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Abstract

A simple and cost-effective salt synthesis route toward refractory oxides of composition
Sr,Ga; xCoxNbOg has been carried out. Herein, we report on the refinement of the set of parameters
related to heat treatment to stabilize the ordered perovskite for cobalt content, x, ranging from 0.02 to
0.2. The parameters studied were the nature of the flux, the dwell temperature, the dwell time and the
cooling rate for a given cobalt precursor. Our study relied on powder X-ray diffraction, UV-visible-
near IR (UV-vis-NIR), Electron Spin Resonance (ESR) and Nuclear Magnetic Resonance (NMR)
experiments allowing us to better understand the room temperature electronic structure. The tuning of
energy gap with the cobalt content, mixed spin state Co®* (Low Spin + Intermediate/High Spin) at

room temperature and the brown shades of these materials render them the multifunctionality.
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Introduction

Despite of the huge contribution of the textile industry on world economy, its contribution to
water pollution is also unfortunately undeniable. * The untreated effluent from the textile industry or
any chemical industry pollutes water bodies around the world and is a growing threat to aquatic life
and thereby to humankind itself. Extensive research has been made in order to purify water polluted
by synthetic dye waste discharged all around the world. >’ Therefore, remedies are needed to
overcome the difficulties put forth by such chemical waste. ®° Unlike several typical methods to treat

1213 reduction and so on, photocatalysis is a

the polluted water like anaerobic,'® aerobic,™ oxidation,
promising technique which uses simple technology that has proven to have substantial performance.'>
% Doping with transition metal cations has proven to enhance the photocatalytic efficiency of
semiconductors.?*# Cobalt is the most efficacious dopant among the different transition metals?? %
studied so far because its electronic structure aids photocatalytic properties and promotes strong
absorption peaks in the visible region of light.*"* Studies have shown that Co-doped ZnO and Co-
doped TiO, are much efficient photocatalysts than their pristine counterparts.®*** Regardless, it is
noteworthy that by contemplating the range of properties shown by oxide perovskites and their
derivatives, they can be used in technologies that make use of photocatalysts.**° In addition, studies
have shown an enhancement in the photocatalytic properties in oxide perovskites synthesized via flux
method.*** Cobalt was chosen in our study for its spin crossover ability*®*®, Thermally induced
thermochromism had been reported as well in cobalt substituted oxide perovskites.*® And
thermochromic materials are used as inorganic pigments for (smart) paintings. **° In summary, the

Co substituted materials offer multifunctional applications.

Herein, to reduce the synthetic route cost toward phase-pure complex perovskite, an appropriate
method leading to the preparation of nanocrystallites and/or microcrystallites is proposed. It is based
on molten salt flux growth technique that has been widely used to stabilize crystals large enough in
size for many physical property characterizations including studies of magnetic transitions, electrical
conductivity, neutron diffraction and optical properties as proposed for some complex oxide®. The
idea is to follow such flux synthesis strategy as recently proposed for cobalt or manganese

perovskite>*>®

and to stop the process in a post nucleation state prior to larger crystal growth. Such
strategy will allow to significantly lower the thermal treatment temperature used to synthesize derived

refractory oxides Sr,Ga;.xCo,NbOs.
Experimental section

Sample preparation: Sr,Ga; ,Co,NbOg double perovskite samples were grown via flux (molten-salt)
method. First of all, SrCO3z; was dried by following a thermal treatment at 200°C. Co3;0,4 was prepared
from cobalt acetate by heating it at 650°C for 12 hours with a heating and cooling rate of 5°C/min.

Stoichiometric amounts of dried SrCOs, C030, Ga,O3; and Nb,Os were mixed in order to achieve a



molar ratio of Sr:Co:Ga:Nb =2 : x/3 : (1-x)/2 : 1/2, where X is the molar content of cobalt. Thereafter,
the reactants were mixed with the salt flux in flux/product mass ratio, y, ranging from 1 to 4. The
reactants-flux mixture was then heated in air to a fixed temperature in the range between 900°C —
1100°C at a heating rate of 5°C/min, held from 8 to 72 hours and followed by cooling to room
temperature at different cooling rates from 5°C/min to 0.2°C/min. The products were thoroughly
washed with an acidified distilled water to remove the flux and dried at room temperature for 48
hours.

Instrumental details: The room temperature (RT) powder X-ray diffraction (PXRD) patterns —
routine mode — were collected using a PANalytical X'Pert MPD PRO diffractometer equipped with a
secondary monochromator. The diffractograms were measured over an angular range of 26 from 8° to

80° with a step size of 0.016° in Bragg-Brentano 6-0 geometry with copper Ka radiation (A = 1.5418
A).

The Ka; data collection to perform Rietveld refinement was carried out using PANalytical X’Pert
MPD PRO diffractometer equipped with Cu- Ka, Ge — 111 monochromator (L = 1.540598 A) in
Bragg-Brentano 6-20 geometry over the 26 range of 10°-130° with a step size of 0.008°.

