
ll
OPEN ACCESS
iScience
Perspective
Toward next-generation fuel cell materials

M.A.K. Yousaf Shah,1 Peter D. Lund,1,2,* and Bin Zhu1,*
SUMMARY

The fuel cell’s three layers—anode/electrolyte/cathode—convert fuel’s chemical
energy into electricity. Electrolyte membranes determine fuel cell types. Solid-
state and ceramic electrolyte SOFC/PCFC and polymer based PEMFC fuel cells
dominate fuel cell research. We present a new fuel cell concept using next-gener-
ation ceramic nanocomposites made of semiconductor-ionic material combina-
tions. A built-in electric field driving mechanism boosts ionic (O2� or H+ or
both) conductivity in these materials. In a fuel cell device, non-doped ceria or
its heterostructure might attain 1Wcm�2 power density. We reviewed promising
functional nanocomposites for that range. Ceria-based and multifunctional semi-
conductor-ionic electrolytes will be highlighted. Owing to their simplicity and
abundant resources, these materials might be used to make fuel cells cheaper
and more accessible.
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INTRODUCTION

The principle of a fuel cell was introduced by Sir William Grove already in 1839 who showed that an electric

current could be produced from an electrochemical reaction between hydrogen and oxygen over a

coupled catalyst electrode1 shown in the historical Figure 1.

The fuel cell (FC) development since Grove’s invention has followed the same kind of structural design in

which the FC composes of three functional components: The anode, electrolyte, and cathode, which is also

called the membrane electrode assembly (MEA).2,3 The core component of the fuel cell is the electrolyte

which also defines the type of the fuel cell and its operational temperatures. Accordingly, the most com-

mon fuel cell types are the solid oxide fuel cell (SOFC), proton ceramic fuel cell (PCFC), molten carbonate

fuel cell (MCFC), phosphorus acid fuel cell (PAFC), polymer electrolyte membrane fuel cell (PEMFC), and

alkaline fuel cell (AFC) also shown in Figure 2. Their operational temperatures are as follows: SOFC:

800–1000�C, PCFC: 600–800�C, MCFC: 600–650�C, PAFC: 120–220�C; PEMFC: 20–220�C and AFC: 20–

120�C.4–6 Good fuel cell efficiency can be reached without noble metal catalysts at a high temperature,

e.g., 600–1000�C. This would be necessary for low-temperature fuel cells (<300�C) to achieve good

performance.

Owing to the electrolytes’ properties, the temperature range between 300-600�C is not well covered. The

temperature levels shown here represent typical electrolyte materials and ionic conductivities to deliver

sufficiently high-power density. Advanced thin-film manufacturing technologies for SOFC or PCFC enable

making thinner electrolytes with lower resistance, thus reducing the fuel cell operating temperatures well

below those above, e.g., in PCFC to 500�C.7,8

In addition, each fuel cell type employs a specific variety of ions in the transport process in the electrolyte:

SOFC (O2�), MCFC (CO3
=), AFC (OH�), and protons in PCFC, PAFC, and PEMFC as demonstrated in

Figure 2.

Targeting the 300–600�C temperature range for fuel cell operation would require seeking electrolytes

beyond the traditional sphere. Still, oxygen-ion conductors could be relevant in this context.9 Figure 3

shows a range of oxide materials of interest that could potentially replace the conventional high-temper-

ature yttria-stabilized zirconia (YSZ) electrolyte used in SOFC10–15 but still missing a high enough ionic con-

ductivity (>0.1 S/cm) at a temperature below 600�C. Proton-conducting ceramic electrolytes BaZrO3 and

BaCeO3 have recently been identified as promising materials for PCFC,16–18 their ionic conductivities

remain at 10�3-10�2 S/cm only at 600�C.15
iScience 26, 106869, June 16, 2023 ª 2023 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

mailto:zhu-bin@seu.edu.cn
mailto:peter.lund@aalto.fi
https://doi.org/10.1016/j.isci.2023.106869
https://doi.org/10.1016/j.isci.2023.106869
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106869&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Sketch of William Grove’s 1839 fuel cell

Grove’s 1839 gas voltaic battery diagram. (From Proceedings of the Royal Society) [1] Redrawn with permission of Taylor &

