with the Ni foam, a copper sheet and SCE (saturated calomel 

electrode) served as a work electrode (WE), counter electrode (CE), and reference electrode (RE), 

respectively. The electrodeposition solution contained 1M CuSO4 and 0.001M 

polyvinylpyrrolidone (PVP). The deposition current density was held constant at -1 A cm−2, and 

the deposition area was 1.3 cm2. After 10 min, the mass loading reached 200 mg cm-2. Finally, the 

bare Ni foams and Cu-modified Ni foams were heated at 800 ℃ for 5 h in 10% H2 (balanced with 

Ar) before the electrochemical performance and stability tests. 

Analysis using a scanning electron microscope (SEM, FEI Inspect F50, USA) equipped with an 

energy dispersive spectrometer (EDS) was performed to characterized the morphologies of the 

metal foams. X-ray diffraction (XRD, Bruker AXS D8 Advance A25X) analysis was used to 

examine the crystal structure of the metal foams. 

After reduction, the Ni foam and Cu-modified Ni foam were immersed in a mixture of anthracite 

and carbonate at 750 ℃ for 20 h in N2 to compare their coke resistance. Before testing, the metal 

foams were rinsed with acetone and alcohol throughly, then dried at 80 ℃ in air for 1 h. Then 

Raman experiments were conducted with a Renishaw inVia Reflex, using an excitation 

wavelength of 532 nm. O2 temperature-programmed oxidation (O2-TPO) was conducted in an 

AutoChem1 II 2920. Prior to testing, the metal foams were crumbled to powder, which was put 

into a U-type quartz reactor where pure O2 was purged at a flow rate of 20 mL min−1. For each 

test, the sample was heated from 50 °C to 900 °C at a heating rate of 10 °C/min, and the CO2 

produced by the oxidation of the coke was detected as TCD signals by chemisorption. After 

immersion in the mixture of anthracite and carbonate, the morphologies of the metal foams were 

examined by SEM. 

2.2. Cell fabrication 

The single fuel cell consists of a Foam|NiO-SDC|YSZ|SDC|SSNC five-layer structure. A 

yttria-stabilized zirconia (YSZ) electrolyte support with a mass of 0.2 g was prepared by 

dry-pressing uniaxially at 100 MPa, followed by sintering at 1450 °C for 5 h to be 200 μm in 

thickness. A thin-film SDC interlayer (~4 μm) was deposited onto one side of the YSZ electrolyte 

and then sintered at 1250 °C for 5 h. Mixtures of NiO and SDC powder (weight ratio of 6:4) were 
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dispersed in isopropyl alcohol to form a suspension which was sprayed onto the other side of the 

YSZ electrolyte. Then, SSNC cathode ink was sprayed onto the SDC interlayer, with an effective 

surface area of 0.45 cm-2, and calcined at 1100 °C for 2 h. Finally, the metal foam was attached to 

the Ni/SDC anode by silver paste (DAD-87, Shanghai) to form five-layer structure. It's worth 

noting that silver pasta was painted in a net shape on the surface of Ni/SDC anode as a current 

collector and binding the metal foam to the Ni/SDC anode. The fabrication process of the button 

cell is summarized in Fig. 1a.  

 

Fig. 1. (a) Fabrication process for Cu-modified Ni foam as a 3D anode, and (b) schematic 

diagram of the coal-fueled single HDCFC. 

 

2.3 Fuel preparation and characterization 

Anthracite (Yangquan Coal Industry Co. Ltd, China) passed through a 250-mesh sieve was used 

as fuel for the HDCFC in this work. The composition of the anthracite was determined by 

proximate analysis (wt% of moisture, ash, volatiles, and fixed carbon) and ultimate analysis (wt% 

of C, H, O, N, and S) and is shown in Table 1. The proximate analysis was performed according 

to the Standard GB/T212 of China. The ultimate analysis of the organic elements was carried out 

using a Vario EL cube. The result shows that the content of fixed carbon and ash were 81.91% 

and 11.03%, respectively. The composition of the ash, which was examined via X-ray 

fluorescence (XRF, Axios max), is listed in Table 2. 



 

 

 

Table 1  

Proximate and ultimate analyses of anthracite. 

 

 

 

 

 

 

Table 2  

Ash composition of the anthracite (wt.%). 

