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Metal-oxide solids have shown a remarkable ability for rHrFESla ¥ o F
the efficient utilization of ultraviolet light in photocatalytic I S U T e
reactions over their surfaces, e.g., as for Jt® NaTaQ.* W OW
Previously, we have shown that molten-salt fluxes can
dramatically shorten their synthesis times from weeks down
to hours or minutes and, equally, yield a rich source of highly
crystalline particles with nano- to micrometer sizésin shown in Figure 1. However, the reported synthesis proce-
NaTaQ, for example, these methods result in double the dures are time-consuming, usua”y requiring_z weeks
photocatalytic rates for hydrogen productidfor optimizing  and avoidance of exposure to moisture or air. The insertion
their use with solar energy, general and rapid synthetic routesof |ate transition metals and halides stimulates a dramatic
to metal-oxides with smaller visible-light bandgaps and change in their colors, though their optical absorptions or
suitable band-level potentials are of the highest importance. glectronic structures have not been reported. Thus, we report
Described herein is an effective approach toward the 3 more general and facile synthetic route to access this broad
prominent challenge of how to modify their visible-light array of new metal oxides for investigation as a potentially
absorption via rapid flux-assisted exchange reactieris-2 new class of visible-light photocatalysts, and concomitantly,
h), which illustrates for the first time the utility of molten-  enables more detailed studies of their electronic structures
salt flux syntheses in modifying the bandgaps of photocata- and optical absorption as a function of the transition metals
lytic solids. _ . and halides.

The Dion-Jacobson (DJ) layered perovskite family mem-  1he parent solids belonging to the DJ series of layered
bers? A[An-1BnOan1] (A = alkali metal; A= alkaline earth o oyskites, RbLaMD; and RbCaMsOio (M = Nb, Ta)—11
metal or rare earth metal; 8 transition metaln > 2), have  \yere obtained by reported high-temperature solid-state
been intensely investigated for their photocatalytic proper- raaction methods starting from RBOs, Ca(NQ),-9H,0,

ties®> The weakly bound alkali-metal ions between their yeq La0s, Nb,Os, and TaOs, as obtained from Alfa with
perovskite layers also display a remarkable ability to undergo gi4teq purities- 99%. The products were washed thoroughly,

topotactic exchangeSome of the several known examples rieq overnight, and their purities were confirmed using
include the (ACI)LaNBO; and A sLaNb,O; (A =V, Cr, powder X-ray diffraction (PXRD). The metal-halide ex-
Mn, Fe, Co, Cu) serie€ which are obtained from 1:1 (ACI) changed (CuCl)LaMD; and (CuCl)CaMs010 (M = Nb, Ta)
and 1:2 (A) exchange reactions with the alkali metals, as \yqre prepared by low-temperature reactions in a Lilt@p
253°C), KHSQ, (214 °C), or KNG; (337 °C) salt flux with

Figure 1. Structural pictures of the ion-exchange conversion of Rbk@7a
(left) to (CuCl)LaTaOy (right).
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Table 1. Refined Unit-Cell Parameters For Parent DJ Compounds
And the CuCl-Exchanged Products.

compd A a(A) c(A) V (A3)
ALaNb,0; Rb 3.8827(3)  11.0137(9)  166.03(2)
CuCl  3.8839(4)  11.706(2) 176.58(3)
ALaTa0; Rb 3.8788(3)  11.102(2) 167.03(3)
CuCl  3.8791(4)  11.713(2) 176.26(4)
ACaNb:Oo  Rb 3.8662(3)  14.929(1) 223.16(3)
CuCl  3.8545(4)  15.631(2) 232.23(5)
ACaTaOw  Rb 3.8572(2)  15.051(1) 223.92(3)

CucCl 3.8517(3) 15.667(2) 232.43(4) Figure 2. SEM images of metal-halide-exchanged (CuCl)lL&y M =

Nb (left) and Ta (right).
the flux for a reaction durationf@ h (M = Nb) and 1 h (M
= Ta). When the temperature-800 °C), flux amount, or
reaction time ¢ 2 h) is increased, an impurity of CuO also
appears in the products, but can be easily removed by
treatment with dilute HCI. These reactions could also be

1.8

g T T v T T
CuClLaTa,0,
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1=Rb’