Bruker ESP300E spectrometer operating at X-band frequency (9.54 GHz) equipped with a liquid
helium flow cryostat was used to record Electron Spin Resonance (ESR) powder spectra from ambient
temperature down to 5 K. The main spectroscopic parameters used to obtain the reported spectra are
microwave power of 10 mW, magnetic field modulation frequency of 100 kHz and amplitude of 1 mT,
spectral resolution of 0.65 G/point and a conversion time of 82 ms. The spectrometer was calibrated

(in magnetic field) using an external reference sample of DPPH (g = 2.0036).

%Nb (I = 9/2) and *°Co (I = 7/2) Nuclear Magnetic Resonance (NMR) spectra were recorded under
Magic Angle Spinning (MAS) conditions on a Bruker Avance 111 300WB solid-state spectrometer
(7.05T) using a 2.5 mm MAS DVT probe with a typical 30 kHz spinning frequency. For both nuclei,
single pulse experiments were performed with a 7/20 pulse length of 1.26 us and a /16 pulse length of
1 us, respectively and an optimized recycle delay of 0.5 s. Saturated solution of NbCls (in CH;CN)
and 0.1M solution of K3[Co(CN)s] were used as external reference samples for the **Nb and *°Co
NMR shifts (expressed in ppm). "‘Ga (I = 3/2) MAS NMR spectra were recorded on a Bruker Avance
111 500WB solid-state spectrometer (11.7 T) using a 1.3 mm MAS probe with a MAS rate of 60 kHz, a
short /8 pulse length of 1.05 ps and an optimized recycle delay of 1 s. Gallium Arsenide (GaAs;

Siso. = -215 ppm) was used as solid reference sample for the “Ga NMR shifts (expressed in ppm).

UV-vis-NIR diffuse reflectance spectra were recorded using Agilent Cary 5000 spectrophotometer in

the wavelength range of 200 nm — 1500 nm at room temperature. A step size of 1 nm was used for 200



nm — 800 nm range and 2 nm for 800 nm — 1500 nm range. Halon was used as a white reference to

calibrate the spectrometer.
Results

Double perovskite formation and phase purity of the samples were first investigated using X-
ray powder diffraction in a routine mode. Results are sequentially shown following the different
studied parameters. For the sake of clarity, all the following analysis are proposed for
Sr,(C0g,04Gages)NbOs  compositions. The latter, namely x = 0.04 were prepared by mixing
stoichiometric amount of precursors in a mortar and pestle along with the SrCl, flux in a 2:1
flux:product ratio by using Cos0, as the cobalt precursor. Subsequently, the impact of varying cobalt

content, x is presented for some selected set of parameters.
a) Nature of flux

For a fixed cobalt content x = 0.04, the nature of flux investigated were SrCl,, NaCl, KClI,
BaCl,, NaCl + KCI, BaCl, + KCI. The flux:product ratio was arbitrarily chosen to be 2:1, i.e., 2 g of
flux was added for each gram of product prepared. For the eutectic mixing of flux (NaCl + KCI, BaCl,
+ KClI), the two salt fluxes were taken in a 1:1 ratio and the temperature of melting and boiling were
found from their respective phase diagrams. The nature of flux used as well as with their melting and

boiling points are given in Table. 1.

Flux Used Flux: Sample Ratio | Melting Point (°C) | Boiling Point (°C)
SrCl, 2:1 874 1250
NaCl 2:1 801 1465
KCI 2:1 771 1420
BaCl, 2:1 962 1560
KCI + NaCl (1:1) 2:1 657 1443
BaCl, + KCI (1:1) 2:1 900 1490

Table. 1: Nature of flux used for Sr,(C0y04Gag0s)NbOgs sample preparation, flux:sample ratio and the

corresponding melting and boiling points.
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Fig.1: Room temperature X-ray diffraction patterns of the Sr,(Cog04Gag95)NbOg samples depending on
the nature of flux used. Inset: The arrow underlines the superstructure peak at ~19° whereas ° (circles)

show impurity peaks.

The RT PXRD patterns corresponding to the Sry(Cog04Gapes)NbOg double perovskite stabilized
using different types of flux is shown in Fig. 1. The ordering in these double perovskites can be
pointed out by the appearance of superstructure peaks, for example, the (111) diffraction line is
underlined in the inset by an arrow. Also, some of the prepared Sr,(Co0g0sGag.05)NbOg samples had
shown unknown impurity peaks along with the double perovskite formation. Although, it is shown that
the KCI + NaCl (1:1) flux do not stabilize any detected impurity in the routine mode RT XRD, SrCl,
flux was selected for the preparation of samples. Indeed, the A-site cation of the double perovskite
studied
(Sr,(Co,Ga;,)NbOg) and the cation of the salt flux SrCl, are the same which would prevent
introducing unwanted impurities by the reaction of precursors and the cation of the salt flux. It has to
be noted that the flux:product ratio for the synthesis of Sr,(Co,Ga;.,)NbOg double perovskites was also
studied as shown in Supplementary Information Fig. S1 confirming the optimized 2:1 flux:product
ratio.

b) Dwell temperature



x=0.04
8h
5°Ci/min
SrCl, (2:1)
Co,0,

49 50 51 52 53 54 55

26 ()

{
{e]
o
E Normalized Intensity (a.u.)

