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Abstract: A novel fuel cell was constructed by using semiconductor La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF) and ionic conductor Sm/Ca co-doped CeO2 (SCDC) nanocomposite layer as a membrane, 

sandwiched by two thin semiconducting layers of Ni0.8Co0.15Al0.05Li-oxide (NCAL). Such device 

reached the output power density as high as 798 mW cm-2 at 550 oC in comparison to the fuel cell 

using the ionic SCDC electrolyte membrane, around 300 mW cm-2. The LSCF electronic 

conductor introduced into the membrane did not cause any short circuit but brought the significant 

enhancement on the power output. The physical semiconductor energy band alignment is proposed 

to prevent the internal electrons passing incorporated with the Schottky junction effect. The idea of 

combining semiconductor physics and ionic electrochemical FC process to employ the 

semiconductor-ionic membrane represents a new energy conversion technology, which is superior 

to the conventional fuel cell technologies.  



2 
 

Semiconductor-ionic Membrane of LaSrCoFe-oxide-doped Ceria Fuel Cells 

Baoyuan Wang1, 3, Yixiao Cai2, Chen Xia1, 3, Jung-Sik Kim4, Wenjing Dong1, Hao Wang1*, Bin 

Zhu1, 3** 

1Hubei Collaborative Innovation Center for Advanced Materials, Faculty of Physics and 

Electronic Science, Hubei University, Wuhan, Hubei 430062, P.R. China. 

2Department of Engineering Sciences, Ångström Laboratory, Uppsala University, 751 21 

Uppsala, Sweden. 

3Department of Energy Technology, Royal Institute of Technology, Stockholm, SE-10044, 

Sweden. 

4Department of Aero & Auto Engineering, Loughborough University, Ashby Road, 

Loughborough, UK, LE11 3TU. 

 

*Correspondence to: Prof. B. Zhu (zhubin@hubu.edu.cn; binzhu@kth.se); Prof. H. Wang 

(nanoguy@126.com) 

 

Keyword: semiconductor-ionic membrane; fuel cells; co-doped ceria; ionic conductivity; 

 

 

 

 

 

mailto:zhubin@hubu.edu.cn
mailto:binzhu@kth.se


3 
 

Invented by Sir Grove in 1839 [1], fuel cells (FC) have a typical construction involving three 

components: anode, electrolyte, and cathode in a membrane electrode assembly (MEA) [2-4]. 

Among all those components, the electrolyte contributes the most significant impact [5]. As seen 

from the latest studies, a variety of FCs have been developed based on different types of 

electrolytes, such as PEMFC (polymer electrolyte membrane fuel cell) [6], AFC (alkaline fuel cell) 

[7], PAFC (phosphoric acid fuel cell), MCFC (molten carbonate fuel cell) [8], and SOFC (solid 

oxide fuel cell) [9]. The characteristics of electrolytes are crucial, which can determine the 

specific applicable fields of the respective FC technologies as well as the final system, and even 

in realizing the ultimate energy conversion efficiency at certain temperatures. For example, in 

order to utilize yttria-stabilized zirconia (YSZ) or doped ceria as the electrolyte, operating 

temperatures as high as 1000 oC (for YSZ) and 800 oC (for doped ceria materials) are strictly 

required for the SOFC to obtain a sufficiently high ionic conductivity (0.1 S cm-1) [10, 11].  

Historically, there has been a large limitation in selecting proper materials for the utilization of 

electrolyte. For already existing electrolyte materials, they suffer from high costs and high 

energy consumption during the operating process, thus hindering the progress for 

commercialization. Almost no electrolyte materials with the required conductivities can be 

qualified for SOFCs to operate at low temperatures (< 600 oC). In this sense, it is necessary to 

develop new concepts to replace those conventional electrolytes.  

 Recently, the electrolyte-free fuel cell (EFFC), developed by Zhu et al. [12, 13], demonstrated 

an effective strategy to develop the next generation of fuel cells by removing the electrolyte layer, 

thereby largely circumventing those limitations. The EFFC made from a homogeneous mixture 

layer of Li0.15 Ni0.45 Zn0.4 oxide and SDC (samarium-doped ceria) exhibits a high power output of 
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around 600 mW cm-2 at a low temperature of 550 oC [12]. To progress, various types of EFFCs 

have been developed by using different materials from other groups, such as SrFeMo, MgZnO-

