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The effect of the dopant Y on high-pressure-induced polymorph transformation was investigated in Ag2S

nanocrystals. A polymorph transformation from monoclinic P21/n phase I (where Ag1 and Ag2 atoms both

participated in four-fold-coordinated tetrahedra) to orthorhombic P212121 phase II (where Ag2 participated

in four-fold-coordinated distorted tetrahedra but Ag1 in five-fold-coordinated pyramids) and then to

another monoclinic P21/n phase III (where Ag1 was still in the five-coordination pyramid-like structure

but Ag2 showed a coordination number of five to form trigonal bipyramids) was observed under

increasing high pressure at room temperature. The initial monoclinic phase was fully recovered after

decompression. Compared with the two transition pressure values of the pure Ag2S sample, those of the

Y-doped sample were found to be lower, revealing the significant influence of even a low Y dopant

concentration on the compressibility of Ag2S. The smaller bulk modulus and larger volume collapse of

the Ag2S:Y sample further suggested it to be more compressible.
Introduction

As an important member of the family of semiconducting metal
suldes, silver sulde (Ag2S) nanocrystals have attracted great
interest. They have a narrow band gap (1.0 eV), thereby emitting
light of near-infrared (NIR) wavelengths.1–6 Silver sulde (Ag2S)
nanocrystals show potential in thermoelectric and optoelec-
tronic materials, such as photovoltaic cells, gas sensors, sensi-
tized solar cells, superionic conductors and infrared radiation
detectors.7–11 The applications of silver sulde in realizing
atomic switches, resistance switches and core–shell coaxial
nanostructures have made this material especially attractive
and a promising candidate for nanoscale electronics.12,13 The
ability to tune the electronic structures of semiconductors away
from their pristine states is fundamental to semiconductor
research, because this capability could lead to novel electronic
and opto-electronic functionalities.14 External pressure is well
known as a powerful method to continuously tune atomic
arrangements and the resulting properties away from those of
the pristine states, and such tuning is crucial to a wide array of
applications.15–23 Doping could change the kind of carrier used
and introduce an impurity band in the semiconductor, and
such an impurity band can alter the electronic structure and
corresponding optoelectronic properties.24–26 The radius and
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electronegativity of a dopant differ from those of the cations in
the host material, and a nonhomogeneous distribution of
dopants, i.e., the formation of areas enriched with doped ions
but also some isolated doped ions, can cause lattice distortions
and reduce the stability of the structure, leading to a signicant
inuence on the phase transition.27 Yttrium is an important
member of the rare earth family and has been extensively
utilized for making iron-, nickel-, and cobalt-based alloys, but
has been little used as a dopant for modifying the properties
and catalytic applications of a host material.28

It is of fundamental importance to understand how the
crystal structural of Ag2S changes under controlled external
conditions. The polymorph transformation of silver sulde
resulting from changing the temperature has been studied
extensively. At room temperature and ambient pressure, Ag2S
has a monoclinic crystal structure called a-Ag2S, and known as
the mineral acanthite at temperatures below �450 K.29 Upon
increasing the temperature, a structural phase transition occurs
at 453 K from the ordered monoclinic a-structure to the disor-
dered body-centered cubic b-structure with the mineral named
argentite.30,31 The high-temperature face-centered cubic phase,
g-Ag2S, is stable from a temperature of �860 K until its melting
point.32,33 Less attention has been paid to the high-pressure-
induced polymorph transformation in Ag2S materials. Ag2S
experiences the phase transition sequence P21/n / P212121 /
P21/n / Pnma at hydrostatic pressures of �5.1 GPa, 8.8 GPa,
and 28.4 GPa, respectively.14,34 Electrical transport measure-
ments up to �19 GPa combined with rst-principles calcula-
tions showed that Ag2S remained semiconducting while
exhibiting dramatic changes in the concentration and mobility
of the majority carrier.35 However, to the best of our knowledge,
RSC Adv., 2017, 7, 35105–35110 | 35105
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there has been no report on the effect of dopants on the high-
pressure behavior of Ag2S nanocrystals.

