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Superatomic clusters have long attracted attention as active components in a broad range of optical and
electronic technologies, making the discovery and understanding of new cluster-based materials an
important frontier. Here, we establish the optimized synthesis and properties of a metastable palladium
selenide PdsSe;p phase comprised of PdgSe,q cube-like clusters. The solution-phase electrochemically
balanced reaction between Pd?* and sodium polyselenide precursor mixtures, under precise reaction
conditions, enables the formation of a crystalline product in high yields. The Raman fingerprint of
PdeSe,o shows that the cluster is also present in amorphous products that form at lower reaction
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Finally, the optical absorption, electronic resistivity, and photoconductivity
measurements indicate that crystalline PdsSe;q is semiconducting with a 1.18 eV indirect gap. Overall,
this understanding opens a pathway toward accessing a new superatomic building block which has

potential in optoelectronic devices.
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Introduction

Cluster-based materials, often referred to as superatomic
crystals,”? or cluster-assembled materials,** are periodic lat-
tices entirely or partially constructed from atomically precise
ensembles of atoms in an analogous way that traditional solid-
state crystals are composed of atoms or ions. Some well-
established families of these cluster-based materials include
Chevrel phases, which have the general formula M,Mo¢Chg
(M = metal, Ch = chalcogen),>® or those derived from fullerenes®””®
or Zintl ions.”'® The electronic structure and properties of
these materials are determined by the bonding within the
cluster, between clusters, and between clusters and additional
atoms or molecules that may comprise the material.'""
With the large degree of structural tunability available by
changing the type and number of atoms or ligands in a cluster,
there is a huge potential to synthesize new materials with
precisely tailored properties.>*'*™'® Already, there exists sev-
eral examples of cluster-assembled materials with intriguing
electronic,"®'” ballistic excitonic transport,'® magnetic,"®"°
thermal,* optical,** and superconductive behavior.”
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A small subset of these cluster-based materials are com-
prised of completely non-ligated clusters which are held
together through only intercluster interactions, typically van
der Waals forces.”” Some examples include Cg and Cso,®
Pd¢Cly2,2% Sb,Og,>* As,06,2° AugTe;,Ses,?® P,Ses,”” and Sg.%®
This type of cluster-based material has decreased spacing
between clusters due to the absence of ligands. Thus, they
present an excellent opportunity to study systems in which the
intercluster electronic and magnetic interactions are
maximized."”” Furthermore, if the appropriate synthetic tech-
niques can be developed, there is also a potential to explore
how properties change when you create crystals composed of
multiple types of non-ligated clusters or molecules, such as
Sbl;-3Sg.2%%°

In 2023, we discovered Pd;Se;;, a metastable inorganic
crystal inherently composed of non-ligated PdgSe,, clusters.*
In this initial report, Pd;Se,, typically only formed transiently,
within the first ten minutes before converting into more
thermodynamically stable palladium selenide phases, hinder-
ing efforts to prepare large quantities and fully evaluate its
properties. Here, we establish a reproducible, high-yield (71-
78%) solution-phase synthesis of Pd;Se;, that prevents its
conversion into more thermodynamically stable phases, and
we perform a detailed experimental characterization of its
physical properties. The reproducibility and yield of the synth-
esis was improved by developing a chemically and electroche-
mically balanced reaction scheme that utilizes a precise sodium
polyselenide precursor mixture at an optimal temperature and
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precursor injection rate. Raman spectroscopy identifies a fin-
gerprint of Pdg¢Se,, clusters and shows that they assemble into
an amorphous solid below the optimal synthesis temperature.
Additionally, Pd;Se,, is found to be thermally stable up to
340 °C, before decomposing into selenium and orthorhombic
PdSe, (O-PdSe,). Computational predictions confirm the
metastability of Pd;Se;o, and its lower surface energies com-
pared to O-PdSe, explains why Pd;Se;, can form under kinetic
control. Finally, a combination of diffuse reflectance spectro-
scopy, electronic resistivity, and photoconductivity measure-
ments show that Pd;Se;, is semiconducting with a 1.18 eV
indirect band gap, making it an intriguing material for a variety
of optoelectronic applications.

Experimental

Materials

Sodium (Na, 99.9%), sodium borohydride (NaBH,, 99%),
sodium tetrachloropalladate(n) (Na,PdCl,, 98%), palladium
(Pd, >99.9%), ethyl alcohol (anhydrous, >99.5%), and metha-
nol (>99.8%) were purchased from Sigma-Aldrich. Selenium
powder (200 mesh, 99.999%), platinum powder (200 mesh,
99.98%) and triethylene glycol (TREG, 99%) were purchased
from Alfa Aesar. Potassium bromide (KBr) was purchased from
Mallinckrodt. Gold-epoxy paste (Type GE-40) was purchased
from Transene Company, Inc.