SDC etc. [14, 15]. In the development process of EFFC, there was an issue on regarding the device 

stability, due to the single homogeneous material layer had being required to form an anode zone 

by reacting with the supplied H2; consequently, the reduction of oxide to catalyst metal would 

occur. This formation of metal would persist during the EFFC operation, thus presenting with a 

risk of short circuiting problem that couldto affect the long term durability of the device. To 

overcome this problem, in this study,  extra electrode layers of Ni0.8Co0.15Al0.05Li-oxide (NCAL) 

are added at both the anode and the cathode sides in this study. The NCAL is a commercial 

nickel-cobalt-based oxide which can be reduced to form NiCo (Li) alloy, acting as a highly 

efficient anode catalyst with superior electrical properties. Moreover, the NCAL exhibits high 

electrical conductivity (p-type) of about 10 S cm-1, while on the cathode side, it acts as a catalyst 

to promote the oxygen reduction reaction (ORR). In this way, we a novel device was fabricated a 

novel device for fuel-to-electricity conversion, by combing the conventional FC and current 

EFFC technologies. The fabrication of this device is established on semiconductor 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) and ionic conductor Sm/Ca co-doped CeO2 (SCDC) layer as a 

membrane, sandwiched by two semiconducting NCAL layers. The configuration of the device is 

illustrated in figure 1s (a), nominated as ‘the semiconductor-ion membrane fuel cell’. The 

influence of Sm dopant content towards device performance was investigated, together with the 

effect of the composition ratio between the SCDC and LSCF. 

For comparisons comparison, we used two FC technologies were used: i) an identical method 

to construct the FC using pure ionic SCDC layer as the electrolyte membrane, in figure 1s (b); ii) 
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the conventional FC method using the SCDC as the electrolyte, LSCF as the cathode and NCAL 

as the anode. Both anode and cathode were prepared by mixing with SCDC electrolyte at a 

volume ratio of 1:1 in order to maximize the area of triple phase boundary [16], shown in figure 1s 

(c). All devices after being mounted into the testing setup were examined using an in-situ pre-

heat-treatment process at 600 oC for 1 hour then to measurements.  

The SCDC was synthesized by a facile two-step process, including the first preparation of 

Ca2+ doped CeO2, i.e. Ca0.04 Ce0.96O2-x (CDC) and further introducing Sm3+ into CDC, the 

detailed description can be found in the experimental session. The influence of Sm dopant 

amount on the performance of SCDC was investigated. Components of the SCDC serial samples 

were identified and analyzed by the energy dispersive spectrometer (EDS). Figure 1A shows the 

EDS spectrum of CDC, where Ce, Ca and O were detected for the CDC sample, and the molar 

ratio of Ca, Ce and O is close to 0.04:0.96:1.84, indicating the CDC is stoichiometric. For the 

SCDC samples, the presence of Ce and Ca are ascribed to CDC material, and the detected Sm 

signal is attributed to the incorporation of Sm(NO3)3 during the 2nd step synthesized process. The 

EDS spectra of SCDC material with different Sm dopant content are shown in Figure 1B-F and 

the inset images exhibited the weight ratio. The atom ratios were calculated as shown in Table 1.  

It can be found that the molar ratios of Ca among all the samples were maintained at 0.04, which 

results from the fixed composition of Ca, and the Sm atom ratio increased with the amount of 

Sm(NO3)3 incorporation. All the samples can be summarized as the formula of Ca0.04Ce0.96-

xSmxO (x=0, 0.05, 0.09, 0.16, 0.24).  
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Figure 1. The EDS spectra of CDC (A) and SCDC with different contents of Sm dopant. 

 

         Table 1. The atom ratios were calculated from EDS. 

Sample ID Atom ratio 

CDC Ca0.04Ce0.96O1.84 

SCDC1 Ca0.04Ce0.91Sm0.05O1.83 

SCDC2 Ca0.04Ce0.87Sm0.09O1.73 

SCDC3 Ca0.04Ce0.80Sm0.16O1.30 

SCDC4 Ca0.04Ce0.72Sm0.24O1.21 

Figure 2 shows the X-ray diffraction (XRD) patterns of the as-synthesized powder samples 

in the Ce0.96-xCa0.04SmxO2-δ series. The broad diffraction peaks indicate the nanocrystalline 

structure of the as-prepared powder. It is worth noting that all the powder samples exhibit the 

same diffraction patterns, where the diffraction peaks were indexed to the cubic fluorite phase of 

CeO2 (JCPDS 34-0394). However, for the limited sensitivity, there is no detectable phase from 
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Sm clusters or Sm oxides, even though the content of Sm in the composite reaches to 23.23 wt%. 

