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ABSTRACT: Mixed anion compounds have attracted growing AgO¢.F.(OH,)
interest in solid-state chemistry as a way to tailor physical properties. | o 2
In this work, we synthesized new silver niobium and tantalum
pyrochlore oxyfluorides by an ion-exchange reaction from Na,M,0O;F,
(M = Nb or Ta). Instead of a classical Na*/Ag" cation exchange, a less
conventional dual cation and anion exchange reaction (2 Na* + F7)/
(Ag* + H,0) takes place. Indeed, chemical and thermal analyses, as
well as Rietveld refinement and °F NMR, reveal the formation of
AgTa,OsF-H,O and Nag,Ag)sNb,OsF,,-0.8H,0 leading to a
significant band gap narrowing of approximately 0.4 eV, as determined
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by diffuse reflectance spectroscopy. DFT calculations show that Ag
4d—O 2p states are located at the edge of the valence band and that the presence of fluorine in the coordination sphere of Ag
promotes the hybridization and hence contributes to the band gap narrowing.

B INTRODUCTION

Oxyfluorides offer unique properties that make them suitable
for a variety of applications, especially in the field of energy
production and storage.' Indeed, oxyfluorides appear as
promisin§ alternatives to oxides for applications ranging from
cathodes” and solid-state electrolytes® for alkali-ion batteries to
anodes of solid oxide" or alkaline water electrolyzers.” These
materials play a pivotal role in advancing energy technologies,
as evidenced by the recent emergence of fluoride-ion batteries,
where (oxy-)fluorides are integral to all cell components
(anode, cathode, and electrolyte).” Recently, some pyrochlore
oxyfluorides have emerged as efficient and stable OWS
photocatalysts, such as SnTiNbO(F and Pb,Ti,O4,F o8
The narrow band gap observed in these materials is essentially
due to the ns* lone pair (hybridized with (O,F) 2p and M np),
located at the edge of the valence band just below the Fermi
level. We have recently extended this family of materials
through the Na*/Sn*" ion exchange reaction from Na,M,O;F,,
leading to Na,_,,.Sn,M,OF, (M = Nb*" or Ta*, 0 < x < 1)
pyrochlore phases.” The pyrochlore A,B,X X’ structure is built
of a B,X¢ 3D network forming large interconnected hexagonal
channels that can be empty (A = [] and X’ = [] in FeF;-type
structures,'’ filled with cations (A = Na and X’ = [] in
Ag,Sb,0¢-type structures’’ or A = [] and X’ = Cs in
RbNiCrF¢-type structures,'” with both cations and anions (A =
Ca and X’ = O in Ca,Nb,O,-type structures or A = Ca and X’
= 0), etc, leading to a wide structural diversity.'”> The great
versatility of the A, X sublattice has been exploited to tailor the
ionic conductivity,14 ferroelectric,"® magnetic,16 multiferroic,'”
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photocatalytic,”*'® and optical'” properties of pyrochlore

oxides,” oxy-sulﬁdes,18 oxy—fluorides21 etc. However, in most
pyrochlore oxyfluorides, the oxide anion belongs to the B,X,
network, and the fluorine resides only in the A, X sublattice. So
far, the presence of fluorine in both X and X’ sites has been
observed in only a few pyrochlore oxyfluorides, such as
SnNb,O,F, exhibiting promising photoactivity under sunlight
irradiation thanks to a narrow band gap, interestingly narrower
than the corresponding oxides due to the crucial role of ionic
bonding in the lone pair expression.”***

Although Ag" does not have this ns® electronic config-
uration, its incorporation into pyrochlore phases tends to
strongly reduce the band gap (Eg). This effect is observed, for
instance, through the exchange of Ag" for K in pyrochlore
niobates (from Eg = 3.6 to 2.5 eV)** and in O-deficient
pyrochlore Ag,Sb,0, which absorbs in the visible region (Eg =
2.7 €V).”> Similar effects of Ag on the band gap are also
observed in other structural types, such as perovskites (Eg =
3.4 eV and 2.8 eV for NaNbO; and AgNbO,, respectively),*®
and thus silver-based compounds are largely employed for
photocatalysis.”” A general trend in silver-based oxides is that
the shorter the Ag—O bond lengths, the narrower the band gap
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due to Ag 4d-O 2p hybridized orbital raising at the Valence
Band Maximum (VBM).>® Hence, the introduction of fluorine
into silver-based oxides may make the Ag—O bond more
covalent through an antagonistic effect and could further
reduce the band gap. Beyond the photon absorption, electron—
hole transport properties are essential for such an application,
and polar structures greatly enhance them.” In the pyrochlore-
type Ag,Nb,O;F, crystallizing in the polar space group Ima2,
distortions in the octahedral environments of both Ag" and
Nb°* sites are observed. Such distortions arise from the
propensity toward off-centering of the second-order Jahn—
Teller (SOJT) d° Nb** or d'* Ag" cations, as well as from the
heterole?tic coordination associated with O/F anionic
mixing.”’ Hence, further exploration of pyrochlore phases
containing these elements may lead to new materials that
combine strong visible light absorption and efficient charge-
carrier separation and transport.

