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A paradigm for concomitant control of crystallite size and 

composition of bimetallic composites via co-precipitation is 

introduced.  Direct preparation of composites of silver ferrite 

and amorphous maghemite via nonstoichiometric synthesis 

was demonstrated.  Notable impact on electrochemistry was 

observed, with ~200% increase in reversible capacity for the 

small crystallite material.   

 Silver ferrite, AgFeO2, exhibits a layered delafossite-type structure 

with the general chemical formula ABO2.  Ternary delafossites (ABO2) 

contain alternating layers of edge-shared BO6 octahedra, where the B 

cation site can incorporate a variety of trivalent transition metal cations 

(i.e. Fe3+) with close-packed monovalent A+ metal cations (i.e. Ag+) 

located between the layers.1  The synthesis of silver ferrite was first 

reported in the early 1930s;2 to date, synthetic strategies employed to 

produce ternary delafossite-type oxides have included high-

temperature, hydrothermal, solid state, cation exchange, and microwave 

or ultrasonic irradiation.3  An initial reflux based synthesis reported in 

2012 demonstrated the feasibility of low-temperature synthesis of pure 

stoichiometric AgFeO2.
4  Synthesis from non-stoichiometric 

compositions of Ag+ and Fe3+ nitrate was described in 2013, where the 

non-stoichiometric reactant ratios produced mixtures of products, 

including Ag2O and α-FeOOH.5 

 The layered structure of delafossites enables ion transport and 

copper based delafossites have been explored for energy storage 

applications.6  A limited number of literature reports describe 

exploration of silver delafossite oxides as cathodes in lithium based 

batteries, including an investigation of AgCuO2 and AgCu0.5Mn0.5O2.
7  

Preliminary studies of AgFeO2 demonstrate that stoichiometric silver 

ferrite, with an Ag:Fe ratio of 1:1 and an average crystallite size of 31 

 
Figure 1.  X-ray powder diffraction of silver ferrite.  Reference patterns for 3R 

(01-075-2147) and 2H (01-070-1452) polytypes.  Dotted region used for inset. 

nm, is electrochemically active.4 

 Our previous studies of crystallite size control of magnetite (Fe3O4) 

and silver hollandite (AgxMn8O16) provided fundamental crystal size / 

electrochemistry insight, along with a notable increase in cycling 

capacity with smaller crystallite size.8  We hypothesized that silver 

ferrite crystallite size control would be possible synthetically, Figure 1.  

Further, we anticipated a crystal size / electrochemistry relationship 

with silver ferrite reminiscent of magnetite and silver hollandite.  The 

critical discovery with this study is the synthesis and electrochemistry 

of a composite consisting of nanocrystalline silver ferrite and 

amorphous maghemite. 
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Figure 2.  Crystallite size versus measured Ag/Fe ratio in as prepared samples. 

 Silver ferrite was synthesized via a co-precipitation reaction with 

reagent mixtures containing Ag/Fe ratios ranging between 0.2 and 1.0 

using the method previously reported for preparation of stoichiometric 

AgFeO2.
4  The abbreviation AgxFeO2, where x = Ag content, is used 

here for simplicity.  Inductively coupled plasma optical emission 

spectroscopy was used to measure silver and iron content of the 

samples and the product ratios reflected the reaction ratios, Figure 2. 

 The silver ferrite samples so produced displayed XRD spectra 

consistent with AgFeO2 reference patterns, Figure 1.  Notably, the 

diffraction patterns do not show presence of metallic silver or additional 

impurities (e.g. Ag2O, FeOOH) commonly reported during delafossite 

synthesis.9  As the Ag/Fe ratio decreases, peak broadening is observed 

consistent with reduction of the crystallite size. The decrease in 

crystallite size is accompanied by an increase in surface area which 

systematically increases from 50 m2/g to 250 m2/g for the 1.0 and 0.2 

Ag/Fe samples, respectively.   Close examination of the XRD patterns 

shows that the peak maximum at ~50 - 52o 2θ appears to shift with 

changing composition, Figure 1 inset, primary axis.  For the 

rhombohedral (3R) phase, the peak at 52o two theta is a reflection of the 

(0 1 8) plane directly bisecting silver, oxygen, and iron.  For the 

hexagonal (2H) phase, the peak at 50o two theta is a reflection of the   

(1 0 5) plane directly bisecting iron and slightly bisecting silver and 

oxygen.   By locking the two theta positions at the (0 1 8) and (1 0 5) 

peak positions for these two AgFeO2 phases, linear combination fitting 

was used to determine the ratios of the peak areas in the 50 – 52o 2 theta 

range for the 3R and 2H phases, Figure 1 inset, secondary axis.  The 

fits indicate that the low silver material is primarily 3R phase, while the 

stoichiometric material is approximately equal amounts of 3R and 2H.   