Synthesis of a 2: 1 Na,Se; and Na,Se, molar mixture (Na,Se; 33)

Caution! Avoid contacting sodium polyselenides with acids.
Na,Se; ;3 powder was synthesized in a similar way to our
previously described method for making Na,Se, powder,*® with
the only main difference being that the ratio of reactants was
changed to form a sodium polyselenide mixture with a different
Na to Se ratio. 0.356 g (0.0155 mol) of sodium, 0.084 g
(0.0022 mol) of NaBH,, 2.094 g (0.0265 mol) of selenium, and
35 mL of anhydrous ethanol were each put into a separate flask
and sealed with septa inside an argon glovebox. The flasks were
removed from the glovebox and connected to a Schlenk line to
perform the reaction under air-free conditions. 10 mL of
ethanol was added to the three-neck flask containing Se, which
was also equipped with a water-cooled condenser. 25 mL of
ethanol was added to the flask with sodium to form a sodium
ethoxide/ethanol solution. Caution! Ensure your flask can
release pressure as sodium reacts with ethanol to evolve hydro-
gen gas. Once all the sodium had reacted, the sodium ethoxide
solution was transferred to the flask with NaBH, and stirred
until all the NaBH, dissolved. Then, the NaBH,/sodium eth-
oxide solution was transferred to the three-neck flask with a
stirring Se and ethanol suspension to begin the reaction. The
reaction solution was stirred for 30 min at room temperature
and then heated to reflux. After an additional 45 min of
reaction time at reflux, the solvent was removed and the flask
was taken back into the glovebox. The black sodium polysele-
nide powder was removed from the flask and ground with a
mortar and pestle. Then, the sodium polyselenide powder was
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put it a new round bottom flask and sealed with a septum. The
flask was removed from the glovebox and connected to the
Schlenk line. The powder was annealed in a 200 °C sand bath
under flowing argon for 15 hours. After the anneal, the flask
was brought back into the glovebox and the powder was ground
with a mortar and pestle before being stored in a vial wrapped
in aluminum foil.

Synthesis of Pd;Se;,

A general procedure for the synthesis of Pd;Se,, is described
below. However, the reaction temperature, reaction time, and
Na,PdCl, average injection rate were varied between reactions
with the details included in Table S1 (ESIt).

Na,Ses 33 (0.209 g) and Na,PdCl, (0.199 g) were weighed out
in an argon glovebox. The Na,Se; 33 powder and 45 mL of TREG
were put into a three-neck flask equipped with a condenser and
attached to a Schlenk line so that the reaction could be
conducted in an argon atmosphere. The Na,PdCl, powder
and 15 mL of TREG were mixed in a glass vial. Na,PdCl, was
dissolved by shaking manually and heating the vial to 60 °C on
a hot plate. The Na,Se; 33/TREG solution was stirred and heated
to the desired reaction temperature and then the Na,PdCl,
solution was added to the three-neck flask either all at once or
at the desired average injection rate. For the slow injection rate
experiments, the Na,PdCl, solution was not added continu-
ously, but rather manually in 0.25 mL or 0.5 mL portions with a
set amount of time in between injections to achieve an average
rate of precursor addition. Caution! The production of gas is
sometimes observed during this reaction. Ensure your setup
allows for pressure to be released. After an initial temperature
drop, the reaction solution was heated back to the desired
temperature and stirred for the rest of the desired reaction
time. At the end of the reaction time, the flask was removed
from the heating source and allowed to cool to room tempera-
ture. For the reactions that were less than 10 minutes, the flask
was submerged in an ice bath to end the reaction. When cool,
the reaction solution was poured into centrifuge tubes. DI water
was also used to rinse the remaining solids from the flask into
the centrifuge tubes. The tubes were centrifuged for 10 min at
1560g and then the TREG supernatant was discarded, leaving
black solids in the tubes. For the purification process, the
solids in each tube were mixed with 10 mL of a solvent
(methanol or DI water). Then, the tube was centrifuged for
5 min at 1560g. The supernatant was discarded after centrifu-
gation and the washing process was repeated multiple times
with both DI water and methanol. The solids were air-dried
overnight.

Characterization

Powder X-ray diffraction (PXRD) data was obtained using a
Bruker D8 Advance Diffractometer with Cu Ko, radiation. The
Na,Se; 33 sample was prepared in an argon glovebox and
covered with Kapton tape to allow for air-free data collection.
Rietveld analysis was performed using GSAS-IL.*'

For transmission electron microscopy (TEM), dilute suspen-
sions of Pd;Se;, in methanol were prepared by bath sonication

This journal is © The Royal Society of Chemistry 2025
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for 15 minutes. The suspensions were then drop-cast onto
Formvar carbon-coated 200 mesh copper grids (electron micro-
scopy sciences). TEM and electron diffraction was performed
using a Tecnai G2-30 microscope, formerly produced by FEI,
operated at a 300 kV accelerating voltage. High angle annular
dark field scanning transmission electron microscopy (HAADF-
STEM) samples were prepared by ultrasonication in ethanol
for 30 min. The sonicated samples were drop-cast onto
lacey carbon coated 200 mesh copper grids (electron micro-
scopy sciences). HAADF-STEM was performed on a Thermo
Scientific Themis Z operated at a 300 kV accelerating voltage.
For the energy-dispersive X-ray spectroscopy (EDX) sample,
Pd;Se,, powder was pressed onto a carbon tape substrate.
EDX data was collected using a Thermo Scientific Apreo scan-
ning electron microscope with an Octane Elect 30 mm?® EDX
silicon-drift detector.

Simultaneous thermogravimetric analysis/differential scan-
ning calorimetry (TGA/DSC) was performed using a Discovery
SDT 650 (TA Instruments) in a N,-filled glovebox. The sample
was heated at a rate of 10 °C min~* in a 90 pL alumina pan
under a N, flow of 50 mL min*.