In this work, using in situ high-pressure synchrotron X-ray
diffraction, we compared the compressibility of the pure and
Y-doped Ag2S nanocrystals. The two samples both experienced
pressure-induced transitions from monoclinic P21/n phase I to
orthorhombic P212121 phase II and then to another monoclinic
P21/n phase III. The initial monoclinic phase was fully recovered
aer decompression. Compared with the two transition pressure
values of the pure Ag2S sample, those of the Y-doped sample
were found to be lower, revealing the signicant inuence of
even a low Y dopant concentration on the compressibility of
Ag2S. The smaller bulk modulus and larger volume collapse of
the Ag2S:Y sample further suggested it to be more compressible.
Fig. 1 (a) XRD patterns and (b and c) HRTEM images of pure and 0.41
atom% Ag2S nanocrystals at ambient conditions.
Experimental methods

Pure and Y-doped Ag2S nanocrystals were synthesized by
carrying out a gas–liquid phase chemical deposition.36 In the
rst step of the synthesis of Ag2S:Y nanocrystals, AgCOOCH3,
Y(NO3)3, PVP, and deionized water were mixed to form a reac-
tion solution. The molar ratio of Y3+ to Ag+ was 0.18 in the
reaction solution. In the rst step of the synthesis of undoped
Ag2S nanocrystals, AgCOOCH3, PVP, and deionized water were
mixed to form the reaction solution. The dosage of PVP was
0.1 mg per litre in the reaction solution. In the reaction process,
excess H2S gas was introduced into a chamber with circulating
water (25 �C) and reacted with the reaction solution. The above
chamber was placed in an ultrasonic bath to avoid the
agglomeration of reaction products and to generate convective
motions in the liquid, which could make reaction solution in
the bottom react with H2S gas sufficiently and homogeneously.
Finally, the reaction products were washed thrice by centrifu-
gation with deionized water and anhydrous alcohol respectively,
and dried in a nitrogen atmosphere. The phase impurity,
structure, and crystal size of the above synthesized samples
were characterized by analyzing X-ray diffraction (XRD) data
recorded on an X-ray power diffractometer (Shimadzu, XRD-
6000) with Cu Kalpha radiation (l ¼ 1.5406 Å), and high-
resolution transmission electron microscopy (HRTEM) images
acquired using a JEOL JEM-2200FS at 200 kV at ambient
conditions. X-ray photoelectron spectroscopy (XPS) (ESCALAB
MK II) was used to determine whether impurity elements were
present and to determine the valence states of these elements.

In situ high-pressure synchrotron angle-dispersive XRD
(ADXRD) experiments were conducted at the Cornell High Energy
Synchrotron Source (l ¼ 0.485946 Å) at room temperature. High
pressure was generated by using a symmetric diamond anvil cell
(DAC) with 400 mm-diameter culets. Silicone oil was used as the
pressure-transmitting medium. The samples and medium were
loaded into a 150 mm-diameter hole drilled in the center of the
pre-indented T301 stainless steel gasket. The pressure was cali-
brated by the frequency shi of the ruby R1 uorescence line. The
Bragg diffraction rings were recorded by using a MAR345 CCD
detector. The two-dimensional diffraction patterns were inte-
grated into one-dimensional proles of intensity versus 2-theta
35106 | RSC Adv., 2017, 7, 35105–35110
with the program FIT2D, followed by the Materials Studio and
POWDERCELL structural Rietveld renement.

Results and discussion

The lower and upper panels of Fig. 1a show XRD patterns of,
respectively, the pure and Y-doped Ag2S nanocrystals at ambient
conditions. The peak positions of all samples were consistent
with those of the pure monoclinic structure of Ag2S (JCPDS, No.
14-72). The XRD peaks of the Ag2S:Y sample were found to be
slightly shied to higher angles relative to those of the pure
Ag2S sample, with this shi suggesting a decreased d spacing
due to the Y dopant. The Rietveld full-prole renement of the
XRD patterns of the above two samples at ambient pressure
yielded a ¼ 4.220 � 0.001 Å, b ¼ 6.916 � 0.002 Å, c ¼ 7.853 �
0.003 Å, and b ¼ 99.651� � 0.023� for the pure Ag2S nano-
crystals, and a ¼ 4.213 � 0.001 Å, b ¼ 6.904 � 0.001 Å, c ¼ 7.839
� 0.001 Å, b ¼ 99.639� � 0.014� for the Y-doped Ag2S nano-
crystals. The smaller lattice determined for the Ag2S:Y sample
suggested the existence of a lattice compression phenomenon
as a result of having substituted Ag+ (radius of 1.15 Å) with the
smaller Y3+ ion (radius of 0.90 Å). No impurity phases corre-
sponding to yttrium suldes, yttrium oxides or silver oxides
were detected above the XRD detection limit in either sample,
indicating that Y3+ ions may have substituted for Ag+ ions
without changing the monoclinic structure of Ag2S. The particle
sizes of the two samples were estimated using Scherrer's
formula to be about 30–32 nm.
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Synchrotron-derived angle-dispersive XRD patterns of (a) pure
Ag2S and (b) 0.41 atom% Ag2S:Y nanocrystals were recorded for
pressure increase at room temperature. The radiation wavelength was
0.485946 Å. Asterisks and inverted triangles indicate diffraction peaks
found only for phase II or phase III, respectively.
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The microstructures of the pure and Y-doped Ag2S nano-
crystals were further investigated using HRTEM. As shown in
Fig. 1b, the interplanar spacing of the undoped Ag2S nanocrystals
was measured to be 0.308 nm, consistent with (111) lattice plane
of themonoclinic Ag2S structure. Individual particles were clearly
observed in the pure Ag2S sample image (Fig. 1b), and measured
to have diameters between about 30 and 32 nm. Interplanar
spacings of 0.308 nm and 0.261 nmweremeasured for the Ag2S:Y
nanocrystals (Fig. 1c), consistent with the (111) and (�121) lattice
planes of themonoclinic Ag2S structure, respectively. The particle
size of the Ag2S:Y samples was observed to also be about 30–
32 nm. According to our XPS analysis (ESI, Fig. S1 and Table S1†),
Y was in the Y3+ state in the host Ag2S semiconductor, and the Y
content was about 0.41 atom% in the Y-doped Ag2S nanocrystals.

