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Metal oxide chemiresistors targeting NH₃, H₂S, and NO₂ at occupational and environmental thresholds 
remain constrained by poor selectivity, elevated operating temperatures, and humidity interference. Spinel 

ferrite nanocomposites provide two design variables absent from single-composition oxide sensors: ferrite 

cation-site occupancy and composite junction architecture. The 2015–2024 literature on cation-engineered 
MFe₂O₄ composites is systematically reviewed across ferrite/metal oxide, ferrite/carbon, ferrite/conducting 

polymer, and bi-ferrite architectures for NH₃, NO₂, H₂S, ethanol, acetone, and toluene. ZnO/ZnFe₂O₄ hollow 

nanocages resolved acetone to 1 ppm at 290°C with a response of 25.8, outperforming both isolated phases 
under identical conditions. Ni substitution produced Fe/Ni-ratio-dependent barrier sensitivity, and Co 

substitution restricted grain growth at elevated temperatures. Cu substitution altered composite morphology 

and carrier transport through partner-phase-dependent mechanisms. Ferrite/carbon composites achieved 0.02 
ppm acetone at room temperature but showed unstable long-term performance. Ferrite/polymer composites 

operated at room temperature but degraded above 150°C. Bi-ferrite heterojunctions carry no indexed 

chemiresistive sensing data. No study in the reviewed period connects verified A/B-site cation occupancy to 
composite junction behaviour and sensing outcome within a single controlled experiment. Zn/Ni co-doped 

ferrite composites with Mössbauer-confirmed occupancy, systematic ratio variation, and humidity-controlled 
sensing represent the primary unresolved experimental target in cation-engineered composite sensing. 

  
 

 

Introduction 
NH₃ above 50 ppm (OSHA PEL), H₂S above 100 ppm (IDLH), and 

NO₂ exceeding 25 μg/m³ (WHO 24-hour guideline) mark the 

exposure thresholds at which chemiresistive detection is required 

across agriculture, mining, refinery operations, automotive emission 

testing, and clinical breath diagnostics.[1-3] Metal oxide 

chemiresistors, the dominant deployed platform for these 

applications, do not meet this requirement reliably. They require 

operating temperatures between 200 and 500°C, trade selectivity for 

sensitivity, and shift baseline resistance with humidity in ways that 

corrupt measurement accuracy in real ambient and exhaled-breath 

conditions.[1,2,4] ZnO and SnO₂ account for the largest body of 

chemiresistive sensing literature, supported by reproducible 

synthesis and response data across a range of gas targets.[5] 

Forming ZnO/SnO₂, ZnO/In₂O₃, and CeO₂/ZnO heterostructures 

creates interfacial charge-depletion zones that reduce optimal 

sensing temperatures, but selectivity improvements from these 

configurations are analyte-specific and do not transfer to new targets 

without re-optimisation.[6-8,11] The limitation is structural, not 

synthetic. In a binary oxide composite, electronic structure and 

interface geometry are coupled: adjusting the stoichiometry of one 

phase to modify conductivity simultaneously alters its contact 

geometry with the second phase, and the two cannot be optimised 

independently.[9] Spinel ferrite nanocomposites separate these two 

parameters. The cation arrangement and A/B-site occupancy within 

the ferrite lattice set the electronic structure of the sensing phase, 

while the composite partner independently establishes heterojunction 

type and band alignment, and neither choice constrains the 

other.[9,10] 

Cation engineering here denotes substitution at 8a (tetrahedral) or 16d 

(octahedral) Wyckoff positions in MFe₂O₄, with verified 

consequences for carrier concentration, oxygen vacancy density, and 

adsorption-site chemistry.[12-14] The importance of this precision is 

measurable: cation inversion in ZnFe₂O₄ shifted NOx adsorption 

energy on the oxygen-covered surface from −0.1 eV to −0.6 eV, 

enabling ppb-level room-temperature NO detection through a 

mechanism that grain-size control alone cannot replicate.[12,15] 

These site-level changes propagate to the ferrite-second phase 

interface by altering band alignment and charge transfer kinetics, 

reconfiguring the depletion or accumulation barrier that determines 

sensor response.[1,8,9] That propagation is the structural basis for this 

review's approach. Four composite configurations are covered, bound 

to 2015–2026 literature: ferrite/metal oxide, ferrite/carbon 

nanostructure, ferrite/conducting polymer, and bi-ferrite 

systems.[9,14,16] Ferrite/metal oxide composites are examined 

because oxide-oxide junctions, whether n-n, p-n, or p-p type 

depending on the ferrite carrier type, modify depletion layer width 

and reduce optimal sensing temperature in ways directly relevant to 
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NH₃, NO₂, and H₂S detection.[8,20] Carbon nanostructure 

composites enter for their effect on interfacial charge carrier 

mobility and surface oxygen adsorption at the ferrite grain.[21] 

Ferrite/conducting polymer composites are included because 

polymer-oxide p-n junctions enable room-temperature 

chemiresistive response without external heating, a property 

unavailable in purely inorganic systems, though humidity-dependent 

baseline drift in these architectures remains inadequately 

characterised.[22,23] Target analytes are NH₃, NO₂, H₂S, ethanol, 

acetone, and toluene.[1,17-19] Studies focused on magnetic 

properties, photocatalytic systems, microwave absorption, and 

biomedical composites are excluded, as are single-phase ferrites 

without a composite sensing partner.[13,14,24] 

