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ABSTRACT 
Point defects are the hidden workhorses of every practical ionic conductor. Without them, 

lithium would not shuttle through a solid electrolyte, oxygen would not hop through a fuel-

cell membrane, and sodium would not wander along the planes of beta-alumina. This review 

revisits the defect chemistry that governs ionic transport in oxides, halides, and polymer 

electrolytes, stitching together thermodynamic frameworks, measurement strategies, and 

recent design rules. We examine how Schottky and Frenkel equilibria set baseline carrier 

populations, how aliovalent doping shifts those populations by orders of magnitude, and 

how grain boundaries, space-charge layers, and extended defects complicate the picture at 

real operating conditions. Data compiled from roughly four hundred studies published 

between 2015 and 2022 are used to trace the field’s shifting priorities. We argue that defect 

engineering, once a narrow subdiscipline, has become the central lever for tuning ionic 

conductivity in next-generation energy materials. 
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1. INTRODUCTION 
The study of ionic conductors sits at a curious intersection of crystallography, 

thermodynamics, and applied electrochemistry. For most of the twentieth century, solid-

state physicists treated crystals as nearly perfect lattices and dismissed defects as nuisances 

that spoiled an otherwise elegant periodicity. That attitude began to change once researchers 

realised that the same imperfections they had been trying to suppress were, in fact, the only 

reason ions could move through a solid at all. Every working solid electrolyte, from the 

zirconia in a sensor tip to the garnet in a lithium-metal cell, owes its behaviour to a carefully 

balanced population of vacancies, interstitials, and substitutional species. 

The practical stakes are considerable. Solid oxide fuel cells demand electrolytes that 

conduct oxide ions at intermediate temperatures without leaking electrons. Lithium-ion and 

post-lithium batteries push manufacturers toward solid electrolytes that tolerate dendrite 

growth while maintaining conductivities close to those of liquid solvents. Electrochemical 

sensors, memristive devices, and proton-conducting membranes for electrolysis all rely on 

the same fundamental question: how many mobile ions does the lattice support, and how 

easily can they move? Answering that question requires a quantitative grip on defect 

chemistry. 

This paper surveys the conceptual and experimental tools that underpin modern defect 

engineering. We begin with the thermodynamic basis of point defects and the Kröger–Vink 

notation that organises them. We then review key experimental and computational methods, 

summarise trends drawn from a recent literature cohort, and close with design principles and 

unresolved puzzles. The aim is not encyclopaedic coverage but a readable synthesis that can 

guide both newcomers and seasoned practitioners. 
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2. LITERATURE REVIEW 
2.1 Foundations of point-defect thermodynamics 
Modern defect chemistry rests on frameworks laid down decades ago but continually 

refined. Kröger and Vink provided the symbolic language that lets researchers write defect 

reactions as if they were ordinary chemical equations (Kröger, 1974). Within that 

framework, Schottky disorder describes the coupled formation of cation and anion vacancies 

that preserves stoichiometry, while Frenkel disorder moves an ion off its regular site into an 

interstitial position, leaving a vacancy behind. Both equilibria are thermally activated, and 

their concentrations scale with the exponential of the negative formation enthalpy divided 

by kT. 

Maier has repeatedly emphasised that the picture changes substantially at interfaces, 

where space-charge layers can enrich or deplete specific defects and override the bulk 

equilibrium (Maier, 2005). That observation proved prophetic: much of the progress 

reported over the last decade concerns nanostructured or heterostructured materials whose 

behaviour simply cannot be predicted from bulk thermodynamics alone. 

2.2 Doping and the control of carrier concentration 
Aliovalent substitution remains the most direct way to tune ionic conductivity. Yttria-

stabilised zirconia (YSZ) is the canonical example: replacing Zr4+ with Y3+ forces the lattice 

to create oxygen vacancies to preserve charge neutrality, and the resulting vacancy 

population drives oxide-ion conduction. Kilner and Burriel (2014) showed that the same 

logic applies across a broad family of doped cerias and lanthanum gallates, though with 

markedly different trade-offs between conductivity and chemical stability. More recent work 

on gadolinium-doped ceria has highlighted that the peak in conductivity does not always 

coincide with the highest dopant content, because defect association begins to trap vacancies 

once concentrations exceed a critical level (Omar et al., 2012; Coduri et al., 2018). 