In this article, we report two new pyrochlore oxyfluorides,
AgTa,O;F-H,0 and Naj,Ag, sNb,OsF ,-0.8H,0, obtained by
a dual cation/anion exchange reaction ((2 Na* + F)/Ag" +
H,0)) from the corresponding Na,M,O;F, (with M = Nb or
Ta). Their crystallographic structure—characterized by
Powder X-ray and Neutron Diffraction and Nuclear Magnetic
Resonance experiments—and electronic structure—evaluated
by Density Functional Theory calculations and Diffuse
Reflectance Spectroscopy —are discussed in detail. The
substitution of Ag for Na does reduce the band gap (by
approximately 0.4 eV) but to a lesser extent than previously
reported in other pyrochlore phases.”* The weakly hybridized
Ag 4d-(O/F) 2p states, located near the Fermi level, are
responsible for this band gap narrowing. Interestingly,
equatorial F~ tends to shorten the apical Ag—O(H,) bond
length, which , in turn, populates these high-energy Ag states.

B EXPERIMENTAL SECTION

Approximately 1 g of Na,M,OF, (with M = Nb or Ta) is
synthesized from Nb,O; (Sigma-Aldrich, 99.9%) or Ta,O;
(Sigma-Aldrich, 99.9%) in 15 mL of a 2 M NaF (Sigma-
Aldrich, >99%) under hydrothermal conditions at 240 °C for
60 h, as previously reported.”’ Heating and cooling rates were
set at 1 °C/min. Na,M,O:F, was used for ion exchange
reactions using an AgNOj; solution in water (15 mL, 2 M).
Other solvents, such as acetonitrile and diluted ammonia, were
used to better understand the reaction mechanism. The
reactions were conducted at room temperature for 92 h in the
dark. The powder was then filtered, washed several times with
water, and rinsed with ethanol prior to being dried at 80 °C in
an oven for 1 h. The deuterated samples were obtained by
similar jon-exchange reactions using 2 M AgNO; solutions in
D,0.

X-ray powder diffraction (XRPD) analysis was performed at
room temperature in a 26 range of 10—120° with a scan step
width of 0.02° using a Rigaku SmartLab copper rotating anode
diffractometer, in Bragg—Brentano geometry, equipped with a
1D D/teX Ultra250 detector.

Neutron powder diffraction (NPD) experiments were
performed at the PEARL diffractometer of the Reactor
Institute Delft (TU Delft, The Netherlands).”> Approximately
1 g of deuterated samples were loaded in a 6 mm diameter V—
Ni null-scattering-alloy can. The sample can was then placed in
a neutron-transparent vacuum box connected to a primary
vacuum (~107* mbar). The diffractogram was measured using
a wavelength of 1.667 A, selected using the (533) reflection of
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a Ge [S11] monochromator. The instrument background,
determined from measurements of the empty can, was
subtracted from the raw diffractogram.

Analysis of diffraction data was performed via Rietveld
refinements against XRPD and NPD using Fullprof.”> The
instrumental resolution functions of the XRPD and NPD
instruments were determined empirically from a fundamental
parameter set determined by using a reference scan of LaBy
(NIST 660a) and Al,O, (NIST 676a), respectively.

Fluorine ion-selective ionometry was employed to determine
the fluorine mass fraction in the pyrochlore oxyfluorides using
an Bu-doped LaF; electrode (ORION 9409BN Fluoride Half
Cell ISE). Approximately 40 mg of samples were hydrolyzed
by 100 mg of KOH in 1 mL of distilled water in a sealed PTFE
container at 85 °C overnight. After dilution in 1 L of distilled
water, 10 mL is transferred into 10 mL of Total Ionic Strength
Adjustment Buffer (TISAB) prior to measuring the potential
versus a standard silver chloride electrode (ORION 900100
Sure-Flow Single Junction). The fluorine concentration in the
solution was extrapolated from a calibration obtained with NaF
standard solutions.

X-ray fluorescence (XRF) spectra were collected using a
Bruker S2 Ranger spectrometer equipped with a Pd source and
an energy-dispersive SDD detector. The samples were mixed
with 50 wt % of cellulose and then pressed into pellets. The
spectra were analyzed using Spectra EDX software from
Bruker.

Thermogravimetric analysis (TGA) was performed on a
TGA-92 thermobalance (Setaram) under an O, atmosphere.
The evolved gases were monitored by an Omnistar quadrupole
mass spectrometer (MS, Pfeiffer) by continuously scanning in
the range of 0—100 amu. In order to control the atmosphere,
the whole thermobalance was evacuated and filled with the
carrier gas before heating the samples up to 950 °C at a rate of
5 °C/min.