Francis Journal.
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More radical approaches may be necessary to challenge the 300–600�C operational range. Here we review

novel functional nanocomposites that show a high promise for that range. The focus will be on ceria-based

and multifunctional semiconductor-ionic electrolytes.
CERIA-BASED COMPOSITES AND NANOCOMPOSITES AS ALTERNATIVE ELECTROLYTE

MATERIALS

Cation-doped cerium oxide, especially samarium doped ceria (SDC) and gadolinium doped ceria (GDC) have

a fluoride structure, extensively studied as O2� conducting electrolyte in SOFC.19 However, there are some

crucial problems with doped ceria. Firstly, to reach a high 0.1 S/cm oxygen ion conductivity, a temperature

of 800�C is still required. At 600�C, doped ceria show only 10�3 – 10�2 S/cm.20,21 Secondly, Ce4+ in ceria

may reduce to Ce3+ in the reducing fuel cell leading to significant electronic conduction, causing electrochem-

ical and a lower open-circuit voltage (OCV).22 Also, the considerable size difference between Ce4+ (87p.m.)

and Ce3+ (102p.m.) may cause some micro-cracking in the fuel cell operations leading to device failure.23

To solve these problems, improved ceria-based composites and nanocomposites have been developed,

e.g., ceria-carbonate composites, successfully demonstrated at 300–600�C in low-temperature (LT) SOF-

C.24–37In ceria-carbonate composites, the ionic conductivity is enhanced by the composite melting effects,

where the molten carbonate provides a solid-liquid interface resulting in high ionic transport. The interfa-

cial regions between the two phases cause a combined effect, i.e., each constituent phase has high ionic

conduction. Fabricating two- or multi-phase composites thus produces more interface regions, i.e., a kind

of ionic conduction highway. Various ceria-salt composites (e.g., metal chlorites, metal hydrates, carbon-

ates, and sulfates) have been investigated, where ceria-carbonate, such as samarium doped ceria (SDC),

gadolinium doped ceria (GDC), yttrium doped ceria (YDC), Ca/Sm-co-doped CeO2 (CSDC), etc., compos-

ites have been combined with various metal carbonates, MxCO3 (M+ Li, Na, K, Ca, Ba, Sr, x = 1, 2) in single,

Na, binary, Li-Na, Li-K, Na-K and ternary Li-Na-K, etc. systems [8–45].31,38–63 These ceria-carbonate
2 iScience 26, 106869, June 16, 2023



Figure 2. Classification of fuel cells by the electrolyte
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composite systems have been used as electrolytes to demonstrate successful LT-SOFC operation. Ceria-

carbonate composites have also shown excellent thermal and electrochemical stability,28,59,60 even stand-

ing long 6000-h tests.61

Most of these ceria-composites have not employed nanocomposite methodologies to make more control-

lable material microstructures and properties to improve the reproducibility and stability of the electrolyte.
Figure 3. Oxide-ion conductor candidates for SOFCs and PCFCs.15

Modified from15 with permission Elsevier.
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Figure 4. Illustration of the nanocomposite approach
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Nano effects have enhanced material grain boundary or surface ionic conduction, particularly in ceria and

zirconia-based materials.64 However, at high temperatures (600–800�C), nano effects may be lost, and in

ceria-based materials, the nano-effects may also increase the electronic conduction. It has been proposed

to introduce a second-phase material to build up a heterostructure that could effectively block nanopar-

ticle growth and significantly enhance ionic conductivity by modulating interfacial structures.63

The principal differences between the ceria-carbonate composites and nanocomposites are in the

morphology shown in Figure 4 and the material properties and functionality. Figures 5A–5D shows that stan-

dard ceria-carbonate composites are irregular sharps of two-phase particles. Most of them reach a percolative

mixture threshold in which two phases can formpercolative paths along interface regions tomaintain the com-

bined effect, i.e., ionic conduction through the interfaces between the two-phase areas of the materials. This

can only be possible when the carbonate melts. Figure 5F shows an intensive endothermic peak at about

497�C in the DTA curves, related to the melting of 53 mol%Li2CO3:47 mol%Na2CO3 carbonate eutectic.

