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ABSTRACT: Phase-pure samples and single crystals of the rare- Pr,Ga,Se,0, 160]  Pr,Gase0,
earth oxyselenides RE,Ga,Se,O, (RE = Pr, Nd) were prepared by . . ‘

reactions at 950 °C. They adopt a new structure type ,;;/’". Wan EPERY :’ --4; . o
/

(orthorhombic, space group Pnma, a = 11.721(2)—11.683(2) A, * ¥ o :"‘- AV Sa

b = 3.9882(7)=3.9667(7) A, ¢ = 29.644(5)—29.581(5) A, Z = 4) T en “.‘Qi:(}-.". o 1 £

consisting of RESeg trigonal prisms, GaSe, tetrahedra, and GaSe; &: N < NV ?,, \
trigonal bipyramids linked to form corrugated layers between ) . ,: ‘. o 1 .._‘O; 0‘ — NG, Ga,Se,0, |
which strips of edge-sharing RE,O tetrahedra are inserted. The ¢ ¢ 12 £ i vs Rty 18

bonding character is mostly ionic within RE—O and RE—Se blocks

but mostly covalent with Ga—Se blocks, as supported by electronic

structure calculations. Both compounds show a nearly direct optical band gap of 1.7 eV. Their Seebeck coefficients and electrical
conductivities are predicted to be similar to other oxychalcogenides, with the thermoelectric power factors being improved by n-
doping. They exhibit high electrocatalytic performance for the oxygen evolution reaction, with the Pr member demonstrating
superior activity, as characterized by a low overpotential of 257 mV (at a current density of 10 mA cm™?), a high mass activity of 70.1
A ¢!, and a turnover frequency of 0.0234 s™' in 1 M KOH electrolyte.

1. INTRODUCTION Quaternary rare-earth oxychalcogenides RE-M—Ch—0O (M =
d- or p-block metals or metalloids) have been identified to be
potentially useful as thermoelectrics (LaBiCh,Q)," trans-
parent semiconductors (LaCuSO),” superconductors (LaBi-

Introducing more than one type of anion in a solid state
compound offers greater flexibility to control its chemical and
physical properties, by taking advantage of the different

electronegativities, sizes, polarizabilities, and oxidation states $,0,_,),"" ionic conductors (LaAgSO),”” and photocatalysts
of diverse combinations of nonmetals.! ™ Among mixed-anion (szTizszos)~23 To the best of our knowledge, none of these
compounds, oxychalcogenides are the best known but even rare-earth oxychalcogenides have been investigated for their
these remain underinvestigated: <1000 oxychalcogenides have electrocatalytic activity. The high cost and scarcity of precious
been structurally characterized compared to >50 000 oxides.* metals and their oxides, currently used as electrocatalysts for
Based on the hypothesis that local coordination environments water splitting, provide impetus to evaluate other candidates.”*
around metal atoms can become more asymmetric and that Rare-earth-containing compounds (including alloys, oxides,
band gaps can be narrowed relative to oxides, oxychalcoge- and hybrid materials) have been proposed as attractive
nides have received considerable attention as candidates for candidates for electrocatalysis.”®

optical and thermoelectric materials, among many applica- Within the quaternary systems RE-M—Ch—0 (M = Ga, In;
tions.”” - Anothe.r hypothesis is that multiple anlons‘lead. to Ch = S, Se), previously known compounds include REMCh,O
complex changes in the electronic structure around active sites (M = Ga, In; Ch = S, Se)** RE,Ga,Ch,O, (Ch = S,

in oxychalcogenides used as catalysts for water splitting, so that
they exhibit intermediate characteristics that balance the
requirements of structural stability and electrochemical Received: November 6, 2023 -
performance.l4_l7 Revised: ~ December 21, 2023
Incorporating rare-earth metals into these oxychalcogenides Acce_}’ted’ December 26, 2023
greatly expands possibilities. Ternary rare-earth oxysulfides Published:  January 2, 2024
RE,SO, were one of the earliest examples of mixed-anion
compounds, being used as phosphors in cathode ray tubes.'®
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Se),””*** RE,Ga, 338,0,,”" La;3;GagS;,0," RE;GaChsO
(Ch =S, Se),”””® LasIn;S40;,°° La,oIngS,;04,°"
La,Ga,Ses0;,* and La,Ga,S0,."" Some of these compounds
(REMCh,0, La;GaS;0, and LasIn;Sy0;) have been evaluated
for photocatalytic activity in water splitting reac-
tions.” ***'~* The compound Sm;GaSe;O was discovered
inadvertently as a result of targeting the hypothetical solid
solutions RE;MCh,_,O,, based on the existence of the ternary
phases RE;MChg.*” 1t is becoming clear that the structures of
rare-earth oxychalcogenides cannot be extrapolated in a simple
way from chalcogenides and that more complex structure-
building principles are at play in these mixed-anion
systems."¥"> In particular, there is a preference for the RE
and O atoms to be bonded together in recurring structural
motifs involving RE,O tetrahedra. Furthermore, in contrast to
the observation that sulfides and selenides are often
isostructural, the assumption does not necessarily extend to
oxysulfides and oxyselenides; for example, notwithstanding
their identical comzpositions, LaGaS,0 and LaGaSe,O have
different structures.””**

Given this background, it is worthwhile to prepare and
characterize further oxyselenides, which remain few compared
to the corresponding oxysulfides. Here, we report the synthesis
of oxyselenides RE,Ga,Se,O, (RE = Pr, Nd) and their
structure determination. To evaluate their potential as optical
and thermoelectric materials, their optical band gaps were
measured and their transport properties were predicted from
first-principles calculations. These compounds were also
investigated for electrocatalytic activity in the oxygen evolution
reaction (OER) for water splitting.