Normalized Intensity (a.u.)

a) 900°C
b) 1000°C
< Ak JL‘Z AL Jt JL_.,.._J\._.
L L ¢)1100°C
b 4o L A
10 20 30 40 50 60 70 80
20 (°)

Fig. 2. Room temperature X-ray diffraction patterns of Sr,(Cog4Gages)NDOg prepared by varying
dwell temperature of the thermal cycle. ° markers correspond to the unknown impurities found and the

inset shows the zoomed superstructure peak at ~51.8° (marked with an arrow).

The next studied parameter for the heat treatment was the dwell temperature. The choice of
dwell temperatures for the study (900°C, 1000°C, 1100°C) was based on the melting and boiling point
of SrCl, (see Table. 1). The other heat treatment parameters which were kept unchanged from the
previous section are flux:product ratio as 2:1, the dwell time of 8 hours and the cooling rate of
5°C/min. The mixture of reactants and flux was then heated at 900°C, 1000°C and 1100°C using the
aforementioned other heat treatment parameters. The RT PXRD patterns of the double perovskite
Sr,(C00,04Gag.9s)NbOg prepared at 900°C, 1000°C and 1100°C are shown in Fig. 2 with the inset
showing the superstructure peak at ~51.8° (as the normalized superstructure peak intensity at ~19° was
indistinct). Unexpectedly, it was seen that the PXRD pattern of sample prepared at 1000°C showed
more content of unknown impurity than the other two. Dwell temperature of 1100°C seems to be the
optimized temperature to reach  Sry(Co0sGages)NbOs double  perovskite.  However,
Sr,(C0g.04Gag.94)NbOg double perovskite prepared at 1100°C for 8h using at 5°C/min cooling rate was
unfortunately not pure from the refinement of Rietveld high resolution data collection as is shown in
supplementary information (Fig. S2 & Table S1). For the rest of the parameter change study, 900°C
was opted as the dwell temperature having in mind that flux method is used to reduce the time and
cost of the synthesis and therefore, both the dwell temperature and dwell time of the heat treatment
need to be reduced to obtain desired products. This is also the reason for exploring the effect of kinetic
parameter, i.e., the dwell time parameter of the heat treatment. For the purpose, the reactants and salt
flux mixture in 2:1 flux:product ratio was heated at 900°C at 8 hours, 40 hours, and 72 hours at a

heating and cooling rate of 5°C/min.

c) Dwell time



Fig. 3 shows the RT PXRD patterns of the samples prepared by varying the dwell time of the
thermal cycle. The longer the dwell time is, the better the B-site cation ordering is. This can be easily
perceived from the inset of Fig. 3, that the superstructure peak relating to the ordering in the double
perovskite was more intense for the dwell time of 72 hours compared to the other dwell times studied.
The impurity content was seen to decrease when the dwell time was decreased from 40 hours to 8
hours. Perhaps, the possible reason for the impurity content to decrease is a threshold dwell time after
which the impurity phase starts to disintegrate and all the phases (impurity phase and the desired
phase) start to merge to one phase, the kinetically favoured stable phase. That is, the longer the dwell

time is, the longer the time available for the kinetically stable phase to get stabilized.

x=0.04 3

~ |900°C T l

B[ 5°C/min Z a)

E [sral, 2:1) 2 byl

2 |co0 E b)

Z’ O3t X [Py :

5 £ ¥

o 17 18 19 20 21 22

‘g 26 (°)

=

g 5 ' VT Ja)8h 5|

S [ - PR \b) 40 h
M N Jomny ]

28 (°)

Fig. 3: Room temperature X-ray diffraction patterns of Sr,(Cog0,Gag.06)NDOg prepared by varying
dwell time of the thermal cycle. ° markers correspond to the unknown impurities found and the inset

shows the zoomed superstructure peak at ~19.6° (marked with an arrow).
d) Cobalt content (x)

At this stage, in order to further study if the cobalt content has an impact on ordering,
Sr,(Co,Ga;x)NbOg double perovskite was prepared by varying x where x = {0.02, 0.04, 0.08, 0.12,
0.20}. Stoichiometric amounts of precursors were mixed in a mortar using a pestle along with SrCl,
flux at 2:1 flux:product ratio. The mixture was then heated at 900°C for 8 hours at a heating and
cooling rate of 5°C/min. Fig. 4 shows the RT PXRD patterns of Sr,(Co,Ga;.,)NbOg double perovskites
with varying cobalt content, x. Unknown impurity phase(s) was(were) found in RT PXRD for all the
samples prepared. Nevertheless, the content of impurity is really low for the samples prepared with
cobalt content, x = 0.02, 0.04 and 0.08 in the routine mode PXRD pattern. As the superstructure peaks
were hard to be discerned because of the high signal to noise ratio, the superstructure peaks are not
highlighted in Fig. 4.
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Fig. 4: Room temperature X-ray diffraction patterns of Sr,(Co,Ga;.,)NbOg double perovskites
prepared with varying cobalt content, X.