The calculated lattice constant of Ca doped CeO2 (CDC) was 5.426 Å, which is larger than 5.411 

Å in pure CeO2. According to the elastic energy, Kim’s expression implies that the critical radius 

(effective ionic radius) of ceria doping with divalent and trivalent metals is 0.1106 nm and 

0.1038 nm, respectively [17]. The radius of Ca2+ (0.112 nm) is larger than the critical radius 

(0.1106 nm) [18]. Therefore, the lattice constant increases due to the Ca2+ doping. It can be seen 

clearly in an enlarged scale for 55-80° as shown in Figure 2B, the peaks shift to lower 2 theta 

value with increasing Sm dopant due to the Sm3+ having larger radius (0.1219 nm) than the 

critical radius (0.1038 nm) [19, 20]. These results indicate Sm and Ca are well doped into the 

crystal lattice of ceria.  The XRD pattern of individual LSCF was also shown in Figure 2s (b), 

which is well indexed as a cubic perovskite structure and the sharp lines revealed well-developed 

crystallization without any detectable impurity phases. In addition, Figure 2s (c) presents the 

diffractogram of 50LSCF-50SCDC(x=0.16) composite, all the peaks can be assigned to LSCF 

and SCDC, no new peaks were detected, suggesting LSCF-SCDC was formed without 

generating any side reaction.  
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Figure 2. X-ray diffraction patterns of Ce0.96-xCa0.04SmxO2-δ series. 

Figure 3 shows field emission scanning electron microscope (FESEM) images of SCDC 

(x=0.16), LSCF and LSCF-SCDC composite samples. The particle size, morphology and 

homogeneous distribution can been modified during the preparation, especially for the sintering 

temperature and reaction time. The particle size of LSCF ranges from 50-700 nm. Interestingly, 

the SCDC nanoparticles display uniform size distribution with an average diameter of 20 nm, 
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and the particles are faceted with occasionally irregular shape. Moreover, it can be observed 

from Figure 3C that the LSCF-SCDC composite consists of irregular shape particles with a wide 

range of size distribution, e.g. from nano-size to micro-size with some agglomeration. This is due 

to the use of commercial LSCF materials without elaborate control of particle size and 

morphology. The result from the EDS analysis (Figure 3D) for the LSCF-SCDC (x=0.16) 

composite reveals the molar ratios of La, Sr, Co, Fe component is close to 

 

Figure 3. SEM images of LSCF (A), SCDC (x=0.16) (B) and 50LSCF-50SCDC composites (C) 

 

0.6: 0.4: 0.2: 0.8 indicating the LSCF is stoichiometric, and the EDS data D was obtained from 

all of the area in Figure 3C. To gain further insight into the chemical composition of the particles, 

the elemental mapping was introduced to detect the LSCF- SCDC composite, as shown Figure 

3s. Briefly, all the elements were uniformly distributed on the sample, which will be helpful for 
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establishing continuous networks and charge transport paths for both ions and electrons. 

 Further details of nanostructure for the SCDC (x=0.16) samples were investigated by 

transmission electron microscopy (TEM) as shown in Figure 4A, the particle size of SCDC 

(x=0.16) is about 20 nm, which agrees well with the result of SEM analysis. The microstructure 

under higher magnification, achieved by high-resolution TEM (HRTEM), is shown in Figure 4B, 

which reveals that the dominant lattice fringe is equal to the spacing of (111) planes in SCDC. 

 

 

Figure 4. Individual SCDC(x=0.16) samples (A) TEM image (B) HRTEM image. 

 

The electrochemical impedance spectrum (EIS) of Ag/LSCF-SCDC /Ag configuration was 

measured. Typical EIS measured in air atmosphere for various LSCF-SCDC samples are shown 

in Figure 5. The EIS results of LSCF-CDC and LSCF-SCDC1 samples exhibit a diffused spot in 

the Z’-axis, which may be due to the overwhelming electronic conductivity of LSCF compared 

to the ionic value of CDC and SCDC1 [21]. As reported, the electrical conductivity of LSCF was 

maintained at about 215.58 S cm−1 in the temperature range of 373-1023 K [22]. Thus, the LSCF 
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electronic conduction dominates these composites including LSCF-CDC and LSCF-SCDC1. In 

addition, the EIS were expanded from the spot to a frequency responding semicircle as the 

content of Sm dopant increased, which may be induced by the increasing ionic conductivity of 

SCDC serials in competing with the LSCF electronic conductivity.  The samples of LSCF mixed 

with SCDC2, SCDC3 and SCDC4 reveal a small intercept on the real axis of the semicircle, 

which implies that the electrode reactions are kinetically fast [12, 23-25], and also gives strong 

evidence that the mixed LSCF-SCDC homogeneous composites have high catalytic activity for 

O2 and good fuel cell performance, as seen from the below section of FC performance analyses. 