2. EXPERIMENTAL SECTION

2.1. Synthesis. Starting materials were freshly filed RE pieces (RE
= Pr, Nd; 99.9%, Hefa), nominally Pr,O,, or Nd,O; powders
(99.99%, Sigma-Aldrich), Ga chunks (99.9%, Alfa-Aesar), and Se
powder (99.99%, Sigma-Aldrich). Ga,Se; was prepared by heating a
stoichiometric mixture of Ga and Se at 950 °C in evacuated and
sealed fused-silica tubes.

The oxyselenides RE,Ga,Se,O, (RE = Pr, Nd) were initially
identified in the course of targeting hypothetical solid solutions
RE;MChe_O, (M = Ga, In; Ch = S, Se). Rational syntheses were
subsequently developed. In typical reactions, the starting materials
were combined in appropriate molar ratios to give a total mass of 300
mg, with a 5% weight excess of Se added to compensate for
volatilization losses. The mixtures were pressed into pellets and placed
in fused-silica tubes (12 mm diameter and 15 cm length), which were
evacuated, sealed, and heated according to the temperature profiles
detailed below. The small total mass of reactants relative to the large
size of the tubes minimizes the risks of explosions in sealed-tube
reactions. For Nd,Ga,Se,0,, the reaction of a mixture of Nd, Nd,O;,
Ga,Se;, and Se in the molar ratio of 8:2:3:12, which matches with the
desired composition, resulted in phase-pure samples. For
Pr,Ga,Se;0,, the matter was slightly more complicated. After some
effort, it was ascertained from powder X-ray diffraction (XRD)
analysis that the as-purchased starting material labeled as Pr,Oy,
consisted of PrO,. Binary oxides of praseodymium, which adopt a
range of variable compositions PrO,_g, are prone to undergo phase
transformations depending on thermal treatments.”® With the
assumption that the commercial starting material is better represented
as PrO,, the reaction of a mixture of Pr, PrO,, Ga,Se;, and Se in the
molar ratio of 3:1:1:4 resulted in phase-pure samples of Pr,Ga,Se;0,.

For the growth of single crystals, the tubes were heated to 950 °C
in 24 h, held there for 72 h, cooled to 400 °C in 96 h, and then cooled
to room temperature by shutting off the furnace. Thin, needle-shaped,
dark brown single crystals of Pr,Ga,0,Se; and Nd,Ga,0,Se,; were
found in the products (Figure S1) and examined on a Zeiss Sigma 300
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VP field emission scanning electron microscope operated with an
accelerating voltage of 15 kV and equipped with a Bruker Quantax
600 system with dual X-Flash 6/60 detectors, which allows light
elements to be analyzed. Energy-dispersive X-ray (EDX) analysis
indicated an average composition (in mol %) of 24—25% RE, 10—
11% Ga, 46—47% Se, and 16—19% O, in good agreement with
expectations (27% RE, 13% Ga, 47% Se, and 13% O).

For the preparation of phase-pure samples, the tubes were heated
to 950 °C in 18 h, held there for 48 h, and cooled to room
temperature in 18 h. Powder XRD patterns were collected on a
Bruker D8 Advance X-ray diffractometer equipped with a Cu Ka,
radiation source operated at 40 kV and 40 mA. XRD patterns
recollected after a few months were unchanged, confirming that the
samples are air-stable (Figure 1). Some of the peaks in the
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Figure 1. Powder XRD patterns for (a) Pr,Ga,Se;O, and (b)
Nd,Ga,Se;0,. The green bars indicate the positions of the Bragg
peaks.

experimental patterns tend to be more intense than expected
(especially the 008 peak near 24° and the 0,0,10 peak near 30°),
consistent with the tendency for preferred orientation, which would
be expected for the needle-shaped crystallites. Attempts were made to
synthesize other RE analogues of these compounds under the same
conditions as described above, but were unsuccessful.

2.2. Structure Determination. Intensity data were collected on
single crystals of Pr,Ga,Se;0, and Nd,Ga,Se,0, at room temperature
on a Bruker PLATFORM diffractometer equipped with a SMART
APEX II CCD area detector and a graphite-monochromated Mo Ka
radiation source, using @ scans at 4—8 different ¢ angles with a frame
width of 0.3° and an exposure time 60 s per frame. Multiscan
absorption corrections were applied. Structure solution and refine-
ment were carried out with use of the SHELXTL (version 2018/3)
program package.*’

On the basis of Laue symmetry, intensity statistics, and systematic
absences, the orthorhombic space group Pnma was chosen. The
locations of four RE, two Ga, and seven Se atoms were located by
direct methods. Two additional peaks were found in difference
electron density maps and assigned as the O atoms. Refinements were

https://doi.org/10.1021/acs.chemmater.3c02842
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straightforward, with no indication for disorder, based on the
reasonable displacement parameters found for all atoms and the
observed bond distances in agreement with expectations. When the
occupancies of each site were refined, they converged to unity. Atomic
positions were standardized with the program STRUCTURE TIDY.*
Table 1 lists crystal data, Table 2 lists atomic and displacement
parameters, and Table 3 lists interatomic distances. Further data have
been deposited in the Supporting Information.