 

A mixture of coal and carbonate (containing 62 mol% lithium carbonate and 38 mol% potassium 

carbonate) with a weight ratio of 7:3 was prepared by the ball milling method. The mixture was 

dried at 80 °C and sieved with a 250-mesh steel sieve before it was added to the cell. 

2.4 HDCFC assembly and testing 

Silver wires were attached to the metal foam and to the cathode after painting the cathode with 

silver paste to collect electrons. The button cell was sealed to a quartz tube with silver paste, as 

shown in Fig. 1b. Then, 0.6 g of the coal-carbonate mixture was added to the anode chamber 

without any carrier gas; ambient air was used in the cathode side. A Solartron 1287 

Electrochemical Workstation was used to test the electrochemical performance of the HDCFC. In 

the electrochemical impedance spectra test, the voltage amplitude was 30 mV in the frequency 

range from 0.1 Hz to 100 kHz. 

3. Results and discussions 

3.1 Reaction characteristics of Ni foam as the three-dimensional outer anode  

As shown in Fig. 2, restricted contact between carbon and the two-dimensional (2D) Ni/SDC 

 

Proximate analysis 

(wt.%, air dry basis) 
 

Ultimate analysis 

(wt.%, air dry basis) 

Moisture Ash Volatiles 
Fixed 

carbon 
 C H O N S 

anthracite 0.63 11.03 6.43 81.91  82.32 2.81 4.59 1.15 0.13 

SiO2 Al2O3 Fe2O3 SO3 CaO TiO2 P2O5 SrO Na2O MgO V2O5 Cl K2O 

29.41 27.66 13.62 10.17 5.10 4.24  3.87 2.56 1.08 0.69 0.66 0.63 0.33 
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inner anode not only restricts electrochemical oxidation sites to the two-dimensional surface, but 

also adversely affects electron transport in electrochemical reactions [26]. With the addition of 

metal foam, the sifted molten carbonate and carbon can easily pass through the large pores of the 

metal foam to form a 3D metal/carbonate outer anode. This design expands the sites of direct 

electrochemical oxidation of carbon from the 2D interface of the carbon/anode to the entire 3D 

space where the foam metal is located; this promotes the direct electrochemical oxidation of 

carbon, thus improving the electrochemical performance of HDCFCs. 

 

Fig. 2. Electrochemical processes at the electrolyte/electrode interface. 

As shown in Fig. 1b. Under the press of the intake quartz pipe and gravity, the fuel can maintain a 

stable contact with the anode, which is vital for the outer anode. In this cell configuration, the 

anodic reaction can be expressed as follows: (i) electrochemical oxidation of carbon by O2- ions 

(Eq. (1) and Eq. (2)); (ii) electrochemical oxidation of carbon by CO3
2- via Eq. (3) and Eq. (4); 

(iii) the electrochemical oxidation of CO via Eq. (5) and Eq.(6), mainly driven by the reversed 

Boudouard reaction (Eq. (7) [27-29]. 
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For HDCFCs, the most commonly used fuels are activated carbon [30] and carbon black [31], 

which are of smaller density than that of carbonate, thus may float to the top of molten carbonate 

during operation; this limits the contact of carbon fuel and ion-conducting phase [32]. In this 

work, anthracite, a real raw coal of a larger density due to its high graphitization and metallic 

impurities, was used to aviod this issue [33]. 

To determine the influence of the metal foam on the cells, two different sizes of Ni foam (30 PPI 

and 90 PPI) were used. Fig. 3 shows the surface morphology, characterized by SEM, of the Ni 

foams after reduction at 800 °C in H2 atmosphere. The low-resolution scanning electron 

microscope images shows that the pore diameters of the 30 PPI Ni foam (Fig. 3a) and 90PPI Ni 

foam (Figs. 3b) were approximately 1 mm and 0.3 mm, respectively; this was much higher than 

the particle size of the sieved coal (250 mesh, 0.065 mm), which ensured that the anthracite 

particles could migrate through the Ni foams continuously during fuel consumption, maintaining 

good contact between the Ni/SDC layer and the fuel. After reduction at high temperature, Ni 

foams all retained their original shape, exhibiting good mechanical strength when subject to 

chemical and thermal stress. 



 

 

 

Fig. 3. SEM images of (a) 30 PPI Ni foam, (b) 90 PPI Ni foam after H2 reduction. 