 Raman data of silver ferrite has been published previously in which 

Eg and A1g peaks are observed at 345 and 638 cm-1, respectively, Figure 

3.9d  The stoichiometric AgFeO2 (Ag/Fe = 1.0) material prepared via 

co-precipitation demonstrates peaks at 350 and 631 cm-1, respectively, 

consistent with the Eg and A1g literature values, Figure 3c.  As the 

Ag/Fe ratio decreases, Raman spectra continue to demonstrate intrinsic 

silver ferrite peaks while shoulders detected at 285, 374, and 707 cm-1 

increase as the silver content decreases Figure 3a.  The Eg and A1g  

 
Figure 3.  Raman spectroscopy of as prepared samples and maghemite reference 
material.  a. Intensity vs. wavenumber for A1g region (550 – 850 cm-1).  b. Percent 
AgFeO2 vs. Ag/Fe ratio from linear combination fit.  c. Intensity vs. wavenumber 

for full scan (200 – 900 cm-1). 

peaks in the vibrational spectrum of the delafossite are attributed to 

fundamental bond distances, energies, and angles of the delafossite 

structure, do not change in position or relative intensity, suggesting that 

the silver ferrite structure remains intact throughout the series of silver 

ferrite products.  The peaks at 285, 374, and 707 cm-1 appear among the 

low silver content samples, Figure 3c, and are reminiscent of the 

Raman spectrum of maghemite (γ-Fe2O3).
10  Using the maghemite and 

x = 1.0 spectra as references, classical least squares (CLS) fitting was 

used to determine the contribution of the reference spectra to a mixed 

component spectrum.  The percent contribution of the AgFeO2 

reference spectrum was found to decrease linearly as the Ag content 

decreased, Figure 3b, where the percent AgFeO2 in each spectrum 

matched the silver content in each material (dashed line).  These results 

suggest that a combination of AgFeO2 and γ-Fe2O3 are present rather 

than a solid solution of AgxFeO2 with Ag vacancies.  These results are 

in agreement with the XRD results which show that the lattice constants 

do not change as a function of silver content, as would be expected in a 

crystal structure with up to 80% vacancies on one site.  The maghemite, 

while clearly visible in the Raman spectra, is not detected by XRD, 

consistent with amorphous maghemite.  

 The results suggest a direct synthesis of a composite comprised of 

crystalline silver ferrite (AgFeO2) and non-crystalline maghemite (γ-

Fe2O3).  One interpretation of the evidence is the formation of a layer of 

non-crystalline maghemite on the surface of the crystalline silver 

ferrite.  During the synthetic process, the growth of the AgFeO2 in the 

smaller crystallite materials may be limited by the deprivation of silver 

ions in the reaction mixture; thus, the smaller crystallite silver ferrites 

may be comprised of a core of silver ferrite and surface layer of 

maghemite. Scanning electron micrographs of each material indicate 

aggregates of 1 to 5 microns at all Ag/Fe ratios, Figure S1.  

 The sensitivity of XANES (x-ray absorption near edge structure) to 

oxidation state and coordination number provided a useful complement 

to characterization of the nanocrystalline materials by XRD and Raman.  

Iron K-edge and silver K-edge data were collected and compared with a 

variety of reference materials (metallic Fe, FeO, Fe3O4, and Fe2O3 for 

iron; metallic Ag and Ag2O for silver).  The Fe K-edges for the various 

silver ferrite samples were all nearly equivalent to the absorbance 

spectrum of Fe2O3 with edge energy of approximately 7127 eV, 

confirming an iron oxidation state of +3 for all samples.  Based on the  
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Figure 4.  X-ray absorption spectroscopy (Fe K-edge) of as prepared samples.  

Dotted line region used for inset.  

XAS data, the average iron oxidation state does not vary to any 

significant extent, since the Fe-edge energies range by < 0.1 eV 

(between 7126.9 and 7127.4 eV) and no direct correlation between 

silver content (Ag/Fe ratio) and Fe edge position is observed, Figure 4. 

A plot of EXAFS data in radial space shows no significant change up to 

3.0 Å as a function of Ag content.  However, the Fe-Ag scattering path 

(3.0-3.5 Å) changes as a function of silver concentration, Figure S2. 

