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ABSTRACT 

The new semi-ionic energy conversion (SIEC) device has attracted remarkable attention due to its 

clean and environmentally friendly applications. In this device, novel materials and mechanisms 

have been explored using electronic and ionic conductor materials. The tuning effect of the ions 

and band gap has been studied to investigate the structural, optical, and electrochemical 

performance of the material. Composite materials, GDC-ZnCdO (Gadolinium-doped ceria-

Cadmium doped ZnO), based on ionic (GDC) and semi-conductor (ZnCdO) in molar ratios of 1:4, 

2:3, 3:2 and 4:1 have been prepared by a wet chemical route. The crystalline structure of the GDC-

ZnCdO was studied and found to have cubic and hexagonal wurtzite phases with an average 

crystallite size of 30-40 nm. The morphology of the prepared composite materials is a homogenous 

and porous structure. It was found that the addition of GDC increases the transmittance and shows 

a red shift in the bandgap from 2.70eV to 2.46 eV. The maximum conductivity of 2.0 Scm-1 was 

achieved for the sample 4GDC-1ZnCdO at 700 oC. Electrochemical impedance spectra (EIS) and 

X-ray photoelectron spectroscopy analysis (XPS) were performed to investigate the 

electrochemical properties of the prepared semi-ionic composite materials. The SIEC device 

showed a much better performance than a conventional solid oxide fuel cell. The maximum OCV 

of about 1.013V and power density of 0.65 W/cm2 were obtained using hydrogen fuel at 600 oC, 

as compared to a conventional fuel cell of 0.72 OCV and 0.27 W/cm2. Hence, the results reveal 

mailto:razahussaini786@gmail.com
mailto:amjadali@uo.edu.pk


that the ions and bandgap tuning play a crucial role in fuel cell functions. Therefore, it has been 

determined that the bandgap can be tuned to obtain a better and more stable performance of the 

SIEC device. This study presents a novel approach to enhance the electrochemical performance 

with the tailoring of the new semi-ionic materials. 

Keywords: Optical bandgap, Electrical bandgap, semi-ionic energy conversion device, composite 

materials, X-ray photoelectron spectroscopy analysis. 

 

 

1. Introduction 

Nowadays, clean energy devices use semi-conductor or semi ionic-conductor materials. These 

materials are considered the backbone of the modern electronics industry [1-3]. Furthermore, as 

reported by NASA astronaut Brian O’ Leary “If these new energy technologies were to be set free 

world-wide, the change would be profound; it would applicable everywhere and affect everybody. 

This technology is the most important thing in the history of the world” [4]. 

 Nonionic devices are those which perform various functions via ions transportation at the 

nanoscale (e.g. solid/solid interface, in the nano gap, and in thin films). By changing the electronic 

charge carrier density, the physical properties (bandgap, conductivity, and structure) of the 

materials can be varied, which is important for the development of novel functional devices [5-6]. 

Therefore, the variations of charge carrier (ions) and bandgap play a key role in novel nanoionic 

functional devices. There are two types of band gap; optical band gap and electrical band gap. The 

optical band gap is the threshold for the photons to be absorbed. The electrical bandgap is the 

threshold for the electrons to be added. The electronic gap is usually larger than the optical gap 

which is due to the difference in the Coulomb energy for the system [7]. 

A fuel cell is one of the nanoionic energy devices and has the great potential to produce 

clean energy and is one of the best alternative energy devices [8-11]. By changing the band gap of 

semi- ionic or semi-conductor materials, the efficiency can be improved [12-13]. Semi-ionic 

energy conversion (SIEC) devices, which are also called single component fuel cells and were 

firstly reported by Zhu et al., behave as both electrodes and electrolyte simultaneously. The SIEC, 

which consists of a single layer of mixed ionic and semiconducting material, shows a remarkable 

innovation in the field of the conventional SOFCs [12, 14-18]. As compared to the conventional 



SOFC, there are many advantages for SIEC: (i) No thermo-mechanical and chemical 

incompatibility issues between electrolyte and electrode materials; (ii) Good catalyst functions for 

both hydrogen and oxygen that can realize better device performance; (iii) Quicker kinetic 

processes since no interface resistance between electrode and electrolyte materials; (iv) Gives 

technical advantages of simplified fabrication and low cost design. Since discovery of SIEC in 

2010, various fundamental research works have been carried out mainly in the experimental aspect 

demonstrating reasonable performance. The schematic diagram of SOFC and SIEC is shown in 

the figure 1. 