Fig. 4 compares the electrochemical performances of HDCFCs without and with Ni foams. Fig. 

4a shows the current density–voltage (I–V) curves and current density–power density (I–P) 

curves of the HDCFCs. The open circuit voltages are all close to the theoretical value of 1.03 V, 

indicating high electrolyte density and good tightness of the cells [34]. The maximum power 

density of the cell with 90 PPI Ni foam was 389 mW cm−2, higher than the cells with 30 PPI Ni 

foam (349 mW cm−2) and without Ni foam (306 mW cm−2). Fig. 4b shows the impedance spectra 

(EIS) of the HDCFCs; the values of ohmic resistance (Ro) and polarization resistance (RP) are 

shown in the inset histogram. The Ro values are almost identical, indicating the same electrolyte 

thickness in different cells. Considering that the configuration of the cells was the same except 

for the metal foam, the difference in RP was mainly caused by the change of anodic polarization 

with (out) metal foam. In an increasing order, the RP values were 0.34 Ω cm2 (90 PPI Ni foam), 

0.42 Ω cm2 (30 PPI Ni foam), and 0.60 Ω cm2 (without Ni foam); this is consistent with the 

maximum power density results. In addition, the low frequency arc of the EIS tended to be 

suppressed in the cells with the Ni foam. Since the the low frequency arc is related to mass 

transport, the 3D metal/carbonate contact can be deemed to reduce the carbon travel distance by 

extending the reaction sites to the whole foam layer, as well as the enlarged electrochemical sites 

for carbon. 



 

 

 

Fig. 4. Performance of HDCFCs without Ni foam, with 30 PPI Ni foam, and with 90 PPI Ni foam 

at 750 °C. (a) I–V and I–P curves, (b) EIS under OCV with the corresponding ohmic resistance 

(Ro) and polarization resistance (RP) (inset). 

3.2 Electrochemical performances of the Cu-Modified Ni Foams as Three-Dimensional 

Outer Anodes 

As known, Ni is prone to be carbon-deposited at high temperature in environment of hydrocarbon 

fuels, particularly coal; carbon deposition not only impedes electron transport but also blocks 

catalytic sites on the surface [35]. In order to improve the durability of the Ni foam as well as the 

whole cell, we modified its surface with copper, a highly conductive and carbon-resistant metal 

by a facile electrodeposition method [36]. Fig. 5 shows SEM images and XRD analysis results of 

the reduced Cu-modified Ni foam. As shown in Fig. 5a, after electrodeposition, the Ni foam was 

evenly coated by Cu without dendrites observed. In Fig. 5b, the reduced Cu-modified Ni foam 

shows a smooth surface morphology and clear grain boundaries due to the recrystallization 

processes. Fig. 5c shows elemental maps from an area in the reduced Cu-modified Ni foam, 

displaying a highly uniform distribution of both Ni and Cu. In addition, the corresponding EDS 

spectra in Fig. 5d indicate that the content of Cu of the surface coverage was more than 20%, 

although the concentration of Cu decreases with the depth into the Ni [37]. Fig. 5e shows the 

XRD patterns, used to examine the phase of Ni and Cu of the metal foams. The Ni foam 

displayed a single metallic Ni phase (PDF # 01-088-2326), while the Cu-modified Ni foam 

showed an additional peaks of copper (PDF #01-089-2838) after Cu deposition. After reducing in 

H2 atmosphere at 800 °C, intermetallic CuNi and a small amount of Ni were observed in the 

reduced Cu-modified Ni foam according to emerged peak of CuNi located between the Ni and 



 

 

Cu .It can be explained by the diffusion of deposited Cu atoms into the Ni substrate and the 

subsquent alloying,which is well verified in literature [38]. All of them showed three 

characteristic reflections at 2θ = 44.15–45.50°, 2θ = 51.36–52.84° and 2θ = 74.80–77.22°, which 

were ascribed to (111), (200) and (220) crystal planes of face-centred cubic (fcc) structure [39]. 

 

Fig. 5. SEM images of (a) Cu-modified Ni foam and (b) reduced Cu-modified Ni foam. (c) 

Elemental maps of reduced Cu-modified Ni foam. (d) The corresponding EDS spectra. (e) XRD 

patterns of Ni foam (green), Cu-modified Ni foam (red), and reduced Cu-modified Ni foam 

(gray). 