e) Cooling rate

Finally, the cooling rate effect was studied for a set of cobalt content (x = 0.02, 0.04 and 0.08).
The flux method of synthesis is commonly and mainly used for the single crystal growth>*° for which
usually the dwell time is longer and the cooling rate is slower of the heat treatment. Hence,
Sr,(Co,Gayx)NbOg double perovskite were prepared by heating the mixture of precursors and SrCl,
flux (2:1 flux:product ratio) at 900°C for 72 hours as just suggested with a slow cooling rate,
0.2°C/min. The RT PXRD patterns of Sry(CosGa;x)NbOg double perovskites (x = 0.02, 0.04, 0.08)
prepared using long dwell time and slow cooling rate varying the cobalt content is shown in Fig. 5.
Presence of ordering is observed in all the samples prepared which was proved by the observance of
superstructure peaks. The superstructure peaks — at ~19° i.e. (111) peak and ~38° i.e. (311) peak — are
shown in the inset figure of Fig. 5. However, Sr,(Co,Ga;.x)NbOg double perovskite with x = 0.02, 0.08
showed unknown impurity peaks in the PXRD patterns unlike Sr,(C0q04Gag.0s) NbOg double perovskite

that can be reduced increasing the dwell time.
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Fig. 5: Room temperature X-ray diffraction patterns of Sr,(Co,Ga;)NbOg double perovskite (x =
0.02, 0.04, 0.08) prepared using a slow cooling rate (0.2°C/min).



Therefore, the best parameters for heat treatment using flux (SrCl, in 2:1 flux:product ratio)
mediated synthesis to stabilize Sr,CosGa; «\NbOs double perovskite was found to be as the cobalt
content, x = 0.04 prepared at 900°C dwell temperature with 72 hours dwell time and a slow cooling
rate of 0.2°C/min. In the following paragraphs, the structural and spectroscopic results of this so
prepared phase-pure sample are discussed. Additionally, UV-vis-NIR spectroscopic analysis of
Sr,Co,Ga; xNbOg double perovskite is discussed under the scope of these materials to be potential

photocatalysts for water splitting.>**

Nuclear Magnetic Resonance & Electron Spin Resonance:

To study the potentiality of Sr,C0g04GagesNDOg as thermal sensors/switch which manifest
thermally induced thermochromism, Nuclear Magnetic Resonance (NMR) and Electron Spin
Resonance (ESR) as local probes were carried out. The lowest cobalt content was selected to perform
such study. Furthermore, because NMR spectroscopy is sensitive to low spin Co®* (LS: t,g° eg®) ion
and ESR to high spin/intermediate spin Co®* (HS: t,g* eg?/ 1S: t,g° eg"), both experiments should allow

us to probe the electronic nature of the cobalt in the double perovskite under study.

%Co, ™Ga and **Nb MAS NMR spectroscopy was used to locally probe the different cationic
environments. **Co and "Ga spectra with spinning side bands manifold can be found in Fig. S3. The
isotropic lines of the **Co, "*Ga and **Nb NMR spectra may be considered as the sum of several
resonance lines with Gaussian line shape (Fig. 6) that are associated with different local environments
for the three probed nuclei. Indeed, the slight changes in isotropic shift value are mainly due to the
distribution of Ga** and Co®* (LS and IS/HS) around Nb, Ga and Co ions in the double perovskite
structure.®® The main resonance line (peak 1) corresponds to the more regular environment (regarding
first and second neighbour cationic distribution) that is, for instance, Nb ions surrounded by only Nb
and Ga ions by only Ga ions. Depending on the spin state and the amount of Co®" ions in the vicinity
of Nb, the ®Nb NMR resonance line may be shifted towards higher or lower shift values. The "Ga
and LS-Co NMR spectra can be described following the same analysis. Interestingly, the
deconvolution of the **Co and "Ga MAS NMR spectra (using same width Gaussian subpeaks) are
very similar with two subpeaks towards higher shift values and six towards lower shift values
suggesting that both ions have almost identical local environment and thus, that the Co ions are

located at the Ga-site as desired.
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Fig. 6: a) *Nb and b) *°Co MAS NMR spectra (B, = 7.05 T; MAS rate 30 kHz) and ¢) "‘Ga MAS
NMR spectrum (By = 11.7 T; MAS rate 60 kHz) of Sr,(Cog04Gag.96)NbOg double perovskite.
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Fig. 7: X-band (9.54 GHz) ESR spectra of Sr,(Cog04Gages)NbOg double perovskite (900°C, 72 hours,
cooling rate 0.2°C/min) recorded at a) room temperature (293 K) and b) 5 K and marked with the main

observed g-values.