Infrared (IR) spectra of the samples were recorded with a
PerkinElmer spectrometer, between 4000 and 400 cm ™" with 4
cm™! spectral resolution. For each spectrum, 10 scans were
averaged by taking air as a reference.

UV-—vis diffuse reflectance spectra were collected at room
temperature using a PerkinElmer Lambda 650 spectropho-
tometer in the 200—800 nm range. Before the measurement,
the blank was measured using BaSO, (standard for 100%
reflectance) in order to calibrate the device. The reflectance
spectra are converted to apparent absorption spectra using the
Kubelka—Munk function, @ = (1 — R)?/2R. The method of
Zanatta,”* allowing a better estimation of the band gap (Eg) of
polycrystalline materials than the Tauc plot, has been used to
determine Eg. The indirect band gap is estimated as follows:
Eg= EBOLTZ _ 4.38E, where EBOLTZ js the energy at which the
absorption coefficient a(EPOM%) = (i + Gmay) /25 Oin and
Opmax stand for the minimum and maximum of the absorption
coefficient, and SE is used to fit the profile of the a(E) curve
near the absorption edge using the following equation:

[¢4

am

_ min ax
a(E)—(an+ - E—EPOLTZ
exp 5E

Transient photocurrent measurements were carried out using a
potentiostat/galvanostat (PGSTAT204 -FRA32M, Metrohm).
The photoelectrochemical cell (MM-PEC 1S mL single-sided
magnetic mount, Redox.me) is made up of the pyrochlore
sample coated on an ITO glass (Delta Technologies , LTD) as

https://doi.org/10.1021/acs.inorgchem.4c05119
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the working electrode, immersed in an electrolyte of an
aqueous solution of 0.1 M Na,SO, (pH = 6.6). A platinum
electrode and a standard Ag/AgCl electrode were used as the
counter and reference electrodes, respectively. To form the
working electrode, the crushed powder is added to a mixture of
water and N,N-Dimethylformamide (DMF) solvents with a
1:1 ratio. The paste obtained is then deposited on the ITO/
glass substrate by the drop casting method and dried at 80 °C
for a few minutes in order to obtain a uniform layer. All the
measurements were controlled with the Nova2.0 software,
allowing regulation of the excitation wavelength of different
LEDs with low spectral dispersion (450, 470, 505, 530, 590,
617, 627, and 655 nm) as well as the luminous flux (from 0 to
126 mW/cm?).

Density Functional Theory (DFT) calculations were carried
out by employing the projector augmented wave (PAW)*>%¢
method implemented in the Vienna Ab Initio Simulation
Package (VASP)”” and the generalized gradient approximation
of Perdew, Burke, and Ernzerhof’® (PBE) for the exchange-
correlation functionals. Owing to the partially disordered
character of the O/F distribution of the experimental structure,
a particular anionic configuration was selected among the
possible configurations. For our DFT models, we have chosen
the particular Ag/[] distribution on the A site, which implies
that all H,O molecules are surrounded by two Ag" and two
vacancies. In the starting model, Ag was located at the 16d
position, and it could move away from this position during the
structural optimization process. Also, an O/F and Ag/[]
distribution on the X and A sites was chosen such that the
value of x in the AgO¢_,F,(H,0), polyhedra varies from 0 to 2.
Geometry optimizations at fixed unit cell parameters were
carried out by using a plane wave energy cutoff of 550 eV and
63 k points in the irreducible Brillouin zone. It converged with
residual Hellmann-Feynman forces on the atoms smaller than
0.03 eV/A. The relaxed structures were used to calculate
accurate electronic structure. For the latter, a plane wave cutoff
energy of 550 eV and a self-consistent field energy convergence
threshold of 107% eV were used, with 260 k points in the
irreducible Brillouin zone. The COHP (Crystal Orbital
Hamilton Population) analysis was carried out in the
framework of the LOBSTER software.”~*!

YF Solid-State Nuclear Magnetic Resonance (NMR) experi-
ments were recorded on a Bruker wide bore spectrometer
equipped with a 9.4 T magnet corresponding to an '°F Larmor
frequency of 376.5 MHz. The spectra were acquired with a 2.5
mm double resonance probe HX spinning at 25 kHz. The 'H
channel was tuned to the 'F frequency. One-pulse experi-
ments were used with a radio frequency pulse length of 91 kHz
and a recycle delay of 60 s. The number of scans was 200,
leading to an experimental time of 3 h 20 min. Spectra were
referenced using an external '°F signal of CaF, at —108 ppm.