To compare the coking resistance of the Ni foam and the Cu-modified Ni foam, Raman 

spectroscopy, O2-TPO experiments and SEM imaging were performed for foams after immersing 

the samples in the anthracite-carbonate mixture at 750 °C for 20 h. As shown from the Raman 

shift results in Fig. 6a, two distinct bands representing coke (C-C), at 1350 cm-1 (the D-band) and 

1580 cm-1 (the G-band) respectively, were observed for the Ni foam; in contrast, only weak peaks 

were observed for the Cu-modified Ni foam, which clearly indicate the improved coke-resistance 

after Cu modification [40]. From the O2-TPO profiles, shown in Fig. 6b, the intensity of CO2 

peaks for the Ni foam and Cu-modified Ni foam, again, reveals that more amount of carbon 

deposited on the Ni foam. This result is consistent with the conclusions of previous experiments 

which demonstrate that the introduction of Cu improves coking resistance [41]. 

The morphologies of the Ni foam and Cu-modified Ni foam after the tests are shown in Fig. 6c 

and Fig. 6d, respectively. It can be seen a large amount of carbon was deposited on the nickel 



 

 

foam skeleton, and its surface was corroded with pores by the coal attack. In contrast, only a 

small amount of coke could be seen on the skeleton of the Cu-modified Ni foam, and there was 

no sign of corrosion on its surface. In this regard, modifying the surface of the Ni foam 

significantly prevents the corrosion and carbon deposition in the HDCFCs, thus being a very 

facile and effective method to improve the cell durability. 

 

         

Fig. 6. (a) Raman spectra and (b) O2-TPO curves. (c and d) SEM images of Ni foam and 

Cu-modified Ni foam after immersion in the anthracite-carbonate mixture at 750 °C for 20 h. 

Fig. 7a shows the electrochemical performances of the HDCFC using Cu-modified Ni foam as 

the outer anode, and anthracite as a fuel at 650–750 ℃. The maximum power densities were 123 

mW cm−2
, 205 mW cm−2, and 378 mW cm−2 at 650 ℃, 700 ℃, and 750 ℃, respectively, close to 

those using pure Ni foams outer anodes. This is mainly because they had the same porosity and 

had a good conductivity and catalytic effect in the initial stage of the test. The high performance 

is also in agreement with the EIS resutls under OCV conditions (Fig. 7b), of which the 

polarization resistances is only 0.43, 0.79, and 1.19 Ω cm2 at 750, 700, and 650 ℃, respectively. 



 

 

The cell performances are very promising and also superior to previous reports of 

electrolyte-supported DCFCs using coal-based fuels, as shown in Table 3. The excellent 

performance could be mainly attributed to the 3D outer anode which expands electrochemical 

sites for carbon and has a positive effect on carbon gasification.  

 

Fig. 7. Performance of HDCFCs with Cu-modified Ni foam fueled by anthracite: (a) I–V and I–P 

curves, (b) EIS under OCV with the corresponding ohmic resistance (Ro), and polarization 

resistance (RP) (inset). 

 

Table 3  

Comparison of maximum power densities of electrolyte-supported DCFCs using coal-based 

fuels. 

Fig. 8 shows the discharging curve of the cells without metal foam, with Ni foam as outer anode 

and with Cu-modified Ni foam as outer anode using 0.6 g anthracite-carbonate as a fuel under a 

Anode Fuel 
Temperature 

(°C) 

Maximum power density 

(mw cm-2) 
Ref. 

La0.6Sr0.4Co0.2Fe0.8O3 Morwell coal char 800 89 [42] 

Ni-YSZ Hyper-coal 811 78 [43] 

Ni-YSZ/Ni-GDC Lignite char 850 144 [44] 

Ag-GDC Brown coal char 850 221 [4] 

Ni-SDC Anthracite coal 750 306 This work 

Ni-SDC-Cu@Ni foam Anthracite coal 750 378 This work 



 

 

galvanostatic condition of 100 mA cm−2 at 750 °C. The voltage plateau of the cell with 

