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ABSTRACT: Structural polymorphism is known for many bulk materials; however, on the nanoscale metastable polymorphs tend 

to form more readily than in the bulk, and with more structural variety. One such metastable polymorph observed for colloidal Ag2Se 

nanocrystals has traditionally been referred to as the “tetragonal” phase of Ag2Se. While there are reports on the chemistry and 

properties of this metastable polymorph, its crystal structure, and therefore electronic structure, has yet to be determined. We report 

that an anti-PbCl2-like structure type (space group P21/n) accurately describes the powder X-ray diffraction and X-ray total scattering 

patterns of colloidal Ag2Se nanocrystals prepared by several different methods. Density functional theory (DFT) calculations indicate 

that the anti-PbCl2-like Ag2Se polymorph is a dynamically stable, narrow-band gap semiconductor. DFT results reveal a dense theo-

retical Ag2Se phase space with many low-energy polymorphs, which helps explain the large number of polymorphs reported in the 

literature.

Polymorphism, or the ability of fixed compositions of mat-

ter to crystallize in two or more different crystal structures, is 

common in solid-state chemistry. The stability of different pol-

ymorphs is determined by their relative free energies under a 

given set of conditions (temperature, pressure, etc.).1 While 

thermodynamics determine the relative free energies of poly-

morphs,2 the kinetics of phase transitions dictate the time scales 

of the conversion of higher energy polymorphs to more stable 

polymorphs for a given set of conditions. Thus, if the activation 

energy of a phase transition is sufficiently large, it is possible 

for a polymorph to be observed far from the conditions where it 

is thermodynamically preferred, making it kinetically trapped 

or ‘metastable.’ 

 The increased surface energy and decreased lattice energy 

of nanocrystals leads to reduced activation energies for solid-

solid phase transitions in nanocrystals relative to the same tran-

sitions in their bulk material analogs.3–5 These differences ena-

ble the syntheses of certain nanocrystal phases at much lower 

temperatures than the analogous syntheses of bulk crystals. Ad-

ditionally, differences in free energy between polymorphs 

change due to, in large part, the role of surface energy in deter-

mining thermodynamic stabilities of nanocrystals.6–10 

 Surface energetics play such a large role that they can favor 

the formation of polymorphs that are not observed in the corre-

sponding bulk materials;10–12 this phenomenon has been ob-

served in the binary chalcogenide Ag2Se. In the bulk, Ag2Se 

crystallizes with an orthorhombic crystal structure (P212121 

space group) at temperatures up to ~133 °C (1 atm), at which 

point it undergoes a phase transition to a body-centered cubic 

structure (𝐼𝑚3̅𝑚 space group), which is stable until the melt at 

897 °C.13,14 While the orthorhombic and cubic phases are also 

observed on the nanoscale, other distinct polymorphs have been 

observed within colloidal Ag2Se nanocrystals and thin films 

with sub-micron thicknesses.15–20 Günter and Keusch tabulated 

a number of findings of Ag2Se in unknown crystal structures;15 

they proposed a monoclinic, “pseudo-tetragonal” unit cell with 

P2 space group symmetry to describe the crystal structure of 

nanometer-thickness thin films of Ag2Se. Since this report, nu-

merous papers have referenced Günter and Keusch’s “pseudo-

tetragonal” unit cell when assigning a phase to metastable col-

loidal Ag2Se nanocrystals that, by powder X-ray diffraction 

(XRD), appear to adopt a crystal structure distinct from both the 

known orthorhombic and cubic phases of Ag2Se.12,16,21–27 Most 

of these publications use the crystal system established by Gün-

ter and Keusch; that is, they refer to the metastable Ag2Se nano-

crystals as having a “pseudo-tetragonal” or “tetragonal” unit 

cell. However, there are no prior refinements of powder XRD 

data of these metastable Ag2Se nanocrystals to the unit cell de-

scribed by Günter and Keusch. Rather, the diffraction data has 

only been qualitatively compared to the d-spacings and lattice 

parameters reported by Günter and Keusch.12,15,16,24 

 This is perhaps unsurprising, as solving the crystal struc-

ture for a colloidal nanocrystal is quite difficult – single crystal 



 