2.3 From bulk oxides to solid-state batteries 
Lithium-conducting garnets, argyrodites, and sulfide glasses have pushed defect 

chemistry into a new regime. In Li7La3Zr2O12 (LLZO), the cubic phase is metastable at room 

temperature and must be kinetically trapped by supervalent doping with Al, Ga, or Ta, each 

of which tweaks the lithium sublattice in a different way (Murugan et al., 2007; Thompson 

et al., 2015). Wang and co-workers (2020) have argued that lithium transport in sulfide 

electrolytes is best understood through a concerted migration mechanism in which several 

ions hop together, an idea that blurs the neat separation between isolated point defects and 

collective motion. 

2.4 Polymer and composite electrolytes 
Polymer electrolytes such as poly(ethylene oxide) doped with lithium salts occupy a 

different corner of the defect landscape. Here the mobile carriers are solvated cations, and 

the relevant defects are segmental rearrangements rather than crystallographic vacancies. 

Still, the conceptual tools of defect chemistry carry over: association between cations and 

anions reduces the number of truly mobile species, just as vacancy clustering does in oxides. 

Composite electrolytes that mix polymers with ceramic fillers exploit interfacial defect 

populations, echoing the nanostructuring strategies developed for inorganic systems (Croce 

et al., 1998; Zheng et al., 2018). 

3. METHODOLOGY 
The findings discussed in later sections draw on a structured reading of approximately 

four hundred peer-reviewed articles published between January 2015 and December 2022. 

We restricted ourselves to papers that explicitly quantify defect concentrations or activation 
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energies for ion migration. Three complementary methodological strands emerged from this 

survey, and we summarise them briefly here. 

3.1 Electrochemical measurements 
Electrochemical impedance spectroscopy (EIS) remains the workhorse for extracting 

bulk and grain-boundary conductivities. By fitting Nyquist plots to equivalent circuits, 

researchers separate contributions from the lattice interior, grain boundaries, and electrodes. 

Temperature-dependent EIS data then yield activation energies through the Arrhenius 

relation, as illustrated in Figure 2. DC polarisation under blocking electrodes provides a 

complementary measurement of the electronic leakage current, which matters when judging 

whether an electrolyte is truly ion-selective. 

3.2 Diffraction, spectroscopy, and microscopy 
Neutron diffraction is particularly valuable for locating light atoms such as oxygen and 

lithium, and it has repeatedly revealed that nominal stoichiometries hide substantial disorder 

on specific sublattices. Synchrotron X-ray pair-distribution-function analysis captures local 

deviations from the average structure, while aberration-corrected transmission electron 

microscopy visualises extended defects directly. Nuclear magnetic resonance, especially the 
7Li and 17O variants, probes dynamics on the microsecond-to-nanosecond timescale and 

bridges the gap between structure and transport. 

3.3 Computational approaches 
Density functional theory (DFT) calculations of defect formation energies have become 

routine, and the combination with climbing-image nudged elastic band methods provides 

migration barriers that are often in quantitative agreement with experiment. Ab initio 

molecular dynamics captures concerted and correlated motion that static calculations miss, 

though at significant computational cost. Machine-learning potentials trained on DFT data 

are beginning to extend simulation timescales to the point where rare hopping events can be 

sampled directly (He et al., 2017; Deng et al., 2022). 

 
Figure 1. Two-dimensional schematic of (a) Schottky and (b) Frenkel defects in a binary 

ionic crystal. Dashed circles mark vacant sites; the hatched interstitial in (b) shows the 

displaced cation. 

4. FINDINGS AND DISCUSSION 
4.1 Conductivity trends across material families 

Figure 2 collates representative Arrhenius curves for four families of ionic conductors: 

YSZ, gadolinium-doped ceria, cubic LLZO, and hydrated Nafion. Several patterns are worth 

noting. First, the temperature window over which each material operates reflects its 

activation energy rather than its absolute conductivity at any single temperature. YSZ, with 
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a migration barrier near 1.0 eV, only becomes useful above roughly 700 °C, whereas LLZO 

and Nafion deliver comparable conductivities near room temperature because their barriers 

are a third as large. Second, the pre-exponential factors span more than two orders of 

magnitude, reflecting differences in carrier density, jump attempt frequencies, and 

correlation effects. 

 
Figure 2. Arrhenius plots of ionic conductivity for four representative solid electrolytes, 

illustrating how defect populations and migration barriers together dictate the useful 

temperature window. 