The conductivity leap occurs at the carbonate melting point to the molten phase in Figure 5E.33,57,64

The particles are homogeneous for the nanocomposite, e.g., SDC-Na2CO3, as shown in Figure 6A. In the

HRTEM images in Figure 6B, there is a clear core-shell structure with very thin (a few nm) shells of sodium car-

bonate covering the SDC nanoparticles. The composite can still form continuous interfacial regions to build

fast ionic conducting channels along the SDC particle surfaces or two phases of SDC and Na2CO3 interfaces.

The nanocomposite approach has successfully been employed to develop novel functional ceria-based nano-

compositematerials, e.g., core-shell samariumdoped ceria (SDC)-sodium carbonate.64,65 Themost crucial dif-

ference between ceria-carbonate composites and nanocomposites relates to the carbonate maintaining its

physical property. Reaching the carbonate melting point leading to high ionic conductivity requires at least

a 20% carbonate share, which also causes corrosion with molten carbonates.65 Binary or trinary complex car-

bonate systems could be used tomaintain the stability of ceria-carbonate composite electrolytes for use in LT-

SOFC at temperatures below 600�C. In the SDC-Na2CO3 core-shell nanocomposite, the Na2CO3 does not

keep its property. There is a phase transition already at around 300�C, much lower than the Na2CO3 melting

point (851�C).40 In this case, the nanocomposite well maintains a solid phase property avoiding the molten

carbonate corrosion problem. More importantly, the ceria-carbonate nanocomposite exhibits novel proper-

ties in the solid mechanical phase and superionic conduction, which is more advanced than in a regular

ceria-carbonate composite.65 Figure 6D shows that a superionic transition occurs in the Na2CO3@SDC nano-

composite so that the ionic conductivity is well above 0.1 S/cm in the temperature range of 300–550�C. In the

DSC thermal analysis, an endothermic peak is found in Figure 6E indicates a microstructure ordering change

because the material’s two phases are maintained and melting does not occur.39

The novel core-shell amorphous SDC/Na2CO3 nanocomposite in Figure 6B has a particle size of less than

100 nm. The thickness of the amorphous Na2CO3 shell is 4–6 nm forming a solid type of nanocomposite

that displays high ionic conductivity over 0.1 S/cm above 300�C. Amorphous Na2CO3 and core-shell
4 iScience 26, 106869, June 16, 2023



Figure 5. Ceria carbonate composites and electrical properties of SDC/NCO

SEM images of SDC-(53mol% Li2CO3: 47 mol%Na2CO3) composites with carbonate content of (A) 10 wt %, (B) 20 wt %, (C)

30 wt %, and (D) 35 wt %,64 (E) conductivities’ of composites with various carbonate contenet based on temperature

dependence; (F) correspondingly, the DTA curves for SDC-(53 mol% Li2CO3:47 mol% Na2CO3) composites with various

carbonate contents conductivities’ temperature dependence64 with permission of Elsevier.
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structure may play an essential role in the ionic conductivity attributed to the interface and interfacial

conduction mechanism. In addition, Fan et al. have presented the practical synthesis of element/phase

well-distributed, interfacial strongly linked Sm0.2Ce0.8O2-Na2CO3 (NSDC) nanocomposite with varied re-

sidual carbonate contents by an in situ one-pot one-step citric acid-nitrate combustion process. NSDC

has increased ionic conductivity over conventionally prepared materials. NSDC9010 nanocomposite pro-

ton conductivity is 0.044 S/cm at 650�C. Electrolyte-supported SOFCs based on NSDC9010 nanocompo-

site electrolyte produce 281.5 mW cm2 at 600�C with LiNiO2 symmetric electro-catalysts. The unique

core-shell structure, good phase distribution, and high interfacial area created by the one-step fabrica-

tion approach and the strong coupling between oxide and carbonate contribute to the superior ionic
Figure 6. Morphology, electrical and electrochemical properties of nanocomposites

(A) SEM image, (B) HRTEM image, (C) DSC curve, and (D) dependence of the conductivity vs. temperature of as-prepared SDC/Na2CO3 nanocomposite, (E–

H) HR-TEM images and fuel cell performance and comparison of NSDC Copyright65,66 with permission of elsewhere.
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Figure 7. Conduction path for protons and ions along with morphology, stuctural and electrochemical properties of GDC/NCO

(A and B) Schematic diagram of fuel cell device with GDC-Na2CO3 electrolyte andNCAL electrode along with the conduction path of protons and oxide ions,