X-ray photoelectron spectroscopy (XPS) data was acquired
using a ThermoFisher Nexsa G2 X-ray photoelectron spectro-
meter with an Al Ko X-ray source. Samples were electrically
isolated from instrument ground using non-conductive tape to
maintain a constant surface potential. Survey spectra were
collected at 100 pass energy and 1 eV step size and high
resolution spectra were collected at 50 pass energy and 0.1 eV
step size. The spectra were analyzed in CasaXPS (version
2.3.25). Energy calibration could not be performed with the
normal C 1s peak®® because of interference with an overlapping
Se Auger line.*® Instead, the spectra were calibrated with
platinum (4f,,, 71.2 eV),*> which was mixed into all the
samples at 35 wt% by grinding with a mortar and pestle. The
O-PdSe, sample used for XPS comparison was prepared accord-
ing to a previously reported Bridgman growth method.?**

Raman spectra of powders were collected with a Renishaw
inVia confocal Raman microscope. A 785 nm laser was used as the
excitation source. The spectra were normalized by multiplying the
intensities of each spectra by a constant so that the maximum
intensity of each spectra equaled the same arbitrary value.

Diffuse reflectance spectroscopy (DRS) data was collected for
Pd;Se,, powder samples diluted in dried KBr (20 wt% PdsSe;)
for a 0.1-3.1 eV energy range. A PerkinElmer Frontier dual-
range IR spectrometer was used to measure reflectance at lower
energies (diffuse reflectance infrared Fourier transform
spectroscopy, DRIFTS) and a PerkinElmer Lambda 950 UV/vis
spectrometer with an integrating sphere was used to make the
measurements at higher energies (diffuse reflectance absor-
bance, DRA). Pseudo-absorption data was calculated from the
measured reflectance values using the Kubelka-Munk equation
and the Tauc method was used to determine the optical band
gap.®® The method for calculating Urbach energies is discussed
in the ESL.}

Pd;Se;, powder was pressed into a pellet for electronic
resistivity and photoconductivity measurements. Electrically
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conducting gold epoxy was dotted on the surface of the pellet
with roughly 0.8 mm between each spot. The epoxy was cured
by heating the pellet on a hot plate for 15 min at 120 °C. Two
probe resistivity measurements were taken using a Lakeshore
CPX Cryogenic Probe Station and a Keithley 4200-SCS Semi-
conductor Parameter Analyzer with 4200-PA modules for low
current measurements. A 532 nm laser at a power density of
13 mW cm 2 was used for the photoconductivity measure-
ments, which were performed at a voltage bias of 2 V.

Computational details

The Vienna ab initio simulation package (VASP)*® was
employed to perform density functional theory (DFT) calcula-
tions. Projector-augmented wave (PAW) potentials,®” based on
the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional,*® were utilized. Convex hull energies were calcu-
lated using structures relaxed with the nonlocal van der Waals
density functional (rev-vdW-DF2),>*> employing a k-point spa-
cing of 0.2 A~'. The plane wave cutoff energy was set to
250.9 eV.

The relaxed primitive structures of O-PdSe, and Pd;Se;,
were used to calculate the surface energy, applying the DFT-
D3 method with Becke-Johnson damping.*’ The plane wave
cutoff energy was set to 250.9 eV and a k-point spacing of
0.25 A~* was used. To calculate the surface energy, 5 x 1 x 1,
1 x5x1,and 1 x 1 x 5 supercells of the primitive PdSe, (each
containing two layers of PdSe,) were constructed along the
(100), (010), and (001) surface directions, respectively. Layers
were then removed to create a vacuum. The vacuum distances
were set to 18.024 A, 19.157 A, and 19.423 A for the respective
surfaces. The surface energy was normalized by dividing the
energy by the surface area of the (100), (010), and (001)
primitive cells. A similar procedure was applied to the relaxed
rhombohedral primitive cell of Pd;Se,q,, which contains one
PdgSe,, cluster. A 8 x 1 x 1 supercell was truncated to make a
vacuum space of 27.51 A and the equivalent facets were
identified as {100} in the primitive cell. The surface energy
was normalized by dividing the energy by the surface area of the
parallelogram of the rhombohedral cell.

Results and discussion
Pd;Se,, structure

The crystal structure of Pd;Se;, (R3m space group) is comprised
of neutral PdgSe,, clusters that are bonded together by
intercluster van der Waals forces (Fig. 1A and B). The deformed,
cube-shaped clusters feature a Pd atom in a square planar
geometry on every face and Se atoms on the centres of
every edge and on every corner. The Pd-Pd distances and Se-
Se distances between neighbouring clusters are 3.6 A and
3.3-3.5 A, respectively, which further confirms the van der
Waals interactions between clusters. In contrast to the zero-
dimensional structure of Pd;Se,,, O-PdSe, is a two-dimensional
van der Waals material consisting of Pd** centres coordinated
in a square planar geometry to 4 diselenide dianions (Fig. 1C).
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Fig. 1 (A) Structure of a PdeSe,q cluster. Pd atoms are in blue and Se
atoms are in orange. (B) Crystal structure of PdsSe;o looking down the [111]
zone axis. (C) Crystal structure of O-PdSe, looking down the b axis. (D)
Pd-Se convex hull phase diagram. Red squares correspond to metastable
phases, blue circles correspond to thermodynamically stable phases, and
the blue line is the convex hull.

