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ABSTRACT: We report on the synthesis of semiconduct-
ing AgFeS2 nanowires, obtained from the conversion of
Ag nanowires. The study of the conversion process
shows that the formation of Ag2S nanowires, as an in-
termediate step, precedes the conversion into AgFeS2
nanowires. The chemical properties of AgFeS2 nan-
owires were characterized by X-Ray Diffraction (XRD),
Scanning Electron Microscopy (SEM) and Energy Dis-
persive X-Ray Spectroscopy (EDS) at intermediate steps
of the conversion process, and show that the temperature
at which the reaction takes place is critical to obtaining
nanowires as opposed to nanotubes. Optical measure-
ments on nanowire ensembles confirm the semiconduct-
ing nature of AgFeS2, with a direct band gap of 0.88 eV.

Ternary I-111-VI1, semiconductors are receiving in-
creasing attention as promising materials for
photovoltaics because of their large absorption coeffi-
cient, tunable direct band gap, high conversion efficien-
cy and low toxicity."® Copper indium gallium selenide
(CIGS) based solar cells with an efficiency of 21.7%
have achieved the record efficiency for single junction
polycrystalline material’. The outstanding conversion
efficiency achieved by I-111-VI,-semiconductor-based
solar cells has motivated us to investigate materials with
the chalcopyrite (CuFeS,) structure,®” where the group
I11 element is substituted with Fe.

Nanowire photovoltaics offer several advantages over
thin film architectures includin% relaxation of lattice
strain at heterojunction interfaces'®"® and strong absorp-
tion arising from tunable optical resonances.’**®
Nanoscale optical resonances maximize absorption in
small volumes via antenna effects, which theoretically
enables higher open circuit voltage and thus efficiency
values, due to reduced bulk recombination and optical
concentration.®?° Furthermore, at the nanoscale certain
chemical processes such as galvanic replacement,?*?
cation exchange®?’ and the Kirkendall effect’®* occur

much more readily, facilitating the synthesis of complex
nanostructures.

AgFeS; (lenaite) has been recently proposed as a po-
tential absorbing material for solar cells,*® and in the
only report available in literature its band gap has been
reported to be around 1.2 eV. However, to the best of our
knowledge, the synthesis of only small A%Fesz
nanocrystals (=15 nm)® or large microparticles® has
been reported thus far. In this work we demonstrate the
synthesis of AgFeS, nanowires, via a solution phase
conversion of metallic Ag nanowires into semiconduct-
ing AgFeS, nanowires. XRD, SEM and EDS characteri-
zations give insight into the conversion mechanism. We
also show optical absorption measurements to determine
the band gap.

AgFeS; nanowire characterization

The route to obtain AgFeS, nanowires was adapted
from the previouslgl described synthesis of pure phase
FeS, nanocrystals.”® Briefly, AgFeS, nanowires were
obtained by reacting Ag nanowires with iron chloride,
sodium thiosulfate and thioglycolic acid in dimethyl
sulfoxide (DMSOQ) and water at 150 °C.

A representative elemental distributions (Fe, S and
Ag) in a AgFeS, nanowire measured by EDS is present-
ed in Figure la. The full EDS spectrum is shown in
Figure S1c. EDS show that substantial amounts of sulfur
and iron are present in the nanowires, along with silver,
and they are homogeneously distributed. This indicates
that during the conversion process Fe and S diffuse
within the nanowire. However, the SEM image in Figure
1a shows the presence of several crystallites in the nan-
owires, suggesting that they are not single crystalline as
opposed to the Ag nanowires employed as precursor.
The inset shows a selected area electron diffraction
(SAED) pattern confirming the polycrystallinity of these
nanowires. Due to the large nanowire diameter, the
crystallite size is not entirely clear in transmission elec-
tron microscopy (TEM) images (Fig. S1). However, an



average crystallite size of 35 nm is obtained using the
Scherrer equation (details in Sl).
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Figure 1: (a) EDS map of AgFeS, nanowires; the images
show the chemical composition, highlighting the homoge-
neous element distribution within the nanowire; inset:
SAED of AgFeS, nanowires; the image shows that the
nanowires are polycrystalline. (b) optical images of disper-
sions of Ag (left) and AgFeS; (right) nanowires, showing
the light absorption properties of AgFeS,; (c) Band gap
measurements of AgFeS, nanowire ensemble drop-cast
from solution on a quartz slide; the direct optical transition
is around 0.88 eV.