(C and D) SEM image of NCAL porous electrode and electrolyte membraneGDC-Na2CO3, (E and F) XRD analysis of GDC, GDC-Na2CO3, and performance of

GDC-Na2CO3 electrolyte membrane67 with permission of John Wiley and Sons.
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conductivity and fuel cell performance.66 The HR-TEM images of NSDC and fuel cell performance of

NSDC9010 and comparison of fuel cell performance between the NSDC9010 and NSDC9505,

NSDC8515 are shown in Figures 6E–6H. The ceria-carbonate in composite (molten-solid) or nanocompo-

site (solid-solid) interface may present a new approach to designing and developing superionic conduc-

tors for low-temperature SOFCs. Creating a ‘superionic highway’ interface in two-phase materials based

on the coated ceria-carbonate composites has demonstrated a new way to realize SOFC/PCFC at

300–600�C.

Figure 7A illustrates a structural schematic diagram of the GDC-Na2CO3 fuel cell.
67 Symmetrical electrodes

Ni0.8Co0.15Al0.05LiO2-d (NCAL) were used for redox functionality, whereas GDC-Na2CO3 works as an elec-

trolyte to conduct the ions. Figure 7B shows the conduction path of protons and oxide ions through the

electrolyte to accomplish the fuel cell reactions. Furthermore, the morphology of NCAL reveals the fluffy

and well-porous structure assists in mass transfer with the extension of the triple-phase boundary depicted

in Figure 7C. At the same time, GDC-Na2CO3 seems too dense without pores after sintering at 575 C, and

the desired density assists in separating the H2 and air gases or prevents the contact between air and H2, as

illustrated in Figure 7D. The XRD of GDC and GDC-Na2CO3 reveal a pure fluorite structure. Still, with the

addition of Na2CO3, the peak intensity is lower, and slight expansion is noticed, confirming the formation of

a GDC-Na2CO3 structure without impurity peaks, as demonstrated in Figure 7E.22,67 During the fuel cell

operation, it is known that Na2CO3 changes into a molten state andmakes connections or bonds with other

materials, as seen in the examples with SDC-Na2CO3, GDC-Na2CO3, etc., to attain nanocompositematerial

characteristics.67 The relationship between the functions of the different particles as quick ions transport

channels simultaneously speeds up the process leading to enhanced electrochemical fuel cell performance

with a power density of 800 mW/cm2 at 575 C shown in Figure 7F. Moreover, several studies have been re-

ported to enhance the ionic conduction and boost the fuel cell performance using the above stated

phenomena.37,45,62,67–69

Recently it has been reported that pure ceria (CeO2) has shown fast ion transportation through surface

conduction which is different from the traditional concept of doping ceria.70 Xing et al. designed a non-

stoichiometry CeO2-d forming CeO2@CeO2-d core-shell structure to build up a fast proton shuttle on the

surface layer, as shown in Figures 8A and 8B. It exhibited excellent proton conductivity at 0.16 S/cm and

697 mW/cm2 at 520�C as depicted in Figures 8C and 8D.71
6 iScience 26, 106869, June 16, 2023



Figure 8. Proton shuttle mechnism and electrical & electrochemical properties of non-doped ceria

(A–D) Non-doping CeO2 with a non-stichometry CeO2-d shell forming the core-shell structure resulting in high performance and fast proton conduction

taken from71 permission with ACS.
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Xia et al. synthesized non-doped CeO2 through the co-precipitation technique using different precipi-

tating agents (Na2CO3, NH4HCO3, and KOH). The best performance was achieved using Na2CO3 as a

precipitating agent, suggesting that Na2CO3 is a powerful agent in building strong bondage and long-last-

ing channels for quick ion transportation and enhancing the device performance.72 The designed fuel cell

device based on the CeO2-Na2CO3 delivered 706 mW/cm2 at 550�C.72 The high performance is because of

the morphological effect confirmed in the HAADAF-STEM image and cross-bonding mapping of each

element, including Na, Ce, and O, as depicted in Figures 9A and 9B. Furthermore, one CeO2 particle

was selected for morphology analysis, where it seems to be covered with an amorphous layer of