B RESULTS AND DISCUSSION
The XRPD patterns of the ion-exchanged samples obtained
from Na,Ta,0F, and Na,Nb,OF, in an aqueous AgNO;
solution are displayed in Figures 1 and SI1, respectively.
Assuming the ion exchange of Na* by Ag’, the expected
reaction is as follows:
Na,M,0OcE + xAgNO, — Na,_ Ag M,0:E +xNaNO;
(1)
XRF has been used to estimate the ratio between the
metallic species. The Ag/Nb and Ag/Ta ratio obtained are
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Figure 1. Normalized XRPD patterns of the compounds obtained by
ion exchange using an AgNOj solution in different solvents compared
with the starting material (Na,Ta,OsF,) and simulated Ag,Ta,O;F,. *
indicates Ta,Og impurity peaks.

0.41 and 0.49 after the ion exchange reaction, while a
significantly lower fluorine content is measured by fluorine
selective ionometry (3.1 wt % and 5.5 wt % for Nb and Ta
phases, respectively; see Table S1) compared to that expected
for the product of the reaction (1) (ie, 9.1 wt % for
Agyg:Na; 1sNb,OsF, and 6.2 wt % for Ag,sNa; ,Ta,OsF,). Le
Bail refinements reveal that the ion-exchanged phases possess
significantly larger cell parameters (a = 10.5534(2) A for Ta
and 10.5494(1) A for Nb) compared to those observed in the
pristine compounds (a= 10.5222(3) A for Ta and 10.5141(1)
A for Nb). This is in good agreement with the slightly larger
radius of Ag* compared to Na* (ry,, = 1.28 A, ry,, = 1.18 A).
This would indicate that an ion-exchange reaction does occur
under such conditions, but it may be more complex than a
simple Na"/Ag" ion exchange.

As an acidic solution (pH = 2—3) is obtained after dissolving
AgNO; in water, the rather large amount of H;O" in solution
may compete with Ag" during the ion-exchange reaction. In
such a case, the expected reaction is as follows:

Na,M,OsF, + xAgNO, + yH,0"

— Na,_,_,Ag (H;0),M,0F, + xNaNO; + yNa*
)
To try to avoid possible H;O" insertion, the AgNO;
solutions were neutralized (pH = 7—8) with a few drops of
diluted ammonia. The XRPD patterns of the products resulting
from the ion-exchange reaction in neutralized solutions are also
displayed in Figures 1 and S1. Very similar patterns are
obtained under these conditions compared to those observed
in non-neutralized solutions. This suggests that pH does not
play a critical role in this synthesis and that H;0O* may not be
significantly inserted in the structure, despite the rather acidic
pH.

https://doi.org/10.1021/acs.inorgchem.4c05119
Inorg. Chem. 2025, 64, 3898—3907
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Another hypothesis is to consider both cation and anion
exchange. Indeed, water molecules can be accommodated in
the X' site of pyrochlore, as observed, for instance, in
NaW,04H,0O in which the A site is half occupied.”” To
avoid water insertion inside the pyrochlore framework, a dry
solvent capable of solubilizing AgNOj, such as acetonitrile, was
used. The XRPD patterns of the products resulting from the
ion-exchange reaction in acetonitrile are displayed in Figures 1
and S1. XRPD pattern does not show any significant changes,
neither in the cell parameters nor in the peak intensity ratio,
compared to those observed in the pristine compounds.
Therefore, we can assume that no ion-exchange reaction
occurs under such conditions.

Thus, we conclude that the substitution of Na* by Ag* in
aqueous media must be accompanied by the substitution of F~
by H,O, according to the following reaction:

Na,M,04E, + xAgNO, + xH,0

- Naz_ZXAgxMZOSFZ_x-x(H20)+xNaNO3+xNaF
©)

To evidence the presence of water in the structure, IR
spectroscopy experiments were performed on the initial
pyrochlore Na,M,0:F, and on the ion-exchanged phases
(see Figure S2). It reveals a broad band between 3800 and
3400 cm ™" with a higher intensity for the ion-exchanged phase.
This band, assigned to O—H stretching, is accompanied by
another at approximately 1630 cm™" which is typical for H—
O—H deformation within a water molecule. Note that the
significant O—H contributions observed in the IR spectra of
the parent compounds are associated with the partial
substitution of Na* by H;0%, as evidenced previously.” The
increasing intensity of these bands upon the ion-exchange
reaction would indicate an increasing water content within the
structure, in good agreement with both reactions 2 and 3.