Fig. 2 shows the ADXRD data of the pure Ag2S and 0.41
atom% Ag2S:Y nanocrystals at several selected pressure levels at
room temperature. As shown in Fig. 2a, for the pure Ag2S
nanocrystals, all diffraction peaks shied toward higher angles
(larger d spacings) and broadened noticeably with increasing
pressure. At the lowest measured pressure of 0.93 GPa, the pure
Ag2S nanocrystals formed the monoclinic P21/n phase (phase I),
which was consistent with the ambient condition structure.
When the pressure was increased, a structural transition rst
occurred at 6.83 GPa, with new peaks (marked by asterisks)
belonging to the orthorhombic Ag2S phase (space group
P212121) (phase II), isostructural to the ambient condition
structure (mineral naumannite) of Ag2Se. Note that pure phase
II was not detected in the phase transformation because of the
similar energy levels of phase I and phase II.14,34 This phase II
was stable up to 9.30 GPa, where another transition took place.
At this point, a P21/n phase III structure isosymmetric to the
phase I structure started to appear (marked by asterisks) and
the peaks corresponding to the phase II gradually lost intensity.
Both phases coexisted between this pressure and 11.80 GPa. All
of the peaks of the phase II completely disappeared when the
pressure was increased to 11.80 GPa, indicating completion of
the phase transition. Phase III was stable up to the highest
pressure of 19.30 GPa in this experiment.

A similar phase transition process was indicated by the
results of synchrotron ADXRD experiments (Fig. 2b) of 0.41
atom% Ag2S:Y nanocrystals at room temperature up to 18.61
GPa. As displayed in Fig. 2b, with the increasing pressure, two
pressure-induced structural transitions of the Ag2S:Y sample
occurred, at 5.90 and 9.00 GPa, which were lower than those of
the pure Ag2S nanoparticles.

For the pure Ag2S sample (Fig. 3a), as the pressure was
decreased to 16.50 GPa, the phase II diffraction peaks started to
appear. Further lowering the pressure to 2.8 GPa resulted in
a transformation of the diffraction peaks to those of phase I.
When the pressure was lowered to the ambient pressure (Fig. 3),
the shapes of all of the diffraction peaks of both samples
returned to those of the initial monoclinic phase I structure,
indicating the reversibility of the pressure-induced structural
transformation. The renement results of the lattices of the
recovered samples were to be a ¼ 4.217 � 0.001 Å, b ¼ 6.895 �
0.002 Å, c ¼ 7.840 � 0.001 Å, and b ¼ 99.703� � 0.015 for the
pure Ag2S sample, and a¼ 4.217� 0.003 Å, b¼ 6.895� 0.001 Å,
This journal is © The Royal Society of Chemistry 2017
c ¼ 7.838 � 0.001 Å, and b ¼ 99.622� � 0.018 for the Ag2S:Y
sample, both slightly smaller than those of the samples prior to
compression.
RSC Adv., 2017, 7, 35105–35110 | 35107
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Fig. 3 Synchrotron-derived angle-dispersive XRD patterns of (a) pure
Ag2S and (b) 0.41 atom% Ag2S:Y nanocrystals were recorded for
pressure decrease at room temperature. The radiationwavelength was
0.485946 Å. Asterisks indicate diffraction peaks found only for phase II.

Fig. 4 Schematic structures of the phase I, II, and III unit cells of the
Ag2S compounds. The pressures of the phase transitions during
compression and decompression sequences are also indicated.