Table 1. Crystallographic Data for RE,Ga,Se,0, (RE = Pr,
Nd)

formula Pr,Ga,Se,0, Nd,Ga,Se,0,
formula mass (amu)  1287.80 1301.12

space group Pnma (no. 62) Pnma (no. 62)
a (&) 11.721(2) 11.683(2)

b (A) 3.9882(7) 3.9667(7)

¢ (A) 29.644(5) 29.581(5)

v (A% 1385.8(4) 1370.8(4)

VA 4 4

T (K) 296(2) 296(2)

Peated (g cm™) 6.173 6.304

crystal dimensions 0.08 X 0.02 X 0.01 0.17 X 0.03 x 0.02

(mm)

u(Mo Ka) (mm™') 3598 37.30

transmission factors 0.426—0.673 0.572—0.746

26 limits 2.75—-59.29° 3.75—59.64°

data collected —16<h<16,-5<k< —-16<h<16,-5<k<
S, —41<1<41 5, —41<1<41

no. of data collected 19586 37878

no. of unique data, 2228 (R, = 0.127) 2232 (R, = 0.148)

including F,* < 0

no. of unique data, 1499 1640
with F,2 > 20(F,%)

no. of variables 91 91

R(F) for E* > 0.051 0.041
ZO_(FOZ)LI

R, (F2)" 0.139 0.096

goodness of fit 1.03 1.03

(qp%,s,w (M) (6 290, — 3.78 251, — 3.32
J&

“R(F) = Y| — IFN/YIF[. R = [X[w(E> - F2)*)/
2w§;4]1/2; wl=[c*(F?) + (Ap)2 + Bp], where p = [max(F,%0) +
2F2]/3.

2.3. Calculations. Electronic structure calculations were per-
formed on Pr,Ga,Se;O, and Nd,Ga,Se;O, using the projected
augmented wave (PAW) method as implemented in the Vienna ab
initio simulation package (VASP).* Exchange and correlation were
treated in this density functional theory (DFT) method by the
generalized gradient approximation, as parametrized by Perdew,
Burke, and Ernzerhof (PBE).*® Standard PAW potentials Pr_3, Nd_3,
Se, Ga_d, and O were used, with the plane-wave basis cutoff energy
set to 550 eV. To evaluate the density of states (DOS), a 12 X 35 X §
gamma-centered k-mesh was chosen to sample the first Brillouin zone.
The convergence criteria were set to 107 eV for electronic relaxation
and |-2 X 107% for ionic relaxation. Electron localization function
(ELF) plots were prepared using VESTA, and a Bader analysis was
performed to evaluate charges on atoms.”' ~>* Chemical bonding was
examined by assessing crystal orbital Hamilton populations (COHP)
and crystal orbital bond indices (COBI) using the program Local
Orbital Basis Suite Toward Electronic Structure Reconstruction
(LOBSTER).>*™*° Transport properties were calculated using the
BoltzTraP2 code, with the constant relaxation time approximation
applied to interpolate the band structure obtained by DFT
calculations.®”

2.4. Diffuse Reflectance Spectroscopy. Optical diffuse
reflectance spectra for Pr,Ga,0,Se; and Nd,Ga,0,Se, were measured

Table 2. Atomic Coordinates” and Equivalent Isotropic
Displacement Parameters for RE,Ga,Se,O, (RE = Pr, Nd)

atom x y z Uy (A»*
Pr,Ga,Se,0,
Prl 0.23596(9) 1/4  0.05905(3) 0.0146(2)
Pr2 0.36342(9) 1/4  0.66841(4) 0.0149(2)
Pr3 0.49675(11) 1/4  0.81643(4) 0.0228(3)
Pr4 0.53559(9) 1/4 0.55117(3) 0.0134(2)
Gal 0.0938(2) 1/4  0.43178(8) 0.0183(5)
Ga2 0.3600(2) 1/4  0.29650(8) 0.0193(5)
Sel 0.02883(19) 1/4  0.56221(10) 0.0308(6)
Se2 0.04544(18) 1/4 0.24153(7) 0.0175(4)
Se3 0.15274(19) 1/4  0.35578(7) 0.0221(5)
Se4 0.2293(2) 1/4  0.76663(7) 0.0226(5)
Ses 0.26155(18) 1/4  0.47666(7) 0.0171(4)
Se6 0.32097(17) 1/4  0.15734(7) 0.0158(4)
Se7 0.45826(18) 1/4  0.36766(6) 0.0156(4)
01 0.0532(10) 1/4  0.0273(4) 0.010(2)
02 0.3425(12) 1/4  0.5893(4) 0.016(3)
Nd,Ga,Se,0,
Nd1 0.23483(7) 1/4  0.05879(3) 0.01310(17)
Nd2 0.36539(7) 1/4 0.66795(3) 0.01344(17)
Nd3 0.50007(8) 1/4  0.81498(3) 0.0213(2)
Nd4 0.53512(7) 1/4  0.55101(3) 0.01246(17)
Gal 0.09313(15) 1/4 0.43170(6) 0.0175(3)
Ga2 0.35536(15) 1/4  0.29763(6) 0.0182(4)
Sel 0.03008(15) 1/4 0.56236(8) 0.0345(5)
Se2 0.04269(13) 1/4  0.24066(5) 0.0165(3)
Se3 0.14957(14) 1/4  0.35491(5) 0.0207(3)
Se4 0.23044(15) 1/4  0.76575(6) 0.0216(3)
SeS 0.26164(13) 1/4 0.47636(5) 0.0155(3)
Se6 0.31871(13) 1/4  0.15716(5) 0.0142(3)
Se7 0.45704(13) 1/4  0.36813(5) 0.0144(3)
o1 0.0539(8) 1/4  0.0280(3) 0.0115(19)
02 0.3445(9) 1/4  0.5886(3) 0.015(2)