DFT calculations of the convex hull predict that Pd;Se;,
is a metastable phase with an energy above the hull of
0.043 eV atom ' (Fig. 1D). The thermodynamically stable
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phases that sit on the hull are O-PdSe, and Se. A fundamentally
important question is why this metastable phase forms
in solution instead of O-PdSe,. It is well established that
nanoparticles of metastable phases will nucleate preferentially
if their surface energies are lower than their stable counter-
parts.*'™** Thus, we calculated and compared the surface
energies of O-PdSe, and Pd;Seq,. In O-PdSe,, the (001) facet
will correspond to the lower energy basal plane of this layered
material, whereas the (100) and (010) edges will be higher
energy facets with dangling bonds. In O-PdSe,, the energy of
the (100) and (010) edge facets are 45.4 and 45.3 meV A2
respectively, while the energy of the (001) facet is 27.8 mev A2,
In contrast, Pd;Se;, has six equivalent low energy surface
facets: (111), (111), (101), (101), (011) and (011) using hexagonal
axes. The surface energies of these facets were calculated to be
15.4 meV A2, The fact that the surface energies of Pd;Se;, are
lower than those of O-PdSe, explains why Pd;Se;, particles can
form at nanoscale dimensions.

Improving the reliability of the Pd;Se,, synthesis

Pd;Se;o was originally synthesized by reacting Na,Se, and
Na,PdCl, in triethylene glycol.*® Although this method was
successful, the synthesis was highly irreproducible, with vari-
able yields ranging from 1% to 65%. We hypothesized that the
root of the issue was that the originally proposed reaction is not
electrochemically balanced. If we assume Pd;Se;, is comprised
of Pd?" cations, each Se atom should have an overall oxidation
state of —0.6 to form a charge balanced phase. Thus, the
formation of Pd;Se,, from the reaction between Na,Se, (which
has a Se™' oxidation state) and Na,PdCl, would require an
additional sacrificial oxidant. Instead, a new chemically and
electrochemically balanced equation for the synthesis of
Pd;Se;, was proposed (Scheme 1). In this reaction, Na,Se,
was replaced with a mixture of Na,Se; and Na,Se, at a 2:1
molar ratio, in which Se would have an average oxidation state
of —0.6. For simplicity, this combination of Na,Se; and Na,Se,
will be referred to as “Na,Se; 33", which reflects the atomic ratio
of Na to Se in the new precursor, as well as the fact that it is
composed of polyselenide dianions.

Na,Se, can be made using a modified version of Klayman’s
method, in which Se is reduced by NaBH, in an ethanol
solution containing sodium ethoxide (Scheme 2A).** To synthe-
size Na,Se; 33, the ratio of NaBH, to Se was altered so that less
Se atoms would be reduced, making the average oxidation state
of Se in the polyselenide dianion product less negative
(Scheme 2B). The actual product was 63.9(7) mol% Na,Se;
and 36.1(5) mol% Na,Se,, as determined by Rietveld analysis
(Fig. S1 and Table S2, ESIT).

In the process of synthesizing this new sodium polyselenide
precursor, we also solved the crystal structure of Na,Se; from

Triethylene

3 Na;PdCly +2 NaySe; + NagSes—a- o7

Pd3SC]0 + 12 NaCl

Scheme 1 Solution-phase method for synthesizing PdsSe;q utilizing
NasSes and NaySey.

This journal is © The Royal Society of Chemistry 2025
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(A) NaBH4 + 8 Se + 7 NaOEt Ethanol

4 Na,Se, + B(OEt); + 4 EtOH

(B) 3 NaBH, + 40 Se + 21 NaOE¢ £hanol,

8 NaZSe3 +4 NaZSe4 +3 B(OEt)3 + 12 EtOH

Scheme 2 Synthetic scheme for (A) sodium diselenide®® and a (B) 2:1
molar mixture of sodium triselenide and sodium tetraselenide. Et = Ethyl.

the powder X-ray diffraction (PXRD) data of the product con-
taining Na,Se; and Na,Se,. Although two separate papers have
reported synthesizing Na,Se; in liquid ammonia and also
provided supporting UV-visible spectroscopy and "’Se NMR
evidence that what they synthesized contained triselenide
dianions,’®" the crystal structure of Na,Se; has not been
reported until now. To solve the crystal structure of Na,Ses,
its lattice parameters and possible space groups were first
determined using the auto-indexing function in TOPAS for
the peaks in the pattern that could not be attributed to Na,Se,.
Next, the likely number of formula units per unit cell (Z) for
Na,Se; was inferred from its cell volume (502 A®) and the
assumption that its density would be similar to the two
reported sodium polyselenides: Na,Se, (3.38 g cm %)*® and
Na,Se, (3.79 g cm%).*° Assuming a possible density range of
3-4 g cm 3, the only possible integer Z value for Na,Se; would
be 4. With all of this information, a likely crystal structure was
found using the Monte Carlo parallel tempering algorithm
in FOX.>® Lastly, a Rietveld refinement was performed using
GSAS-II to determine the crystal structure of Na,Se; as well as
the weight and mole fractions of Na,Se; and Na,Se, in the
sodium polyselenide precursor (Fig. S1 and Table S2, ESIt).*!

Na,Se; crystallizes in the monoclinic C2/c space group and,
as expected, it consists of sodium cations and triselenide
dianions (Fig. S2 and Tables S3, S4, ESIt). It has a reduced
crystal symmetry in comparison to the other alkali metal
triselenides K,Se;, Rb,Se;, and Cs,Se;, which all share the
same orthorhombic K,S; structure type.>">> Despite its differ-
ences in crystal symmetry, the Se-Se bond length (2.423 A) and
the Se-Se-Se bond angle (102.8°) of the triselenide dianion in
Na,Se; are in close agreement with what is reported for the
other three alkali metal triselenides (Table S5, ESIT).