X-band ESR spectra collected for Sry(Cog04Gages)NbOg double perovskite (900°C, 72h,
0.2°C/min) at room temperature and 5 K is shown in Fig. 7 (a & b respectively). The RT ESR signals
match with previous report for LaCoO; perovskites®®%. The RT ESR spectrum exhibits a broad and
intense signal at low fields and a weak signal at g~1.98. The origin of this last signal is not clear but
could be related to some oxygen vacancies whereas the broad signal could be due to some traces of
unreacted Co;0,. However, no signal at ~280 mT® was detected suggesting that this resonance line
could also be attributed to an intrinsic paramagnetic signal originated from 1S/HS Co*. At low
temperature (below 30 K), only an intense signal associated with IS or HS Co®* is observed at g~4.27.

Along with the NMR experiments revealing the presence of Co®* at the low-spin state, ESR
confirms that a part of the Co® ions in the sample are paramagnetic, i.e., with a high spin or
intermediate spin state. Therefore, it can be said that Sr,Coq0,Gag9sNbOg shows a mixed spin state

with a potentiality for thermally induced thermochromic property.



Rietveld Refinement:

Rietveld refinement of PXRD pattern (Ko, data) was used to investigate the credibility of the
crystal structure deduced using NMR with the Co distributed at the Ga-site. The structure was
surprisingly found to be Fm3m whereas the Sr,CoNbOg double perovskite was found to be crystallized
in 14/m tetragonal space group but with a slight tetragonal distortion®. The observed PXRD pattern,
calculated pattern using Fm3m and the difference (Observed — Calculated) patterns are shown in Fig. 8
along with the Bragg reflections for the Fm3m space group marked with | markers. The approach for

the Rietveld refinement performed using TOPAS software is explained in the following paragraph.
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Fig. 8: Observed room temperature X-ray diffraction pattern of Sr,(Co0g0,Gaggs)NbOg double

perovskite for Rietveld refinement (black line+scatter), calculated X-ray diffraction pattern using

Fm3m space group (grey plot) and difference curve between the observed and calculated X-ray

diffraction patterns (little grey plot). | markers indicate the Bragg reflections corresponding to Fm3m

space group. Inset shows the high angle peak showing the peak symmetry proving Fm3m space group

crystallization.

As the charge difference between Ga®* and Nb®* is exactly equal to two, a partial ordering of the
Ga/Nb octahedra is expected.®®" Whence two structural models for refining RT PXRD could be put
forth: model (a) with a mixture of ordered (Fm3m) and disordered (Pm3m) phases® and model (b)
with fractional occupancy of Ga**/Nb*>* ions in an ordered phase (Fm3m). PXRD calculated using
model (b) fitted the observed PXRD pattern better than the calculated one using model (a). Especially,
the peak shape difference between main perovskite peaks and superstructure ones due to B/B’ ordering
was not well accounted in model (a) (see Fig. S4). The fractional occupancy of Co®* was kept constant
as 0.16 (for x = 0.04). There were two assumptions made: (1) Co** occupied Ga*" site as probed in our

NMR experiment, (2) the content of cobalt in the final product experimentally produced is equal to the



targeted one, i.e., x = 0.04. The original Ga** site (0.5, 0.5, 0.5) will have 0.16 parts fractional
occupied by Co**, y parts fractionally occupied by Ga*" and 1-y—0.16 parts fractionally occupied by
Nb>*. And the original Nb>* site (0, 0, 0) will have y—0.16 parts of total occupancy for Nb**, the rest
1-y—0.16 parts fractionally occupied by Ga**. Rietveld refinement result is tabulated in Table. 2. And
the stable phase-pure Sr,(C0,04Gages)NDOs double perovskite that was crytallized in Fm3m space
group has 38% B-site cation ordering; the degree of ordering can be calculated using the order

parameter, S = 2z—1(where z is the highest fractional occupancy between B and B’ cations)®.