“All atoms are located in Wyckoff position 4c. bUeq is defined as one-

third of the trace of the orthogonalized Uj tensor.

from 200 nm (6.2 eV) to 1400 nm (0.8 eV) on a Cary S000 UV—vis-
NIR spectrophotometer equipped with a diffuse reflectance accessory.
An optical polytetrafluorethylene disc with >98% reflectivity in the
range of 250—2200 nm was used as a reflectance standard. The
reflectance spectra were converted to absorption spectra using the
Kubelka—Munk function, F(R) = a/S = (1 — R)?/2R, where «a is the
Kubelka—Munk absorption coeflicient, S is the scattering coefficient,
and R is the reflectance.”®

2.5. Electrochemical Measurements. Materials were carbon
cloth (MSE Supplies), Nafion (5 wt %, Sigma-Aldrich), isopropanol
(Sigma), and potassium hydroxide (Fisher). Millipore system purified
and deionized water was used in all experiments. The carbon cloth
was rinsed with isopropanol and water multiple times to ensure a
clean surface before use. The cleaned carbon cloth substrates were
dried and covered with Teflon tape, exposing only a circular area of
0.283 cm”. Catalyst inks were prepared by dispersing 10.0 mg of the
catalyst in 1.0 mL of 0.8% Nafion in isopropanol and ultrasonicating
for 30 min. A 20 uL volume of ink was pipetted out for each catalyst
and drop-cast on the exposed area of the carbon cloth substrate. After
being dried at room temperature and then at 60 °C for 3 h, these
substrates were used as the working electrodes.

Electrochemical measurements were performed using a conven-
tional three-electrode system connected to an IviumStat potentiostat
with catalyst-loaded carbon cloth as the working electrode, graphite
rod as the counter electrode, and AglAgCl as the reference electrode.
Linear sweep voltammetry (LSV) and cyclic voltammetry (CV) were
carried out to examine the OER catalytic performance and cycling

939 https://doi.org/10.1021/acs.chemmater.3c02842
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Table 3. Interatomic Distances (A) in RE,Ga,Se,O, (RE =
Pr, Nd)

Pr,Ga,Se,0, Nd,Ga,Se,0,
RE1-Se6 3.079(2) 3.070(2)
RE1-Se5 (X2) 3.153(2) 3.143(1)
RE1-Sel (X2) 3.404(2) 3.389(2)
RE1-0O1 2.341(11) 2.301(9)
RE1-02 (x2) 2.372(7) 2.361(6)
RE2—Se6 (X2) 2.959(2) 2.943(1)
RE2—Se7 (X2) 3.080(2) 3.062(1)
RE2-Se2 (X2) 3.133(2) 3.117(1)
RE2—Se4 3.309(2) 3.295(2)
RE2-02 2.358(12) 2.359(10)
RE3—Se3 (X2) 2.900(2) 2.896(1)
RE3—Se6 (X2) 3.024(2) 3.016(1)
RE3-Se2 (X2) 3.025(2) 3.003(1)
RE3—Se4 3.465(3) 3.470(2)
RE4—Se7 (X2) 3.126(2) 3.109(1)
RE4—SeS (X2) 3.211(2) 3.198(1)
RE4-01 2.334(12) 2.348(10)
RE4-01 (x2) 2.358(6) 2.341(5)
RE4-02 2.529(14) 2.489(11)
Gal—Se3 2.357(3) 2.365(2)
Gal—SeS 2.374(3) 2.371(2)
Gal-Sel (x2) 2.464(2) 2.457(2)
Ga2—Se7 2.403(3) 2.400(2)
Ga2—Se4 (X2) 2.420(2) 2.414(1)
Ga2—Se2 2.449(3) 2.464(2)
Ga2—Se3 2.998(3) 2.941(2)

stability. To reduce uncompensated solution resistance, all activity
data were iR-corrected, as measured through electrochemical
impedance studies. The electrolytes for OER were saturated by
bubbling with oxygen before and during the experiments. The
measured potentials (in units of V) were calibrated to a reversible
hydrogen electrode (RHE) using the following equation:

Epue = Eyg/ager + 0.197 + 0.059pH (1)

Electrochemical impedance spectroscopy (EIS) experiments were
performed within a frequency range of 10°—1072 Hz at an AC signal
amplitude of 10 mV to study the electrode kinetics and to estimate
the electrolyte resistance (R;) and charge transfer resistance (R,) at
the interface between the electrode (catalyst) and electrolyte. Nyquist
plots were collected in N,-saturated 1.0 M KOH solution at an
applied potential of 0.55 V vs AglAgCl (KCl saturated).