structure determination is rare and Scherrer broadening compli-

cates the analysis of powder diffraction data collected on nano-

crystals with low-symmetry crystal structures in which reflec-

tions tend to overlap. Additionally, in the case of metastable 

Ag2Se nanocrystals, attaining phase-pure samples can be diffi-

cult, as orthorhombic Ag2Se easily forms along with the meta-

stable phase, and/or the metastable phase can undergo some de-

gree of phase relaxation to the orthorhombic polymorph after 

synthesis.16,22 That said, structural knowledge of nanocrystals 

is critically important, as different polymorphs possess unique 

properties.28 In the case of Ag2Se, substantial changes in physi-

cal properties accompany solid-solid phase transitions.29 For 

example, the orthorhombic phase of Ag2Se is known to be a 

narrow-band gap semiconductor in the bulk (Eg = 0.15 eV), and 

orthorhombic Ag2Se nanocrystals are promising for near-infra-

red detection and imaging applications and as topological insu-

lators.30–33 In contrast, the high-temperature cubic phase is elec-

trically and ionically conductive, with highly mobile Ag+ cati-

ons that move through a rigid body-centered Se2– sub-lat-

tice.23,34,35 These properties of cubic Ag2Se are desirable for 

solid-state electrolytes,29,36,37 and the differences in electrical 

and thermal conductivity between orthorhombic and cubic 

Ag2Se have been used to optimize thermoelectric responses at 

temperatures near the boundary of the orthorhombic-to-cubic 

phase transition.38 Significantly less is known about “tetrago-

nal” phase of Ag2Se nanocrystals, in part because the crystal 

structure remains unresolved. However, Sahu et al. determined 

that the infrared absorption of metastable “tetragonal” Ag2Se 

nanocrystals is broadly tunable through the near to mid-infrared 

region as a result of size-dependent quantum confinement.21 

Furthermore, it has been shown that the phase transitions of “te-

tragonal” Ag2Se nanocrystals are dependent on the identity of 

the surface ligands bound to the colloidal Ag2Se nanocrys-

tals.10,16,22,39,40 

 Given that the crystal structure determines material prop-

erties, obtaining the structure solution to the unresolved meta-

stable phase of Ag2Se nanocrystals is crucial to advance our un-

derstanding of its optoelectronic properties. Herein, we find that 

the metastable phase of Ag2Se, previously assigned as “tetrag-

onal,” is actually isostructural with the anti-PbCl2-like structure 

type adopted by Ag2S at ambient temperature and pressure, 

which crystallizes in the monoclinic space group P21/n.41 Thus, 

previous assignments of the “tetragonal” unit cell are incorrect 

in the context of describing the crystal structure of colloidal 

metastable Ag2Se nanocrystals. Density functional theory 

(DFT) calculations reveal that this anti-PbCl2-like Ag2Se is dy-

namically stable and is predicted to be a narrow-band gap sem-

iconductor, consistent with experiments. 

 

Nanocrystal Preparation 

Colloidal Ag2Se nanocrystals in the metastable “tetrago-

nal” phase were prepared by the method of Wang et al.16 In 

brief, the nanocrystals were prepared via solvothermal synthesis 

in DMF by combining AgNO3, SeO2, oleic acid, and polyvinyl 

pyrrolidone (PVP) and heating to 200 °C for 9-12 h. This sol-

vothermal method was chosen because the resulting PVP-

capped Ag2Se nanocrystals persist in the metastable “tetrago-

nal” phase longer (i.e., days), and produce larger nanocrystals 

to minimize Scherrer broadening, than other preparative meth-

ods.16,22,26 

Transmission electron microscopy (TEM) and energy dis-

persive X-ray spectroscopy (EDX) elemental mapping reveal 

that the resulting Ag2Se nanocrystals are consistent with those 

previously reported for the PVP-enabled solvothermal method 

(Figure S1).16 TEM images of the Ag2Se nanocrystals show 

that the nanocrystals are fairly large, with an average diameter 

of 143  33 nm (/�̅� = 23%, Figure S1a). Elemental analysis 

was performed using TEM-EDX, the results of which show that 

Ag and Se are distributed evenly throughout the particles and 

that the nanocrystals are close to the ideal stoichiometry, with 

an average composition of Ag2.1Se1.0 (Figure S1c,d). 