TGA-MS on the samples obtained in non-neutralized
aqueous media under flowing O, are shown in Figure S3. In
both cases, a loss of mass from 100 to 300 °C, associated with
the release of water (m/z = 18), and another from 400 to 950
°C assigned to the loss of HF (m/z ratio of 20) are observed.
For the Ta-based compound, the XRPD analysis of the
material obtained after the TGA-MS reveals the formation of
an Ag,Ta O, -type phase in good agreement with the Ag/Ta
ratio obtained by XRF. The quantitative analysis of TGA data
allows us to exclude the hypothesis of reaction 1) since a
significant water loss is observed. According to reactions 2 and
3, knowing the 3.1% of mass loss recorded by the TGA, either
Ag,(H;0),Ta,0F, (product of reaction 2) or Ag,Ta,OsF-
H,O (product of reaction 3) would be obtained, both in good
agreement with XRF. However, the expected weight loss
associated with the transformation of Ag;(H;0),Ta,0;F, to
Ag,Ta,0,, (ie, 8.1%) is not in agreement with the total
weight loss of 5.0% obtained by the TGA. Hence, the
hypothesis of reaction (2) can be ruled out. Finally,
considering now reaction 3 the theoretical weight loss of 5.0
wt % to form Ag,Ta,O,, closely matches the experiment.
Therefore, Ag Ta,OsF-H,0O seems to be formed, based on
XRPD, XRF, TGA-MS, and F~ selective ionometry.

For the ion-exchanged phase obtained in water from
Na,Nb,O.F,, the TGA-MAS reveals approximately 3.6 wt %
of water mass loss, significantly smaller than the 4.4 wt %
expected for dehydration of an Ag;Nb,OF;-H,0. Assuming a
similar ion exchange mechanism of 2 Na* + F~ by Ag* + H,0
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as for the Ta case, the reaction may be incomplete with the
formation of a phase with an approximate composition of
Nay 4AgysNb,O;F, ,-0.8H,0, according to reaction 3. This
composition matches well with the weight loss recorded up to
950 °C under O, (7.0 wt %, see Figure S3), considering the
formation of a mixture between NaNbO; and Ag,Nb,O,, (6.9
wt %) observed by the XRPD after TGA.

The compositional study of the compounds suggests the
formation of AgTa,OsF-H,0 and Na,,Ag,sNb,OF, ,-0.8H,0
in which the water molecules could be located within the
pyrochlore channels, in the X’ site, as observed, for instance, in
the pyrochlore-like NaWO,-H,0." In this hypothesis, fluorine
should remain at the X site. Therefore, XRPD, NPD, and °F
NMR experiments were performed to evaluate this model.

The Rietveld refinement of the structure of deuterated
AgTa,0,F-H,0 against both XRPD and NPD data was first
performed in the Fd3m space group with Ag in a half-occupied
16d position and Ta in the 16¢ Wyckoft site. The mixed O/F
occupancy on the 48f site identified in the parent compounds
(ie, Na,Ta,OF,) was considered unchanged in the ion-
exchanged phases. O,, (i.e,, O involved in H,O molecules) was
located on the 32e and H* on the 48f site, as observed in
NaWO4H,0."® However, the Fourier map around the 16d
position of Ag" shows a spreading of the electronic density
along the 3-fold axis of the cubic lattice, which is associated
with the displacement of Ag* away from the inversion center of
the A site, as also observed in Ag,Nb,OsF,. This led us to
consider the displacement of Ag" cations in the 32e Wyckoff
position, with an occupancy close to 1/4 (i.e., 0.254 (3)). The
result of the refinement is displayed in Figure 2 and
summarized in Table 1 which shows excellent agreement
between the refined occupancies and the composition
determined by XRF, TGA-MS, and F~ selective ionometry.

For the Nb-phase, the refinement against NPD and XRPD
data has been performed using a mixed Na,Nb,OF,—
AgNb,OF-H,O model, constraining the composition to
Na,_,,Ag.Nb,O,F,_,.(H,0), and locating Na on the 16d site
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Figure 2. Rietveld refinement of the structure of deuterated
AgTa,OF-H,0 against the NPD data. Red dots correspond to the
experimental diffraction patterns, the black line is the calculated
diffraction patterns, and the blue line is the difference plots. The blue
and gray ticks indicate Bragg contributions of AgTa,O;F-H,0 and
Ta, 05 (<2 wt %), respectively. The refinement procedure and refined
parameters are summarized in Table 1.
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Table 1. Refined Structural Parameters of Deuterated AgTa,O;F*H,0 Obtained from Rietveld Refinement of the Structures

against NPD Data

AgTa,0,F-(D,H),0.

SG:Fd3m, Z = 8 a = 10.5422(2)A
site” atoms Wyckoff position X y 2 occupancyb Usso
A Ag 32e 0.487(1) 0.487(1) 0.487(1) 0.254(3) 0.019(2)
B Ta 16¢ 0 0 0 1 0.010(1)
X o 48f 0.3131(3) 1\8 1\8 0.846(9)° 0.013(3)°
X F 48f 0.3131(3) 1\8 1\8 0.169(2)° 0.013(3)°
X o, 32e 0.4040(2) 0.4040(2) 0.4040(2) 0.250(6) 0.022(3)
H, 48f 0.5075(4) 1\8 1\8 0.069(6)* 0.013(2)
D, 48f 0. 5075(4) 1\8 1\8 0.264(6)" 0.013(2)

“Site refers to the A,B,XX’ general formula of pyrochlores

Refined composition: Ag, 02(1)T320507(5)F101(1)Ho41(4)Df58(4)0w 100(2). “F/O ratio
constrained to be equal to 1/5. “Constrained to be equal. “Sum constrained to be equal to twice the occupancy of O,.