 

Figure 1: Schematic diagram of SOFC and SIEC 

 

Wu et al. tuned the bandgap of h-BN nanosheet by doping with Ce3+ions and found to that the 

absorption band of the doped system shifted to longer wavelength, a red shift in the band gap energy 

which enhanced the light emission properties [19]. Tsuchiya et al. observed that transport of local 

ions near the solid/solid interface can enhance the physical properties as well as overcome the 

limitations of the conventional materials [5]. Electrostatic carrier doping and electrochemical 

carrier doping methods were used to attain high density electronic carriers. Near solid/solid 

interface atomistic re-structuring, driven by DC voltage, has enormous potential. The optical 

bandgap can be controlled for various applications. Chen, et al. studied the tuning of a perovskite 

cathode La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) as functional electrolytes for SOFCs [20]. Raza, et al. 

investigated a single layer fuel cell (SLFC) by synthesizing BaZr0.7Sm0.1Y0.2O3−δ(BZSY)-

La0.8Sr0.2Co0.2Fe0.8O3 –δ (LSCF) nanocomposites and observed a mixed conductivity of 2.3Scm-1 at 



650oC. The cumulative effect of bandgap and ion transport gives a high output power in SLFCs 

[11]. Zhu et al. investigated the semi-ionic materials for designing the ionic conductors or 

electrolytes for fuel cells. In a solid oxide fuel cell (SOFC), yttrium stabilized zirconium (YSZ) is 

used as electrolyte, but it operates at temperature above 700°C to work properly. By replacing 

YSZ with a new type of oxide layer formed by a mixture of a semiconducting and ionic material 

the high temperature problem could be improved which shows high device performance at 

temperatures below 600°C.An internal junction is created in semiconductor-ionic device that 

forces the electrons created to move through an external circuit [21]. Xia et al. studied the 

semiconducting-ionic conductors as admirable electrolyte membranes for solid oxide fuel cells 

(LT-SOFCs) at low temperature. The ZnO and ZnO-LCP electrolytes based fuel cell devices 

reveals promising power outputs of 158–482 mW cm−2 and high open circuit voltages (OCVs) of 

1–1.06 V at 450–550 °C for ZnO, whereas the ZnO-LCP cell shows enhanced performance with 

high power density of 864 mW cm−2 and OCV of 1.07 V at temperature 550 °C. The ZnO 

electrolyte and ZnO-LCP composite exhibit extraordinary ionic conductivities of 0.09 and 0.156 

S cm−1 at temperature 550 °C. By using composite material, the grain boundary and the electrode 

polarization resistances were reduced [22]. Liang et al. investigated that the Microbial fuel cell 

(MFC) has been consider a capable device to produce electricity. They prepared a cathode catalyst 

from nitrogen-doped porous carbon encapsulating CoO and MgO nanoparticles in the air-cathode 

MFC. The maximum power density of 2258 ± 70 mW m−2 was obtained that was 58.3% higher 

than that of the control group NC (1426 ± 52 mW m−2). It was acknowledged that the excellent 

performance was credited to the superior hierarchical porous structure that could give both 

sufficient oxygen and more reactive sites. The porous nitrogen carbon with CoO and MgO is an 

appropriate cathode catalyst intended for its excellent electro-catalytic activity, low cost, and the 

ease of its preparation [23]. Zhang et al. investigated the highly active electro-catalysts for the 

oxygen reduction reaction by using metal–nitrogen–carbon (M−N−C) material with 3 D 

microstructure, zeolitic imidazolate frameworks (ZIFs), as substitute for the commercial Pt/C in 

anion exchange membrane fuel cells. The relationship between fuel cell performance and 

microstructure of ZIF-derived catalyst was investigated to make an effective catalyst layer (CL). 

A hierarchically porous CL based on carbon black (CB)-controlled synthesis of a Co-based gives 

power density of ZIF-CB-700 (95.4 mW cm−2) at 40 °C as that is about 4 times higher than the 

catalyst synthesized without CB and is comparable to that of the commercial 60 % Pt/C catalyst 



(112.0 mW cm−2). Its measurements propose that the morphology and microstructure of CL is 

essential to make an active TPB region, dominates the fuel cell performance along with high 

catalyst activity [24].  