 

 

 

 

 

Structure Determination 

Laboratory powder XRD data collected on the Ag2Se nano-

crystals are provided in Figure 1a, and are in qualitative agree-

ment with prior reports of this metastable phase.16,22,40 This data 

was obtained immediately after the nanocrystal synthesis. A 

simulated powder XRD pattern of the theoretical “tetragonal” 

structure reported by Günter and Keusch is shown in red. While 

there are a few peaks in the XRD pattern that correspond to re-

flections in the simulated “tetragonal” pattern, it is clear that the 

“tetragonal” pattern does not account for most of the experi-

mentally observed reflections. All attempts to perform Rietveld 

refinements of the “tetragonal” structure against the experi-

mental XRD data diverged to unphysical values. Alternatively, 

a Rietveld refinement with a good quality-of-fit was obtained 

starting with the structure type of a closely related material; 

namely, anti-PbCl2-like Ag2S,41 which is shown in blue (Figure 

1a). This structure accounts for nearly all reflections in the pow-

der XRD pattern of the Ag2Se nanocrystals, although a small 

phase fraction (weight fraction < 1%) of the orthorhombic 

P212121 Ag2Se structure accounts for some residual low-inten-

sity reflections. For this two-phase refinement, a Rw of 4.32% 

was achieved. Refined values of the anti-PbCl2-like Ag2Se 

phase (a = 4.2960(8) Å; b = 6.9982(6) Å; c = 8.1977(27) Å; β = 

101.278(7)°) are given in Table S1. The anti-PbCl2-like struc-

ture also provided satisfactory refinements to powder XRD data 

collected on nanocrystals prepared by alternate oleylamine- and 

N-heterocyclic carbene-enabled syntheses,16,26 as shown in Fig-

ures S2,3. In addition, high resolution TEM images of the PVP-

capped Ag2Se nanocrystals reveal that lattice fringes visible 

near the edges of the particles have measured d-spacings of 0.37 

nm, corresponding to the (110) lattice planes of the anti-PbCl2 

structure (Figure S1b). Thus, it appears that the average struc-

ture of the metastable Ag2Se nanocrystals can be adequately de-

scribed as anti-PbCl2-like. 

The anti-PbCl2-like structure is monoclinic with space 

group P21/n. Whereas the “tetragonal” structure of Ag2Se 

shown in Figure 1b is a slightly distorted face-centered cubic-

lattice of Se2– anions containing interstitial Ag+ cations, the anti-

PbCl2-like structure shown in Figure 1c features distorted edge-

sharing AgSe4 tetrahedra. The observation of the anti-PbCl2-

like structure of Ag2S in Ag2Se nanocrystals is consistent with 

other reports of metal selenide nanocrystals that adopt metasta-

ble crystal structures not found in the bulk, but are isostructural 

with known polymorphs that form in the bulk for analogous 

metal sulfides.10,42 In the text below, the phase previously re-

ferred to as “tetragonal” will now be referred to as anti-PbCl2-

like. 

Given the limitations of diffraction studies on colloidal 

nanocrystals, a dual-space approach that combines Rietveld and 



 

pair distribution function (PDF) analysis of X-ray total scatter-

ing data is often useful.43–45 The PDF is a histogram of atom-

atom distances that represent the local atomic (Å-scale) struc-

ture of a material. The PDFs given in Figure 2 were extracted 

from variable temperature synchrotron X-ray total scattering 

data collected on the same sample of Ag2Se nanocrystals at T = 

25 °C, 120 °C, and then cooled to 25 °C again. Crystallographic 

parameters of the phases in each of the PDF fits are given in 

Table S2. While the maximum temperature T = 120 °C is below 

the temperature of the orthorhombic-to-cubic phase transition 

in the bulk, it is above the “pseudo-tetragonal”-to-cubic phase 

transition for the Ag2Se nanocrystals prepared by the PVP-

enabled solvothermal method, as reported by Sahu et al.22 Due  

 

 

Figure 1. (a) Rietveld refinement of the proposed anti-

PbCl2-like structure to the experimental powder XRD pattern 

of metastable Ag2Se nanocrystals ( = 1.5406 Å). The exper-

imental diffraction pattern is shown with black data points, 

and the refined model is shown as the blue trace, with the 

difference pattern shown below in turquoise. For reference, 

the calculated powder diffraction pattern of Günter and 

Keusch’s “tetragonal” phase is shown in red. The most prom-

inent peak arising from orthorhombic Ag2Se is marked by a 

green asterisk (*), which forms from spontaneous relaxation 

of the anti-PbCl2-like phase. (b) Unit cell of Günter and 

Keusch’s “tetragonal” phase.15 (c) Unit cell of the proposed 

anti-PbCl2-like polymorph of Ag2Se. 

 

to the 2:1 atomic ratio of Ag to Se, and the relative X-ray atomic 

scattering factor (Z) of Ag relative to Se, the Ag-Ag interatomic 

distances contribute the most intensity to the PDF, followed by 

Ag-Se distances and, finally, Se-Se distances.  