Na2CO3 shown in Figures 9C and 9D. The TEM images confirm that the CeO2 is covered with a thin coating

layer of Na2CO3 where the thickness of the coating layer was 3 nm with a lattice spacing of 0.19 nm related

to the 220 planes of CeO2 as depicted in Figures 9E and 9F. Figure 9G shows the schematic diagram of the

fuel cell based on the CeO2 electrolyte and the CeO2 particles covered with a thin layer to function as a

core-shell structure that also prevents the CeO2 from reducing, which is a major issue with pure

CeO2.
70,71,73 Fan et al. use a self-doping approach to prepare a core-shell nanocomposite of CeO2 and al-

kali carbonates (Li2CO3, Na2CO3, and K2CO3) At 550
�C in air, a remarkable ionic conductivity of 0.34 S/cm

was formed, unlike the insulating CeO2 phase. The single-cell electrochemical performance reached 910

mW/cm2.74 All the above literature shows that the carbonates and the combined effect with doped and

non-doped CeO2 are very favorable in enhancing the device performance. The high ionic conductivity

achieved also paves the way to develop a new electrolyte for SOFC/PCFC at lower temperatures than

the traditional ones.
iScience 26, 106869, June 16, 2023 7



Figure 9. Morophology and mechnism of ions transport using surface layer in non-doped Ceria

(A and B) HAADAF-STEM image and elemental mapping of CeO2-Na2CO3 particles (C and D) HAADAF-STEM and elemental mapping along with elemental

composition atomic fraction and mass fraction of CeO2-Na2CO3, (E–G) HR-TEM images of CeO2-Na2CO3 and Fuel cell diagram with a zoomed-in view of

CeO2 particle coated with Na2CO3 layer
72 with permission of Elsevier.

ll
OPEN ACCESS

iScience
Perspective
Besides the electrolyte ionic conduction, the redox process is equally crucial for constructing the compos-

ite electrolyte and electrodes. Ceria-based electrolytes have been frequently used as a catalyst because of

their excellent redox properties originating from the reduction of Ce+4 to Ce+3 oxidation state.31 Two
8 iScience 26, 106869, June 16, 2023



Figure 10. Redox design of composite electrolyte

Redox design by using second-phase materials acting as an agent for electron acceptor and donor for composite

electrolyte (A) and electrode (B)31 with permission of Elsevier.
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oxides with good redox properties have often been combined: For example, MCeO2, where M could be

Gd, Sm, Ca, Mn, Pr, Y, andmanymore, plus MxOy structure in whichM could be Bi, Co, Ti, Ni, and V whereas

x and y can be in the range of 1–3 and 1–4, respectively.31

In the Ce-structure, incorporating the second phase, such as an electron acceptor phase, efficiently re-

ceives electrons to work as a redox agent. The two-phase composite material can turn into an efficient

pure ionic conducting electrolyte material in comparison to pure CeO2, as depicted in Figure 10. The exact

mechanism is probably applicable to construct composite electrodes, which can be accomplished using

several nano-redox catalyst particles such as NiO distributed and coated with ceria shown in

Figures 10A and 10B.31,75–78 Table 1 shows different composite electrolytes using ceria-based composites

and their performance at different temperatures.
MULTIFUNCTIONAL SEMICONDUCTOR-IONIC NANOCOMPOSITES

To illustrate the concept of multifunctional electrolyte materials, Figure 11 shows a metal oxide semicon-

ductor (MOS) of LiZnOx (or ½ Li2O–ZnO) with an ionic material SDC.82,84 Figure 11A displays the HRTEM

image of LiZnOx-SDC nanocomposite where the nano-SDC particle as a core covered by a thin layer of

LiZnOx.

ZnO is an n-type semiconductor and can react with Li2O to form ½ Li2O–ZnO or a LiZnOx compound. In

LiZnOx-SDC semiconductor nanocomposite, the LiZnOx is coated on the SDC nanoparticles (less than

100 nm), forming a two-phase core-shell heterostructure (see HRTEM, Figures 11A and 11B). This particular

core-shell microstructure can significantly enhance ionic conductivity reaching >0.1 S cm�1 at ca. 300�C,
which is equivalent to pure SDC at 800�C or YSZ at 1000�C, as depicted in Figure 11C. A conventional sin-

gle-phase structure cannot achieve such an enhancement—the ionic conductivity benefits here, particu-

larly from interfacial effects.