Moreover, the intersection of semicircle in the high frequency region and the associated real axis 

value corresponds to the ohmic resistance, which was contributed by both the oxygen ions and 

electrons in the air atmosphere, indicating the three samples have identical ohmic resistance. 

Moreover, in the low frequency region, another intersection of the semicircle with Z’-axis 

corresponded to grain boundary resistance. The EIS curves reflect that the grain boundary 

resistance of the cell increased with amount of Sm dopant. 



12 
 

 

Figure 5. Typical EIS of the LSCF-SCDC (x for Sm =0, 0.05, 0.09, 0.16, 0.24) mixed layer with 

1:1 weight ratio in air atmospheres at 550 oC using the configuration of Ag/LSCF-SCDC/Ag. 

 

 The Nyquist curves of cells with Ni-NCAL/LSCF-SCDC3/Ni-NCAL structure recorded at 

different temperatures are presented in Figure 6. An equivalent circuit mode of 

Rs/Rct(CPE1)/Rmt(CPE2) was used to fit the original data [26, 27]. In this circuit, Rs is the series 

resistance of the cells including the ionic transport resistance and electron migration resistance. 

Rct at high frequency zone corresponds to the interfacial charge-transfer resistance of the LSCF- 

SCDC composites layer and NCAL interface. C1 is the chemical capacitance, and directly 

associated with ambipolar diffusion in LSCF-SCDC material, where the ambipolar diffusion 

coefficient is an aggregate one describing the flux of matter through the system as a whole. 

Especially for the semiconductor-ion conductor LSCF-SCDC, in which oxygen vacancies, hole 
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and electrons are mobile, the ambipolar or chemical diffusion coefficient relates the flux of 

neutral oxygen atom to the gradient in the oxygen [28, 29].  Thus, the absolute value of chemical 

capacitance depends on the properties and geometry of LSCF-SCDC composites, generally 

ranging from 10-3 to 10 F cm-2. In the low frequency range, Rmt and C2 of CPE2 are related to the 

mass transport resistance and capacitance of the LSCF-SCDC and NiCo (Li) metal, which 

reduces from nickel-cobalt-based oxide at H2 atmosphere.  In addition, the CPE is the constant 

phase element and represents a non-ideal capacitor. The impedance of the components can be 

expressed by the below formula: 

1
( )n

i

Z
C jw

=  (1) 

Here the value of n indicates the similarity of CPE to a true capacitor, when assuming n=1, CPE 

can be deemed as an ideal capacitor. In the usual case n is less than 1 [30, 31]. As shown by Figure 

6A, the impedance spectra possess two overlapped arcs. The smaller depressed arc on the left is 

associated with a high frequency region and the larger arc on the right corresponds to the low 

frequency zone. The fitting impedance results using this equivalent circuit mode are listed in 

Table 2. The simulation is in agreement with the experimental data, see Figure 6A, indicating 

the validity of the employed equivalent circuit. From Table 2, the charge transfer resistance Rct 

between 500 oC and 600 oC are smaller than 0.04 Ω cm2, much less than the reported value of 

0.748 Ω cm2 for SDC [32]. In addition, the Rct decreased during temperature increase which may 

attributes to the enhanced charge mobility. The mass transport resistance shows small values 

from 0.0390 Ω cm2 to 0.0546 Ω cm2 at 500 -600 oC, indicating an excellent contact between the 

NCAL and LSCF-SCDC semiconductor-ionic layer and fast kinetic process in FC environment. 
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Figure 6. Nyquist curves of Ni-NCAL/LSCF-SCDC3/Ni-NCAL cells using H2 as fuel and air as 

oxidant at different temperature (A), in which the scatter dots are the original data, while the 

lines belong to the simulated result using the equivalent circuit  (B) . 