Optimizing the Pd;Se,, synthesis

With the Na,Se; ;3 precursor ready for use, we then sought to
optimize the solution phase synthesis of Pd;Se;, by tuning
three parameters: reaction time, temperature, and Na,PdCl,
injection rate. The PXRD data for the results of the Pd;Se;,
syntheses are shown in Fig. 2 and a summary of the different
reaction conditions and results is provided in Table S1 (ESI¥).
For all reactions, a 60 °C solution of Na,PdCl, was added to a
hot solution of Na,Se; 33, which was connected to a Schlenk line
to maintain air-free conditions. The Na,PdCl, precursor was
added either all at once (fast addition) or at a target average
injection rate.

First, the effect of reaction time was investigated (Fig. 2A) for
reactions conducted at the same reaction temperature (245 °C)

This journal is © The Royal Society of Chemistry 2025
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and injection rate (fast addition). Pd;Se;, crystallizes within 30
s, but O-PdSe, and Se start to form soon after, with minor peaks
corresponding to O-PdSe, first appearing in the pattern for the
3 min reaction (Fig. S3, ESIT). After 1 h, O-PdSe, had become a
major component in the product, in addition to Pd;Se;,. This
trend is similar to what was observed for our original reaction
using the Na,Se, precursor, in which longer reactions at 245 °C
led to the formation of the thermodynamically stable O-PdSe,
phase and the disappearance of the metastable Pd;Se,,
phase.?°

Second, the effect of reaction temperature was investigated
(Fig. 2B) for 1 h reactions with a fast addition of the Na,PdCl,
precursor. Since lower activation energies are needed to synthe-
size metastable phases,> our goal was to find a temperature
high enough to form crystalline Pd;Se;o, but low enough to
avoid the formation of O-PdSe,. Only amorphous products
formed for the 100 °C and 150 °C reactions, indicating that
these temperatures were too low to provide the necessary
energy to form any crystalline palladium selenide phase. How-
ever, Pd;Se,, did form for the 200 °C reaction, in addition to
selenium and an unknown minor impurity. The impurity peaks
are highlighted in Fig. S4 (ESIT). Although the structure of this
impurity couldn’t be identified, it is likely a metastable product
since it was able to form at 200 °C, but not at 245 °C.
Additionally, the lack of peaks in the PXRD pattern corres-
ponding to O-PdSe, indicate that 200 °C is a low enough
temperature to avoid the formation of thermodynamic phases.

For a 10 min reaction at 200 °C, with a fast addition of the
Na,PdCl, solution, Pd;Se,;, formed without the presence of any
impurities (Fig. 2C). Although this result validated our hypoth-
esis that using a lower temperature would allow for the synth-
esis of phase pure Pd;Se,, the product formed had broad XRD
peaks indicative of small crystalline domain sizes. Since using a
slower injection rate typically leads to the synthesis of larger
nanoparticles,’®®® we hypothesized that altering this para-
meter could also be used to create larger crystalline domains
of Pd;Se,.

The effect of the Na,PdCl, injection rate was investigated for
syntheses performed at 200 °C, in an effort to improve the
crystallinity of the Pd;Se;, product (Fig. 2C). Qualitatively, a
slower injection rate produced larger crystalline domain sizes,
as evidenced by the sharper peaks present in the PXRD pattern
for the 10 min reaction with an average injection rate of 1.5 mL
min~". Slowing the injection rate even further to 0.25 mL min ™"
for a 1 h reaction produced slightly sharper PXRD peaks and
also prevented the formation of any of the aforementioned
impurities that were observed with a fast precursor addition
(Fig. 2B and C). To quantify how much the crystallinity of the
Pd;Se;, product improved by using slower injection rates, the
full width at half maximum (FWHM) values of the (303) peaks
were compared (Fig. 2D). Using these values, the crystalline
domain sizes of the samples were calculated using the Scherrer
equation (Fig. 2D inset).>* The FWHM values for both samples
made using the slower injection rates was about twice as
small as the value for the sample made with a fast precursor
addition. This corresponds to average crystalline domain sizes
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Fig. 2 PXRD patterns for various PdsSe;q synthesis attempts. PdszSe;o and O-PdSe; reference patterns are shown in black.3%>% (A) Results for syntheses
of different reaction times, but the same temperature (245 °C) and Na,PdCl, injection rate (fast addition). (B) Results for syntheses at different
temperatures, but the same reaction time (1 h) and Na,PdCl, injection rate (fast addition). (C) Results for syntheses at different Na,PdCl, injection rates,
but the same temperature (200 °C). The fast addition and 1.5 mL min~* experiments were 10 min long and the 0.25 mL min~! experiment was 1 h long. (D)
Zoomed-in view of the (303) peak for the patterns in (C). The table inset lists the full width at half maximum (FWHM) values for the (303) peaks and the
corresponding crystalline domain sizes that were calculated using the Scherrer equation.>* The broad peak around 15° in the PXRD patterns is due to the

amorphous plastic sample holder used during data collection.

of approximately 30 nm for both slow injection samples and
15 nm for the fast addition sample.