4.2 Where the field is looking 
Figure 3 breaks down the subset of studies in our survey that foreground a particular 

class of defect. Oxygen vacancies dominate, reflecting both the enduring importance of solid 

oxide fuel cells and the ease with which these defects can be generated by aliovalent doping. 

Cation vacancies and interstitials make up the next slice, driven largely by the lithium and 

sodium battery communities. Extended defects such as dislocations and grain boundaries 

account for a smaller but steadily growing share, consistent with the increasing emphasis on 

nanostructured and polycrystalline architectures. 

 
Figure 3. Distribution of defect types featured in roughly four hundred papers surveyed 

between 2015 and 2022. Oxygen vacancies remain the most intensively studied class. 
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4.3 Doping, percolation, and the limits of more 
A recurring lesson from the literature is that more dopant does not automatically mean 

more conductivity. Figure 4(a) reproduces the familiar volcano-shaped curve for YSZ as a 

function of Y2O3 content. The maximum near 8 mol% marks a balance between vacancy 

generation and defect association; beyond that point, vacancy–dopant clusters trap carriers 

and the effective mobility falls. Figure 4(b) gathers activation energies for six prototypical 

conductors and shows how the barrier can be cut almost in half by switching from oxide-ion 

to lithium-ion or proton transport, a reminder that migration physics is as important as carrier 

counting. 

 
Figure 4. (a) Conductivity of YSZ as a function of yttria content, showing the classical 

volcano profile. (b) Activation energies for ion migration in six representative solid 

electrolytes. 

4.4 Defect diagrams and the role of atmosphere 
Brouwer diagrams, despite their vintage, remain indispensable for visualising how 

defect populations shift with oxygen partial pressure. Figure 5 sketches such a diagram for 

an acceptor-doped oxide. At low oxygen pressures the material becomes electronically 

reduced and n-type conduction emerges; at high pressures holes dominate and the same 

sample behaves p-type. Between those regimes lies the ionic plateau where oxygen 

vacancies carry the current and where useful devices must be designed to operate. The width 

of that plateau is as much a materials-design parameter as the absolute conductivity. 
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Figure 5. Schematic Brouwer diagram for an acceptor-doped oxide, showing the n-type, 

ionic, and p-type regimes as a function of oxygen partial pressure. 

4.5 Interfaces, grain boundaries, and nanostructuring 
Perhaps the most active subfield at the moment concerns what happens at interfaces. 

Grain boundaries in doped ceria often show blocking behaviour because positive space-

charge layers deplete oxygen vacancies near the boundary core. Counterintuitively, the same 

space-charge physics can be exploited to enhance conductivity in heterostructures where 

one layer donates carriers to an adjacent layer. The practical upshot is that microstructure is 

a defect-chemistry variable in its own right, not a metallurgical footnote. 

5. CONCLUSION 
Defect chemistry has moved from the margins of solid-state science to the centre of 

energy-materials research. Whether the target is an oxide electrolyte for a fuel cell, a garnet 

for a lithium-metal battery, or a composite membrane for electrolysis, progress increasingly 

depends on deliberate control over the concentration, distribution, and interaction of point 

and extended defects. The survey presented here highlights three take-home messages. First, 

classical thermodynamic tools such as Kröger–Vink notation and Brouwer diagrams remain 

valuable but must be supplemented by interface-aware frameworks when dealing with 

nanostructured materials. Second, doping strategies should be judged by the mobile carrier 

population they create, not by the nominal dopant content, because association and 

clustering routinely spoil the naive expectation. Third, the partnership between experiment 

and simulation has matured to the point where quantitative predictions of defect behaviour 

are genuinely useful for screening candidate materials. 

Several questions remain open. The role of correlated and concerted ion motion is still 

debated, especially in sulfide and halide electrolytes where conductivities rival those of 

liquids. The thermodynamics of buried interfaces in composite cells is difficult to measure 

directly and even harder to model from first principles. And the long-term evolution of 

defect populations under operating conditions—cycling, thermal fluctuations, and chemical 

exposure—remains underexplored relative to its practical importance. Addressing these 

gaps will require sustained collaboration between crystallographers, electrochemists, and 

theorists, but the payoff is a generation of ionic conductors designed from the defect up 

rather than discovered by accident. 
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