 

Table 2. The fitting results of impedance spectra using the Rs/R1(CPE1)/Rct(CPE2) equivalent 

circuit. Resistance and capacitance are given in Ω cm2 and F cm-2. 

 RS[Ω cm2] Rct[Ω cm2] C1[F cm-2] n Rmt[Ω cm2] C2[F cm-2] n 

500oC 0.348 0.0358 5.6E10-2 0.295 0.0390 8.864 0.893 

550 oC 0.302 0.0237 3.7E10-2 0.381 0.0483 7.476 0.788 

600 oC 0.206 0.0096 2.9E10-2 0.934 0.0546 2.542 0.473 
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Figure 7 (a) shows the typical current density-voltage (I-V) and (current-power) I-P curves 

of cells assembled from Ni-NCAL/LSCF-SCDC/Ni-NCAL structure with different Sm contents 

at 550 oC. It is obviously that the Sm and Ca co-doped ceria present better output performance 

than that of Ca single doped samples due to the higher ionic conductivity of SCDC samples. 

Interestingly, the maximum output power density initially increased with the contents of doped 

Sm, then decreased. The highest power density of 798 mW cm-2 (at 550 oC) was obtained when x 

equals to 0.16. ForBy  comparisons, the FCs using pure ionic SCDC membrane and the 

conventional SOFC device based on the SCDC electrolyte, reach 368 mWcm-2 and 300 mWcm-2 

at 550 oC, respectively, see Figure 7 (b). The results suggest a superior device performance for 

the semiconductor-ionic LSCF-SCDC membrane FC. Obviously, the interfaces between the ionic 

electrolyte/membrane and electrode (anode and cathode) in FC technologies (i.e. the gap blocks 

the charge carrier) can generate poor current outputs due to big polarization loss [33]. We further 

investigate the material electrical properties. The ionic conductivity can be derived from the 

slope of I-V characteristic and corresponds to the ionic sources, which contributed to the fuel cell 

performance [34, 35]. Herein, we calculate the ionic conductivities of LSCF-SCDC serials, 0.173 S 

cm-1, 0.184 S cm-1, 0.237 S cm-1, 0.299 S cm-1 and 0.209 S cm-1, respectively for various 

compositions at 550 oC. The calculated pure SCDC conductivity is 0.112 S cm-1 at the same 

temperature. It can be found that the LSCF-SCDC3 exhibited the highest ionic conductivity, 

which results in the highest power output. An increase in the amount of Sm dopant in the CDC 

gives a rise to the replacement of tetravalent Ce ion with trivalent Sm ion, and more oxygen 

vacancies were introduced. The analysis can be confirmed by the EDS results, as listed in Table 

1, where the δ value increases from 0.16 to 0.79. Banerjee et al., report a maximum conductivity 
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of 0.122 S cm-1 at 700 oC for the SCDC with a composition Ce0.80Sm0.05 Ca0.15 O2-δ 
[18]. In our 

work, a higher ionic conductivity of SCDC in presence of the LSCF composite material was 

obtained. Except for the co-doping effect, the conduction through surface or interface 

mechanisms between the SCDC and LSCF could be also considered to facilitate higher 

conductivity than the pure SCDC [36]. At the interface area, a narrow charge region, the so-called 

space-charge region is thermodynamically necessary. The defect concentrations in the space-

charge region are much higher than that in the bulk, thus interface provides high conductivity 

pathways for ionic transportation and conduction. This interfacial effect is dominant in overall 

ionic transport, especially in nanocomposites, and can explain the greatly enhanced ionic 

conductivity of LSCF-SCDC composite compared to the pure SCDC [37-39]. 

 



17 
 

 

Figure 7. (a) Typical I-V and I-P characteristics for the LSCF-SCDC membrane FCs in various 

Sm dopants at 550 oC. (b) Performances of conventional SOFC and FC using pure SCDC 

membrane devices at 550 oC. (b)  

We further investigated the influence of semiconductor-ionic composition towards the 
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performance of FCs. Figure 8 presents the I-V and I-P curves of FCs made from semiconductor-

ionic membrane with different LSCF to SCDC weight ratios at 550 oC.  A significant dependence 

of the OCV and power output on LSCF composition can be observed. As the weight ratio of 

LSCF increases to 45%, the OCV displayed a value of 1.1 V, and the output increased to 539 

mW cm-2. Further increase content of the LSCF causes the OCV decrease to 0.95 V, but the 

power output reached a maximum of 796 mW cm-2. When 55 wt% of LSCF is introduced, the 

OCV did not decrease, but the power density decreased to 440 mW cm-2.  