Electron microscopy was used to further characterize the
structure of the Pd;Se;, product, as well as its particle size and
morphology (Fig. 3). The atomic resolution HAADF-STEM
image of a Pd;Se;, particle was taken to show how the PdgSe,,
clusters pack together and the overlay highlights the match
between the atomic number (Z) contrast observed in the image
and the expected crystal structure (Fig. 3A). Fig. 3B shows a
typical TEM image of an aggregate of Pd;Se,, particles. Pure
Pd;Se;, samples had similar particle sizes regardless of their
crystalline domain sizes that were calculated using the Scherrer
equation. The particles had edge lengths ranging from 10-
70 nm, but over 60% of the particles for both samples that were

6078 | J Mater. Chem. C, 2025,13, 6073-6084

measured had edge lengths in the 20-40 nm range (Fig. S5,
ESIT). Fig. 3C shows the corresponding selected area electron
diffraction (SAED) ring pattern for the aggregate of Pd;Se;,
particles and the indexing is shown in Fig. S6 and Table S6
(ESIt). The measured d-spacings match well with the actual
Pd;Se;o d-spacings and the most intense ring in the SAED
pattern and the most intense peak in the PXRD data corre-
spond to the same (303) reflection. Lastly, energy-dispersive
X-ray spectroscopy (EDX) for Pd;Se;, confirmed the expected
atomic ratio of Pd to Se (Fig. S7 and Table S7, ESIt).

X-ray photoelectron spectroscopy (XPS) data of Pd;Seq,
compared to Pd, Se, and O-PdSe,, supports our expectations
of the Pd and Se oxidation states in Pd;Se;, (Fig. 4). The
Pd 3ds,, binding energy of Pd;Se;, (336.5 eV) is similar to that

This journal is © The Royal Society of Chemistry 2025
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Fig. 3

(A) HAADF-STEM image of a PdsSe;q particle looking down the [111] zone axis, with the crystal structure overlayed on a section of the image. The

orange spheres correspond to Se atoms, the blue spheres correspond to Pd atoms. (B) TEM image of an aggregate of PdsSe;q particles and (C) the
corresponding SAED pattern. The most intense ring, corresponding to the (303) reflection, is indicated with the red arrow.

of O-PdSe, (336.7 eV) and 1.2 eV greater than Pd (335.3 eV)
(Fig. 4A). The fact that these binding energies are reasonably
close in Pd;Se;, and O-PdSe, supports the assignment of a Pd>*
oxidation state in Pd;Se;o. By consequence, the average oxida-
tion state of a Se atom in the material should be —0.6, to
maintain charge neutrality. Depending on the nature of charge
distribution throughout the PdeSe,, clusters, this oxidation
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Pdsse10
S
s
2| O-Pdse,
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c
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£
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Fig. 4 (A) Pd 3d XPS spectra for PdsSejo, O-PdSe,, and palladium pow-
ders. (B) Se 3d XPS spectra for PdsSe;o, O-PdSe,, and selenium powders.

This journal is © The Royal Society of Chemistry 2025

state could occur with the negative charge delocalized across
every Se, or alternatively, with the 12 edge Se atoms having a
formal Se™" charge and the 8 corner atoms being formally Se°.
The Se 3ds/, binding energy of Pd;Se;, (54.6 €V) is closer to that
of O-PdSe, (54.7 eV) than Se (55.2 eV) (Fig. 4B). This indicates
that the average Se atom in Pd;Se;o has a negative oxidation
state, but it does not allow for a precise oxidation state assign-
ment or provide information on the nature of the delocaliza-
tion, especially considering the small differences in binding
energies between neutral and reduced forms of Se.®'”** Regard-
less, the combination of the Pd and Se 3d XPS spectra and the
square planar geometry of the Pd atoms in the material support
this description of the Se oxidation state in Pd;Se;,.

Raman spectroscopy was also used to characterize the
Pd;Se;o products to better understand the chemical nature of
the amorphous samples grown at 100 °C and 150 °C (Fig. 5). An
isolated cluster of Pd¢Se,,, assuming it has the same molecular
symmetry as it has in the crystal structure, would have a D3q
point group and 48 vibrational modes (8 Ajg, 4 Ay, 12 Eg, 4 Ay,
8 Ay, and 12 E,), of which only the 8 A;, and 12 E, modes are
Raman active. Pd;Se;, crystallizes into the R3m space group
with 3 atoms occupying different 18 h Wyckoff sites (x, —x, z), 1
atom occupying the 18g Wyckoff site (x, 0, 1) and 1 atom
occupying the 6c site (0, 0, z). Considering only the Raman
active modes, each atom on the 18h site would have 2 A, and 3
E, modes, each atom on the 18g site would have 1 A;; and 3 E,
modes, and each atom on the 6c¢ site would have 1 A;; and 1 E,
mode. In total, crystalline Pd;Se;, should have 21 Raman active
modes (8 A,y and 13 Eg). 20 of these modes correspond to the
internal modes of the molecular cluster, whereas the additional
E, mode would correspond to an external mode, or a collective
oscillation that involves multiple clusters throughout the crys-
tal. In the crystalline Pd;Se;, spectrum, at least 8 intense
Raman modes are observed, which could be either individual
modes or combinations of closely spaced Raman modes.
Because of the weak van der Waals bonding between PdgSe,,
clusters in the crystal structure, one would expect the frequen-
cies of the internal modes to be only slightly different than an
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Fig. 5 Raman spectra of a crystalline PdsSe ;o sample and the two amor-
phous PdsSe;o samples synthesized at 100 °C and 150 °C.

isolated cluster. The Raman spectra of the two amorphous
samples (Fig. 5) both had very similar peak positions and
relative intensities to the crystalline Pd;Se;, sample. These
Raman spectra are clearly distinct from the spectra of selenium,
O-PdSe,, and the monoclinic phase of PdSe,** (Fig. S8, ESIY).
The fact that the amorphous and crystalline spectra are nearly
identical indicate that the amorphous samples are indeed
composed of the same PdsSe,, clusters as crystalline Pd;Se;,
but arranged in a disordered manner.