Therefore, the nano-composite material GDC-ZnCdO (Gadolinium doped ceria-Cadmium 

doped ZnO) was prepared to study the optical and electrical properties. Gadolinium-doped ceria 

(GDC) (Gd:CeO2) is a ceramic electrolyte use in solid oxide fuel cells (SOFCs). It has 

cubic structure and density of about 7.2 g/cm3 in its oxidized form. Oxygen vacancies are formed 

when gadolinium  is added in ceria. In this material the high ionic conductivity is obtained by high 

concentration and mobility of the oxide ion vacancies. The performance of the SIEC device was 

measured and compared with a conventional fuel cell. The effect of the electronic bandgap and the 

optical bandgap on the electrochemical performance is discussed. 

2. Experimental Section 

2.1 Preparation of ionic conductor (GDC) 

The precursors cerium nitrate, gadolinium nitrate and sodium carbonate were used to prepare the 

ionic conductor material by a co-precipitation method. A 0.1 M solution of cerium nitrate and 

gadolinium nitrate was prepared using deionized water and stirred with heating at 80°C for two 

hours. A 0.2M solution of Na2CO3 was prepared and added drop by drop into the nitrate solution. 

The mixed solution was stirred and heated until the formation of a white precipitate. The precipitate 

was washed with deionized water and filtered. The filtered precipitate was dried in an oven at 

200°C for two hours. The dried material was fired at 900°C in a furnace for four hours and after 

grinding, produced the ionic conductor material. 

2.2 Preparation of semiconductor (Cadmium doped ZnO) 

Cadmium doped ZnO material (4%) was synthesized using a sol-gel method. Zinc acetate 

dehydrate (Zn (CH3COO)2·2H2O, 99.5%), cadmium oxide (CdO, 99.3%), sodium hydroxide 

(NaOH, 99.0%), acetone and distilled water were used to prepare the ZnCdO. The solution was 

prepared using the above precursors, stirred and heated to form a gel. 2 M of NaOH was added 

drop wise and the solution was kept for 24 hours in order to complete the gelation process. The 

gel was dried in an oven at 120°C for two hours. The dried gel was sintered in a furnace at 900°C 

for four hours followed by grinding to obtain the final powder. 

https://en.wikipedia.org/wiki/Gadolinium


2.3 Cell fabrication based on semi-ionic based materials 

The nano-composite powders, the ionic-conductor (GDC) and semi-conductor (ZnCdO), were 

mechanically mixed using a ball mill with optimal molar ratios of 1:4, 2:3, 3:2 and 4:1, 

respectively. After the preparation of the composite materials, the materials were pressed into 

pellets using a hydraulic press at a 400MPa and sintered at 600°C for one hour, to find the 

conductivity and cell performance. Two types of fuel cell devices were fabricated. Type-1: 

conventional three-component device comprises ZnCdO anode, LNCZO (LiNiCuZn Oxide) 

cathode and GDC electrolyte; Type-2: a semi-ionic energy conversion (SIEC) device using a single 

layer of GDC-ZnCdO nanocomposite. 

2.3 Characterizations of the material 

Structural analysis was examined by  X-ray diffractometer (PANalytical X’Pert Pro 

MPD, Netherlands). 

3. Results and discussion 

3.1 Structural analysis 

The XRD (PANalytical X’Pert Pro MPD, Netherlands) patterns of different compositions of GDC-

ZnCdO material are shown in Figure 2.  The XRD pattern shows that the obtained composite 

material is crystalline and has two phases, cubic and hexagonal wurtzite. The diffraction peaks of 

the XRD pattern of CeO2 (JCPDS 75-0161) are indexed as a cubic structure, whereas the peaks 

referred to as zinc oxide (ZnO) are indexed to the hexagonal wurtzite structure because all the 

diffraction peaks are in good agreement with ZnO crystalline structure (JCPDS 36-1451). The 

peaks referred to as cadmium oxide (CdO) are indexed to a cubic structure because all the 

diffraction peaks match with the CdO crystalline structure (JCPDS05-0640). The XRD results are 

in good agreement with those cited in the literature [25-27]. The crystallite size of the composite 

materials was calculated from full width at half maximum (FWHM) of the (1 1 1) peak for the 

cubic phase and the (1 0 1) peak for the hexagonal wurtzite phase, using Scherer formula: 
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D
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where λ = 1.541874 Å. The crystallite sizes of the composites of (sample 1: 1GDC-4ZnCdO, 

sample 2: 2GDC-3ZnCdO, sample 3: 3GDC-2ZnCdO, and sample 4: 4GDC-1ZnCdO) were found 

to be about 32 nm, 33 nm, 41 nm and 42 nm for CeO2 cubic phase, and 32 nm, 33 nm, 42 nm and 