The steady-state performance and durability of Pr,Ga,Se;O, as an
electrocatalyst for the OER were evaluated by chronoamperometric
stability experiments in N,-saturated 1.0 M KOH solution at room
temperature. Two conditions were applied: (i) at a constant current
density of 10 mA cm™ for 24 h and (ii) at various current densities
between S and 30 mA cm ™ in a multistep study.

Additional details of the electrochemical experiments, including
analysis of Tafel plots, turnover frequency (TOF), mass activity,
electrochemically active surface area (ECSA), and roughness factor
(RF), are provided in the Supporting Information.

2.6. X-ray Photoelectron Spectroscopy (XPS). XPS experi-
ments were carried out on a Kratos AXIS 165 photoelectron
spectrometer equipped with a monochromatic Al Ka X-ray source
(1487 V) operating under a high vacuum in the analytical chamber.
Pristine surfaces of RE,Ga,Se,O, (RE = Pr, Nd) were examined
without sputtering. The spectra were calibrated by setting the C 1s
binding energy (BE) of adventitious carbon to 284.8 eV and analyzed
using the CasaXPS software program.>” The survey spectra confirmed
the presence of all of the expected elements. The high-resolution
spectra were analyzed by removing the background with a Shirley
function and fitting with Lorentzian asymmetric lineshapes. Addi-
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tional constraints were applied to individual positions, line widths (as
evaluated by the full width at half-maximum, fwhm), and areas of
peaks during the curve fitting procedure.

3. RESULTS AND DISCUSSION

3.1. Structure. The oxyselenides Pr,Ga,Se,O, and
Nd,Ga,Se;0,, which are the first quaternary phases known

(a) RE,Ga,Se,0, (RE = Pr, Nd)

© 2 1
& ¢
| rd
¢* @ —
a 4
e RE-Se block
(b) RE-O block Ga-Se block RE-Se block

® e ¢

1T, .
b @ r i o ¢

P o o
2@ Lag L 4 20 o2

10— 4%—02 @3
4@ 1 2@ g3

Figure 2. (a) Structure of RE,Ga,Se,O, (RE = Pr, Nd) in terms of
(b) RE—O, Ga—Se, and RE—O blocks that extend along the b-
direction. The colored numbers label sites for RE (blue), Ga (green),
Se (red), and O (yellow) atoms.

(a) Pr,Ga,Se;0,

Figure 3. Comparison of (a) Pr,Ga,Se,O, and (b) orthorhombic
LaInS,0, showing similar arrangements of edge-sharing RE,O
tetrahedra.

in these systems, were prepared as pure-phase samples.
Because crystals of these compounds were thin and fibrous,
considerable effort was expended to screen suitable samples for
single-crystal X-ray diffraction analysis. The orthorhombic
structure (space group Pnma) is a new type, consisting of four
RE, two Ga, seven Se, and two O sites, all lying on mirror
planes. For the purpose of describing the structure, it is helpful
to identify three types of building blocks that extend along the
b-direction: RE—O, RE—Se, and Ga—Se (Figure 2). The RE—
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Figure 4. DOS (left), —-pCOHP (center), and COBI (right) curves for (a) Pr,Ga,Se,0, and (b) Nd,Ga,Se,0,.
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Figure S. ELF plots viewed on a slice at y = 1/4 for (a) Pr,Ga,Se,0,
and (b) Nd,Ga,Se;O,. Bader charges are indicated for atoms
identified by the color scheme shown in the chemical formulas.
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Figure 6. Optical diffuse reflectance spectra, converted to absorption
spectra, for Pr,Ga,Se;O, and Nd,Ga,Se;0,. The inset shows Tauc
plots, assuming direct band gaps.

O blocks are strips of edge-sharing RE,O tetrahedra that are
four units thick. The RE—Se blocks are one-dimensional
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confacial columns of RESe4 trigonal prisms (CN6). The Ga—
Se blocks are the most interesting, consisting of chains of
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Figure 7. Calculated thermal transport properties for (a) Pr,Ga,Se,O, and (b) Nd,Ga,Se,O,: Dependence of Seebeck coefficient (upper left
panel), electrical conductivity (upper right panel), and power factor with chemical potential (lower left panel); and dependence of power factor

with temperature (lower right panel).

corner-sharing GaSe, tetrahedra and GaSes trigonal bipyr-
amids. These Ga—Se blocks are linked by RE—Se blocks,
resulting in corrugated layers between which the RE—O blocks
are inserted. However, bonding extends in all three dimensions
in this framework structure, because the RE atoms within the
RE—O blocks form bonds to nearby Se atoms within the other
blocks. The RE atoms exhibit high coordination numbers: RE3
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is surrounded by six Se atoms at distances of 2.9—3.0 A in a
trigonal prism, with an additional Se atom further away at 3.5
A to give a monocapped trigonal prismatic geometry (CN7),
whereas RE1, RE2, and RE4 are surrounded by a combination
of Se and O atoms in bicapped trigonal prismatic geometry
(CN8) (Figure S2). These coordination geometries are similar
to those found in Sm;GaSesO.>® The longer RE—Se distances
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Table 4. Electrocatalytic Performance of RE,Ga,Se,O, (RE
= Pr, Nd)