2.0 Spinel Ferrites: Crystal Structure, Sensing Fundamentals, 

and Composite Classification 

2.1 Crystal Structure and Cation Site Configuration- MFe₂O₄ 

spinel ferrites crystallise in space group Fd3 m on a cubic close-

packed oxygen sublattice that defines two distinct cation 

environments: tetrahedral A sites (8a Wyckoff) and octahedral B 

sites (16d Wyckoff).[9,25,26] The unit cell contains 8 A and 16 B 

positions.[26,28] These counts arise from one-eighth of all 

tetrahedral voids and one-half of all octahedral voids being 

occupied, and lattice parameters across representative MFe₂O₄ 

compositions span 8.3–8.5 Å, with values near 8.34 Å and 8.37–

8.39 Å documented for distinct stoichiometries.[26,27,28] 

Whether M²⁺ and Fe³⁺ distribute as normal, inverse, or mixed 

spinels depends on the site-energy preference of the divalent 

cation.[25,26,28] ZnFe₂O₄ is the canonical normal spinel, with Zn²⁺ 

at A sites and Fe³⁺ at B sites.[10,26,28] NiFe₂O₄ and CoFe₂O₄ are 

inverse spinels in which Fe³⁺ occupies A sites while M²⁺ and Fe³⁺ 

share B sites, and compositions between the two extremes are 

described by an inversion parameter λ recording the fraction of M²⁺ 

displaced to octahedral coordination.[25,26,28] Site occupancy 

governs which cations are exposed at grain surfaces and composite 

interfaces, directly determining the adsorption and charge-transfer 

pathways available for gas sensing.[25,29]  

 
Figure 1: Spinel unit cell with A and B sites labeled; normal vs 

inverse vs mixed configurations with named examples. Original 

schematic only, not redrawn from a single source. 

2.2 Electrical Conduction and Gas Sensing Mechanism-Small 

polaron hopping governs electrical transport in polycrystalline 

spinel ferrites.[30-32] Electron transfer between Fe²⁺ and Fe³⁺ on 

octahedral B sites provides the primary conduction pathway, with 

hopping site density and accessibility modulated by mixed-valence 

cation occupancy and site distribution.[29,32] Grain-boundary 

resistance, not bulk grain conductivity, dominates the net 

chemiresistive output in most polycrystalline ferrite 

sensors.[27,30,31] Carrier type divides the ferrite family: NiFe₂O₄ 

and CoFe₂O₄ are p-type, while ZnFe₂O₄ is n-type, and this 

distinction determines whether coupling with a composite second 

phase generates a p-n, n-n, or p-p junction at the shared 

interface.[9,20,28,33] 

Chemiresistive response depends on sequential oxygen ionosorption 

at the oxide surface.[9,33,34] Below approximately 150°C, 

adsorbed O₂ captures surface electrons to form O₂⁻; between 150 

and 300°C, activation proceeds as O₂⁻ + e⁻ → 2O⁻, raising surface 

acceptor density.[33,35] Oxygen vacancies replenish these acceptor 

sites.[33,35,36] Response magnitude in n-type ferrites decreases 

under reducing gas exposure as electrons return to the conduction 

band, whereas p-type ferrites respond in the opposite direction 

through hole accumulation modulation; Ra/Rg and Rg/Ra 

conventions apply to reducing and oxidising gases, 

respectively.[9,33,34] CuS formation on Cu-containing sensing 

phases during H₂S exposure represents a chemical transformation 

mechanism that supplements ionosorption and is examined in Section 

4.[36] 

2.3 Composite Classification-Four composite architectures organise 

the gas-sensor literature covered in this review.[9] Type I 

(Ferrite/Metal Oxide) pairs a ferrite with ZnO, SnO₂, TiO₂, In₂O₃, or 

WO₃, and the oxide-oxide contact generates a heterojunction that 

modifies depletion layer width and barrier height depending on the 

carrier types of both components.[9,20] Type II (Ferrite/Carbon 

Nanostructure) uses rGO, graphene, MXenes, or CNTs with 

Schottky-like or ohmic contact character set by work function 

alignment between the ferrite and the carbon component.[21] Type III 

couples ferrites with PANI or PPy to enable room-temperature 

response, with the practical ceiling imposed by polymer thermal 

degradation above approximately 150°C.[10] Type IV (Bi-Ferrite) 

pairs two spinel ferrites of complementary carrier type to form an 

internal p-n junction, and their shared crystal structure reduces 

interfacial structural discontinuity relative to ferrite-oxide 

pairings.[9,33] This taxonomy structures Section 4.[9] 

3.0 Synthesis of Spinel Ferrite Nanocomposites- The synthesis 

route determines ferrite particle size, crystallinity, and interfacial 

contact quality with the composite second phase, three structural 

variables that directly condition sensing performance. 