Cu-modified Ni foam as the outer anode remained steady at above 0.8 V for 13 h before the 

drastic decrease to 0 V. In contrast, the total effective discharging time of the cells with Ni foam 

as the outer anode and without metal foam were only 7.5 and 2.1h, respectively. The short 

discharging time of the cell without metal foam is mainly due to the clogging of residual ash in 

the anthracite, hindering the contact of the solid carbon with the 2D anode interface. Note that in 

the first 4 hours the Ni foam and Cu-modified Ni foam showed a similar discharge curve, 

however after that the voltage of Ni foam started to decline rapidly and the Cu-modified Ni 

remained stable. This difference may be due to the corrosion and carbon deposition of nickel 

foam which in turn influences the catalytic gasification of carbon and the electron transport in 3D 

anode through metal skeleton. Therefore, the long discharge time of the cell with Cu-modified Ni 

foam as outer anode could be attributed to Cu modification and the associated improvement of 

coking-resistance and enhanced fuel transportation inside the 3D foam. 

 

Fig. 8. Discharge curve of HDCFC fueled by 0.6 g coal-carbonate mixture. 

Fig. 9a and Fig. 9b show the morphologies of the metal foam before and after the test, 

respectively. The mixture of anthracite and carbonate initially filled the entire metal foam before 

the test because the particle size of the mixture was much smaller than the pore size of the metal 

foam. After the discharge, most of the fuel had been consumed, leaving only some ash on the 

metal foam skeleton instead of thorough coverage in traditional HDCFC that is expected to 

passivate the anode and coal from deep discharge. In addition, the metal foam maintained its 



 

 

original 3D morphology, reflecting its good mechanical properties and stability. 

 

Fig. 9. SEM images of the Cu-modified Ni foam before (a) and after (b) discharge test. 

To further evaluate the applicability of the cell with Cu-modified Ni foam as an outer anode, the 

fuel utilization (η) was calculated for the discharge test according to the following equation: 

%100%100zF%100
n

n
 η

total

yelectricit

C

C 
zFm

ItM

M

m

It

                (5) 

where I, t, M, m, F, and z represent the operation current, discharge time, molecular weight of 

carbon, mass of feeding carbon fuel, Faraday’s constant (96,485 C mol−1), and electron transfer 

number, respectively. In the electrochemical oxidation of carbon fuel, z = 2 and z = 4 occur 

simultaneously, corresponding to the incomplete electrochemical oxidation of carbon (Eq. 2, Eq. 

4, Eq. 6) and complete electrochemical oxidation of carbon (Eq. 1 and Eq. 3), respectively. The 

calculated fuel utilization was between 21.5% and 43% according to Eq. (5). Considering that 

this HDCF was fueled with raw coal and CO, the CO2 generated from coal gasification left the 

fuel cell compartment during the heating and testing process; such a fuel utilization is highly 

attractive. It can be perceived that at the early stage of the discharge test, the main anodic reaction 

is the electrochemical oxidation of C to CO2. With the continuous consumption of carbon, the 

accumulation of ash hinders the contact between the carbon and the electrolyte, and thus the 

electrochemical oxidation of C to CO became the primary path due to insufficient supply of 



 

 

oxygen ions. Inevitable CO run away, therefore, becomes substantial and degrades the efficiency. 

Based on this, there is much potential to further increase fuel utilization and energy efficiency by 

preventing the deposition of ash on the anode, e.g. by manufacturing cathode-supported tubular 

HDCFCs, or employing energy harvest from the CO in the flue gas. 

Conclusions 

In summary, we developed a Cu-modified Ni foam 3D anode for high-performance HDCFCs. 

The metal foam extended the anode space from the interface between the Ni/SDC and the fuel 

anode to the entire 3D anode where the metal foam was located, promoting the electrochemical 

oxidation of carbon. During the discharge test, the ash was evenly distributed on the metal foam 

skeleton instead of accumulated on the surface of the traditional anode, which effectively 

improves the stability of the cell. The CuNi alloy layer formed on the surface of the Ni foams 

exhibited excellent coke-resistance in the anthracite-carbonate mixture under high temperature. 

The anthracite-fueled HDCFC using Cu-modified Ni foam as a 3D anode showed a maximum 

power density of 378 mW cm-2 at 750 °C. Considering that the cell is electrolyte-supported, this 

performance is highly encouraging. In addition, the cell reached stable operation for more than 13 

h at 100 mA cm-2 when using 0.6g coal-carbonate mixture as fuel. This work highlights that the 

development of 3D anodes would have great feasibility in the application of HDCFCs. 
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