 The normalized absorbance intensity of the iron pre-edge peak 

decreases linearly as the amount of silver in the delafossite samples 

increases, Figure 4, inset.  The decrease in intensity and change in 

appearance of the pre-edge peak from silver deficient to stoichiometric 

AgFeO2 would generally be attributed to a slight change in either the 

oxidation state of iron, the coordination environment of iron, or a 

combination of the two.11,12  It is evident that oxidation state of iron is 

not changing after examination of the iron K-edge.  A variety of iron-

containing minerals have been shown to demonstrate more intense pre-

edge peaks for coordination numbers of 4 or 5 and lower pre-edge 

absorption for 6-coordinate iron in the 3+ oxidation state.12  Silver 

ferrite is composed of layers of FeO6 octahedra and would be expected 

to have a pre-edge peak of relatively low intensity.  While pre-edge 

peaks in octahedral transition metal complexes are ordinarily resultant 

of forbidden 1s�3d electronic transitions, such transitions are allowed 

when the local symmetry is distorted, commonly observed in octahedral 

iron-containing compounds owing to facile 3d�4p orbital mixing.11,13  

Further, the Raman data indicate the presence of a non-crystalline 

maghemite, γ-Fe2O3, phase which is a spinel structure comprised of 

both tetrahedral and octahedral Fe3+.  The tetrahedral Fe3+ in γ-Fe2O3 

contributes to an increase in pre-edge intensity compared to exclusively 

octahedral Fe3+.14  The pre-edge intensity increases with decreasing 

Ag/Fe ratio, correlating with an increasing amount of maghemite 

present as indicated by the Raman spectra.  XANES data at the Ag K-

edge were also collected and silver was determined to be in the +1 

oxidation state, where absorption spectra in the XANES region were 

indistinguishable for all Ag/Fe ratios.  Thus, the XANES results 

indicate that the silver and iron oxidation states do not change as a 

function of crystallite size.  In addition, iron experiences a difference in 

the pre-edge region which is consistent with the presence of maghemite 

in silver ferrite samples with apparent silver deficiency. 

 
Figure 5.  Testing of Li/silver ferrite based electrochemical cells.  a.  Voltage 
versus capacity on galvanostatic intermittent titration-type test.  b.  Discharge 
capacity versus cycle number.  Inset shows difference between Cycle 1 and Cycle 

2, in units of electron equivalents. 

  To examine the electrochemical behaviour of silver ferrite 

cathodes, two electrode cells with lithium anodes and 1 M LiPF6 in 

ethylene carbonate/dimethyl carbonate electrolyte were utilized.   

Galvanostatic intermittent titration technique (GITT) type testing was 

employed with intermittent discharge (0.006 mA/cm2) followed by 

open circuit rest.  Significant differences in polarization were evident 

among the silver ferrite samples upon initial reduction, where the low 

silver/small crystallite size, high surface area material showed both 

higher operating voltages and decreased polarization during the initial 

stage of discharge, Figure 5a.  The small crystallite, low silver 

materials demonstrate a sloped voltage profile throughout the 

discharge.   The high silver (Ag/Fe = 1.0) material shows a steep 

voltage change to 2.0 V followed by a broad plateau.  The length of the 

2.0 V plateau decreases with decreasing crystallite size and silver 

content. Galvanostatic cycling was conducted using discharge and 

charge rates of 0.15 mA/cm2 between voltage limits of 1.5 and 3.5 V.  

The delivered discharge capacities over 50 cycles are shown, Figure 

5b.  There is a significant change in capacity between cycles 1 and 2 

where the change in capacity is directly proportional to the Ag+ content 

in the silver ferrite when considered with respect to electron 

equivalents, Figure 5b, inset.  Between cycles 10 and 50 the discharge 

capacities show only gradual fade, indicating that the discharge-charge 
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process is reversible for this system.  Notably, the silver ferrite sample 

with the lowest silver content, x = 0.2, and smallest crystallite size 

delivers the highest capacity, ~200% that of stoichiometric AgFeO2, 

and demonstrates the lowest capacity fade of the group.  For 

comparison, pure maghemite (γ-Fe2O3) was tested as a cathode 

material.  Lithium/maghemite cells tested under galvanostatic cycling 

yielded 80 mAh/g on cycle 1 fading to 60 mAh/g in following cycles, 

far lower than the 130 mAh/g demonstrated by the 0.2/1.0 silver to iron 

ratio material.  Thus, maghemite alone is not responsible for the 

significant increase in delivered capacity in the low silver content small 

crystallite size silver ferrite material. 

 The electrochemical results are consistent with reduction of silver 

ion, Ag+, to silver metal, Ag0, and reduction of Fe3+ to Fe2+ during the 

initial discharge.  The reduction of Ag+, to silver metal, Ag0, a 

displacement reaction, would be expected to result in higher 

polarization which is observed for the higher silver containing samples 

in the GITT type testing.  It should be noted that the small crystallite 

size low sliver content materials have higher surface area which also 

contributes to lower polarization.  Under cycling tests, the difference in 

capacity between cycle 1 discharge and cycle 2 discharge scales with 

silver content, Figure 5b, inset where the higher silver containing 

materials show greater capacity change between cycle 1 and cycle 2.  

These results imply that once formed, a portion of the silver metal is no 

longer electrochemically active.  The electrochemical behaviour of the 

samples was explored by slow scan cyclic voltammetry.  The first 

cathodic scan showed a large irreversible peak near 2.0 V.  Subsequent 

scans displayed lower current reversible peaks, Figure S3, consistent 

with the cycling data.   

Conclusions 

 The synthetic approach demonstrated herein provides a new 

paradigm for composite synthesis, which may be applicable toward new 

materials with energy or energy storage applications.  Limiting the 

initial concentration of a single reagent provided synthetic control of 

silver ferrite of crystallite size; x-ray powder diffraction confirmed a 

silver ferrite crystallographic structure with systematic variation of 

crystallite size across the compositional series. However, with this 

report, the composite nature of the low silver materials as a 

combination of crystalline silver ferrite, AgFeO2, and non-crystalline 

maghemite γ-Fe2O3 was established by Raman spectroscopic and x-ray 

absorption analyses.  Further, as a cathode, the low silver content 

composites exhibited profound electrochemical capacities ~200% 

higher relative to stoichiometric silver ferrite samples.   
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