3.1 Co-precipitation-Aqueous metal salt solutions are brought to 

controlled pH by dropwise addition of NaOH or NH₄OH under 

mechanical agitation and mild heating at 80–100°C, precipitating 

metal hydroxides that convert to the ferrite phase on continued 

thermal treatment.[37] Particle sizes in co-precipitated ferrites 

typically fall within 10–30 nm, with distributions narrowing when 

surfactants or controlled reagent addition rates are employed.[37,39] 

The second phase is introduced into the precipitation medium before 

ferrite nucleation, so growing ferrite nuclei form on or around a pre-

existing substrate, a geometry well-suited to Type II composites built 

on carbonaceous supports such as rGO.[37] Post-synthesis annealing 

improves crystallinity but drives grain growth and reduces effective 

contact area at the ferrite-second phase boundary, which is the 

primary structural cost of this route.[37] CoFe₂O₄/ZnS composites 

produced this way demonstrate that both phases integrate during 

precipitation without separate high-temperature processing steps.[37] 

3.2 Sol-Gel Auto-Combustion-Stoichiometric metal nitrates and a 

chelating organic fuel (citric acid, gelatin, or polyacrylic acid) 

dissolved in aqueous solution form a viscous gel that undergoes self-

sustaining ignition, yielding phase-pure ferrite in a single thermal 

step.[37] Combustion intensity, cation homogeneity, and ferrite 

crystallinity all respond to the fuel-to-nitrate ratio, and product 

particle sizes before further annealing fall in the 20–50 nm range.[37] 

Precursors for the composite second phase are dissolved or dispersed 

into the sol before gelation, producing intimate ferrite-oxide contact 

after combustion and making this route well-suited to Type I 

composites.[37] Carbon-based second phases (rGO, CNTs) oxidise 

during the self-sustaining thermal reaction, rendering this route 

incompatible with Type II composites.[37,38] CoFe₂O₄-SiO₂ 

composites produced by incorporating silica precursors into the gel 

before ignition illustrate the route's capacity for generating 

interpenetrating oxide-oxide networks.[37] 

 
Figure 2: Schematic representation of conventional and emerging 

synthesis routes for spinel ferrite nanocomposites, highlighting particle 
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size ranges, resulting composite morphologies, and suitability for 

different gas-sensing composite architectures. 

3.3 Hydrothermal, Microwave, and Green Synthesis- Sealed 

autoclave conditions at 120–220°C give hydrothermal and 

solvothermal processing simultaneous control over ferrite nucleation 

rate, crystal morphology, and second-phase integration geometry, with 

less agglomeration than low-temperature wet routes.[37] Second-

phase incorporation follows two distinct strategies: growing ferrite 

directly on a pre-formed substrate (rGO sheet or oxide support) yields 

decorated morphologies with high interfacial contact area, while co-

processing both phases within the same autoclave step produces core-

shell or bi-phase architectures, with both strategies documented across 

all four composite types.[37] Reproducibility depends on autoclave 

pressure, solvent identity, surfactant concentration, and temperature 

uniformity, complicating transfer between laboratory and production 

scale.[37] 

Reaction times shrink from hours to minutes under microwave 

dielectric heating, with resulting crystallinity matching hydrothermal 

benchmarks in laboratory-scale demonstrations, but composite batch 

reproducibility has not been validated at scale.[37] Plant extracts 

replace organic solvents in green synthesis, functioning 

simultaneously as reducing, capping, and stabilising agents and 

enabling Type I composite formation at lower temperatures, but ferrite 

crystallinity and phase purity in these products are more variable than 

in combustion or hydrothermal routes, and composite-specific sensing 

data for both emerging methods remain too sparse to benchmark them 

against established approaches.[37,38] 

Table 1. Synthesis routes for spinel ferrite nanocomposites: particle 

size, composite morphology, compatible types, and primary limitation. 
Synthesis 

Method 

Particle 

Size 

(nm) 

Composite 

Morpholo

gy 

Comp

atible 

Types 

Primary Limitation 

Co-

precipitation 

10–30 Decorated 

(ferrite on 

pre-

formed 

substrate) 

Type 

II 

Annealing drives grain 

growth and reduces 

interfacial contact area 

Sol-gel auto-

combustion 

20–50 Intimate 

mixed-

phase 

Type I Combustion 

temperatures oxidise 

carbon-based second 

phases 

Hydrothermal/s

olvothermal 

50–200 Decorated, 

core-shell, 

bi-phase 

Types 

I–IV 

Reproducibility 

sensitive to pressure, 

solvent, and 

temperature 

uniformity 

Microwave-

assisted 

20–100 Decorated, 

mixed-

phase 

Types 

I–II 

Batch reproducibility 

and scalability not 

validated 

Green synthesis Variable Mixed-

phase 

Type I Crystallinity and phase 

purity inferior to 

chemical routes 

4.0 Cation Engineering and Composite Architecture in Ferrite 

Gas Sensors 

4.1 Cation Site Effects on Ferrite Electronic Structure-Five 

parameters structure the analysis of cation substitution in ferrite 

nanocomposites: site occupancy at A or B positions, lattice 

parameter shift, oxygen-vacancy generation, conductivity change, 

and composite sensing outcome.[9,14] XPS and impedance 

spectroscopy can resolve cation oxidation states, partial 

occupancies, and inversion profiles directly in the ferrite phase, 

connecting compositional decisions to the surface electronic 

structure that contacts the second phase.[14,41] In a composite, 

those ferrite-side parameters carry into heterojunction behavior 

because ferrite carrier type, vacancy chemistry, and surface 

reactivity collectively set the interfacial barrier height, depletion 

width, and charge-transfer rate to the partner material.[9,20,45] Two 

constraints apply specifically to composites and carry through each 

dopant subsection: configuration can invert ferrite carrier type 

independently of composition, shown by n-type and p-type 

responses from identically composed Mg₀.₅Zn₀.₅Fe₂O₄ nanotubes 

under different geometric embedding conditions, and carrier type 

for specific ferrite phases varies across the literature with synthesis 

and defect state rather than being fixed by stoichiometry 

alone.[9,43,20] 