This deeper understanding of the nature of the amorphous
Pd;Se;, samples allows us to infer mechanistic information on
the formation of crystalline Pd;Se;, in solution. Since an
amorphous material composed of PdgSe,, clusters can form
at lower temperatures, this means that the activation energy of
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Fig. 6
TGA instrument.
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forming Pd¢Se,, clusters from the Pd and Se precursors is less
than the activation energy needed for the clusters to assemble
into an ordered extended solid. Consequently, the general
mechanism of forming crystalline Pd;Se;, can be thought of
as occurring in two steps: an initial faster step to create Pd¢Se,,
clusters, followed by a slower second step involving the clusters
coming together and organizing themselves into a crystalline
solid (Fig. S9, ESIf). In actuality, the first step of forming
PdeSe,, clusters must consist of many other elementary steps,
such as substitution reactions to replace the chloride ligands in
PdCl,>~ with polyselenide ligands and reactions to allow for Pd
atoms to be connected by bridging polyselenide ligands.
Obtaining experimental evidence of these elementary steps,
however, would require a much more detailed investigation
that considers the air-free and high temperature reaction con-
ditions required, as well as the short timescale of cluster
formation, and is beyond the scope of this work.

Thermal stability

Since Pd;Se,, is a metastable material, it is critical to know its
decomposition temperature, as this sets an upper limit on the
possible temperatures it can be synthesized at. To determine
the decomposition temperature of Pd;Se;, and gain an under-
standing of how it decomposes, a simultaneous TGA/DSC
experiment was performed for a crystalline Pd;Se;, sample
(Fig. 6A). The first significant feature in the DSC curve is an
exothermic peak with an onset at 340 °C and a maximum at
350 °C. Although some sample mass loss occurs before 350 °C,
the majority happens after the exotherm, as indicated by the
large decrease in weight percent in the TGA data. The second
feature in the DSC curve is an endotherm that immediately
follows the exothermic process. This peak ends at 470 °C, which
corresponds to the temperature that the TGA curve begins to
flatten out. After the Pd;Se;, sample was heated to 500 °C, a
PXRD pattern of the decomposition product was obtained

B)
Decomposition
— Product
S =
e =
s 2
2 n
Q c
; Q
)
=
O-PdSe,
20 30 40 50 60 70 80

20 (Degrees)

(A) TGA/DSC plot for a crystalline PdsSe;o sample. (B) PXRD pattern of the decomposition product obtained after heating PdsSe;o to 500 °C in the
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(Fig. 6B). The pattern reveals that O-PdSe, formed due to the
heat treatment and no Pd;Se;, remains.

Taking both the TGA/DSC and PXRD data in Fig. 6 into
account, the Pd;Se;, decomposition temperature can be deter-
mined and a balanced chemical reaction for the thermal
decomposition can be written (Scheme 3). First, we confirmed
that the gradual downward slope of the DSC curve before the
exotherm does not correspond to a phase transition by acquir-
ing a PXRD pattern of the Pd;Se;, sample after heating it to
300 °C in the TGA instrument (Fig. S10, ESIf). This PXRD
pattern shows that heating to 300 °C will not decompose
Pd;Se,o. However, it does cause a slight decrease in crystalline
domain size as indicated by the broadening of the diffraction
peaks after heating. Knowing this, the exothermic process at
350 °C can confidently be assigned to the transformation of
Pd;Se;o into two more thermodynamically stable phases: O-
PdSe, and selenium. The subsequent endothermic process and
sample weight loss can be attributed to the sublimation of
selenium, which leaves O-PdSe, as the only phase remaining
after the 500 °C heat treatment. The total weight loss for the
TGA experiment is 29.5%, which is very close to the 28.5%
weight loss expected for the complete sublimation of the
selenium produced by the equation in Scheme 3. The 1%
discrepancy in weight percent could be due to the loss of
residual solvent from the Pd;Se;, sample.

To compare, the thermal stability of an amorphous Pd;Se;,
sample was also investigated using TGA/DSC and PXRD
(Fig. S11 and S12, ESIt). Amorphous Pd;Se;, undergoes a nearly
identical decomposition process as crystalline Pd;Se;o. The
DSC curve features an exothermic peak with a maximum at
330 °C, immediately followed by an endotherm and an
increased rate of weight loss in the TGA plot. The total weight
loss for the amorphous sample was 31.0% and the PXRD
revealed that the decomposition product was O-PdSe,. The
similarity in this decomposition process provides supporting
evidence that the amorphous sample is composed of PdgSe,,
clusters.

Optical and electronic properties

Diffuse reflectance spectroscopy (DRS) data of different Pd;Se;,
samples was acquired to better understand the material’s
optical properties (Fig. 7). Fig. 7A shows the Tauc plot of
Pd;Se,o, assuming an indirect transition, for the sample with
a crystalline domain size of 30 nm. This data indicates that
Pd;Se,, is an indirect semiconductor with a 1.18 eV band gap.
The direct gap occurs at 1.40 eV (Fig. S13, ESIt).