 

Figure 8. Comparison of I-V and I-P characteristics for semiconductor-ion membrane FCs with 

various LSCF-SCDC weight ratios at 550 oC. 

We found that the maximum power output can be optimized by balancing the electronic and 

ionic conductivity of the LSCF-SCDC. It is necessary to further investigate the electronic and 

ionic conductivities of the LSCF-SCDC composite. Two different approaches can be used. The 
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ionic conductivity was derived from the slope of the fuel cell’s I-V curves which directly 

corresponds to the ion flows in the FC [34, 35]. The EIS analysis is commonly used to measure the 

total conductivities including ionic and electronic contributions. The LSCF-SCDC materials 

contain both electronic and ionic contributions, wherein the electronic conduction brings dual 

impacts on the performance of the fuel cells simultaneously. With a sufficient electronic 

contribution, the three phase boundary (TPB) of the LSCF-SCDC layer is significantly extended, 

and the electrode polarization is decreased accordingly. However, the excess electronic 

conductivity will induce short-circuit through the functional region and results in the decrease of 

OCV and power output [39, 40]. Therefore, it is necessary to achieve the optimum electronic 

conductivity by adjusting the weight ratio of SCDC and LSCF. The total conductivity of the 

LSCF-SCDC3 (1:1) composite, including electronic and ionic conductivity, can be deduced from 

the RS of EIS measurement. It displays a value of 0.608 S cm-1. On the other hand, the ionic 

conductivity, 0.299 S cm-1, can be calculated from the slope of I-V curve in Figure 8 for the 

LSCF-SCDC3 FC. The total conductivity subtracted by the ionic one to get the electronic 

conductivity of 0.309 S cm-1. Therefore, the LSCF-SCDC3 (1:1) composite almost has the same 

ionic conductivity and electronic conductivity, and a balance has been well reached between 

ionic and electronic conductivities. 

However, critical issues may have to be addressed by in terms of the SOFC electrochemistry 

because the LSCF-SCDC is a type of the mixed ionic and electronic conductor (MIEC), which 

can never replace the electrolyte to be used as the fuel cell membrane, otherwise, the short 

circuiting problem will cause serious device OCV and power output losses. Nevertheless, the 

true empirical observationssituations  in the LSCF-SCDC devices does not agree with the FC 
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electrochemistry and the MIEC behaviors. This is mainly  because i) the LSCF-SCDC does not 

cause any OCV loss in a wide composition range compared to the pure SCDC electrolyte device, 

which was fabricated using conventional FC configuration as shown in the Figure. 1s(c) shown, 

with an OCV of 0.85 V. The resulting lower OCV can be attributed to the intrinsic electron 

conduction of of the ceria-based electrolyte, which is induced during hydrogen reduction process 

[41-43]. While LSCF electronic conductor increased from 0 up to 55%, the OCV increased from 

pure ionic conductor SCDC electrolyte device 0.85 V up to 1.07 V at 45%; to 1.03 V at 55%; ii) 

increasing the weight ratio of LSCF does not cause the power loss, but increased significantly 

from pure SCDC at 300-367 mW cm-2 up to 796 mW cm-2 at 50%.  

It is well-known that once the MIEC acted as an electrolyte membrane, which it will cause 

significant losses in both voltage and power of the assembled device [41-43]. However, by 

comparing the ionic SCDC with the LSCF-SCDC membrane, it can be found that the 

incorporation of electronic conductor into the membrane did not cause any loss for OCV or 

power output, instead giving rise to whereas resulted in much better improved performances. The 

above indicates a different phenomenon significantly distinguished from the MIEC, and the 

LSCF-SCDC may be defined as a new type of functional semiconductor-ionic material which 

has not been reported so far, to the best of our the authors’ knowledge. As shown in Figure 3C, 

the homogeneous LSCF-SCDC mixture layer is built upon nanocomposite with a typical 

morphology of semiconductor material adhered to the surface of ion conducting material, both 

phases form percolating paths for ion and electron transport. The composite in such 

microstructure architecture serves as the fuel cell membrane. According to the MIEC theory [44], 

the short circuiting problem would occur since the electronic phase is constructed continuously 
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throughout the device. On the contrary, the FCs based on LSCF-SCDC membrane achieves even 

higher OCVs than that of the FC using the SCDC electrolyte. To understand this outcome, 

