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Abstract. The simple co-precipitation method was used to prepare Ag,FeO, delafossite with non-stoichiometric
silver concentration in the range of x = 0.05-1. The obtained material was investigated using X-ray powder
diffraction and "Fe Mossbauer spectroscopy at room temperature. The structural and hyperfine interaction
parameters were recognized in relation with decreasing silver concentration. The study revealed that the dela-
fossite structure of Ag,FeO, was maintained up to x = 0.9; as the range of silver concentration was decreased
to 0.05 < x < 0.8, a mixture of AgFeO,, Fe,O; or/and FeEOOH was formed.
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Introduction

Delafossites are a promising class of materials which
have applications as transparent semiconducting
oxides, catalysts, luminescent materials, p-type
semiconductors used in solar cells, optoelectronic
devices, transparent photodiodes, batteries [1-7],
etc. Even though much work has been carried out
on the cuprate family of delafossites, especially
about CuFeO, [8], little is known about the struc-
tural, electronic and magnetic properties of its silver
counterpart AgFeQ,. Silver ferrite is described by the
general formula ABO,, where A denotes monovalent
cation of semi-noble or noble metal, typically Cu*,
Ag*, Pd* or Pt*, while B means trivalent cation of:
(a) p-block element (Al, Ga, In, Tl), (b) transition
metal (Cr, Mn, Fe, Co, Ni, Y, Rh) or (c) rare earth
element (Sc, La, Nd, Eu) [9]. Many delafossites are
also multiferroics, which increase the interest and
efforts of researchers to find efficient methods of
producing pure compounds of delafossite type [10].

Silver ferrite, AgFeO,, has a layered structure
with one layer as the close-packed monovalent Ag
ions and the other as edge-shared Fe’**Og octahedra
with iron cations inside [11]. The Ag* cations are
coordinated by two oxygen ions with the linear
0-Ag-O bonds. Each Fe®** cation, located in the
slightly distorted oxygen octahedron, is coordinated
with six oxygen ions. The delafossite structure can
form two polytypes depending on the sequence of
stacking of layers [10, 11]. These are rhombohedral
3R type (space group symmetry R-3m) and hexago-
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Fig. 1. Layered delafossite-type crystal structure of
AgFeO,. The projection of the unit cell onto an YZ plane:
(a) 2H polytype and (b) 3R polytype.

nal 2H type (space group symmetry P6;/mmec) as
presented in Fig. 1.

Because of decomposition of silver oxide in air at
temperature 573 K [10], the synthesis of ternary ox-
ides with silver is very difficult and requires special
conditions, that is, low temperatures and/or closed
systems making it an expensive technology. Among
methods of producing silver delafossite materials,
it may be distinguished as: (1) low-temperature
methods (e.g., hydrothermal synthesis, metathetical
reaction, oxidizing flux reaction, sol-gel) [10-14],
(2) high-temperature synthesis (e.g., solid-state re-
action [15-19]) and (3) thin film techniques (e.g.,
atomic layer deposition, pulsed laser deposition
(PLD), chemical vapour deposition (CVD), RF
sputtering [6, 20-22]). However, they do not always
allow obtaining compounds of high purity. The co-
-precipitation method can be used for the prepara-
tion of delafossite AgFeO, without any special con-
ditions, that is, high temperature or pressure. This
method with various modifications was employed
successfully to prepare silver ferrite, as reported in
[2,23-28]. However, most of these methods allowed
obtaining the silver ferrite as a mixture of 3R and
2H polytypes in various proportions. Both polytypes
of silver ferrite could be prepared separately only
under special conditions (high-pressure 3 GPa and
6 GPa), as shown in [17, 18].

In this study, systematic investigations of silver
ferrite structure with non-stoichiometric silver con-
centration were performed. The main objective of
these investigations was to observe changes in the
physical properties of the obtained material with
decreasing amount of Ag. Moreover, a reduction
in silver concentration would allow us to lower the
cost of producing AgFeO,. The obtained samples
were investigated using X-ray diffraction (XRD)
and ’Fe Mossbauer spectroscopy (MS) at room
temperature. The aim of the present work was to find
the relationship between the structure and hyperfine

interactions of silver ferrite with lowering of silver
concentration.