Another type of semiconductor-ionic heterostructure is found in the yttria-stabilized zirconia (YSZ)/stron-

tium titanate SrTiO3 (STO)-YSZ thin-film composite system.85 The YSZ is a typical ionic conductor used

in the traditional SOFC. STO is a standard semiconductor, which, together with YSZ, thus forms a semicon-

ductor-ionic system. This system has shown several orders of magnitude higher ionic conductivity enhance-

ment than the pure YSZ.85 The heterostructures where YSZ layers in the nanometer range (i-62 nm) andwere

fabricated between two 10 nm thick SrTiO3 (STO) layers. Figure 12 shows the electrical properties of the

1 nm-YSZ layer.
iScience 26, 106869, June 16, 2023 9



Table 1. Ceria-based composite electrolyte materials for fuel cells

Nr Ceria-carbonates Gases

Conductivity

(S/cm)

Power density

(W/cm2)

Operating

temperature (oC) Reference

[1] GDC-salt composites H2/Air 0.01–1 0.20–0.8 400–660 Zhu et al.79

[2] YDC-22 wt % LiNaCO3 H2/Air 0.01–0.78 0.20–0.70 400–660 Zhu et al.79

[3] GYDC-40 wt % LiKCO3 H2/Air – 0.07–0.30 480–530 Zhu et al.79

[4] SDC-10 wt % LiNaCO3 H2/Air 0.001–0.03 0.43 400–625 Huang et al.64

[5] SDC-20 wt % LiNaCO3 H2/Air 0.003–0.09 0.94 400–625 Huang et al.64

[6] SDC-30 wt % LiNaCO3 H2/Air 0.003–0.1 0.89 400–625 Huang et al.64

[7] SDC-35 wt % LiNaCO3 H2/Air 0.1–0.15 1.08 400–625 Huang et al.64

[8] SDC-30 wt % LiNaCO3 H2/Air 0.01–0.2 0.2–1.0 500–650 Huang et al.80

[9] SDC-30 wt % LiNaKCO3 H2/Air 0.05–0.2 0.1–0.76 500–700 Xia et al.58

[10] SDC-30 wt % LiNaCO3 H2/(CO2/O2) 0.05–0.16 0.3–1.70 500–650 Xia et al.58

[11] GDC-30 wt % LiKCO3 H2/Air 0.002–0.09 – 300–700 Benamira et al.81

[12] CeO2-nanocomposite H2/Air – 0.20–0.70 450–580 Raza et al.82

[13] SDC-Na2CO3 nanocomposite H2/Air – 0.50–0.90 450–580 Wang et al.65

[14] GYDC-LiNaCO3 H2/Air 0.2 0.6 550 Zhang et al.83
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The STO-YSZ epitaxial heterostructure system can show up to eight orders of magnitude enhancement

near room temperature.85 Enhancing the ionic conductivity and a YSZ layer thickness–independent con-

ductivity implies an interface process. This may be because of the atomic reconstruction at the interface

between highly different structures between the fluorite YSZ and perovskite STO, yielding colossal ionic

conductivity values, where the interfaces play a significant role in enhancing the ionic conductivity

massively. The coherent interface between very different structures can also significantly decrease the acti-

vation energy, thus greatly improving ionic mobility and increasing conductivity.85 This result is of para-

mount technological importance to achieving high O2� conduction at low temperatures.

The STO-YSZ system may have three parallel conduction paths from the interfaces and the bulk YSZ and

STO layers. However, the bulk conductivity of YSZ is only 10�7 S/cm at 500�C. On the other hand, the re-

ported conductivity values of the STO thin films are also much lower than those obtained with high conduc-

tance. Therefore, bulk YSZ or STO contributions can be ruled out, and an interface conduction mechanism

is suggested instead. In addition, there is an abrupt conductivity decrease when the thickness changes

from 30 to 62 nm. This may indicate a loss of interface structure when the YSZ layers exceed the critical
Figure 11. Morphology and electrical feature of SDC/LZO

(A) A high-resolution TEM image showing a core-shell structure of an SDC nanoparticle covered by a thin layer of LiZnOx;

(B) simulated HRTEM image of ZnO coating at [2 1 0] projection.