Pr,Ga,Se,0, Nd,Ga,Se,0,
onset potential (V) 1.47 1.52
overpotential at 10 mA cm™ (mV) 257 328
preoxidation peaks (V) 1.45 1.49
Tafel slope (mV dec™") 58.8 217.5
mass activity at 7 = 0.30 V (A g) 70.1 7.5
TOF at 77 = 030 V (s71) 0.0234 0.00248
ECSA (cm?) 106.3 92.4
RF 375.6 326.5

of 2.9-3.5 A and the shorter RE—O distances of 2.3—-2.5 A
agree with typical values found in binary RE selenides or oxides
(e.g, 2.99—3.18 A in Pr,Se;, 2.97—3.17 A in Nd,Se;, 2.34 A in
PrO,, and 2.29 A in Nd,0,).997%

The edge-sharing RE,O tetrahedra, which are fragments of
the fluorite-type structure, are a recurring theme in rare-earth
oxychalcogenides."**> They are usually manifested as two-
dimensional slabs, as found in many layered oxychalcogenides
(e.g, LaCuSO™ and RE,Ga,S;0,”***%) but can be excised
further into strips of varying widths,** as found here and other
instances (e.g, SmyGaSe;0”® and La,Ga,Ses05""). The strips
of RE,O tetrahedra in RE,Ga,Se;O, are arranged in the same
herringbone pattern as in an orthorhombic polymorph of

LaInS,0, which also crystallizes in space group Pnma with an
identical Wyckoff sequence (c'),* but the connectivity of the
group-13 and chalcogen atoms is quite different (Figure 3).

The same motifs of corner-sharing GaSe, tetrahedra and
GaSe; trigonal bipyramids in RE,Ga,Se;O, are present in
Sm;GaSe;O, recently discovered.”® Five-coordinate GaChyg
units are rare: GaOg has been reported in a few
compounds,”**® GaSg is unknown, and GaSes found here
represents only the second occurrence. The coordination
environment is quite regular around the tetrahedral Gal
center, as reflected by the more uniform Ga—Se distances
(2.36—2.46 A) and angles (103.9-116.3°) in Pr,Ga,Se,0,.
The trigonal bipyramidal Ga2 center shows a Ga—Se distance
(3.00 A) that is significantly longer than the other four (2.40—
245 A), so one may wonder if the coordination is more
properly described as CN4 + 1. It is clear that the angles
around Ga2 (111.0-121.9° for equatorial-equatorial and
82.2—102.4° for axial—equatorial ligands) are more consistent
with a trigonal bipyramid than a tetrahedron. An analysis of the
longer Ga—Se distance is presented below. For comparison,
the GaSe; trigonal bipyramid in Sm;GaSe;O has four Ga—Se
dis}gances of 2.37—2.57 A and a fifth longer distance of 2.79
A.

3.2. Bonding. The structure conforms to a charge-balanced
formulation, (RE**),(Ga*"),(Se*”),(0*7),, in generally good
agreement with bond valence sums (Table S1).°” The bond
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Figure 8. Electrocatalytic performance of Pr,Ga,Se;O, and Nd,Ga,Se;0,. (a) Linear scan voltammetry (compared to RuO,) at a scan rate of 10
mV s™". (b) Cyclic voltammetry at a scan rate of 10 mV s™', with insets showing detail. (c) Tafel plots. (d) Nyquist plots from electrochemical
impedance spectroscopy performed with an AC frequency range of 100 kHz to 0.1 Hz (at 1.45 V vs RHE) and fitted to the equivalent circuit

shown.
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Figure 9. Chronoamperometry of Pr,Ga,Se,0, at (a) various current
densities with multisteps and (b) constant current density.

valence sum around the tetrahedral Gal atoms comes out as
3.0, in agreement with their expected valence. However, the
trigonal bipyramidal Ga2 atom is slightly underbonded, with a
bond valence sum of 2.8, if the distant fifth Se atom is
neglected; including it restores the bond valence sum to 3.0. In
general, the bond valence sums for all of the atoms exhibit a
typical pattern in which some atoms are slightly underbonded
and some are overbonded, implying that the structure results
from a compromise between compressed and stretched bonds.
The discrepancies between the expected bond valence sums
and the atomic valences can be averaged over the entire
structure to give a global instability index, which gives a
measure of how much the structure is strained.”® For both
Pr,Ga,Se;0, and Nd,Ga,Se;0,, the global instability index is
0.04, less than a limiting value of 0.10, which indicates that the
structure is stable and well determined.