43 nm for the zinc oxide hexagonal wurtzite phase, respectively. Average crystallite size was32 

nm, 33 nm, 41 nm, and 42 nm, respectively. In the GDC-ZnCdO composite material, the crystallite 

size increased with increasing the concentration of GDC. Amongst the diffraction peaks, the most 

prominent intensity peaks are the (1 1 1) for the cubic phase (CeO2) and (1 0 1) for the hexagonal 

wurtzite phase (ZnO). These peaks show that the atom by atom growth is at a maximum and most 

of the crystals grew perfectly along the (1 0 1) and (1 1 1) directions and only a small part grew 

along other directions. These planes have the minimum surface energy. A slight variation in peaks 

towards lower angles was found by increasing the concentration of GDC. This happened due to a 

change in the lattice parameters of the ZnO with CdO and GDC mixing (mismatch in the ionic 

radii of Zn and Cd ions). As the angle decreased, the crystallite size increased. 

 

Figure 2: XRD patterns of different compositions of GDC-ZnCdO composite material 

3.2 Microstructure of GDC-ZnCdO 

The microstructure was determined using Scanning electron microscopy (SEM, TESCAN Vega 

LMU). The powder was mounted on a carbon tape and the SEM was operated at 10kV. The SEM 



image of prepared composite material at different magnifications is shown in Figure 3 (a-d). SEM 

shows that the sample 1: 1GDC-4ZnCdO nanostructures are in needle shape whereas in sample 4: 

4GDC-1ZnCdO nanostructures the needles joins and their size increases. The SEM images of the 

samples show that the material is homogeneous, and the agglomeration of particles increases with 

increase in GDC. The obtained microstructures possess a porous structure because they comprise 

nano-size crystallites that give a large internal surface area for a higher passage of gas which 

enables them to function as an efficient material for fuel cells.  The average particle sizes of all 

four samples were 75-165 nm. 

 

  

(a) (b) 

(c) (d) 



Figure 3: Microstructure of GDC-ZnCdO composites: (a) 1GDC-4ZnCdO (b) 2GDC-3ZnCdO 

(c) 3GDC-2ZnCdO and (d) 4GDC-1ZnCdO 

3.3 Ultraviolet and Visible Spectroscopy analysis 

The UV-Visible spectroscopy (Perkin Elmer Lambda 750 UV) was performed to confirm the 

semiconductor nature of the prepared samples because the focus was to study the ions and band 

gap tuning. The transmittance spectra of different compositions of GDC-ZnCdO material are 

shown in Figure 4 (a-d). The transmittance of the materials increased with increasing the GDC 

concentration in the ZnCdO. The sample 4 (4GDC-1ZnCdO) has the highest transmittance, of 

55%, compared to the other samples. The increased transmittance of the GDC-ZnCdO composite 

materials is due to their structural homogeneity and crystallinity [28-29]. 

 

(a) 

(c) 

(b) 

(d) 



Figure 4: Transmittance of different compositions of GDC-ZnCdO composite material  

  

From the transmission spectra the Tauc plots were drawn for different compositions of GDC-

ZnCdO material and are shown in Figure 5 (a-d). The optical band gap (Eopt) of the sample 4GDC-

1ZnCdO is 2.46 eV. The results revealed a red shift in band gap compared to 3GDC-2ZnCdO, 

2GDC-3ZnCdO, and 1GDC-4ZnCdO, respectively. This shows that the concentration of GDC 

plays a role to decrease the bandgap. This narrow band gap is good for the electro-optical 

properties of a material. In extrinsic semiconductor with added doping, according to law of mass 

action in order to conserve the number of particles the Fermi level has to shift away from midgap 

position. It shifted towards conduction band in an n-type semiconductor in which the added doping 

impurities give additional electrons to the system, where number of electrons n is higher than the 

number of holes p. 