(C) The dependence of the conductivity of non-coated SDC and LiZn-oxide coated SDC on the temperature in

comparison with the conductivity curve of 1/2Li2O–ZnO cited from literature reported by Tsukamoto et al.84 with

permission Elsevier.
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Figure 12. The electrical properties of YSZ/STO and 3D view of the interface of YSZ/STO

(A) The real part of the lateral electrical conductivity versus frequency of the tri-layer with 1-nm thick YSZ in the 357 to 531 K range. The uncertainty of

conductance measurements is 1 n-S (10�2 S/cm in conductivity for the sample shown, see error bar)(Inset) Imaginary versus real part of the impedance

(Nyquist) plots at 492, 511, and 531 K.

(B) Dependence of the ionic conductivity of the trilayers STO/YSZ/STO versus inverse temperature. The thickness range of the YSZ layer is 1–62 nm. (Top

inset) 400 K conductance of [YSZ1nm/STO10 nm] (ni/2) superlattices as a function of the number of interfaces. (Bottom inset) Dependence of the

conductance of [STO10nm/YSZ Xnm/STO10nm] trilayers at 500 K on YSZ layer thickness. Error bars are according to a 1 nS uncertainty of the conductance

measurement.

(C) A 3D view of the interface, with the ionic radius reduced by half, to better visualize the plane of oxygen vacancies introduced in the interface. The square

symbol in the legend indicates the empty positions available for oxygen ions at interface.85 Copyright permission from Science.
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thickness that the bulk behavior turns to effect.85 Further improvement of microstructural characterization

(effective interfacial area and percolative pathways), explaining the interfacial conditions, and effective

ionic transport and charge transfer under different working conditions are still required to understand

the fundamental aspects better.

As shown in Figure 13, semiconductor-ionic material (SIM) systems have been widely investigated for

various structural materials such as fluorite, perovskite, spinel, and layered structure systems.9,67,70,85–108

These heterostructure composite systems based on ionic-MOS or semiconductor-semiconductor materials

make use of interfaces and interactions in the interfacial regions between two constituent phases, which

result in interfacial conduction and charge transport highways, with significant impacts on the superionic

conduction, redox reactions (hydrogen oxidation and oxygen reduction), catalyst, electrolysis, and fuel

cell. The material architecture of the two-phase composite demonstrates a new scientific principle of ma-

terial design and development, where the surface and interfacial mechanisms cause the conductivity and

charge transfer enhancement.

For example, Zhu et al. designed a semiconductor (LSCF), La0.6Sr0.4Co0.2Fe0.8O3-d ionic (SCDC) Sm/Ca-co-

doped Ceria electrolyte owing specific properties toward a new generation of fuel cells. The utilized SIM

electrolyte has revealed high ionic and electronic conductivity of >0.1 S/cm, higher OCV (>1.0 V), and fuel

cell performance of 1000 mW/cm2 at 550�C. The HR-TEM image of the semiconductor ionic (LSCF-SCDC)

heterostructure is shown in Figure 14B, whereas the energy band alignment mechanism is depicted in

Figure 14C.109 In the same context, Xia and Mushtaq have designed new semiconductor ionic electrolyte

materials, including STO-SDC (SrTiO3-Sm0.2Ce0.8O2), SFT-SDC (SrFe0.75Ti0.25O3-d-Sm0.25Ce0.75O2) and

delivered impressive fuel cell performance of 892 and 920 mW/cm2 with higher ionic conductivity of 0.14

and >0.1 S/cm at a low operating temperature of 550 and 520�C respectively.110,111 The Energy band dia-

gram of SFT-SDC and schematic diagram including ORR and HOR mechanism, fuel cell performance, and

SEM cross-sectional view of the pellet have been depicted in Figures 14A, 14D, and 14E. Furthermore, new

semiconductor ionic heterostructure CeO2/BZY was used as an electrolyte, revealing maximum proton

conduction of 0.23 S/cm and impressive fuel cell performance of 845 mW/cm2 at 520�C. Figures 14F and

14G shows the energy band diagram and proton transport mechanism on the surface and interface of

CeO2& BZY.112 In addition, a new semiconductor heterostructure (LiCoO2-SnO2) based on bulk, bulk

planar, and the thin-film-based planar junction was proposed as an electrolyte. It displayed higher fuel

cell performance of 0.82, 0.61, and 0.28 W/cm2 at 600�C. Figure 14H shows the schematic diagram of a

fuel cell of bulk heterostructure LiCoO2-SnO2 with fuel cell performance of different ratios between the