semiconducting and energy band theories are introduced [45]. The valence band, the conduction 

band and band gap were obtained from the ultraviolet photoelectron spectroscopy (UPS) 

measurement and diffused reflectance spectra on NCAL and LSCF, the analyses are provided in 

the supplementary information Figure 4s.  Figure 9 shows establish energy level diagram from 

the analysis. The energy band alignment between the LSCF and NCAL can block the electron 

transport but allow holes to pass. This well-aligned band level enables the creation of a new 

mechanism to prevent the semiconductor-ionic membrane device from short-circuiting and 

promote charge flows, and the ion transport and charge transfer more directly rather than the use 

of the electrolyte separator in the FC. On the other hand, the NCAL can be reduced at the anode 

side, to form Ni-Co metal surface thus a Schottky junction may be established between the metal 

layer and semiconductor material LSCF. Such a Schottky junction can also block electrons 

crossing over the metal/semiconductor interface to the opposite side [46]. Differing from the 

conventional FCs, the working principle here is unique in combining semiconductor physics and 

electrochemistry. 
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Figure 9. Schematic energy level diagrams and valence bands of materials with an in-situ 

formed Schottky-junction.  

 

In combination with the mechanisms for Schottky junction and energy band alignment, the 

electron and hole flows are directed and controlled so that internal short-circuit is 

circumventedmilitated. At the same time, the LSCF-SCDC layer can simultaneously transport 

O2- effectively in direct contact with electrodes, avoiding the electrode/electrolyte interfaces 

polarization losses thus giving rise to a significant performance enhancement. The chemical 

potential and gas concentration differences, built by means of supplying H2 and air, are the 

principal driving force for ion transportation. The fuel conversion process is thus similar to FCs, 

i.e. cathode oxygen reduction reaction (ORR) at the air contact side and hydrogen oxidation 
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reaction (HOR) at the H2 supply side. 

In the O2- conducting case, the ORR and HOR can be expressed as: 

2
2

1 2
2

O e O− −+ →  (At air supply side) 

2
2 2 2H O H O e− −+ → +  (At H2 supply side) 

The overall reaction is: 2 2 2
1
2

H O H O+ → . 

A further analysis of the Schottky junction shows a very compatible and promoting anode 

process as illustrated in Figure 10, and also presents more advanced technology over 

conventional SOFCs. In a common SOFC process, the anode nickel oxide is reduced to metal 

type to produce the catalyst function for the anode reaction, i.e. hydrogen oxidation reaction 

(HOR). This process is actually a metallization process requiring the participation of the 

Schottky metal and junction while the NCAL is reduced to NiCo (Li) metal in-situ anode process. 

Once the Schottky junction is formed between the metal and p-semiconductor LSCF, the built-in 

field directs from the metal to LSCF (P type), it which can prevent the electrons passing through 

the interface between metal/LSCF-SCDC and hence establishing establishes the device OCV. 

Moreover, the built-in filed field can actually promote the O2- across over the junction, i.e. at the 

anode zone, as shown in Figure 10 (a).  For the ionic SCDC membrane devices, though the same 

anode reaction process occurring in the FCs, it does not involve the semiconductor junction 

effect. Moreover, O2- from the SCDC electrolyte membrane has to overcome the interface 

between the SCDC and the electrodes (anode and cathode) which are limiting factor to numbers 

of O2- ions crossing the interface to complete the FC reactions, thus causing major power losses 

[16].  Figure 10 illustrates a comparison for the anode process between different devices and 

mechanisms for using the semiconductor-ion, LSCF-SCDC and ionic SCDC membranes, 



24 
 

respectively.  

 

Figure 10. a. anode process with the semiconductor-ion LSCF-SCDC membrane, where a 

Schottky junction (built in field as indicated by arrows as driving force) promote the O2- crossing 

over to complete the FC  reaction; b. In the ionic SCDC membrane case there is no such driving 

force, so numbers of O2- crossing the anode/electrolyte interface are limited.  

In conclusion, the LSCF-SCDC semiconductor-ionic materials have displayed higher ionic 
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conductivities than that of pure SCDC. In addition, the matched electronic conductivity can be 

maintained to deliver high power outputs. Such a novel device using the semiconducting-ionic 

LSCF-SCDC membrane obtained 2-3 times power output enhancement of those using the pure 

SCDC electrolyte/membrane, i.e. the common present standard of FC devices. The working 

principle can be explained as the physical semiconductor energy band alignment incorporating 

with the Schottky junction. These may well satisfactorily explain the physical principle for this 

novel semiconductor-ionic device, indicating a significant new scientific principle distinct from, 

and advantageous over, the FC. The concept of combining semiconductor physics and ionic 

electrochemical FC process displays a great potential for a new-generation energy conversion 

process to be explored and expanded with applicability in wide areas.  