) Wyckoff
Site o X y z Atom  Occupancy Beq
position

Fm3m; a=7.90 (1) A
Rwp = 10.11 and * = 1.41

Sr 8 0.25 0.25 0.25 Sr* 1 0.88 (1)

Ga 4 0.5 0.5 0.5 Ga® 0.53(1)"  0.05(4)™
Nb>* 0.31(1)"  0.05(4)"
Co** 0.16 0.05 (4)*

Nb 4 0 0 0 Nb™  0.69 (1)*  0.05(4)**

Ga** 0.31(1)*  0.05(4)**

@) 24 0.2530 (5) 0 0 o* 1 1.20 (4)

Table. 2. Lattice parameters, atomic positions, isotropic thermal displacements and
occupancies for Sry(Cog04Ganes)NbOg double perovskite acquired from PXRD Rietveld refinement
using TOPAS. * ' * ** indicate that there were constraints imposed: (a) *Occupancy of Ga*" +
Occupancy of Co®" + Occupancy of Nb® = 1 and *Occupancy of Nb®* + Occupancy of Ga** = 1, (b)

Tt ** Beq at these sites were constrained to be equal.
UV-vis-NIR spectroscopy:

UV-vis-NIR spectroscopy was performed to (i) confirm the mixed spin state in the
Sr,C00.04Gag 9sNbOg double perovskite, and (ii) to study the potentiality of Sr,Co,Ga;xNbOg as
photocatalyst materials for water splitting. Diffuse absorption was calculated by using absorption,
A(%) = 100 — R(%) where R(%) is the reflection in percentage.

(i) Sr,C00.04Gag.9NbOs
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Fig. 9: Room temperature UV-vis-NIR spectra of Sr,Cog04Gag9sNbOg double perovskite prepared at
900°C dwell temperature, 72 hours dwell time and 0.2°C/min cooling rate using SrCl, with 2:1
flux:product ratio.

Fig. 9 shows the UV-vis-NIR absorption spectra in the range of 200 nm — 1500 nm of
Sr,C00.04Gag 9sNbOg double perovskite synthesized at 900°C dwell temperature, 72 hours of dwell time
and 0.2°C/min cooling rate using SrCl, flux in 2:1 flux:product ratio. The inset of Fig. 9 shows the
zoomed part of absorption spectra from 200 nm — 420 nm where the arrows are indicator of the
oxygen-to-metal charge transfer observed in these samples. The charge transfer band corresponding to
the O* — Nb°* have a maximum in the absorption curve in the wavelength range less than 200 nm and
the observance of maximum getting to reduce is only visible in the recorded UV-vis-NIR spectra. The
charge transfer bands are observed with onsets starting from ~250 nm corresponding to 0% — Ga**
and ~330 nm to O* — Co®". Moreover, the observance of features in NIR range (marked as * in Fig.
9) corresponds to the Jahn-Teller distortion. The energy corresponding to the wavelength 1150 nm and
1450 nm that are marked with *is 1.1 eV and 0.85 eV respectively. The energy between the e,
orbitals, A, for oxides due to HS/IS Co*" is as same for fluorides and it range from ~0.3 eV to ~1 eV.
For the double perovskites under study, A, = 1.1 — 0.85 = 0.25 eV, which close to the earlier reported
works of fluorides/oxides containing HS/IS Co®* which manifest Jahn-Teller distortion in the
samples.®®

The d-d transitions are poor in intensity in contrast to the Co-doped LaGaO; perovskite that
was showing clear d-d transition peaks corresponding to the LS Co®* at ~500 nm and ~700 nm and to
the HS Co®" at ~550 nm.* However, as there is a mixture of LS + HS/IS Co®* in Sr,C0q.04Gay sNbOs
under study (900°C, 72h, 0.2°C/min), but the indistinguishable maxima in the absorption spectra due
to the possible overlap of d-d transition peaks makes the assignment of peaks to the proper d-d
transition an intricate task. Hence, the second derivative of absorption from 400 nm — 700 nm was
calculated and is shown in Fig. 10. d-d transitions which give maxima in the UV-vis-NIR spectra

(Gaussian peaks) will give minima in the second derivative of absorption.
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Fig. 10: Second derivative of absorption plot of Sr,Cog04Gag9sNbOg double perovskite prepared at
900°C dwell temperature, 72 hours dwell time and 0.2°C/min using SrCl, flux in 2:1 flux:product
ratio. The arrows represent different Co®* spin states observed in the sample.

Fig. 10 shows the second derivative plot of absorption spectra versus the wavelength of light
used (400 nm — 700 nm; visible range of light) of the recorded spectra of Sr,C0g04GagesNbOg double
perovskite (900°C, 72h, 0.2°C/min). The comparison of second derivative plot of UV-vis-NIR spectra
with earlier reported Sr,Cog0,Gao.sNbOg’* and Co-doped LaGaO;*® showed that the double perovskite
under study has a mixed spin state at room temperature, and the so assigned d-d transition peaks are
shown in Fig. 10. The allowed d-d transitions ‘A, — Ty (~438 nm), ‘A, — 'Tyy (~572 nm)
corresponding to LS Co®* and the *A;; — °T, (~499 nm) transition corresponding to the HS Co*". The
UV-vis-NIR spectra analysis underpins the observance of HS/IS Co** from the ESR and LS Co** from
the NMR spectroscopic results.

Sr,CoGa; «NbOg

Absorption (%)

200 400 600 800 1000 1200 1400
A (nm)



Fig. 11: UV-vis-NIR absorption spectra obtained after transformation of the diffuse reflectance spectra

considering the absorption percentage such as: A% = 100 — Rg;%.