LCO and SnO2 at a constant operational temperature of 600�C.113 The above-stated mechanism and
iScience 26, 106869, June 16, 2023 11



Figure 13. Semiconductor-ionic material (SIM) systems

Semiconductor-ionic material (SIM) systems with various structural materials such as fluorite, perovskite, spinel, and layered structure systems.
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reports differ from the conventional single-phase materials such as YSZ and SDC/GDC etc., where the high

conductivity is realized by aliovalent doping to create oxygen vacancies inside the structure (a bulk

mechanism), and device gaps/interfaces between the different components, e.g., anode, electrolyte,

and cathode, which requires complex technology and strict condition to make the device functions, e.g.,

high temperature are needed to activate ionic mobility.9

CONCLUDING REMARKS

The electrolyte materials have been the focus of developing SOFC technologies since Nernst first discov-

ered the YSZ with a fluoride structure, as shown in Figure 15. Figure 15A shows that a low valency cation
12 iScience 26, 106869, June 16, 2023



Figure 14. Energy band alingment, conduction mechnism and fuel cell performance of SFT-SDC, LSCF-SCDC, BZY/CeO2 and LCO/SnO2

(A) Energy band diagram of SFT-SDC and schematic diagram with HOR and ORR mechanism, (B and C) HR-TEM image of LSCF/SCDC and Energy band

alignment mechanism, (D and E) I-V/I-P curve and SEM cross-sectional view of SFT-SDC, (F and G) Energy band diagram and proton transport mechanism on

the surface of CeO2/BZY, (H) Schematic diagram based on bulk heterostructure LiCoO2-SnO2 with fuel cell performance of composite

heterostructures.109,111–113 Copyright permission from the American Chemical Society and Elsevier.
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dopant, e.g., rare earth ions of Y3+ or Sm3+, to replace high valency Zr4+ or Ce4+ to create oxygen vacancy,

enables the oxygen ion O2� to move through this vacancy. This structural design methodology has been

central for the SOFC electrolyte and proton-conducting perovskites (BZ & BZY), as shown in Figures 15B

and 15C.9,114 Replacing YSZ with new materials with high ionic conductivity at reduced temperatures,

e.g., below 600�C, has not been successful so far.9,20

The novel ceria-based nanocomposites and semiconductor-ionic heterostructure material systems re-

viewed in this paper represent new radical developments that could pave the way to next-generation

low-temperature ceramic fuel cells operating in the range of 300–600�C at high power density. The under-

lying reason for such a performance improvement is surficial and interfacial ionic conduction.115 These ma-

terials rely on different design methodologies and functionalities than the traditional SOFC changing from
iScience 26, 106869, June 16, 2023 13



Figure 15. Ionic conduction from structure design to semiconductor heterostructure

(A) O2� conducting fluoride with low valency cation dopant replace high valency Zr4+ or Ce4+ to create oxygen vacancy, then O2�move through this vacancy;

perovskite proton conductor by the same way doping to create oxygen vacancies in (B) BaZrO3 structure to form (C) BZYO; and protons can move with two

mechanisms as illustrated in (D) Grotthuss lattice oxygen transfer and (E) oxygen vacancy-vehicle mechanism. (F) in strong contrast, the superionic

conduction is designed based on semiconductor heterostructure, e.g., pNaCoO3-nCeO2, where interfacial conduction mechanism with the help of built-in-

electric field as a self-driving force on ionic transport9,18,114,115 permission with Elsevier, and Science.
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the bulk inside the structure to particle surface and interfaces (Figures 15D–15F), especially the semicon-

ductor heterostructure.

More interestingly, from these novel functional semiconductor heterostructure composite systems, the

ionic conducting electrolyte concept can now be expanded on electrolyte-free or semiconductor

membrane fuel cells based on the nano-redox principle,93,116,117 where a built-in-electric field can act as

the second driving force to promote ionic transport.116,117 The fundamental understanding of this semicon-

ductor-based membrane fuel cell technology is developed into a new discipline of semiconductor

electrochemistry,98 which deserves more attention for next-generation fuel cell technology. We have re-

viewed novel solid material systems with high potential for next-generation fuel cells at 300–600�C. These
employ ceramic nanocomposites based on semiconductor-ionic materials, either with core-shell or

heterojunction structures. Power densities up to 1 Wcm�2 could be reached with these materials when

used in a fuel cell device.
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