Zn-substituted ferrites. ZnFe₂O₄ is among the most studied ferrite 

phases for chemiresistive sensing, with element doping and 

heterostructure formation identified as its principal performance 

routes.[9,42] Band-gap offset at the ZnO-ZnFe₂O₄ contact drives a 

temperature-dependent n-p-n conductive switch in hollow 

ZnO/ZnFe₂O₄ microspheres during VOC sensing, as carrier 

partitioning between the two phases shifts with temperature and 

reducing-gas electron injection.[9] Hollow nanocage ZnO/ZnFe₂O₄ 

architecture reached response 25.8 to 100 ppm acetone at 290 °C with 

a 1 ppm detection limit, exceeding both ZnO hollow nanocages and 

ZnFe₂O₄ nanospheres tested under identical conditions.[9] Adding Au 

decoration to produce ternary ZnO/ZnFe₂O₄/Au porous nanonets 

raised the response to 30.3 with 1 s response time and 59 s recovery, 

roughly three times the undecorated binary value.[9] The interface 

origin of this performance cascade is documented in the indexed 

corpus; the site-level cation mechanism within the ferrite lattice is not 

directly resolved.[9] 

Ni-substituted ferrites. The carrier type for NiFe₂O₄ is not consistent 

across the indexed literature: one ferrite materials review assigns it n-

type character while a gas-sensor heterojunction review places p-

NiFe₂O₄ as a component in a p-p composite with NiO, pointing to 

synthesis conditions and defect equilibrium as the governing variables 

rather than composition alone.[43,20] Composite performance data 

are more internally consistent. Optimal Fe/Ni ratio in NiO nanosheets 

bearing in situ formed NiFe₂O₄ nanoparticles produced a response of 

approximately 23 to 50 ppm acetone at 280°C, attributed to barrier 

height reduction at the heterojunction surface under gas exposure, and 

NiO/Ni-ferrite composites altered analyte selectivity relative to pure 

Ni-ferrite, confirming that the interface modifies sensing chemistry 

rather than just amplifying response.[20,44] Reliable junction-class 

assignment for NiFe₂O₄-based composites requires synthesis-

controlled carrier characterisation before p-n or p-p designation can 

be made.[43,20] 

Co-substituted ferrites. Co-substituted ferrites carry stronger evidence 

for microstructural stability than for uniquely advantaged interfacial 

sensing chemistry.[48,46] A cobalt ferrite nanocomposite on an 

interdigitated electrode structure demonstrated ethanol sensitivity, 

dynamic range, and selectivity at concentrations down to 7 ppm.[48] 

Direct evidence for Co A/B site redistribution, lattice contraction, or 

non-monotonic resistivity in gas-sensing composite systems is absent 

from the indexed corpus.[48,46] Preserving interfacial contact area 

and structural integrity at elevated operating temperatures is the best-

documented composite role for Co substitution, making synthesis 

route selection for morphology control a more productive lever than 

Co compositional variation at the current state of composite gas-

sensing evidence.[40,46] 

Cu-substituted ferrites. Cu incorporation modifies composite 

morphology distinctively: replacing Ni²⁺ with Cu²⁺ in 

Co₀.₅Zn₀.₂₅M₀.₂₅Fe₂O₄ coupled to TiO₂ changed nanocomposite 

morphology relative to the Ni-substituted analog.[43] Cu-substituted 

NiFe₂O₄ in CNT composites showed higher conductivity than 

unsubstituted NiFe₂O₄/CNT equivalents, establishing that Cu opens 

more favourable carrier transfer pathways at the ferrite-carbon 

contact.[50] PANi/Cu-ferrite composites delivered higher room-

temperature NH₃ response than pure Cu-ferrite films, confirming a 

detection pathway added by the polymer-ferrite junction that is absent 

in the single-phase material.[44] The Jahn-Teller-to-vacancy 

mechanism and CuS formation during H₂S sensing are not directly 

established in the supplied corpus, though the documented sensitivity 

of Cu-bearing ferrite composites to partner phase and architecture 

makes this class a high-priority target for interface-resolved 

studies.[43,44,50] 

Rare-earth-substituted ferrites. La-doped Mg-ferrite and Ce-doped 

Co-ferrite are reported to improve sensitivity or lower operating 

temperature relative to undoped analogs, and Tb-doped Fe₂O₃ 

nanotubes reached a response of 53.2 to 50 ppm acetone at 170 °C, 

attributed in part to elevated oxygen vacancy concentration from the 

large aliovalent substituent.[14,44,46] Systematic data on RE site 

occupancy thresholds, secondary phase formation, or ferrite-second 

phase contact zone chemistry in RE-doped composite systems are 

absent from the indexed literature.[14,44,45] Direct characterisation 

at the ferrite-partner contact zone is the clearest experimental gap for 

the RE dopant class because RE segregation is predicted at exactly 

the location where composite sensing performance is determined but 

has not been measured in a gas-sensing context.[14,45] 