The differences between the PDFs for T = 25 and 120 °C 

are readily apparent. In particular, distinct features at G(r) = 9.7, 

12.1, and 13.5 Å that are clearly present at 25 °C are not appar-

ent at 120 °C. This loss of features is consistent with a phase 

transition from a lower-symmetry to a higher-symmetry crystal 

structure. The high-temperature cubic structure features highly 

mobile Ag+ cations, which are expected to generate broadened 

features corresponding to Ag-Ag and Ag-Se distances in the 

PDF of Ag2Se. A very good fit to the PDF of the initial meas-

urement at T = 25 °C was obtained using a model in which the 

majority phase fraction was anti-PbCl2-like Ag2Se. The best fit 

to the data, shown in Figure 2a, occurred when a fraction of 

orthorhombic Ag2Se and a small fraction of elemental Se were 

included. The relative phase fractions in the model for anti-

PbCl2-like Ag2Se, orthorhombic Ag2Se, and elemental Se were 

81.2%, 15.9%, and 2.9%, respectively. The presence of some 

orthorhombic Ag2Se is expected and consistent with reports that 

metastable PVP-capped Ag2Se nanocrystals relax to the ortho-

rhombic structure at room temperature on a timescale of days to  

 
Figure 2. PDFs extracted from variable temperature syn-

chrotron X-ray total scattering data collected at (a) 25 °C, (b) 

120 °C, and (c) again at 25 °C (λ = 0.143 Å). Black circles 

indicate the PDF and upper red lines indicate the fit. Lower 

red lines indicate the difference between the data and the fit. 

 

weeks; given the ~1 week between the synthesis and the analy-

sis of Ag2Se nanocrystals on the beamline, partial relaxation of 



 

the anti-PbCl2-like phase was therefore inevitable and expected. 

The small phase fraction of elemental Se is likely left over from 

reduced SeO2 precursor in the solvothermal synthesis. The sta-

tistical quality-of-fit for this three-phase model is Rw = 5.8%. 

The PDF for the nanocrystals at T = 120 °C, shown in Fig-

ure 2b, is well-described by the high-temperature cubic struc-

ture of Ag2Se, with Rw = 17.4%. The cubic Ag2Se structure con-

tains three crystallographically distinct Ag sites, each of which 

is partially occupied. Allowing each of these occupancies to re-

fine freely led to a Ag/Se ratio of 1.78:1. This apparently Ag-

deficient stoichiometry is likely due to some of the Ag+ ions in  

 

 

 

 

Figure 3. (a) The phonon band structure of the anti-PbCl2-like Ag2Se phase showing that it is dynamically stable. (b) The electronic 

band structure of the anti-PbCl2-like phase computed using the HSE06 hybrid functional46 showing that it is a narrow band gap 

semiconductor. (c) The total energy plotted against the volume per formula unit for structures obtained through searching (AIRSS) 

as well as the orthorhombic P212121 () and the anti-PbCl2-like P21/n () phases. The PBEsol exchange-correlation functional 

is used here. (d) The P2 unit cell reported by Günter and Keusch. (e) The unit cell in (d) optimized using DFT with the PBEsol 

functional. Significant structural changes take place – the adjacent [200] planes shear in the [001] direction, and the Ag atoms 

move to different sites. 

the ionically conducting cubic Ag2Se phase being broadly dis-

tributed between crystallographic sites and not populating any 

distinct atom-atom distances. When a phase fraction of ele-

mental Se was included in these fits, the phase fraction refined 

towards a negligibly small value. 

Figure 2c shows the PDF of the same PVP-capped Ag2Se 

nanocrystals after they were returned to room temperature. 

Once again, the three-phase model with anti-PbCl2-like Ag2Se, 

orthorhombic Ag2Se, and elemental Se provides a close descrip-

tion of the PDF with Rw = 5.4%. For this PDF, the fraction of 

the orthorhombic phase increased to 41.8% and the elemental 

Se fraction increased to 4.7%. There are several plausible ex-

planations for this; it is possible that particle sintering during 

heating of our sample converted nanocrystals in anti-PbCl2-like 

structure into larger particles, for which the anti-PbCl2-like 

structure is highly unstable.22 Furthermore, the initial 15% 

phase fraction of orthorhombic Ag2Se may facilitate conversion 

of anti-PbCl2-like nanocrystals to the orthorhombic phase 

within a heating/cooling cycle. Indeed, the rate of polymorphic 

phase transitions in powders is nucleation-limited, and is pro-

portional to the number of potential nuclei present within a sam-

ple at a given temperature.28 Since the orthorhombic phase com-

prised 15% of the Ag2Se sample prior to a heating/cooling cy-

cle, these crystallites may have served as nucleation and growth 

sites for a larger fraction of orthorhombic Ag2Se upon cooling.  