Constrained to be equal.

and F’ on the 8b site, as determined previously for
Na,Nb,OF, (see Figure S4 and Table S2). The refinement
of the occupancies leads to an x value of 0.80(1), close to that
obtained from XRF, TGA-MS, and F~ selective ionometry.

Nb and Ta are in an octahedral site with Nb—X and Ta—X
distances of 1.989(2) and 1.978(2) A, respectively, leading to
BVS in good agreement with pentavalent Nb (BVS = 4.76(6))
and Ta (BVS = 4.98(2)). Ag occupies a site coordinated by 6
O/F anions and 2 H,0 molecules with Ag—O/F ranging
between 2.66(2) A and 2.72(2) A for Nb-based compounds,
and between 2.69(1) A and 2.76(1) A for Ta-based ones.
However, due to the splitting of both Ag and O,, positions,
powder diffraction experiments do not allow for accurately
determining the Ag—O,, distances, which depend on the local
distribution of the latter around the former and vice versa. The
refinement of the position of H' leads to O,—H distances
(0.97(3) A for Nb and 1.03(3) A for Ta) in good agreement
with typical O—H bond lengths in water molecules. Moreover,
hydrogen bonding is formed across the pyrochlore channel
with H--O distances of 2.08(3) A and 2.05(3) A for Nb and
Ta-based phases, respectively. Overall, 1/3 of the anions
located at the 48f position—whether occupied by O or F—are
involved in a hydrogen bond.

Owing to the compositional and positional disorder of the
structure (i.e.,, Ag position splitting, Ag/[] mixed occupancy, F
and O,, distribution on 32e and 8b as well as disordered O/F
distribution on the 48f site), powder diffraction does not allow
us to properly describe the impact of the ligand distribution on
the metal environments. For this concern, DFT calculations
have been conducted using the models described in the
experimental section. Note that, although the product of the
ion exchange reaction from Na,Nb,OsF, has a composition
significantly different from AgNb,OsF-H,O, this composition
and its Ta analog (AgTa,0OsF-H,0) have been considered for
the DFT calculations. The details of the Ag—O/F distances in
the relaxed DFT structures of the AgM,0F-H,0 models are
given in Table S3. Ag has been displaced away from
centrosymmetric 16d positions with an average displacement
close to that observed by diffraction, leading to an alternation
between short (d(Ag— Ow)mm = 2.36 A on average) and long
(d(Ag—O,)max = 2.52 A on average) bonds within AgO,,
sublattice. BVS of Ag in these relaxed DFT models (0.95 and
0.96 for Nb and Ta-based phases, respectively, on average on 8
Ag' cations) are in better agreement with the expected
oxidation states than those determined from the average
structure obtained by diffraction.
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This structural model, depicted in Figure 3, has been
evaluated with 'F solid-state NMR. The NMR spectrum of

Na,Ta,O.F,

vs. AgTa,O;F.H,0

X’ (32€)

(3 x'=%o-%, o
O\R o e& e ...

'\P i =% Ag*
\

3

X (48f) — @ 5] ] 00 — X (481)
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the cubic lattice the cubic lattice

Figure 3. Structure of AgTa,0:F-H,0 as determined from NPD and
comparison of the Ag environment with the one observed for Na in
Na,Ta,O,F,.

AgTa,OF-H,0 is shown in Figure 4a with the simulation
using DMfit software.”” The fitted data are summarized in
Table 2. Two broad (fwhm = 6690 and 3727 Hz, where fwhm
denotes the full-width at half-maximum) and intense
contributions arising at —76.5 and —98.3 ppm are observed,
together with a tiny (0.1% of total integrated intensity) and
sharp (fwhm = 339 Hz) signal with a chemical shift of —122.1
ppm. Importantly, the integrated intensity ratio between the
two broad contributions is close to 2:1. If the small peak can be
assigned to the presence of a tiny amount of F remaining on
the X’ site associated with a slight Ag overstoichiometry (i.e.,
composition Ag;,. Ta,0sF,(1—£)H,0), in good agreement
with the Rietveld refinement, the two main ones can be
associated with fluorine on the X site, while the splitting may
be due to the presence of 1/3 hydrogen-bonded fluorine.
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Figure 4. ""F NMR spectra of (a) AgTa,0O;F-H,0 and (b)
Na,4AgosNb,OsF, ,-0.8H,0. Black spectra correspond to the experi-
ments, while the yellow and the blue spectra correspond to the fitted
spectra.