 

 



Figure 5(a-d): Tauc plot of different compositions of GDC-ZnCdO material 

3.4 Electrical Conductivity Measurements 

 

Figure 6: Conductivity of different compositions of GDC-ZnCdO composite material 

 

The electrical conductivity of the composite material (GDC-ZnCdO) was measured by a four probe 

DC technique (2450 SMU, Keithley) in the temperature range of 350-750˚C in an air atmosphere. 

The results show that electrical conductivity increases with increasing temperature and GDC 

concentration in ZnCdO. The sample 4GDC-1ZnCdO has the highest conductivity of 2 Scm-1 at 

700 oC shown in Figure 6. 

           From the Arrhenius plot, the activation energy of different compositions of GDC-ZnCdO 

was calculated using the Arrhenius equation [30-31] and the results are shown in Figure 7 (a-d). 

)2(exp )
RT

E
(AK a−=  

Here, K is the rate constant, A is pre-exponential constant, Ea is activation energy, R is general gas 

constant, and T is the temperature in degree Kelvin. 



 

Figure 7 (a-d): Arrhenius plots of conductivity for different compositions of GDC-ZnCdO 

composite material 

It was found that sample 4GDC-1ZnCdO showed the lowest activation energy of 1.295 eV. The 

electrical band gap is normally double the activation energy of the materials [29-31]. Therefore, 

from the activation energy, the electrical band gap (Eeg) was calculated. The result shows that 

sample 4GDC-1ZnCdO had the lowest electrical band gap of 2.59 eV. Due to the GDC 

concentration, the bandgap shows a red shift. The narrow band gap is important for electro-optical 

properties and fuel cell applications. The activation energy and electrical band gap of different 

compositions of GDC-ZnCdO material are shown in Table 1.
 

Table 1: Comparison table of activation energy and electrical band gap 

S# Sample name  Activation energy (Ea) 

 (eV) 

Electrical band gap (Eeg) 

(eV) 



1 1GDC-4ZnCdO 1.46 2.92 

2 2GDC-3ZnCdO 1.41 2.82 

3 3GDC-2ZnCdO 1.38 2.76 

4 4GDC-1ZnCdO 1.29 2.59 

 

The results revealed that the optical and electrical band gaps decreased with increasing the 

concentration of ionic conductor (GDC) in the electronic conductor (ZnCdO). The electrical band 

gap wasfound to be higher than the optical bandgapbecause in the electrical band gap, an electron 

is injected into the sample, therefore, due to Coulomb’s repulsion energy; the calculated electrical 

band gap is larger. Electrical band gap also depends upon the type of material doping (n-type, p-

type) and GDC is n-type material. Therefore, as the concentration of n-type GDC is increased, the 

Fermi level of the prepared material shifted towards conduction band and the electrical band gap 

becomes larger than the optical band gap. 

3.6 Fuel Cell Performance and electrochemical impedance spectroscopy 

The performance of the conventional and SIEC fuel cell was measured using hydrogen fuel with 

S12, China. Electrochemical impedance spectroscopy was performed to investigate the 

electrochemical properties of the prepared semi-ionic material. 

3.6.1 The conventional SOFC performance 

The performance of a conventional button type fuel cell was examined in hydrogen/air 

environment at 600˚C with a ZnCdO anode, GDC electrolyte and LNCZO cathode, and its 

performance is shown in Figure 8 (a). The sample 4GDC-1ZnCdO shows the maximum OCV of 

about 0.72 V and power density of about 0.27 W/cm2 at 600˚C. 

3.6.2 Electrochemical impedance spectroscopy (EIS) 

The impedance spectra (Princeton Applied Research, USA) of the three-layer button cells are 

shown in Figure 8 (b). The EIS spectrum of 4GDC-1ZnCdO shows a spot in the real x-axis which 

indicates the dominating conduction of intrinsic electron-holes in hydrogen. This material 

possesses both ionic and electronic conduction and the ionic conduction has been improved while 

the electronic conduction has been suppressed after the increment of GDC. The high frequency arc 

shows the oxygen ion transfer from boundaries and the cathode functionality (LNCZO) that 



contributes to the electrolyte/cathode region, due to which the fast oxygen reduction reaction 

(ORR) kinetics occurs at the electrolyte/electrodes interface. 