4.2 Composite Architecture and Interfacial Design-The carrier 

type determined by cation engineering in Section 4.1 defines the 

junction character of the composite. Four architectures produce 

distinct interfacial barriers: Type I (ferrite/metal oxide) generates 

oxide-oxide heterojunctions, Type II (ferrite/carbon nanostructure) 
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generates Schottky or ohmic contacts, Type III (ferrite/conducting 

polymer) generates organic-inorganic junctions, and Type IV (bi-

ferrite) generates internal junctions between complementary ferrite 

phases.[9,20] Response amplification in all four cases originates at 

the interface rather than from either component individually.[20,45] 

Band alignment at the contact governs whether the depletion layer 

widens or narrows during gas exposure, with direction set by the 

relative electron affinity and work function of both phases.[45,20] 

Type I oxide-oxide junctions span n-n, p-n, and p-p configurations 

depending on the carrier types of both the ferrite component and the 

oxide partner selected.[20,9] Each configuration differs in depletion 

layer width and interfacial potential barrier height.[20] In n-n 

systems (ZnFe₂O₄/ZnO, ZnFe₂O₄/SnO₂), depletion extends from the 

lower-electron-affinity phase; p-n junctions such as NiFe₂O₄/ZnO 

project a built-in field into both phases, raising baseline resistance 

and amplifying response; p-p composites such as NiFe₂O₄/NiO 

replace depletion-layer physics with carrier balance between phases 

as the dominant modulation mechanism.[20,45] NiFe₂O₄/NiO 

nanosheets achieved approximately 23 responses to 50 ppm acetone 

at 280 °C through Fe/Ni-ratio-controlled barrier adjustment at the p-

p junction.[20] The ZnO/ZnFe₂O₄ n-n case is documented in Section 

4.1.[9] Band alignment from cation engineering determines which 

phase donates electrons during gas exposure; junction type, 

therefore, cannot be designed independently of the dopant choices 

in Section 4.1.[45,20] Type IV (bi-ferrite) composites form internal 

p-n junctions from two spinel ferrites of complementary carrier 

type, with shared crystal structure reducing lattice mismatch relative 

to ferrite-oxide pairings.[9] Systematic comparative data for Type 

IV systems in ferrite gas sensing are absent from the indexed 

corpus, and junction dynamics at the ferrite-ferrite contact zone 

remain unresolved.[9] 

Type II (ferrite/carbon nanostructure) composites use rGO, 

graphene, MXenes, or CNTs as the second phase, with Schottky-

like or ohmic contact determined by work-function alignment 

between the ferrite and the carbon component.[21] rGO/metal oxide 

composites consistently improve sensing over single-phase oxides 

by increasing accessible surface area and modifying interfacial 

charge carrier mobility.[21] Ferrite/graphene systems show 

improved carrier transport through the graphene network, and Cu-

substituted NiFe₂O₄/CNT composites showed higher conductivity 

than unsubstituted equivalents, confirming that cation substitution in 

the ferrite phase propagates to charge transfer at the ferrite-carbon 

contact.[47,50] Type III (ferrite/conducting polymer) composites 

pair ferrites with PANI or PPy to establish room-temperature 

chemiresistive sensing through polymer-oxide junctions.[44,48] 

Flexible PANi-CoFe₂O₄ nanocomposite films demonstrated trace-

level NH₃ sensing at room temperature, with the polymer-ferrite 

junction amplifying response beyond single-phase values.[23] 

Polymer thermal degradation above approximately 150 °C sets the 

operational ceiling for all Type III architectures.[44,48] 

Morphological architecture within each composite class 

independently conditions sensing outcomes. One-dimensional 

electrospun structures deliver high surface-area-to-volume ratios 

and controlled pore channels that improve gas diffusion to the active 

ferrite-second phase contact.[46] Decorated morphologies, with 

ferrite nanoparticles on a second-phase substrate, maximise 

interfacial contact area; core-shell architectures require gas diffusion 

through the outer shell before reaching the junction, reducing 

response at equivalent composition; mixed-phase configurations 

occupy an intermediate position.[9,46] Ferrite-composite literature 

identifies morphology control and ion substitution as 

complementary rather than independent performance levers, and 

systematic mechanistic studies relating weight ratio to depletion 

width or vacancy accessibility are absent from the composite gas-

sensing corpus.[9,49] 

4.3 Interface Coupling and Research Gap- Three propositions are 

consistently supported across the indexed corpus regardless of 

composite type or dopant class.[9,14,20] Cation distribution 

between A and B sites is a primary electronic control variable in 

spinel ferrites; substitution modifies surface chemistry and 

electronic structure in ways that alter gas adsorption, and 

heterojunction construction amplifies sensing through interfacial 

barrier modulation.[9,14,20] The absent step connects them: no 

indexed study systematically links verified cation site occupancy in 

the ferrite phase to composite junction type, barrier height, and 

sensing output through a single controlled experimental design.[9,14] 

That link matters because composite architecture can override single-

phase ferrite predictions, as the Mg₀.₅Zn₀.₅Fe₂O₄ embedding 

experiment demonstrates: configuration alone inverts carrier type 

without any compositional change.[9] The gap is sharpest for co-

doping. Zn + Ni is mechanistically coherent, as Zn²⁺ redistributes Fe 

to B sites, increasing the hopping carrier pool, while Ni²⁺ at B sites 

introduces a second redox-active cation environment, and the two 

effects are additive in principle.[9,14] Cu + Zn carries similar logic 

through two independent vacancy generation mechanisms.[9,14] No 

composite study with confirmed co-dopant site occupancy, systematic 

ratio variation, and humidity-resolved sensing data exists for either 

combination.[9,14] Ferrite and sensor literature in adjacent fields 

repeatedly identifies deliberate interface characterisation and 

structure-property resolution as primary unmet needs.[14,51] 