Table 2. Summary of the Fitted pParameters of the '
NMR Spectra

shift (ppm) fwhm (Hz) intensity (%) assignment
AgTa,OF-H,0
-76.5 6690 67.3 F—Ta,Ag,[],
—983 3727 32.6 (H--)F—TaAg,[];
—122.1 339 0.1 F-Ag[],
Nag 4AgosNb,OsF ,-0.8H,0

—70.1 6212 7.7 F—Nb,Ag,Na,
—89.8 7078 752 F—Nb,Ag,[],
—1112 4367 36 F—Nb,Na,
1221 452 03 F-Ag[,
~150.9 1133 0.6 F-Ag,Na,
—203.9 3069 73 F-Na,[J,
—222.4 2657 S.3 F’-Na,

The F MAS NMR signature of Naj,AgysNb,OsF,-
0.8H,0 is more complex (see Figure 4b and Table 2). Seven
contributions are observed resonating at —222.5, —203.9,
—150.9, —122.1, —111.2, —89.8, and —70.1 ppm. Similar to
Na,Nb,O;F, the first two resonances can be attributed to the
residual fluorine residing in the X site and in a Na-rich
environment, while the peak at —222.5 ppm is attributed to F
in an X’Na, environment, and the one at —203.9 ppm could be
attributed to F’Na,[] defects. The larger intensity of the latter
contribution in Naj4Ag,sNb,OsF;,.0.8H,0 compared to that
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observed in Na,Nb,OF, (see Figure SS) could be due to the
fact that each inserted Ag" generates a vacancy nearby, and the
larger concentration of vacancies in the ion-exchange phases
induces a higher F'Na[]/F'Na, ratio than observed in
Na,Nb,OF,. If a random Na*/Ag"/[] distribution within
the channel was adopted, then FNay[], and FNa, should
contribute to less than 1% of the total integrated intensity.
Hence, the 5.3 and 7.3% observed experimentally would
indicate that small clusters with high Na® content may be
formed within an Ag-rich matrix. Moreover, this distribution
would lead to a similar F'Na, environment within these
Na,Nb,O;F,-type clusters, compared to that observed in the
Na,Nb,O;F, phase, in good agreement with the fact that the
corresponding peaks resonate at a very similar frequency in
Nay 4AgysNb,O;F,,-0.8H,0 and Na,Nb,OsF,. Moreover, the
tiny contribution arising at —150.9 ppm would be associated
with the minor fraction of F in the X’ site at the edge of these
Na-rich clusters, surrounded by Na on one side and Ag on the
other side of the frontier (i.e., F-Ag;Na,[ ;). Finally, regarding
the sharp and small peak at —122.1 ppm, a similar conclusion
to the one discussed for AgTa,0sF-H,0 can be made with F’
in an Agrich environment (ie, F-Ag[1,). They indeed
resonate at the same frequency because the X site is not
expected to be influenced by the nature of the d° metal.

Let us now focus on the fluorine on the X site, whose NMR
signature is also different from that of AgTa,OsF-H,O. First,
the contribution at —111.2 ppm is similar to that observed in
Na,Nb,O;F, for F in a Nb,Na, environment (see Figure SS).
It would therefore correspond to F located in the X site of Na-
rich clusters. The main contribution, located at —89.8 ppm—
i.e, in between the two main peaks observed for AgTa,O F-
H,0—may include both hydrogen-bonded and “free” fluorine
which, due to the disorder, arise as a single broad contribution
(i.e., F-Nb,Ag,[1;). Finally, the resonance at —70.1 ppm could
be assigned to F in the X site at the edge of the Na-rich and
Ag-rich domains (i.e, F-Nb,AgNa ). According to these
hypotheses, the F’'/F ratio in Nag,Ag,sNb,OF F’,-0.8H,0
deduced from "’F NMR (13.5/86.5 = 0.16) matches well with
that expected for the estimated composition (i.e., 0.2).

The optical band gap of these new pyrochlore-type
oxyfluorides was estimated by UV—visible diffuse reflectance
spectrometry (Figure S). The method reported by Zanatta et
al.** has been used to determine the band gaps (see Figure S6).
Assuming indirect transitions, Eg is 3.70 eV for AgTa,O;F-
H,O0 and 3.62 eV for Na, 4Ag, sNb,O;F, ,-0.8H,0. Although a
band gap narrowing of approximately AEg = 04 eV is
observed upon (2 Na* + F)/(Ag" + H,0) exchange, it is less
pronounced than that observed previously in other pyrochlore-
type materials.”* Accordmg to the empirical method proposed
by Butler and Ginley**—which has been demonstrated to yield
accurate band edge positions for numerous materials, including
the parent compounds®'—and in spite of the fact that Ag for
Na substitution makes both CBM and VBM more oxidative
due to the higher electronegativity of the former, both ion-
exchanged phases possess suitable band edge alignment for the
OWS (see Figure S) reaction.