3.6.3Electrochemical performance of Semi-ionic energy conversion (SIEC) device 

The performance of the SIEC cell was examined under a hydrogen/air environment at 600˚C and 

is shown in Figure 8 (c). The sample 4GDC-1ZnCdO shows a maximum OCV of about 1.013 V 

and power density of about 0.65 W/cm2 at 600˚C. The semi-ionic fuel cell has more OCV and 

power density compared to the conventional fuel cell because there is no interface resistance 

between the electrodes and the electrolyte material. As the amount of GDC increases, the particle 

size increases, both the optical and electrical band gap decrease, and the conductivity and fuel cell 

performance increases.  

 

 

 



Figure 8:(a) Performance of Semi-ionic fuel cells (b) Electrochemical impedance spectroscopy 

(EIS) of different compositions of GDC-ZnCdO material; (c) Performance of conventional solid 

oxide fuel cells 

The SEIC materials which have been investigated by many researchers are shown in Table 2 for 

comparison of the device performance. 

Table 2: Comparison of SIEC device performance  

No.  Materials  Temperature (°C) 
 

Performance  Ref.  

1 Sr2Fe1.5Mo0.5O6-δ- NSDC 750 360 mWcm-2 32 

2 LiNiCuSrO- MgZnDC 550 600 mWcm-2 33 

3 LiNiZnO- GDC 550 450 mWcm-2 34 

4 LiNiZnO2-δ-SDC 550 600 mWcm-2 35 

5 LiNiCuZnFeO- SDC 550 700 mWcm-2 36 

6 GDC-ZnCdO 600 650 mWcm-2 
present  

study 

 

In conventional fuel cell the OCV was less than 1.0 V due to the short circuit which may be the 

reason of lower cell performance. while in SICE device OCV is 1.03 V and cell performance 

enhanced to 65mWcm-2. This enhanced power density is due to the concentration of GDC in 

ZnCdO. During the SIEC three may be formed interfaces between GDC and ZnCdO which 

improves ionic conduction. This phenomenon has been reported in many semiconductor-ionic 

materials [37-38]. Electronic conductivity can improve the triple-phase boundary of electrodes 

region to reduce the polarization losses [39]. 

3.7 Discussion of bandgap, particle size and performance 

Figure 9(a) shows the relationship of optical band gap with power density and conductivity for 

SIEC at 500˚C. It was found that as the amount of GDC increased the optical band gap decreased 

from 2.70eV to 2.46eV, and due to this decrease in the optical band gap the conductivity and cell 

performance increased for SIEC. Due to the increase in GDC amount, the Fermi-level was shifted 

near to the conduction band which added extra electrons into the conduction band and thus, the 

valance band also shifts upward resulting in a reduction in the band gap and the improved electrical 

conductivity of GDC-ZnCdO. Figure 9(b) shows the relationship of the optical band gap with 



power density and conductivity for SOFC at 500˚C. Once again, it can be observed that due to 

increases in GDC the optical band gap decreases and the conductivity and power density increases 

for SOFC. In narrow bandgap material when temperature increases the electrons gains energy and 

moves easily from the lower energy level to the higher energy level and due to which the 

conductivity and fuel cell performance increases. 

The relationship of semi-ionic variation in optical band gap and crystallite size at 500˚C is 

shown in Figure 9(c). The crystallite size increases, and the optical band gap decreases as the GDC 

concentration increases in the GDC-ZnCdO composite material. The decrease in band gap caused 

by the increase in crystallite size is due to quantum confinement at the nanoscale [40]. Due to the 

quantum confinement effect; with increasing particle size the difference of energy between the 

filled and empty states decreases the band gap of the semiconductor. 