The change of the dispersion color from beige to black
(Figure 1b) suggests the formation of a small band gap
semiconductor after the conversion process, interestingly
preserving the nanowire appearance. This is demonstrat-
ed in Figure 1c, that shows a Tauc plot of a AgFeS; nan-
owire ensemble deposited on quartz and measured be-
tween 0.5-1.2 eV. The linear relationship near the band
edge indicates a direct band gap and the intercept value

indicates a magnitude of 0.88 eV. Note that the sub-
band gap absorption can either be caused by tail states or
by the presence of an indirect transition at smaller ener-
gy. Considering the average crystallite size of 35 nm,
qguantum confinement effects can be excluded in our
AgFeS; nanowires.

The band gap measured is lower than the value of 1.2
eV previously reported on small nanocrystals.®* The
discrepancy in the band gap value measured for our
AgFeS; nanowires compared to that measured for the 15
nm AgFeS, nanocrystals might be due to quantum con-
finement in the nanocrystals, although there is no report
of the Bohr radius for this material. A Bohr radius as
large as 10 nm, was previously reported for other
chalcogenides materials such as CulnSe;;* assuming
comparable values for AgFeS,, some weak quantum
confinement in 15 nm nanocrystals could be expected.
However, it is difficult to provide a conclusive explana-
tion, considering the lack of reports in literature about
the AgFeS; band gap.

AgFeS; nanowire conversion process

The conversion of Ag nanowires into AgFeS, nan-
owires as a function of the reaction time and temperature
was studied. Aliquots of the reacting solution were with-
drawn at several time intervals and analyzed by EDS,
XRD, and SEM. At t=0, i.e. after mixing the reagent
together but before placing them in the heating bath, the
nanowires present in the solution are pure crystalline Ag
nanowires (Figure2a,b); no other crystal phases are de-
tectable in the XRD data, although negligible traces of
sulfur were detected in the EDS spectrum of nanowires
at t=0 (see Figure S1). This is probably due to residue
from the solution, or to a thin amorphous silver sulfide
layer. This suggests that no substantial sulfurization
process takes place before heating. After 5 min Ag nan-
owires are fully converted to Ag,S nanowires. This is
supported by XRD measurements in Figure 2c, showing
that the reflection peaks match with those of the
achantite (Ag,S) reference. The SEM image in Figure 2d
displays the nanowire geometry of the sample after 5
min, showing changes in the morphology. In particular, a
change in morphology is observed in some sections of
the nanowires, because of the reorganization of the crys-
tal structure from fcc (Ag) to monoclinic (Ag,S). Note
that at this stage of the conversion process, a small
amount of a AgFeS, phase (peaks aligned with blue lines
in Figure 2c) is already present in the sample; this is
supported by traces of Fe in the EDS spectrum (see Fig-
ure S1). These findings suggest that the conversion of
Ag nanowires to AgFeS, nanowires, goes through an
intermediate step, where the formation of Ag,S nan-
owires takes place at the very early stage (t<5min). Thi-
osulfate disproportionation (Eq. 1)® leads to the for-



mation of H,S, which sulfurizes Ag nanowires according
to Eq. 2.

5,02, +H,0, —205HS, +Hi > H,S, (1)

2Agy +H S, —2—>Ag,S, )

After the formation of AgZS nanowires, H,S further
reacts with Ag,S and with Fe* cations, leading to the
incorporation of Fe inside the nanowire structure. A
possible reaction pathway is shown in Eq. 3:

-1 *4H(|> o -
A92 S(S) +2 Fe(l) + 3H 250 - 2AgFeS,, ()
‘Ham
No change in the oxidation states of Ag or S is occur-
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Figure 2: (@) XRD and (b) SEM measurements of an
aliquot at t=0. (c) XRD and (d) SEM measurements of
the Ag,S intermediate (t=5 min). (¢) XRD and (f) SEM
of AgFeS; nanowires (t=90 min)

ring in Eqg. 3, which remain in the | and -1l oxidation
states resgectlvely consistently with what is observed in
CuFeS,. %3 Iron (I1) is oxidized to Iron (I11), with the
concurrent reduction of hydrogen (Eq. 3). XRD data on
nanowire ensembles drop-cast from solution after 90
min, are presented in Figure 2e, along with the reference
pattern for AgFeS,, reported for comparison. The
agreement between the reference pattern and the exper-
imental spectrum is good, demonstrating a successful
conversion of Ag nanowires into pure phase crystalline
AgFeS; nanowires.

Note that the shape of the nanowires is preserved at
the end of the conversion (Figure 2f), but the roughness
of the final samples suggests polycrystallinity. This is
consistent with what was observed after 5 min, probably
due to the crystal reorganization during the conversion
to Ag,S in the intermediate step. Note that no significant
changes in the XRD spectrum are observed after aging
for over two months in ambient conditions (see Fig. S3).

Temperature effect on the conversion process

The effect of the reaction temperature on the conver-

sion process was systematically studied as well, keeping
the reaction time at 90 min. If the reaction temperature is
too low (T < 70°C), only a sulfurization of the outer
surface of Ag nanowires occurs (see Figure S2). XRD
measurements (Figure S2a) imply that the main crystal-
line phase present is Ag. However EDS shows that a
small amount of sulfur is present in the nanowires (see
Figure S2b). This suggests that a thin layer of Ag,S may
be formed at the outer surface of Ag nanowires, but not
enough to give appreciable X-ray signal, or it could be
in an amorphous phase. This is corroborated by the SEM
image in Figure S2c, which shows that the surface
roughness of the nanowires is increased as compared to
freshly prepared Ag nanowires. No traces of Fe are pre-
sent in the EDS spectrum, suggesting that higher tem-
peratures are needed to promote the Fe incorporation
within the nanowire structure. When the reaction is per-
formed at intermediate temperatures (70-120 °C), a hol-
lowing process takes place, leading to the formation of
nanotubes, as shown in the back-scattered-electron SEM
image in Figure S3a. This is probably due to the
Kirkendall effect, that takes place when the solid-state
diffusion rates of flowing inward and outward mlgratm%
species are different, resulting in a hollow structure.
The Kirkendall effect depends also on temperature, ge-
ometry and reagent concentration. **° In our case the
dispoportionation of thiosulfate occurs faster at higher
temperature, leading to an increased concentration of the
oxidizing agent (H,S) and therefore to a larger inward
flux. The faster reaction rate and the higher inward flux
prevent hollowing at elevated temperatures.

The crystal phase of such nanotubes produced at lower
temperatures is a mixture of Ag,S and AgFeS,, as shown



by XRD measurements in Figure S5b. No detectable
crystal phase of Ag are present, consistent with migra-
tion and oxidation of the Ag core at the surface. EDS
spectra confirm as well the presence of Ag, S and Fe in
the nanotubes (see Figure S5c,d).

We have shown a novel synthetic pathway to obtain
pure phase AgFeS, nanowires, employing Ag nanowires
as the precursor. The reaction goes through an interme-
diate step during which Ag,S nanowires are formed;
during this phase the crystal structure undergoes a reor-
ganization due to the different lattices, which produces
polycrystalline nanowires. Ag,S nanowires can then be
converted into AgFeS, nanowires, keeping the same
morphology. We have also shown that nanotubes with a
mixed phase Ag,S/AgFeS, can be prepared by perform-
ing the conversion process at a lower temperature. En-
semble optical absorption measurements show that
AgFeS; nanowires have a direct band gap of approxi-
mately 0.88 eV, which is substantially lower than what
was previously reported for AgFeS, nanocrystals. Given
this band gap value, AgFeS, nanowires could be used for
a variety of applications including multiple exciton gen-
eration, the bottom cell in a multi-junction solar cell, or
the low-bandgap layer in a singlet-fission solar cell.
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