In order to understand the band gap narrowing mechanism
observed upon the ion-exchange reaction, the electronic
structures have been calculated from the relaxed structures
described above (Figures 6 and S7). A smaller calculated band
gap than the experimentally determined one (3.0 eV for
AgTa,O;F-H,0) is obtained from DFT, in good agreement
with the expected underestimation from the GGA method. As
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Figure S. Diffuse reflectance spectra of (a) AgTa,OsF-H,0 and (b)
Na, 4AgosNb,OsF,,-0.8H,0 and their band alignment.

previously reported, in the pristine Na,Ta,OsF, compounds,
Ta 5d states dominate at the bottom of the conduction band
and O 2p states dominate the top of the valence band.”" In the
Ag-containing phases, the topology of the CB is mostly
preserved, but the VB shows additional features associated with
the Ag 4d states, mainly located between 0 and —1.5 eV.
Moreover, isolated valence states near the Fermi level and
separated by approximately 0.1 eV from the rest of the valence
band are also observed. Although they experience only a subtle
hybridization mainly with the surrounding O,, the O/F
distribution around Ag strongly affects them, as revealed by
Figures 6b and S7b showing that fluorine in the equatorial X
site promotes the presence of these high-energy states. Figure
S8 represents the COHP projected on Ag—O bonds and shows
that Ag—O,, within AgO,F,(H,0), entities contributes most
strongly just below the Fermi level. This can be explained by
the fact that the shortest Ag—O,, bond lengths are observed in
these AgO,F,(H,0), entities (Table S3). Indeed, the integral
(ICOHP) values of the Ag-anion bonds are roughly propor-
tional to the bond lengths (Figure S8). This is in good
agreement with the observation of short Ag—O bond lengths in
some other silver-containing oxides leading to the appearance
of occupied Ag 4d states near the Fermi level.”®** In
oxyfluorides, the high ionicity of the Ag—F bond tends to
increase the covalency of the antagonist Ag—O bond. Although
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Figure 6. (a) PDOS of OAgTa,0F-H,0 with (b) the enlargement of
the [—0.525 + 0.02S eV] region mainly composed of Ag 4d—0,, 2p
hybridized states (O,, refers to O involved in a H,O molecule) and
(c) the contributions of the Ag in different AgO,_,F.(H,0),
environment showing the fluorine role in the presence of the high-
energy states.

counterintuitive at first sight, the highly electronegative
fluorine could narrow the band gap compared to the
corresponding oxide.

The Figure S9 shows the transient photocurrent response of
AgTa,O;F-H,O and Naj,Ag,sNb,OsF,,-0.8H,0 at different
lighting power densities, for a constant wavelength of 450 nm
and a bias voltage of 0.8 V vs the Ag/AgCl electrode. They
exhibit significantly higher photocurrent densities—about an
order of magnitude higher than the corresponding parent
compounds. However, the photocurrent response does not
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appear to be stable. Indeed, light exposure generates a current
peak that generally decreases with an exponential shape
corresponding to a stable equilibrium between the transfer and
recombination of charge carriers.”* In the present case, the
rather linear decay and the slightly smaller photocurrent
measured at 126 mW-cm ™! than at 111 mW-cm™}, indicate an
instability of the sample. This significant photocorrosion
phenomenon may be due to electrochemical reactions
triggered by photoinduction or by the application of the bias
potential, as well as to a progressive physical degradation of the
working electrode in the electrolyte. In order to highlight a
chemical alteration, diffuse reflectance spectra were collected
before and after irradiation of the sample at 450 nm for 1 h
(see Figure S9). While subtle changes in the band gap values
are observed after irradiation, there is a clear decrease in the
reflectance at low energy (i.e., lower than the band gap), in
good agreement with the darkening of the sample observed by
visual inspection. This results in the alteration of the operating
lifetime of these materials as photocatalysts.

B CONCLUSIONS

In this article, we synthesized two new silver niobium and
tantalum pyrochlore oxyfluorides via a dual anion—cation
exchange (2 Na® + F7)/(Ag* + H,0) reaction from
Na,M,OF, (M = Nb or Ta). Chemical and thermal analyses,
as well as Rietveld refinement, reveal the formation of
AgTa,0F-H,0 and Nay,Ag,sNb,OsF;,-0.8H,0. F NMR
suggests the presence of a statistical O*"/F~ distribution on
the 48f of the Fd3m space group in the former material, and
the formation of an inhomogeneous Na*/Ag*/[] distribution
in the latter, where Na-rich clusters reside within an Ag-rich
matrix. The exchange of Na by Ag leads to a significant band
gap reduction of about 0.4 eV due to Ag 4d—O 2p states
localized at the edge of the valence band, as determined by
DFT. Moreover, DFT also shows that fluorine in the Ag
coordination sphere promotes Ag—O covalency, which
unexpectedly leads to a narrower band gap. These findings
not only provide new insights into the structural and electronic
effects of fluorine in new silver-based pyrochlore oxyfluorides
but also suggest strategies to design advanced materials with
controlled band structures that may find applications in
numerous fields.
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