 

 

Figure 9: (a) Relationship of optical band gap with power density and conductivity for SIEC at 

500˚C; (b) Relationship of optical band gap with power density and conductivity for SOFC at 

500˚C; (c) Relationship of semi-ionic variation/samples with optical band gap and crystallite size 

at 500˚C 

3.8 X-ray Photoelectron spectroscopy analysis (XPS) 

(a) 

(c) 

(b) 



XPS is the most commonly used technique to study surface chemistry, bonding structure, 

composition, and the charge transfer process at interfaces. Therefore, XPS spectra were studied 

for more detailed analysis. Figure 10(a-f) shows the XPS spectra of Zn 2p, Cd 3d, Ce 3d, Gd 3d 

and O 1s core levels of ZnCdO and GDC powders mixed in different ratios. The O1s spectra of 

pure ZnCdO and GDC material display two partially superimposed peaks (Figure 10e). There are 

two major excitations: the first may include the O1s of ZnCd–O2p and the second, the GDC-O2p 

band with binding energies (BE) ranging from 527 to 534 eV. The low BE peak at 527.15-529.4 

eV is ascribed to the lattice oxygen (O Lattice), and the higher one at 530.3-532.52 eV corresponds 

to the surface-adsorbed oxygen (O Surface) species. An additional peak at intermediate BE of 

529.35-530.4 eV, for x = 0.05 and 0.1 cathodes, can be attributed to oxygen vacancies produced 

at the interface of two dissimilar structures. Furthermore, the higher area percentage ratios of 

Oads/Olat for the 1ZnCd-4GDC samples indicate their good oxygen adsorption ability compared 

to other samples. The vacancy concentration differences in each sample could be mainly due to 

the reduction of the valance state of Cd, as can be seen in Figure 10a where the Cd 3d XPS spectra 

shifts towards a lower binding energy. 

  The average valence state of Cd in each sample was calculated by the elemental 

composition from the XPS results of the Cd 3d5/2 and Cd 3d3/2 spin-orbitals and peak widths. 

The electron spin-orbit splitting of Zn 2p3/2, 2p1/2 spectra (Figure 10b), core level XPS spectrum, 

shows two peaks, centered at ~ 1020.4 eV and ~ 1021.9 eV, corresponding to different oxidation 

states of Zn. The lower energy peak in the deconvoluted spectrum is attributed to the Zn2+ 

surrounded by O2- ions to form the oxide of Zn. The change in valence states (higher binding 

energy shift) of Zn clearly describes the efficient charge transfer process at the interface of ZnCd 

and GDC, respectively. This charge transfer leads to band bending at the interface, hence reduces 

the band gap as previously found. The XPS survey spectra for 1ZnCd-4GDC powders are 

presented in samples from 0-1250 eV BE. 



 

Figure 10(a-f) :XPS spectra of Zn 2p, Cd 3d, Ce 3d, Gd 3dand O 1s core levels of ZnCdO and 

GDC powder mixed in different ratios 

4. Conclusions 

Composite ionic and electronic conductor anode materials GDC-ZnCdO were synthesized for the 

fuel cell device to study the effect of ion tuning. These materials were characterized using different 

characterization techniques to investigate various properties. XRD results show a crystalline 

structure with two phases; one is cubic and the second is hexagonal wurtzite with the average 

crystallite size being increased by increasing the GDC. The microstructure shows a homogenous, 

porous, and highly agglomerated structure. UV-Vis analysis shows that with increasing the GDC 

concentration, the transmittance increases, and the optical band gap decreases from 2.70 eV to 

2.46 eV. A maximum conductivity of 2 Scm-1 at 700 oC was achieved for 4GDC-1ZnCdO. The 

electrical band gap is larger than the optical band gap and it decreased from 2.93 eV to 2.59 eV as 

the amount of GDC was increased. This achieved narrow band gap is good for the electro-optical 

properties as well as for the conductivity and fuel cell performance. The electrochemical 

impedance spectra (EIS)shows that this semi-ionic composite material has both ionic and 



electronic conduction, but the ionic conduction is enhanced by the addition of GDC. EIS also 

shows that the oxygen ion transfers from the boundaries. X-ray photoelectron spectroscopy 

analysis (XPS) was performed to investigate the electrochemical properties of the prepared semi-

ionic composite material. The SIEC showed a much higher OCV of 1.013 V and performance of 

0.65 W/cm2compared to a conventional fuel cell of OCV 0.72V and power density of 0.27 W/cm2 

for sample 4GDC-1ZnCdO at 600˚C.The SIEC reveals a much-improved device performance and 

charge mobility as compared to conventional SOFC [41]. The composite material GDC-ZnCdO 

shows both an electronic and ionic conduction and can be used for high power output.  
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