Experimental details

The co-precipitation method was used to prepare
Ag,FeO,silver ferrite series with non-stoichiometric
silver concentration in the range x = 0.05-1, where
x was the assumed Ag content. Silver nitrate AgNOs
and iron nitrate Fe(NO;)s-9H,O (purity grade
99.99%) were precursor materials and NaOH was
a precipitation agent. Water solution of iron and
silver nitrates was mixed in appropriate proportions,
stirred at room temperature, and then heated at
343 K for 1 h in a water bath. Next, dilute sodium
hydroxide was slowly added to the obtained solu-
tion, while constantly stirring with a magnetic stirrer
until a pH level of 11-12 was reached. The stirring
of aqueous suspensions was continued for aging the
precipitates at room temperature for 6 h. Then, the
resulting precipitates were collected by sedimenta-
tion, washed several times in distilled water and
dried at 373 K overnight. After drying, the series
of Ag,FeO, samples in colour from brick brown to
dingy yellow was obtained. Material in the form of
flakes was then powdered in agate mortar.

The crystalline structure of the obtained samples
was investigated using the PANalytical-Empyrean
diffractometer with CuK, radiation. The phase and
structural analyses of the recorded XRD patterns
were performed with the PANalytical X’Pert High-
Score Plus computer program equipped with the
ICDD PDF database.

S’Fe Mossbauer spectra were recorded using
POLON spectrometer working in a transmission
geometry and constant acceleration mode. A ’Co in
a rhodium matrix was used as a source of 14.4 keV
gamma radiation. Measurements were performed
at room temperature. All the values of isomer shift
within this paper are related to the o-Fe standard.

Results and discussion
Results of X-ray diffraction studies

X-ray diffraction room temperature studies for stoi-
chiometric AgFeO, confirmed the obtaining of pure
delafossite, that is, delafossite without any secondary
phases and impurities commonly reported during
delafossite synthesis, such as iron oxides or metallic
silver. Delafossite structure is also maintained for
concentrations of Ag equal tox = 0.9 and x = 0.8.
However, for the lower silver concentration peaks
originating from secondary phases, that is, Fe,Os
and/or FeOOH, are visible in the XRD patterns. Our
results correspond well with published data; however,
the authors of [2, 22, 27] have obtained only one kind
of secondary phase, Fe,O; or FeEOOH. It is worth to
mention that characteristic peak at about 20 = 28.7°,
derived from the main phase, that is, delafossite, is
clearly visible in diffractograms for all the obtained
Ag.FeO, samples, which is shown in Fig. 2.
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Fig. 2. XRD patterns for Ag,FeO, delafossites in the range
of Ag concentration x = 0.05-1. Diffraction peaks from
secondary phases are marked with arrows - FEOOH and
diamonds — Fe,0s.

A detailed structural analysis of XRD pattern for
stoichiometric AgFeO, showed that both polytypes
3R and 2H are present in the obtained material;
however, the contribution of 2H polytype was signifi-
cantly larger. For all the samples of Ag,FeO, series,
the analysis was performed under an assumption
that delafossite is the main phase and 2H polytype
dominates. The unit cell dimensions of this phase
determined from the XRD patterns are presented
in Fig. 3. It may be observed that decreasing of Ag
concentration (decreasing x value from 1 to 0.05)
causes the drop of both parameters of unit cell.
The a parameter is related to the geometry of BOs
octahedral layer; thus, the observed decrease in a
corresponds to the B-O bonds shortening. Addition-
ally, since the c-axis parameter is strongly associated
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Fig. 3. Lattice parameters of the main phase, 2H polytype
vs. Ag concentration x for Ag,FeO, series.
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with the O-A-O bonding, it is likely that an observed
decrease in c is related to an increase of the amount
of A-site vacancies, which was also suggested in [2].

Results of Mossbauer spectroscopy studies

The recorded at room temperature Mossbauer
spectra of synthesized samples are shown in Fig. 4.
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Fig. 4. Fitted room-temperature Mossbauer spectra of
Ag,FeO,delafossite powder samples in the range of silver
concentration x = 0.05-1. Component originating from

AgFeQ, is market as grey doublet. Visible sextets come
from Fe,O; and o-FeOOH.
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Numerical fitting of the spectra was performed using
discrete components method. It may be seen that for
x = 0.9 and 1, the spectrum consists of one doublet
while the remaining spectra are a superposition of
doublet and sextets. The hyperfine interaction pa-
rameters for the components and the identification
of phases are summarized in Table 1. Although in
X-ray, in the diffraction pattern for a sample with
x = 0.8, no peaks from secondary phases are visible;
while in the Mossbauer spectrum a subtle sextet is
seen. The hyperfine interaction parameters of this
component allowed us to identify tiny amount of
hematite as secondary phase for x = 0.8. The rest
of the Mossbauer spectra consisted of one quadru-
pole doublet originating from the desired delafossite
phase and two sextets from the secondary phases
recognized as: Fe,Os (sextet with By;~ 51 T) and/or
FeOOH (sextet with By;~ 37 T) [29]. The amount of
hematite and goethite systematically increases with a
decrease in Ag concentration; the relative contribu-
tions shown in Table 1 were estimated from the area
of spectral lines under an assumption of the same
Lamb-Mossbauer coefficient for each component.
The hyperfine interactions parameters of
the doublet are as follows: an isomer shift § =
0.33-0.37 mm-s™', and quadrupole splitting A

0.68-0.73 mm-s™. The obtained value of § is typical
for a high spin Fe** in the octahedral oxygen coordi-
nation. Rather high value of the quadrupole splitting
means that strong electric field gradient appears in
the Fe’* position in crystalline lattice. The obtained
results well agree with literature data [15].