Electronic structure calculations show indirect band gaps of
0.98 eV for Pr,Ga,Se;O, and 1.10 eV for Nd,Ga,Se;O,, but
because the topmost valence bands are quite flat, these gaps are
nearly direct (Figure S3). The DOS, —pCOHP, and COBI
curves are plotted (Figure 4). The valence band is dominated
by filled Ga 4p, Se 4p, and O 2p states, and the conduction
band is dominated by empty RE Sd states. As is typical of
valence-precise compounds, the band gap arises from
optimization of bonding interactions: all bonding Ga—Se
states are filled, and all antibonding Ga—Se states are empty. In
contrast, the RE—Se and RE—O interactions do not contribute
significantly; instead, they are expected to have more ionic
character. Accordingly, the integrated —pCOHP values are
largest for the more covalent Ga—Se interactions and relatively
low for the more ionic RE—Se and RE—O interactions. The
degree of bonding character can be further quantified from the
COBI values, which range from 1 (strongly covalent) to 0
(strongly ionic). In agreement with expectations, the integrated
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COBI values are high for Ga—Se interactions (0.7—0.9) but
low for RE—Se and RE—O interactions (0.1—0.2). Closer
inspection of the —pCOHP curves for individual Ga—Se
interactions shows that the long distance to the axial Se atom
within the Ga-centered trigonal bipyramids corresponds to real
bonding, arising from the surplus of filled bonding over
antibonding levels (Figure S4). Its integrated —pCOHP value
is about 25—30% that of the shorter Ga—Se distances.

The delineation of the structure in terms of more covalent
Ga—Se blocks vs more ionic RE—Se and RE—O blocks can be
visualized in ELF plots (Figure S). Electron density is shared in
the region between Ga and Se atoms, as indicated by the blue-
green colors, but is much lower in the region between RE and
Se atoms or between RE and O atoms, as indicated by the blue
colors. Accordingly, the Bader charges are less extreme around
Ga atoms (0.8+ to 0.9+) than around RE atoms (1.6+ to 2.0+),
even though they are both formally 3+ cations. Similarly, they
are less extreme around Se atoms (0.7— to 1.1—) than around
O atoms (1.3— to 1.4—), even though they are both formally
2— anions.

3.3. Optical Properties. Optical diffuse reflectance spectra
were collected on phase-pure powder samples (Figure 6). The
sharp peaks found at lower energies to the absorption edge
arise from f—f transitions of the RE atoms. Given that the band
structure calculations indicated a nearly direct gap, Tauc plots
were fitted with this assumption.”” The measured optical band
gaps are 1.74 eV for Pr,Ga,Se;O, and 1.68 eV for
Nd,Ga,Se-0O,, consistent with the dark brown colors of both
samples. If indirect band gaps are assumed, then they are 1.68
eV for Pr,Ga,Se,0, and 1.66 eV for Nd,Ga,Se, 0, (Figure SS).
The calculated band gaps presented earlier are underestimated
by about 0.7 €V, as is typical when standard functionals are
used. When the calculations were repeated using a hybrid
HSE06 functional (with a PBE-to-Hartree—Fock ratio of
75:25), the predicted band gaps of 1.52 eV for Pr,Ga,Se,0O,
and 1.58 eV for Nd,Ga,Se,0, are in better agreement with the
experimental values (Figure S6).

3.4. Calculated Thermoelectric Properties. Like other
oxychalcogenides, Pr,Ga,Se;O, and Nd,Ga,Se;O, may be
potential thermoelectric materials given their semiconducting
behavior and high effective masses (as judged by the presence
of flat bands near the Fermi level). Efforts were made to
measure the experimental thermoelectric properties. About 3.5
g each of Pr,Ga,Se;0, and Nd,Ga,Se,O, were prepared. Many
attempts were made to densify these samples by spark plasma
sintering, but they resulted in pellets that cracked upon
retrieval. Cracking may occur for various reasons, but
overpressing and inappropriate thermal treatment rates were
ruled out because many processing conditions were tried
without success. It is possible that volume changes associated
with phase transformations may be occurring at high
temperatures, but this requires further investigation.

In the face of these difficulties, some of the thermoelectric
properties were calculated to ascertain whether further
experimental effort was worthwhile. As a reminder, for good
thermoelectric materials, it is desirable to find high Seebeck
coefficients S, high electrical conductivities o, and low thermal
conductivities k. The thermoelectric figure of merit ZT is
directly proportional to the power factor, PF = ¢S% which is
relatively straightforward to calculate and evaluate here.
Thermal transport properties were calculated to examine
how the Seebeck coeflicients, electrical conductivities, and
power factors depend on the chemical potential y and
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temperature (Varying from 300 to 1500 K) (Figure 7). These
properties show little dependence on the RE substitution. For
both compounds, the Seebeck coeflicients reach maximum
values of around +1600 puV K™ at 300 K within chemical
potentials of +0.05 eV from the Fermi level, and they decrease
at higher temperatures, shifting away from y = 0. At S = 0, the
chemical potential range narrows to +0.5 eV at all temper-
atures, which is attributed to easier electronic excitations. The
temperature dependence of chemical potential and relaxation
time, as well as the occurrence of greater scattering at high
temperatures, should be taken into account to compare with
experimental measurements.

The electrical conductivities were calculated within the
constant relaxation time approximation. The electrical
conductivities and power factors attain significantly higher
maxima for n-doping (positive 4) than for p-doping (negative
). If typical relaxation times of 107"° to 107 s™" are assumed,
then the power factors are calculated to be 10™* to 107> W K2
m~', similar to those of other oxychalcogenides. The
interpretation of these calculations is that Pr,Ga,Se;O, and
Nd,Ga,Se;O, may be favorable candidates for n-doped
thermoelectric materials, which remain relatively undeveloped
compared to p-doped counterparts. Among n-doped oxy-
chalcogenides, power factors have been experimentally found
to be as high as 4.5 X 107 W K™ m™" for LaBiS,,Sey O at
743 K or 2.4 X 107* W K™ m™" for Bi,0,Se(055Cloors-

3.5. Electrocatalytic Properties. FElectrocatalytic per-
formance for the OER was evaluated in alkaline solution (1
M KOH) using a three-electrode system. Table 4 lists
parameters extracted from the electrochemical analysis.