Probing deeper, the DRS data for the Pd;Se;, sample with a
30 nm domain size was compared to the sample with a 15 nm
domain size and an amorphous sample (Fig. 7B). While the
indirect optical gap for the 15 nm sample (1.14 eV) (Fig. S14,
ESIT) was very similar to the 30 nm sample’s gap, the 15 nm

Pd3SC]0M3 PdSe2 +4 Se

Scheme 3 Thermal decomposition reaction of PdsSep.
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Fig. 7 (A) Tauc plot, assuming an indirect transition, for the PdsSejo
sample with a crystalline domain size of 30 nm, as calculated from the
Scherrer equation. (B) Diffuse reflectance spectra, transformed by the
Kubelka—Munk function, for amorphous PdsSe;o and crystalline PdzSe;q
samples with 15 nm and 30 nm domain sizes. The darker-colored (higher
energy) part of each spectrum is data collected using diffuse reflectance
absorbance (DRA) and the lighter-colored (lower energy) part of each
spectrum is data collected using diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS).

sample’s DRS plot featured a broader absorption edge in the
Urbach tail region. The Urbach tail is the exponential region of
the band edge in between the baseline and linear region in a
semiconductor’s absorption plot. It is attributed to sub-
bandgap absorption caused by a lack of crystallinity, defects,
or impurities. The steepness of the Urbach tail can be quanti-
fied by the Urbach energy (Ey), which helps to assess the
relative degree of structural disorder between different
samples.>*769

The Urbach energies for the 15 and 30 nm Pd;Se;, samples
were extracted from the In(F(R)) vs. energy plots (Fig. S15 and
Table S8, ESIt). The Ey for the 15 nm sample (0.346 eV) was
1.6 times greater than the Ey for the 30 nm sample (0.217 eV).
This analysis helps quantitatively show that the 15 nm sample
has a larger degree of structural disorder and consequently
more sub-bandgap absorption than the 30 nm sample, as
would be expected for a material with a smaller crystalline
grain size. For the amorphous Pd;Se;, sample, an optical gap
was observed at 0.25 eV (Fig. S16, ESIf) and there wasn’t an
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Fig. 8 (A) Image of the PdsSejq pellet with gold epoxy contacts. (B)

Current versus voltage plot for the PdsSe;q pellet measured in the dark
(blue line) and while illuminated with a 532 nm laser (red line). (C) Current
versus time plot for the PdsSe;q pellet showing five light on—off cycles.

easily identifiable exponential Urbach tail region in its
Kubelka-Munk absorption plot. The greater ensemble of all
the various intercluster interactions in this amorphous sample
combine to form this significantly reduced optical gap.

The electronic resistivity and photoconductivity measure-
ments on a polycrystalline Pd;Se;, pellet provided further
evidence of the material’s semiconducting behaviour. Pd;Se;,
was pressed into a pellet and sintered at 120 °C to produce a
sample with an estimated density of 75%. Electrical contacts on
the pellet were made using gold epoxy (Fig. 8a). Two-probe
current-voltage measurements at room temperature and in the
dark showed ohmic behaviour (Fig. 8b), and based on the pellet
dimensions, the material’s very high resistivity was estimated
to be 3.4 x 107 Q m. Additionally, when the pellet was
illuminated with 532 nm above band gap laser light, the slope
of the current-voltage plot increased, indicative of an increase
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in conductivity (Fig. 8b). Photoexcitation at a power density of
13 mW cm™ 2 produces a 2% increase in current (Fig. 8c) in less
than 1 s. Turning off the illumination leads to a rapid drop in
current, followed by a much slower decay back to the initial
value. This instantaneous increase in conductivity with above
band gap illumination is a common signature of semiconduct-
ing behaviour, arising due to the generation of photoexcited
electrons and holes. The slow decay kinetics is commonly seen
in many semiconducting materials as well, and is indicative of
the photoexcited carriers populating long-lived trap states,
which is known as persistent photoconductivity.”*”>

Conclusions

Pd;Se; is a new PdeSe,, cluster-based semiconducting material
that shows intriguing optoelectronic properties. To overcome
reproducibility issues that plagued its initial synthetic method,
we developed a solution-phase electrochemically balanced reac-
tion utilizing Na,PdCl, and a 2:1 molar mixture of Na,Se; and
Na,Se,. Under optimized conditions, this reaction allowed for
the reliable and high-yield production of crystalline Pd;Seo.
The reason that Pd;Se;, can form in solution was also a point of
interest, considering that convex hull calculations predict it to
be a metastable phase. This prediction was supported experi-
mentally by TGA/DSC and PXRD data which show that it
decomposes at 350 °C into the more thermodynamically stable
phases O-PdSe, and Se. Further calculations suggest that the
ability of Pd;Se;, to form in solution is likely due to its lower
surface energies relative to O-PdSe,. Raman spectroscopy
showed that PdeSe,, clusters were present in both the crystal-
line sample and the amorphous samples which formed below
the optimal synthesis temperature. From this, it was inferred
that PdeSe,, clusters form in solution first before assembling
into a crystalline lattice. Lastly, DRS, electrical resistivity, and
photoconductivity measurements show that Pd;Se;, is semi-
conducting, with an indirect band gap of 1.18 eV. Overall,
PdsSe,, is an exciting new entry into the library of superatomic
clusters and materials.
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