As shown in Fig. 5, with a decrease in silver con-
centration, the hyperfine interaction parameters of
the AgFeO, doublet change slightly. It may be noted
that there is a slight drop of isomer shift and incon-
siderable rising of the quadrupole splitting. The first
one results from crystalline lattice contraction and
increase of the s-type electrons density within the vol-
ume of *’Fe nuclei. The latter one may be associated
both with reduction in volume of the unit cell and
with rising amount of silver and oxygen vacancies.

Conclusions

It was shown that the simple co-precipitation meth-
od can be successfully applied to produce Ag,FeO,
silver delafossite with non-stoichiometric silver
concentration in the range of x = 0.05-1. Delafossite
structure without secondary phases is maintained
up to about 20% deficiency of Ag ions, which was

Table 1. Hyperfine interaction parameters derived from the numerical fitting of the MS spectra for Ag,FeO, series;
§ — isomer shift relative to a-iron, 2¢ — quadrupole shift for the sextets (S1 and S2), A — quadrupole splitting for the
doublet (D), By — hyperfine magnetic field, y* — normalized variance of fitting, A — relative contributions of components;
uncertainties of the values are given for the last significant number in parentheses

Ag ) A

2¢ Bhf 2 A

concentration Component [mm-s™']  [mm-s™'] [mm-s™] [T] X [%] Phase
1.0 D 0.37(1)  0.69(1) - 0.70 100 AgFeO,
0.9 D 0.35(1)  0.68(1) - 0.96 100 AgFeO,
08 D 0.35(1)  0.69(1) - - 131 93 AgFeO,

’ S1 0.36(1) - 0.26(1) 51.0(1) : 7 Fe,0;
0.7 D 0.34(1) 0.69(1) - - 101 84 AgFeO,

’ S1 0.35(1) - 0.21(1) 51.1(1) ' 16 Fe,0;
D 0.34(1)  0.69(1) - - 74 AgFeO,

0.6 S1 0.35(1) - 0.18(1)  51.1(1) 0.75 18 Fe,0;
S2 0.35(1) - 0.17(1) 37.1(1) 8 FeOOH
D 0.35(1) 0.70(1) - - 59 AgFeO,

0.5 S1 0.37(1) - 0.19(1)  51.1(1) 0.79 11 Fe,0s
S2 0.38(1) - 0.27(1)  37.0(1) 30 FeOOH
D 0.34(1) 0.69(1) - - 55 AgFeO,

0.4 S1 0.35(1) - 023(1)  51.2(1) 0.91 12 Fe,0;
S2 0.36(1) - 0.28(1) 36.9(1) 32 FeOOH
03 D 0.34(1) 0.70(1) - - 0.75 47 AgFeO,
’ S2 0.34(1) - 0.28(1) 36.2(1) ' 53 FeOOH
D 0.34(1) 0.71(1) - - 53 AgFeO,

0.2 S1 0.37(1) - 0.16(1)  51.3(1) 0.76 12 Fe,0s
S2 0.35(1) - 0.27(1) 36.9(1) 35 FeOOH
D 0.33(1)  0.70(1) - - 46 AgFeO,

0.1 S1 0.35(1) - 0.16(1)  51.2(1) 0.79 9 Fe,05
S2 0.35(1) - 0.26(1)  37.0(1) 45 FeOOH
0.05 D 0.33(1)  0.73(1) - - 250 39 AgFeO,
) S2 0.36(1) - 0.25(1) 35.3(1) ] 61 FeOOH
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Fig. 5. Dependence of isomer shift and quadrupole
splitting on decreasing Ag concentration for AgFeO,
delafossite doublet derived from numeric fitting of room-
-temperature Mossbauer spectra for Ag,FeO, series.

confirmed both by X-ray diffraction and Mossbauer
spectroscopy. For the lower silver concentration, in
the obtained material except the main delafossite
phase, secondary phases Fe,O; and/or FeOOH pre-
cipitated. As proved by XRD studies, the lowering
of silver concentration influenced the reduction of
unit cell volume of AgFeO,, which was reflected in
changes in the hyperfine interaction parameters,
that is, a drop of isomer shift and an increase of
quadrupole splitting.
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