Four experimental targets define the near-term research priority. First, 

Zn/Ni co-doped ferrite composites require Mössbauer spectroscopy-

confirmed site occupancy alongside heterojunction characterisation 

and humidity-controlled sensing measurements, since no study 

delivers all three elements simultaneously.[9,14] Second, Cu-

substituted ferrite composites need long-term H₂S cycling data to 

establish whether CuS formation under composite sensing conditions 

is reversible.[9] Third, RE-doped composites require structural 

characterisation at the ferrite-second phase contact zone specifically, 

where RE segregation is predicted to concentrate but has not been 

measured in any study combining gas sensing with interface 

verification; high-resolution TEM or Mössbauer spectroscopy at the 

ferrite-partner boundary would directly address this gap.[14,45] 

Fourth, systematic comparison of composite types I through IV for a 

single cation-engineered ferrite composition does not exist and would 

close the largest outstanding gap in composite design 

knowledge.[9,14] 

Table 2. Cation substitution effects on ferrite electronic structure, 

expected composite junction, and confirmation status in indexed 

composite gas sensing. 

Dopa

nt 

Pref

erre

d 

Site 

Lattic

e 

Resp

onse 

Vaca

ncy 

Gene

ratio

n 

Conducti

vity 

Effect 

Expe

cted 

Junct

ion 

Composi

te 

Confirm

ed 

Zn²⁺ A 

(tetr

ahe

dral

) 

Expa

nsion 

Mod

erate 

Fe³⁺ 

redistribu

ted to B 

sites; 

lowered 

resistivity

; n-type 

n-n 

(Zn

O, 

SnO₂

) 

Yes, 
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) 
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5.0 Comparative Gas Sensing Performance- Composite ferrite 

sensing data in the indexed corpus concentrate on acetone and VOC 

detection. Organising performance by composite architecture type 

rather than by analyte reflects actual coverage and avoids implying 

balanced gas-target data where none exists. 

5.1 Type I: Ferrite/Metal Oxide Composites- ZnO/ZnFe₂O₄ 

hollow nanocages registered response 25.8 to 100 ppm acetone at 

290°C and resolved the analyte to 1 ppm.[9] ZnO hollow nanocages 

and ZnFe₂O₄ nanospheres tested independently under identical 

conditions both underperformed the composite, which localises the 

gain at the oxide-oxide contact rather than in either phase.[9] Au-

functionalised ZnO/ZnFe₂O₄ porous nanonets extended response to 

30.3 with 1 s response time and 59 s recovery, approximately three 

times the undecorated binary values.[9] A second ZnO/ZnFe₂O₄ 

morphology covered 5 to 700 ppm acetone at 250°C.[53] In a p-p 

type I architecture, NiFe₂O₄-decorated NiO nanosheets at Fe/Ni-

24.9 composition reached a response of approximately 23 to 50 ppm 

acetone at 280°C, with the performance optimum tracking the 

compositional ratio rather than total ferrite loading.[20,52] NH₃, 

NO₂, and H₂S data are absent for all Type I ferrite composites in the 

supplied literature. 

5.2 Type II: Ferrite/Carbon Nanostructure Composites- 

rGO/WO₃/ZnFe₂O₄ reached response 26.92 to acetone with a 0.02 

ppm detection limit and 51 s response time, exceeding both WO₃ 

and ZnFe₂O₄ individually under matched conditions.[9] 

ZnFe₂O₄/graphene quantum dot composites operated at room 

temperature and covered acetone from 5 ppm at a response of 1.2 to 

1000 ppm at a response of 13.3, with response and recovery times 

each under 12 s; long-term stability was reported as unsatisfactory 

in the same study.[9] Room-temperature operation in these two 

Type II systems distinguishes the carbon composite architecture 

from Type I entries, which required 250–290°C to reach comparable 

response values.[9,53] NH₃, H₂S, and toluene data for ferrite/carbon 

composites are absent from the indexed literature. 

5.3 Type III: Ferrite/Conducting Polymer Composites- 

PANI/Cu-ferrite films produced higher NH₃ response at room 

temperature than Cu-ferrite alone under matched conditions, with 

the polymer-ferrite junction contributing a charge transfer pathway 

inactive in the single-component material.[44] SnO₂/PANI, a non-

ferrite reference case spans 10 ppb to 100 ppm NH₃ at room 

temperature, a concentration window against which no ferrite-

polymer composite has yet been benchmarked.[53] Thermal 

degradation of the conducting polymer above approximately 150°C 

limits all Type III architectures, and no indexed ferrite-polymer 

composite study reports stability data beyond 7 days of continuous 

operation.[44,48] 

5.4 Type IV: Bi-Ferrite Composites- Bi-ferrite Type IV 

composites carry no performance entries in the indexed gas sensing 

literature.[9] Whether a ferrite-ferrite p-n junction produces a 

response distinct from single-phase ferrite behaviour under gas 

exposure has not been tested for any analyte or operating 

condition.[9] A direct comparison between NiFe₂O₄/ZnFe₂O₄ and 

each isolated constituent would close this gap at the minimum 

experimental cost.[9] 