Experimental Section 

The Materials synthesis: 

Sm/Ca co-doped CeO2 was synthesized by a two-step wet chemical method. 

Step 1. The CDC power synthesis.  

The Ca0.04 Ce0.96O2-δ powder was synthesized by a co-precipitation method. Stoichimetric 

amount of Ce(NO3)3.6H2O and Ca(NO3)2 were mixed and dissolved in deionized water to form a 

0.5 M solution. The solution was stirred at 80 oC for 30 minutes. The Na2CO3, used as a 

precipitating agent, was added into the mixed solution, after vigorous stirring to form a white 

precipitate. The precipitate was then filtrated and dried in an oven at 120 oC for 8-10 h. Finally, 

the CDC precursor was calcined in a furnace at 800 oC for 4 h. The resulting material was ground 

completely to obtain homogeneous CDC powders. 

Step 2. Sm doped CDC power preparation 
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For the synthesis of Sm and Ca co-doped CeO2, various amounts of Sm(NO3)2 were added to the 

as prepared Ca0.04 Ce0.96O2-x powder and mixed with citric acid. Then, de-ionized water (10 ml) 

was added and the solution was stirred for 5 minutes to give a uniform mixture. The mixture 

suspension was sintered and dried at 80 oC in air. Then the precursor was calcined at 800 oC for 2 

h in a furnace. The resulting powder is a yellowish and foamy. Finally, complete grind was 

conducted to obtain homogeneous Sm and Ca co-doped CeO2 powders. 

La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) was purchased from Sigma Aldrich, USA, and the 

Ni0.8Co0.15Al0.05Li-oxide (NCAL) was purchased from Tianjin Baomo Joint Hi-Tech venture, 

China.  

The fuel cell fabrication.  

Three kinds of FCs with different configurations was fabricated: (i) LSCF to SCDC in 

different mass ratios of 45:55, 50:50, and 55:45 were mixed to forming a homogenous layer, 

which sandwiched by two pieces of Ni foam pasted by NCAL, and then the three-layer pressed 

uniaxially under a load of 200–300 MPa into one tablet, the configuration illustrations was 

presented in Figure 1s (a) (ii)  pure SCDC composites was sandwiched by two thin layers of 

NCAL pasted on Ni foam, then pressed using a 200-300 MPa loading into a pellet, as the Figure 

1s (b) shown (iii) We constructed a device based on fuel cell technology as well with SCDC as 

the electrolyte, LSCF as the cathode and NCAL as anode for comparison. Both anode and 

cathode were prepared by mixing with SCDC electrolyte at a volume ratio of 1:1 in order to 

maximize the area of triple phase boundary. Ni-foam/anode/SCDC electrolyte/cathode/Ag is an 

example of such FC device shown in Figure 1s (c).  

All devices after being mounted into the testing setup were examined using an in-situ pre-
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heat-treatment process at 600 oC for 1 hour; then temperature was lowered down to 550 oC for 

measurements. The resulting cell size is 13 mm in diameter and 1.5 mm in thickness with an 

active area of 0.64 cm2.  

Characterization and conductivity test 

The crystal structure of  SCDC with different Sm dopant contents were analyzed by a Bruker 

D8 X-ray diffractometer (XRD, Germany, Bruker Corporation) using Cu Kα (λ= 1.54060 Å) as 

the source. The morphologies of samples were investigated by a JSM7100F field emission 

scanning electron microscope (FESEM, Japan). To further investigate the detailed microstructure 

of the particle, transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) 

were performed using a JEOL JEM-2100F. 

The characterization of fuel cell was performed using a computerized instrument (IT8511+, 

Ed, electronics co., LTD). Hydrogen was used as the fuel supplier at a flow rate of 80-120 ml 

min-1, and air used as the oxidant at 150 ml min-1 under 1 atm pressure.  

Electrochemical impedance spectrum (EIS) analysis was conducted using an electrochemical 

workstation (CHI-660D) under the open circuit voltage with a 10 mV AC signal over the 

frequency range of 0.1-105 Hz at different temperatures. 
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