2 =CuCl'
similarly performed using anydrous CuyCio obtain the — 287 a=LaTa,0,

products in high purity. Using the KHS@ux, pure (CuCl)- @ b=CaTa0u | ¢ 1.8
LaTaOy is readily formed at 300C in 1 h. As is typical @ 2b

for metal-halide insertion reactions, tlteaxes (interlayer 2 13.2
distance) of the perovskite hosts were found to expand 38+

significantly, as compared in Table 1. The PXRD data and AN 146
EDS results (see the Supporting Information) show a high _ 1a a
product purity, with only trace amounts of Rb and refined ~ \
unit-cell parameters consistent with the reported parameters. 4.8 LIl I W il g L
The absence of inserted alkali-metal cations between the F(R) arbitrary units Densities of States

layers is due to a strong preference for the insertion éf Cu Eigll_téfe 3. heﬂ' U(}/l—ViS dcijfftuset rleftlectancc?S_ Oétthti parelm |DtJ gnc? mettal- f
. . allde-exchangead layered tantalates, and rignt, € calculate ensities O
cations. Previous reported attempts to react or subsequently, ... ¢ (CuChLaTsr.

exchange the (CuCl)-inserted phases have demonstrated

this,/27which is likely driven by the stronger electrostatic Uy —vis diffuse reflectance spectra of the parent DJ phases,
forces and coordination of €t between the layers. The piotted as the dashed curves for#¥Ta in Figure 3 (left),
resulting products exhibited a feathery morphology, Figure show that RbLaMO; and RbCaV;0y, exhibit optical band
2, and were relatively similar in size to the well-defined gap sizes, respectively, of 3.7 and 3.5 eV for=vNb and
platelets of the parent phases. 4.1 and 4.2 eV for M= Ta. The conduction band for layered
The new flux-assisted route for these metal-halide insertion tantalates is known to be0.5—1.0 eV higher in energy than
reactions was further tested on another series of host DJjn niobates: consistent with these results. Furthermore, upon
phases, RbGl 3010 (M = Nb, Ta). With LiNGs as the flux,  insertion of the metal-halide layers into these solids, the
the (CuCl)CaNbsOy solid was also obtained in pure form  gptical band gaps decrease byt eV for M = Nb and by
at 300°C within a reaction duration of23 h. The (CUCI)- ~1.4 eV for M= Ta, shown as the solid lines in Figure 3
CaTagOy0 solid was obtained with an impurity of host phase for M = Ta. Thus, the onset of optical absorption has
even after long reaction durations of 24h. However, using decreased significantly and occurs in the visible-light range.
KHSO; as a flux at 300C, (CuCl)CaTasO0 can be obtained  The smaller absorption peak aR.2 eV is characteristic of
in pure form in 1h. These results are similar to those for the g—d transition energies for Gt ions.
RbLaNkO; system, and with similar product morphologies.
The short reaction times of the flux method arise from the
facile diffusion of the Ry and CuCt species in the molten
flux. When KNG; is used as the flux, the reactions are
completemn 1 h at 35C°C, but at 400°C the insertion of K
becomes favored over CuCIThe KNGQ; flux products of
(CuCl)LaNO; were accompanied by a small amount of
CuO impurity and DJ parent phase. Prolonged reaction
durations of up to 23 h did not help in fully transforming
the parent DJ phases.
To determine the effect of these exchange reactions on
the bandgaps of the layered perovskites, their optical
properties and electronic structures were investigated. The

Modifying the band gap sizes of metal oxides for the
visible-light photocatalysis of water requires raising the
valence band energy by1.0—2.0 eV closer to the conduc-
tion band energy (and to the Bl,O redox couple), as
described befor& Therefore, it is also critical to determine
the origin of the change in electronic structure that leads to
the absorption of visible light. As an approximate model for
the electronic structure, the total densities of states and
projected atomic contributions were calculated using the
tight-binding approacti and are shown for M= Ta in Figure
3 (right). Calculations have also been reported for the parent
DJ phase¥ and are similar with the exception of the absence
of Cu and Cl orbital contributions. Although the insulating
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nature of these solids is not accurately reproduced, it doesand halide layers add new higher-energy valence bands and
provide a rough electronic structure with a consistent decrease the band gap sizes. Preliminary photocatalysis tests
depiction of the optical transitions. The higher-energy show these compounds have a low activity, but further
absorptions in the U¥vis of both parent and (CuCl)-inserted  studies are necessary using different surface cocatalysts to
phases, at3.8—4.2 eV, arise from the excitation of electrons optimize the reaction rates. Also, further promising synthetic
between O- and Ta-derived bands, labeled with blue arrowsresults have been found, e.g., forgGLaNb,O;, which show

in each. The lower-energy absorptions ©£.5-2.8 eV, that flux methods can access a broader array of metal oxides
highlighted by the red arrows, are due to excitations betweenthat will ultimately be necessary in order to probe and
the Ta conduction band and the newly added (CuCl)-derived understand the mechanisms of photocatalytic activity.
valence band. The latter conclusion is confirmed by a
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interpretation requires a more precise band structure. Thus,
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