Table 3. Indexed composite spinel ferrite gas sensing performance 

(2015–2024) organised by composite type; dashes indicate 

unreported values; nine entries represent the complete dataset from 

the supplied corpus, with NH₃, NO₂, H₂S, and toluene absent for 

Types I and II, and Type IV unrepresented. 
Composit

e Type 

Material Targe

t Gas 

Te

mp 

(°C
) 

Respo

nse 

LO

D 

Refere

nce 

Type I ZnO/ZnFe₂
O₄ hollow 

nanocages 

Aceto
ne 

290 25.8 
(100 

ppm) 

1 
pp

m 

[9] 

Type I ZnO/ZnFe₂
O₄/Au 

nanonets 

VOC — 30.3 — [9] 

Type I ZnO/ZnFe₂

O₄ 

Aceto

ne 

250 — 5 

pp

m 

[53] 

Type I NiFe₂O₄/Ni

O 
nanosheets 

Aceto

ne 

280 ~23 

(50 
ppm) 

— [20,52] 

Type II rGO/WO₃/Z

nFe₂O₄ 

Aceto

ne 

— 26.92 0.0

2 
pp

m 

[9] 

Type II ZnFe₂O₄/gra

phene QD 

Aceto

ne 

RT 13.3 

(1000 
ppm) 

5 

pp
m 

[9] 

Type II ZnFe₂O₄/gra

phene QD 

Aceto

ne 

RT 1.2 (5 

ppm) 

— [9] 

Type III PANI/Cu-
ferrite 

NH₃ RT Above 
single-

phase 

— [44] 

Type IV — — — — — — 

All entries represent the complete indexed composite ferrite sensing 

dataset from the supplied corpus. Row gaps reflect absent data. NH₃, 

NO₂, H₂S, ethanol, and toluene are unrepresented for Types I and II; 

H₂S and VOC coverage are absent for Type III; Type IV carries no 

entries. 

6. Challenges and Future Perspectives 

6.1 Selectivity- Cross-sensitivity between NH₃ and H₂S is structurally 

difficult to resolve in ferrite composite systems because both gases 

reduce surface-adsorbed oxygen species through electron donation, 

generating resistance changes in the same direction and at comparable 

magnitude in n-type architectures.[1,9] Selectivity stands as a primary 

barrier to chemiresistive sensor commercialisation across metal oxide 

platforms, and ferrite composites have not addressed this at the 

junction level.[1] Temperature-selective windows, in which different 

analytes produce maximum response at different operating 

temperatures, have been described as a partial strategy in single-phase 

oxide systems but remain unvalidated for any ferrite composite 

architecture in the indexed corpus.[1,53] No indexed study 

demonstrates analyte discrimination in a ferrite composite through 

deliberate heterojunction design, meaning through controlled 

variation of junction type or barrier height rather than through 

empirical observation of differential response ratios between 

gases.[9,20] Pattern recognition on arrays of differently cation-

engineered ferrite composites offers a near-term path to 

discrimination that does not require fundamental advances in single-

sensor sensing chemistry, but this approach has not been implemented 

for any ferrite composite configuration in the indexed literature.[1,9] 

6.2 Humidity Interference 

Most chemiresistive sensing studies, including composite ferrite 

work, are conducted below 40% relative humidity, a condition that 

does not replicate agricultural environments, mining atmospheres, or 

clinical exhaled-breath matrices where NH₃ and H₂S monitoring is 

targeted.[1,2,4] Water vapor competes with analyte molecules at 

surface oxygen adsorption sites, reducing accessible vacancy density 

and shifting baseline resistance in ways that fixed-temperature 

calibration cannot reliably correct.[2,4] For ferrite composites 

specifically, whether p-n depletion barriers widen or narrow as water 

vapor displaces adsorbed oxygen at the heterojunction has not been 

examined for any composite type in the indexed literature.[9,20,45] 

This is not a minor calibration issue: humidity shifts that alter the 

baseline depletion state modify both the magnitude and apparent 

direction of response to a fixed analyte concentration, not only the 

signal-to-noise ratio.[1,9] Temperature-modulated humidity 

compensation, discussed in the broader oxide sensor literature, 

remains experimentally unvalidated for ferrite composite 

architectures of any type.[1] Type III polymer-ferrite composites 

carry an additional vulnerability because conducting polymer 

networks are more permeable to water vapor than oxide-oxide 

contacts at equivalent temperatures, undermining the practical value 

of room-temperature operation.[23,44] 

6.3 Long-term Stability 

The only direct long-term stability observation in the indexed 
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composite ferrite corpus is the unsatisfactory durability reported for 

ZnFe₂O₄/graphene quantum dot composites during acetone cycling; 

no other entry in Table 3 addresses the question at all.[9] Extended 

performance records beyond 7 days of continuous operation are 

absent for every other composite ferrite architecture in this review, 

which means published response values and detection limits are 

single-session measurements without a validated durability 

basis.[9,44] For Cu-substituted composite systems, the CuS 

reversibility question is separately unresolved. Cu²⁺ can react with 

H₂S to form conductive CuS, adding a chemical transformation 

response pathway alongside ionosorption, but whether CuS 

reconverts during recovery and whether composite architecture 

modifies this conversion kinetics has not been tested in any indexed 

study.[9,44] Distinguishing drift from heterojunction barrier 

degradation versus ferrite phase structural change as the primary 

failure mechanism requires operando characterisation techniques not 

yet applied to any ferrite composite gas sensor.[13,14] 