The optical properties of some of the Sr,(Co,Ga; ) NbOg (x = 0.02 , 0.04 and 0.12) double
perovskites prepared were investigated using UV-vis-NIR diffuse reflectance spectroscopy in an aim
to study its potentiality as photocatalysts. Absorption spectra for the three double perovskites
stabilized at 900°C are reported in Fig. 11. In the UV-visible range, the oxygen-to-metal charge
transfer bands are observed at 400 nm corresponding to 0> — Co**, 280 nm corresponding to 0% —
Ga*, of 0* — Nb>" at 200 nm as discussed in the earlier subsection. The increase of the absorption
bands with respect to the cobalt content is a clear indication for cobalt incorporation into the
perovskite structure. As the spin-forbidden d-d transitions have poor maxima in the absorption curve,
d-d transitions in the
Sr,Co,Ga;.xNbOg double perovskites (x = 0.02, 0.04, 0.12) is not assigned herein. The transitions are
expected to be found at the wavelength values close to the ones discussed in Fig. 10 and, the presence
of LS and HS/IS Co*" were confirmed from ESR and NMR experiments respectively as shown in Fig.
S5. Additionally, the features in the NIR range of absorption spectra (marked as * in Fig. 11)
correspond to the Jahn-Teller distortion are still observed. The features are more prominent in x = 0.02
sample. The increase in absorption with the cobalt content resulting in poor maxima in the UV-vis-
NIR spectra leads to poorly make out the Jahn-Teller features in sample with more cobalt content than
4%.
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Fig. 12: Tauc plots for the Sr,(CoxGa;«)NbOs (x = 0.02 , 0.04 and 0.12) double perovskites stabilized

at a dwell temperature of 900°C with the sample photos.

Tauc plot for the calculation of band gap energy in Sry(Co,Ga;.x)NbOg along with the sample

photos is shown in Fig. 12. The Tauc method for analysing the UV-vis-NIR data is used in a number



071 and oxide’® ordered double perovskites (that show photocatalysis property as

of non-oxide
well*®7% The Tauc plot for calculating direct band gap energy from the diffuse reflectance spectra is

given by the following equation,
ahv'/2 = B(hv — Ey)
where o = K/S = (1-R)%2R, K and S are absorption and scattering coefficients respectively, R is the

diffuse reflection recorded, h is Planck’s constant, v is the photon frequency, B is the proportionality
constant and Ej is the band gap energy.” The intercept of the linear fit to the steep feature in the Tauc

plot where ahv'/2 = 0 gives the band gap energy. For materials which are doped, the band energy is
taken at the energy value where the linear fit of the steep region in the absorption and the baseline
meets. The dotted lines in Fig. 12 represent the baseline and the dashed lines corresponds to the linear
fit of the steep feature.” Sr,(Co,Ga;,)NbOg double perovskite was found to show two sub-band gap
energies; one related to Ga®*" and the other related to the Co substitution. Insulators show band gap
energy, Eq > 4 eV and is as reported for Gallium oxides.” Both the sub-band gap energies increase
with the cobalt content. The band gap energy related to the cobalt in the double perovskite under study
with E4 < 4eV could make the double perovskite Srp(CoxGai.x)NbOs an interesting candidate for

photocatalytic studies.

Discussion

As mentioned earlier, the flux method was primarily and extensively used in the past for single
crystal growth process. However, the molten flux method of synthesizing has been successful in
preparing phase pure multicationic oxides such as LaCoOj; using a eutectic mixture of NaCI-KCl"”,
Sr,AIBOg (B=Nb, Ta) using SrCl, flux®"’®, SrTiO; using NaCl*®, KF-LiF and K-Li-borate fluxes”.
The synthesis method provides a temperature range of preparation comparatively lower and a faster
mass transport & nucleation process over the conventional solid-state method of synthesizing
perovskites.”®”"® The type of flux could be halide salt, oxosalt, hydroxide, carbonate, nitrate, sulfate
to name a few.*® Compared to the other methods of synthesis for the perovskites which are either
expensive or strenuous multiple grinding and heat treatments involved, use of flux for preparing the
materials reduces the cost, time, and effort to synthesize the same materials using the other modes of
preparation. In molten salt flux method, the mixture of salt and reagents is heated to a temperature
between the melting and boiling point of the salt. When the salt is melted, it acts as a solvent system
which allows the reagents to mix at a lower temperature and a faster diffusion rate than the usual
synthesis methods. Thus, a flux must: (1) have no reactivity to the reagents and the crucible, (2) be
easily removed once the desired product is formed at the end of a reaction, (3) be of low cost,
volatility, and melting point.2®® The nature of flux, reaction temperature and time, ratio of flux to
product are system specific.”””® Nonetheless, flux having a common cation or anion has a favorable

impact on forming the phase-pure product.®* A representative RT PXRD pattern for Sr,(Co,Ga;.