Fig. 5 Pressure–volume diagrams of (a) pure Ag2S and (b) 0.41 atom%
Ag2S:Y nanocrystals.
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The evolution of the normalized cell parameters (ESI,
Fig. S3†) and crystal structures (Fig. 4) for the three phases were
investigated to reveal the phase transformation route. As
35108 | RSC Adv., 2017, 7, 35105–35110
displayed in Fig. 4, phase I showed a distorted anti-PbCl2-type
structure, where Ag1 and Ag2 atoms both showed four-fold
coordination. During the initial compression, the contraction
of the lattice parameters was rather anisotropic and the b axis
was found to be the most compressible of the lattice constants,
as indicated in the obtained evolution of the normalized cell
parameters of the phase I (ESI le, Fig. S3a†). In phase II, two Ag
sites were still observed within the structure. Ag2 was four-fold
coordinated to form distorted tetrahedra. In contrast, Ag1
increased from being four-fold to ve-fold coordinated to form
pyramids.14 The phase II structure was observed to be less
compressible along its a and b axes than the c axis, as shown in
Fig. S3b (ESI†). In the phase III structure, the coordination
number of Ag1 was maintained at ve (and showed a pyramid-
like structure), but that of Ag2 increased from four to ve to
form a trigonal bipyramid.14 The b axis of the phase III structure
was observed to be the most compressible of its lattice
constants, and its c axis was indicated to be almost incom-
pressible (Fig. S3c, ESI†).

We combined the Rietveld renement results in order to t
P–V data of the pure Ag2S and 0.41 atom% Ag2S:Y nanocrystals
to the Birch–Murnaghan (BM) equation of state (EOS), which
could shed light on the effect of dopant Y on the polymorph
This journal is © The Royal Society of Chemistry 2017
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transformation of Ag2S, as shown in Fig. 5, where only the
compressional data were used for EOS tting. A third-order BM
equation of state was tted to the plot of the unit cell volume of
the phase I structure versus pressure, and the zero-pressure
volume (V0) was considered to be the experimentally deter-
mined unit cell volume value. We obtained a bulk modulus B0 of
59.7(4) GPa (V0 ¼ 225.9 Å3) and rst pressure derivative B0 of
4.2(3) for the pure Ag2S, and B0 of 57.3(6) GPa (V0 ¼ 224.8 Å3)
and B0 of 8.5(4) for the Ag2S:Y nanocrystals. For the phase II and
phase III data, a second-order Birch–Murnaghan was employed.
B0 and V0 were le to vary freely, and the B0 was xed to 4. For
the phase II structure, the EOS parameters were determined to
be V0 ¼ 210.1(2) Å3 and B0 ¼ 168.5(3) GPa for the pure Ag2S, and
V0 ¼ 207.1(7) Å3 and B0 ¼ 131.6(8) GPa for the Ag2S:Y nano-
crystals. For phase III, we obtained V0 ¼ 208.9(4) Å3 and B0 ¼
123.1(0) GPa for the pure Ag2S, and V0 ¼ 208.5(6) Å3 and B0 ¼
111.2(5) GPa for Ag2S:Y nanocrystals.

The percentage decreases of the unit cell volumes from
phase I to phase II at 6.83 GPa and 5.9 GPa were 2.825% and
3.063% for the pure Ag2S and Ag2S:Y nanocrystals, and those
from phase II to phase III at 9.30 GPa and 9.00 GPa were 1.092%
and 1.698% for the pure Ag2S and Ag2S:Y nanocrystals, respec-
tively. The smaller bulk modulus B0 and larger decrease in
volume for the Ag2S:Y sample than for the pure Ag2S sample
further suggested a larger compressibility for the Ag2S:Y
sample, which indicated that even a low concentration of the Y
dopant had a signicant inuence in the compressibility. The
dopant can induce vacancy and substitution defects in crystal
lattices resulting in lattice distortion, thus eventually reducing
the stability of lattice structure.27,37
Conclusions

In summary, the effect of dopant Y on high-pressure-induced
polymorph transformation was investigated in Ag2S nano-
crystals. A polymorph transformation from monoclinic P21/n
phase I (where Ag1 and Ag2 atoms both participated in four-
fold-coordinated tetrahedra) to orthorhombic P212121 phase II
(where Ag2 participated in four-fold-coordinated distorted
tetrahedra but Ag1 in ve-fold-coordinated pyramids) and then
to another monoclinic P21/n phase III (where Ag1 was still in the
ve-coordination pyramid-like structure but Ag2 showed
a coordination number of ve to form trigonal bipyramids) was
observed under increasing high pressure at room temperature.
The initial monoclinic phase was fully recovered aer decom-
pression. Compared with the two transition pressure values of
the pure Ag2S sample, those of the Y-doped sample were found
to be lower, revealing the signicant inuence of even a low Y
dopant concentration on the compressibility of Ag2S. The
smaller bulk modulus and larger volume collapse of the Ag2S:Y
sample further suggested it to be more compressible.
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