Concurrent with the collection of synchrotron X-ray total 

scattering data, synchrotron powder XRD data were also col-

lected on the same samples at each temperature. Rietveld re-

finements were performed to those data and the results are 

shown in Figure S4 and refined crystallographic parameters are 

reported in Table S3. In these refinements a good quality-of-fit 

was obtained with the same combinations of phases at each tem-

perature as in the PDF fits, suggesting good agreement between 

the local and average structures. 



 

 

Density Functional Theory 

The phase space of Ag2Se was explored computationally 

using ab-initio random structure searching (AIRSS). In addition 

to the experimental orthorhombic P212121 phase, a large num-

ber of other polymorphs emerged (Figure 3c). This crowded 

Ag2Se energy landscape is consistent with the experimental ob-

servations of a complex phase space on the nanoscale.15  

Intriguingly, the DFT calculations suggest the existence of 

Ag2Se structures with lower energies than the empirically sta-

ble, low-temperature orthorhombic phase. Notably, the energet-

ics among different phases appear to depend on the exchange-

correlation functionals. In particular, the PBE exchange-corre-

lation functional, which often overestimates the lattice constant 

of solids, biases towards structures that are less dense (e.g., 

those with large volumes per formula unit). On the other hand, 

the PBEsol functional appears to give more reliable energy 

rankings, although there are still two phases predicted to be 

more stable than the orthorhombic P212121 phase. It is possible 

that the orthorhombic P212121 phase is not predicted to be the 

most energetically stable structure due to the neglect of entropic 

stabilization in our calculations.  

The anti-PbCl2-like phase was also found through ab-initio 

random structure searching when limiting the possible poly-

morphs of Ag2Se to the P21/n space group. Here, the anti-PbCl2-

like phase was ~20 meV/atom higher than the orthorhombic 

polymorph using the PBEsol functional, and many other theo-

retical polymorphs were predicted to lie between these two 

phases. We recomputed the energies of selected low-energy 

phases using the LDA and PBE functionals, as well as the hy-

brid functional HSE06. The anti-PbCl2-like phase is found to be 

consistently higher in energy than the stable orthorhombic pol-

ymorph, although the difference varies between 5 meV/atom 

and 25 meV/atom, as shown in Figure S5. 

The calculated electronic structure of the anti-PbCl2-like 

phase shows that it is a semiconductor with a narrow gap ~0.13 

eV at the Γ-point, as shown in Figure 3b. We found that the 

orthorhombic polymorph also has a narrow gap, at ~0.05 eV, 

consistent with previous DFT work.47 The band gap openings 

only take place with HSE06 function, as both polymorphs have 

no band gap if the PBEsol functional is used instead. These 

band gaps are quite close to experimentally determined optical 

band gap measurements for these two polymorphs of Ag2Se.21,48 

Finite-displacement phonon calculations indicate that the anti-

PbCl2-like phase is dynamically stable, and no imaginary fre-

quencies are observed Figure 3a. 

Interestingly, the P2 unit cell reported by Günter and 

Keusch appears to be far from a local minimum on the potential 

energy surface; significant structural rearrangements occur dur-

ing geometry relaxation calculations (Figure 3d,e), and the re-

laxed structure is still ~20 meV/atom higher in energy than the 

anti-PbCl2-like phase. Although the instability of Günter and 

Keusch’s P2 phase means that it is unlikely to exist in a bulk 

form, strain involved in thin films could play an important role 

for stabilization of this polymorph, but it cannot be sustained 

with increasing thickness. 

To conclude, we have shown that the metastable poly-

morph of colloidal Ag2Se nanocrystals, commonly referred to 

as the “tetragonal” phase, more accurately adopts an anti-PbCl2-

like structure. DFT calculations reveal that this polymorph is a 

true local minimum within the energy-structure landscape of 

Ag2Se. Electronic structure calculations indicate that anti-

PbCl2-like Ag2Se is a narrow-band gap semiconductor. In addi-

tion, we find that this phase space is crowded with theoretical, 

relatively low-energy polymorphs, which may explain the pre-

ponderance of reports of different Ag2Se polymorphs on the na-

noscale.  
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