6.4 Operating Temperature and Architecture Conflict 

Type I and Type II composite entries in Table 3 produced their 

strongest response values at 250–290°C.[9,53] Type III polymer-

ferrite composites operate at room temperature but lose structural 

integrity above approximately 150°C, making the two architecture 

classes mutually exclusive across a temperature range that 

represents a substantial gap in the design space.[23,44] Room-

temperature operation without a polymer phase is achievable within 

Type II, as the ZnFe₂O₄/graphene quantum dot and 

rGO/WO₃/ZnFe₂O₄ entries demonstrate, but the reported instability 

of the quantum dot system shows that room-temperature Type II 

performance currently trades durability for reduced thermal 

requirement.[9] MXene-ferrite composites are the most frequently 

cited candidate for bridging this gap, with a preliminary room-

temperature response documented in recent studies, but the sensing 

mechanism at the ferrite-MXene contact is uncharacterised and 

operating condition control is insufficient to permit direct 

comparison with Type I benchmarks.[15,46] 

6.5 Future Priorities-Four experimental targets follow from the 

gaps documented in Sections 4 and 5, ordered by clarity of the 

mechanistic basis supporting each. 

Zn/Ni co-doped ferrite composites are the highest-priority target 

because the mechanistic logic is additive and independently 

grounded in established ferrite physics. Zn²⁺ at A sites redistributes 

Fe toward B sites, raising hopping carrier density, while Ni²⁺ at B 

sites introduces a second redox-active cation environment through 

the Ni²⁺/Ni³⁺ couple.[9,14] No composite study combines 

Mössbauer-confirmed site occupancy, systematic Zn:Ni ratio 

variation, and humidity-controlled sensing data within a single 

experimental design.[9,12,14] This pairing is simultaneously the 

most mechanistically motivated and the most experimentally 

accessible gap in the composite cation engineering literature. 

Cu-substituted ferrite composites require long-term H₂S cycling data 

before they can be specified for monitoring applications. Whether 

CuS formation during repeated exposure is reversible in composite 

systems, and whether composite architecture modifies that 

reversibility, is the single unanswered experimental question that 

limits translation from laboratory response values to 

deployment.[9,44] 

Rare-earth-doped ferrite composites need direct structural 

characterisation at the ferrite-second phase contact zone. RE 

segregation is expected at precisely the boundaries that govern 

composite sensing performance, yet no indexed study has applied 

interface-sensitive techniques to this region in a gas sensing 

context.[13,14,45] 

Systematic comparison of Type I through IV architectures for a 

single controlled ferrite composition does not exist, which means 

cation engineering effects and architecture effects remain entangled 

across the entire dataset reviewed here.[9,40] DFT calculations 

connecting ferrite cation site occupancy to adsorption energetics 

have been initiated for single-phase ZnFe₂O₄,[12] and extending this 

framework to composite contact geometries would provide the 

predictive interface design basis that empirical optimisation alone 

cannot supply.[12,14] 

7.0 Conclusions 

Cation engineering of the ferrite phase controls carrier density, 

oxygen vacancy generation, and surface electronic structure, and in 

nanocomposites those properties propagate to the ferrite-second 

phase junction to govern depletion layer behaviour and analyte 

response. ZnO/ZnFe₂O₄ composites are the clearest documented case, 

with interfacial response gains over each isolated phase confirming 

the oxide-oxide junction as the active performance element. Ni 

substitution produced the most barrier-sensitive junction behaviour 

across the dopant classes reviewed. Co-substitution contributed 

microstructural stability at elevated operating temperatures rather than 

uniquely advantaged sensing chemistry. Cu substitution altered 

composite morphology and carrier transport in partner-phase-

dependent ways, and the H₂S chemical transformation mechanism 

attributed to Cu sites remains unconfirmed in any composite cycling 

study. Type I composites produced the highest absolute response 

values at elevated temperatures. Type II carbon composites achieved 

the lowest detection limits alongside partial room-temperature 

operation, though long-term stability was flagged as unsatisfactory in 

the only indexed study that examined it. Type III polymer composites 

enabled room-temperature sensing but cannot sustain structural 

integrity above 150°C. Type IV bi-ferrite composites produced no 

gas-sensing data in any indexed study. 

Selectivity between reducing gases remains unresolved across all four 

composite types. Humidity-resolved performance data and stability 

records extending beyond one week are absent from the indexed 

literature for every analyte and composite architecture reviewed, 

which means published detection limits and response values describe 

dry, short-duration conditions only. Cation site occupancy and 

composite junction type are independently documented as 

performance variables throughout this review. Their combination 

within a single dopant-resolved composite experiment has not been 

demonstrated for any of the five dopant classes covered here. Zn/Ni 

co-doped ferrite composites with Mössbauer-confirmed site 

occupancy, systematic ratio variation, and humidity-controlled 

sensing conditions represent the clearest first experimental target, 

connecting the ferrite phase physics of Section 4 to the composite 

junction framework of Sections 5 and 6 through a study design no 

indexed work has yet implemented. 
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