«NbOg double perovskite prepared via conventional solid state route (marked as “without flux” in Fig.
13) and molten-flux method (marked as “with flux” in Fig. 13) under the same synthesis conditions
(900°C dwell temperature for 16 hours of dwell time at 5°C/min cooling rate and cobalt content, x =
0.08) is shown in Fig. 13. % corresponds to the unwanted phases arising when the sample was
prepared without flux. It can be easily deciphered from Fig. 13 that along with the desired phase there
were other phases forming with the use of conventional solid-state synthesis route in contrast to the
molten-flux method which stabilized the desired double perovskite phase at comparatively low

reaction temperature as 900°C.

—=— Without flux
e With flux

Normalized Intensity (a.u.)

Fig. 13: Representative Sr,(Co,Ga;.,)NbOg (X = 0.08) prepared at 900°C for 16 hours with a cooling
rate of 5°C/min with and without flux (SrCl,; 2:1 flux:sample). * corresponds to the unwanted

phase(s).

In Sr,Coo04GagesNbOs double perovskite (900°C, 72h, 0.2°C/min), our assumption of Co*"
occupied Ga*" site as desired during the Rietveld refinement of PXRD pattern supported by NMR
results is agreeable with HS/LS Co*" occupation at Ga®* site because of the same charge (+3) than to
Nb** site. Also, the chemical bound nature (Nb electronegativity is lower than the Ga and Co one’s so
one expect a higher covalency for Ga(Co)-O bonds regarding the Nb-O one’s) can be another for the
Co occupation at Ga site. These assumptions were justified based on the NMR results of
Sr,C00.04Ga0 9sNbOg double perovskite (900°C, 72h, 0.2°C/min). Regarding the synthesis parameter
study, it is clear that each set of parameters need to be refined for each x, cobalt content. However, two

tendencies emerge concerning the rates of chemical reactions. First, when the dwell temperature is at



lowest, i.e., at 900°C, both the dwell time and the cooling rate should be longer (72 hours and
0.2°C/min respectively). Secondly, when the dwell temperature is at highest, i.e., at 1100°C, the dwell
time could be reduced to at least 8h and a comparatively moderate cooling rate of 5°C/min.
Sr,C00.04Gag 9sNbOg prepared with the following synthesis conditions: 900°C, 72h, 0.2°C/min was
found to be crystallized in cubic space group (Fm3m). However, there is a competition between
crystallization of Sr,Co,Ga;.xNbOg double perovskite in cubic (Fm3m) and tetragonal (14/m) space
group symmetry as in the Sr,CoNbO** double perovskite matrix. Sr,C0g,0,GagesNbOg in Fig. 11 have
shown the features in the NIR range that correspond to the Jahn-Teller distortion which suggests that
the double perovskite could have a tetragonal (I4/m) space group symmetry coming from
microcrystallites. However, the cubic crystal symmetry (coming from the nanocrystallites) might be an
effect of the small distortion that is averaged out in PXRD pattern and the matrix constraints the co-

operative Jahn-Teller distortion in the sample.

Perovskite metal oxides have already proven to be efficient photocatalysts under UV and
visible light.®**® Moreover, transition metal doping has proven to enhance the photocatalytic
properties as noted earlier.”* Additionally, studies have shown that the oxide double perovskites are a
promising class of materials to be a photocatalyst for water splitting.?*®® Furthermore, perovskite metal
oxide photocatalyst preparation via flux method had been of research focus.?? Therefore, herein, we
reported a transition metal doped ordered double perovskite Sr,Co,Ga; x\NbOg that has the potential for
photocatalysis under visible light synthesized via molten-salt flux method. The reported double
perovskites in this article with a band gap energy less than 4 eV is prospective photocatalysts that can
degrade and treat a plethora of chemical effluents and/or disinfect water.?® The sub-band gap energy
related to the cobalt substitution was found to be increasing with the cobalt content, x, which reaffirms
the studies that concluded Co as the most promising dopant to enhance the photocatalytic properties

than the pristine counterparts.

Conclusion

The double perovskite Sr,Co,Ga;.,NbOg was found to have stabilized with a cost and time efficient
synthesis strategy of molten-salt flux method. The refinement of the heat treatment parameters to solve
the quest of finding the right parameters for phase-pure Sr,Co,Ga; \NbOg was carried out. It was found
that phase-pure sample was able to synthesis for the cobalt substitution content, x = 0.04 with the good
thermal parameters of 900°C dwell temperature, 72 hours dwell time and 0.2°C/min cooling rate using
SrCl, flux in a 2:1 flux:product ratio under air. This pale brown material, which showed a mixed spin
state at room temperature, is a potential candidate for inorganic “cool” pigment. The optical study
performed on a set of cobalt content values, x = 0.02, 0.04 and 0.12 showed that these Sr,Co,Ga;.

«NbOg double perovskites have the potentiality to be used as photocatalysts for water splitting.
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