The OER polarization plots obtained from LSV show that
Pr,Ga,Se,;O, exhibits higher catalytic activity than
Nd,Ga,Se;O, and the benchmark material RuO, (Figure
8a). At a current density of 10 mA cm™?, the overpotential is
lower for Pr,Ga,Se;O, (257 mV) compared to Nd,Ga,Se,0,
(328 mV) and RuO, (370 mV). In the CV plots, preoxidation
peaks before the onset of water oxidation appear as shoulders
at 145 V for Pr,Ga,Se;O, and 149 V for Nd,Ga,Se,O,
(Figure 8b); these peaks are typically attributed to catalyst
site activation through attachment of an intermediate -OH
group in OER. Tafel plots generated from the LSV curves
reveal that Pr,Ga,Se,O, has the smallest slope (58.8 mV
dec™"), implying fast OER kinetics (Figure 8c), consistent with
its high mass activity (70.1 A g”') and TOF (0.0234 s7'). As
ascertained from CVs measured at different scan rates (Figure
S7), Pr,Ga,Se;O, has higher ECSA (106.3 cm’) and RF
(375.6), implying a greater number of electrochemically active
sites and thereby facilitating electrolyte infiltration and
interfacial interaction.

To probe the charge transfer kinetics at the electrode—
electrolyte interface, EIS experiments were performed. The
Nyquist plots for Pr,Ga,Se;O, and Nd,Ga,Se,0,, each with
two semicircular curves, indicate coupling of the electron
transfer process with a surface adsorbed species (Figure 8d).”’
The EIS data were fit to an equivalent circuit consisting of
electrolyte resistance R;, charge transfer resistances R, and R;,
constant phase elements C, and C,, and Warburg impedance
W, attributed to charge diffusion from the electrolyte to the
electrode or vice versa (Table S2). Pr,Ga,Se,O, shows smaller
charge-transfer resistance at the electrode—electrolyte inter-
face, which corroborates well with the low Tafel slope and
higher OER catalytic efficiency exhibited by this compound
compared with the Nd analogue. The conductivity of the
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catalysts is slightly underestimated, because the interface
contact is reduced when polymer binders are used to adhere
the catalysts to the substrate. Pr,Ga,Se;O, exhibits the
minimum R, value of 8.65 Q at a potential of 1.45 V (vs
RHE), consistent with faster charge transfer kinetics.

Chronoamperometry was carried out to evaluate the stability
performance of Pr,Ga,Se;0, at different current density steps
(Figure 9a) and to investigate the long-term durability at a
constant potential of 1.46 V maintained for 24 h (Figure 9b).
No significant deterioration was observed under uninterrupted
OER, as seen in the polarization curves before and after the
stability study (inset of Figure 9b). These results confirm that
Pr,Ga,Se;0, is robust and does not rapidly degrade during
OER

High-resolution XPS spectra collected before and after the
electrocatalysis experiments were deconvoluted into compo-
nent peaks (Figures S8 and S9; Table S3). The RE 3d spectra
were fit to 3d;,, and 3d;,, components split by spin—orbit
coupling at a separation of 20.3 eV in Pr,Ga,Se;O, and 22.5
eV in Nd,Ga,Se;O,, with satellite features attributed to
coupling with 4f electrons and shakeup processes.”' In general,
the BEs extracted from the RE 3d, Ga 3d and 2p, Se 3d, and O
Is spectra are consistent with the expected valence states
(RE*, Ga*, Se?”, and 0*7).”* After the OER, the Ga 3d and
O 1s spectra for Pr,Ga,Se;O, show new peaks that were
tentatively assigned based on the assumption that they arise
from binding of surface-adsorbed hydroxide and H,0/0,
species. For Nd,Ga,Se,O,, the spectra were much less
significantly affected, suggesting only mild surface oxidation.
The superior electrocatalytic performance of the Pr member is
an interesting result that appears to be observed in other RE-
containing catalysts for water splitting, including perovskites
and alloys.”>~”® However, given the XPS results, it is unlikely
that it originates from involvement of a Pr**/Pr’* couple, but
perhaps through mechanisms like those in GaSe, which
undergoes similar changes in its Ga 3d and Se 3d XPS
spectra.77’78

4. CONCLUSIONS

The rare-earth oxyselenides Pr,Ga,Se;O, and Nd,Ga,Se,O,
adopt a new structure type containing GaSes trigonal
bipyramids, only the second instance observed of such units.
The segregation into more jonic RE—O and RE—Se blocks vs
more covalent Ga—Se blocks reinforces this recurring theme
found in many oxychalcogenides. These compounds are
semiconductors with a nearly direct band gap of 1.7 eV,
dictated by the crossover from bonding to antibonding Ga—Se
interactions at the Fermi level. Calculations of thermal
transport properties indicate higher power factors for positive
chemical potentials, implying that n-doping could be applied to
enhance their potential as thermoelectric materials.
Pr,Ga,Se;O, shows promising characteristics as an electro-
catalyst for the OER, but more remains to be done to
understand its mechanism.
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